
Pediatric Oncology

Survivors of 
Childhood and 
Adolescent Cancer 

Cindy L. Schwartz
Wendy L. Hobbie
Louis S. Constine
Kathleen S. Ruccione 
Editors

A Multidisciplinary Approach

Third Edition



   Pediatric Oncology     

For further volumes:
http://www.springer.com/series/5421



        Each volume of the series "Pediatric Oncology" covers the whole spectrum of 
the disease concerned, from research issues to clinical management, and is 
edited by internationally highly respected experts in a comprehensive and 
clearly structured way. The user-friendly layout allows quick reference to 
 in-depth information. The series is designed for all health-care personnel 
interested in high-level education in pediatric oncology.   



       Cindy   L.   Schwartz     •      Wendy   L.   Hobbie    
   Louis   S.   Constine     •      Kathleen   S.   Ruccione     
 Editors 

  Survivors of Childhood 
and Adolescent Cancer 

  A Multidisciplinary Approach

Third Edition

                       



      ISSN 1613-5318       ISSN 2191-0812 (electronic) 
   Pediatric Oncology  
 ISBN 978-3-319-16434-2      ISBN 978-3-319-16435-9 (eBook) 
 DOI 10.1007/978-3-319-16435-9 

 Library of Congress Control Number: 2015947443 

 Springer Cham Heidelberg New York Dordrecht London 
 © Springer International Publishing   2015 
 This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or 
part of the material is concerned, specifi cally the rights of translation, reprinting, reuse of 
illustrations, recitation, broadcasting, reproduction on microfi lms or in any other physical way, 
and transmission or information storage and retrieval, electronic adaptation, computer software, 
or by similar or dissimilar methodology now known or hereafter developed. 
 The use of general descriptive names, registered names, trademarks, service marks, etc. in this 
publication does not imply, even in the absence of a specifi c statement, that such names are 
exempt from the relevant protective laws and regulations and therefore free for general use. 
 The publisher, the authors and the editors are safe to assume that the advice and information in 
this book are believed to be true and accurate at the date of publication. Neither the publisher nor 
the authors or the editors give a warranty, express or implied, with respect to the material 
contained herein or for any errors or omissions that may have been made. 

 Printed on acid-free paper 

 Springer International Publishing AG Switzerland is part of Springer Science+Business Media 
(www.springer.com) 

 Editors 
   Cindy   L.   Schwartz   
  Department of Pediatrics 
 MD Anderson Cancer Center 
  Houston ,  TX 
 USA 

     Wendy   L.   Hobbie   
  Division of Oncology 
 Children’s Hospital of Philadelphia 
  Philadelphia ,  PA 
 USA 

     Louis   S.   Constine   
  Departments of Radiation Oncology 
and Pediatrics 
 University of Rochester Medical Center 
James P. Wilmot Cancer Ctr. 
  Rochester ,  NY 
 USA 

     Kathleen   S.   Ruccione   
  Center for Cancer And Blood Diseases 
 Children's Hospital Los Angeles 
  Los Angeles ,  CA 
 USA   

www.springer.com


v

 About two decades ago, when the fi rst volume in this series was being 
 prepared, most pediatric oncologists recognized that successful treatment 
would lead to cure for the majority of children with cancer. This 3rd edition 
continues to bring to clinicians useful advice regarding the management of 
children who have completed treatment and who are destined to live for 
decades. Some of the children will bear the brunt of late complications and 
their lives will be shorter than those of their peers; but many will have bene-
fi ted greatly from the alterations in therapy designed to limit long-term toxic-
ity, a therapy that was proven to be effective using the clinical trials approach 
that pediatric oncologists have embraced for almost half a century. 

 Efforts to improve the care of adult survivors of childhood cancer depend 
very much on understanding the relations between earlier therapy and future 
health. Quality of life is affected by problems real or anticipated resulting from 
medical complications, such as cardiac, pulmonary, gastrointestinal, neuro-
logic, and endocrine late effects. Cognitive function and fertility are also major 
problems recognized in long-term survivors. However, with longer follow-up 
of more individuals, it is now possible to attempt to relate early treatment to 
the extent of these effects. It then makes possible the creation of therapeutic 
protocols that continue to test whether the most intensive therapy and that 
which results in the most serious late complications are truly necessary for 
successful tumor eradication in all children with a specifi c diagnosis. 

 Some readers may ask: “Why was this 3rd edition needed?” Since the 
preparation of the 2nd edition, there has been a proliferation of studies con-
cerning longer-term complications in survivors of cancer in childhood, and 
their results have been reported in numerous publications, hence, this new 
edition. No other publication offers the wealth of information that clinicians 
need to care for children, adolescents, and adults who have survived cancer in 
childhood. 

 During my professional lifetime, a dramatic improvement in the survival 
rates for children with cancer has taken place. But this is old news. Even 
before the fi rst edition of this extraordinary resource for pediatricians and 
other care givers fi rst appeared in 1994, we began to recognize that “cure” 
would be possible for at least three of every four children and adolescents 
diagnosed with cancer. But since the publication of the 2nd edition in 2006, 
the emphasis has changed. The focus is now on two important issues: can 
pediatric oncology care providers devise treatment that maintains these 
 excellent survival rates while avoiding therapy that we know is or suspect 
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could be harmful in the long term, and how can we educate and empower 
survivors to understand their medical histories and enable them to take charge 
of their health? 

 Specialists in pediatric cancer share the responsibility for the care of sur-
vivors with general practitioners, during both pediatric and adult years, the 
specialists providing data derived from the study of large cohorts of long- 
term survivors and the generalists instituting health-promoting and early 
detection practices intended to prevent more serious disease. General practi-
tioners can educate survivors to follow good health practices and avoid risk- 
taking behaviors, such as smoking, excess food and alcohol consumption, 
and unsafe sex. Counseling the long-term survivor in ways that will ensure 
early detection and prevention without raising unnecessary concerns requires 
sensitivity as well as the knowledge of specifi c long-term complications that 
could be associated with earlier disease and treatment. Although most of the 
effects of surgical procedures, radiation therapy, and drug combinations 
offered now are well known to pediatric oncologists, newer, perhaps more 
aggressive, treatments for children with resistant disease are currently under 
clinical investigation and, should they prove successful and enable more chil-
dren to survive, their effects will not become known for many years. The 
combined efforts of pediatric oncology care providers and general practitio-
ners will be required to observe, catalog, and report the consequences of 
newer approaches to cure. 

 One of the most salutary improvements during the last decade in treatment 
for children with cancer has been the emphasis on the so-called prognostic 
factors in selecting treatment appropriate to the risk of recurrence and sparing 
those children who derive no added benefi t from more aggressive programs. 
This process needs to continue, and concern for long-term deleterious effects 
should enter into consideration of future regimens. 

 At present, the overall balance between the risks and benefi ts of therapy 
for childhood cancer lies clearly in the direction of benefi t, even for the most 
aggressive treatment programs currently in clinical trials. As new treatments 
become widely accepted, follow-up designed to keep track of late-occurring 
toxicities should be incorporated into the clinical care of patients receiving 
therapy so that future generations are able to assess the impact of these treat-
ments on long-term quality of life. It is important to learn more about the 
lifelong effects on specifi c age, disease, and treatment modality cohorts for 
the purpose of evaluating long-term risk-benefi t ratios, as well as to increase 
our knowledge of the mechanism of the disease we produce. 

 Future young adult childhood cancer patients will benefi t from changes in 
therapy that reduced or eliminated some of the agents responsible for many 
of the medical problems experienced by patients treated during the decades 
of the 1970s and 1980s. Nevertheless, possible long-term effects of childhood 
cancer and its treatment may become evident as survivors age. Several ques-
tions remain regarding the long-term complications of therapy. Clinicians 
need more data regarding the effects of aging to guide them in managing 
former patients. 

 Caregivers and pediatric cancer survivors who are now adults seek the 
optimal venue in which to receive care as independent adults. In addition, 
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oncology care providers need to determine whether the models for research 
and clinical care of survivors created in pediatric oncology can be applied to 
survivors of adult-onset cancer. Providing a smooth transition for these 
patients to age-appropriate risk-based health care is a priority, and this can 
only occur by actively addressing the barriers faced by survivors, providers, 
and the health-care system. Once these barriers are overcome, we expect that 
childhood cancer survivors will live healthier, longer lives.  

   The Children’s Hospital of Philadelphia,     Anna     T.     Meadows  ,   MD    
Perelman School of Medicine 
of the University of Pennsylvania 
  Philadelphia ,  PA ,  USA      
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      Algorithms of Late Effects 
by Disease 

           Cindy     L.     Schwartz     ,     Wendy     L.     Hobbie    , 
and     Louis     S.     Constine   

        This chapter provides algorithms designed to 
facilitate understanding of subsequent chapters. 
By locating the tumor type, information can be 
accessed from the algorithms regarding standard 
tumor therapies, common late effects, and meth-
ods of detection. Since the algorithms are rela-
tively 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 health-
care professional cannot be replaced by algo-
rithms. The recommendations should be used 
only as guides to potential risks. Information pro-
vided in subsequent chapters regarding  specifi c 

organs is intended to deepen the healthcare pro-
vider’s understanding of the pathophysiology, 
manifestations, and methods of detecting late 
effects. 

 Abbreviations commonly used in the algo-
rithms are listed below.
   ACS    American Cancer Society   
  ALL    Acute lymphoblastic leukemia   
  ANLL    Acute nonlymphocytic leukemia   
  ARA-C    Cytosine arabinoside   
  BCNU    1,3-Bis(2-chloroethyl)-1-nitrosourea   
  BMT    Bone marrow transplant   
  BP    Blood pressure   
  BUN    Blood urea nitrogen   
  CA    Carcinoma   
  CBC    Complete blood count   
  CCNU    Chloroethyl-cyclohexyl-nitrosourea   
  Cr    Creatinine   
  CrCl    Creatinine clearance   
  CXR    Chest radiograph   
  DTIC    Dacarbazine   
  ECHO    Echocardiogram   
  EKG    Electrocardiogram   
  FSH    Follicle-stimulating hormone   
  GFR    Glomerular fi ltration rate   
  GU    Genitourinary   
  H/P    Hypothalamic/pituitary   
  HD    High dose   
  HiB     Hemophilus infl uenzae  type B (vaccine)   
  IT    Intrathecal   
  LFT’s    Liver function tests   
  LH    Luteinizing hormone   

        C.  L.   Schwartz ,  MD      (*) 
  Division Pediatric Hematology/Oncology , 
 Rhode Island Hospital ,   593 Eddy Street , 
 Houston ,  TX   02903 ,  USA   
 e-mail: Cindy_schwartz@brown.edu   

    W.  L.   Hobbie    
  Division of Oncology ,  Children’s Hospital 
of Philadelphia ,   34th & Civic Center Boulevard , 
 Philadelphia ,  PA   19104 ,  USA   
 e-mail: hobbie@email.chop.edu   

    L.  S.   Constine ,  MD    
  Departments of Radiation Oncology and Pediatrics , 
 University of Rochester Medical Center James 
P. Wilmot Cancer Ctr. 
  601 Elmwood Avenue Box 647 , 
 Rochester ,  NY   14642 ,  USA   
 e-mail: Louis_constine@urmc.rochester.edu  
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  Mg    Magnesium   
  PFT’s    Pulmonary function tests   
  PO 4     Phosphate   
  6-TG    Thioguanine   

  TSH    Thyroid-stimulating hormone   
  UA    Urinalysis   
  VP-16    Etoposide   

C.L. Schwartz et al.



3

    

ALL

Chemotherapy

Vincristine

ARA-C

Methotrexate (IT/HD) educational assessment q yr
Neurocognitive testing - baseline, q 2–5 yrs prn

6-mercaptopurine
6-Thioguanine LFT's q 1 yr

Cyclophosphamide

Urinalysis (hematuria)

FSH, estradiol, testosterone (>12 yrs old)
(consider AMH-girls, inhibin B-boys)
Semen analysis prn (gonadal failure)

L-aparaginase

Daunorubicin
Doxorubicin

EKG, ECHO q 2–5 yrs
(based on age/dose)

Etoposide CBC q yr. (leukemia, MDS)

Prednisone
Dexamethasone

Bone density by age 18 and prn

Monitor for obesity

For joint pain, consider AVN

Radiotherapy

Cranial

Educational assessment q yr
Neurocognitive testing-baseline 2 yrs prn

Neurological exam, q yr

Eye exam q yr (including cataracts)

FSH, estradiol, testosterone (>12 yrs old)
(consider AMH-girls, inhibin B-boys)
Consider DEXA scan if hypogonadal

Monitor for precocious puberty

Monitor for obesity

Spinal

Growth curve q yr to final height
Bone age for slow linear growth

Free T4, TSH q yr (Hypothyroidism)

EKG, ECHO q 2–5 yrs
(based on age/dose)

Testicular testosterone, inhibin B

1 Algorithms of Late Effects by Disease
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ANLL Chemotherapy

Daunomycin
Idarubicin

Mitoxantrone
Other anthracyclines

EKG, ECHO q 1–2 yrs (Cardiomyopathy)

6-TG

LFTs q 1 yr (Hepatic fibrosis)

ARA-C
Neurologic exam (H/O ataxia)
Educational assessment q yr

Neurocognitive testing - baseline & prn

Etoposide CBC q year (leukemia, MDS)

Dexamethasone*

Gemtuzumab**

Arsenic and
retinoic acid***

     *No longer used in current protocols 
 **Patients may have received this agent, but it is no longer approved for use in the USA 
 ***APML 

C.L. Schwartz et al.
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Brain tumor Radiotherapy

Cranial

Eye exam q yr (including cataracts)

FSH, estradiol, testosterone (>12 yrs old)
(consider AMH--girls, inhibin B--boys)
Consider DEXA scan if hypogonadal

Growth curve q yr (q 6–12 month to final height)
Bone age for slow linear growth

AM cortisol q 1 yr

Free T4, TSH q yr (hypothyroidism -1°, 2°, 3°)

Monitor for precocious puberty

Monitor for obesity

Spinal Echo, EKG baseline then q 5 yrs prn

Monitor growth curve annually until final
height achieved

Surgery

Educational assessment q yr
Neurocognitive testing-baseline, prn

Neurological exam, q yr

Chemotherapy

Vincristine

Etoposide CBC q yr (leukemia, MDS)

Cyclophosphamide Urinalysis q yr (hematuria)

Cisplatin

Mg q yr (Mg: tubular dysfunction)

Cr/BUN, BP q yr, CrCl baseline (GFR)

Audiogram q 5 yr (high frequency loss)

Dexamethasone
Bone density by age 18 yrs and prn

Monitor for obesity

CCNU, BCNU

CXR, PFT's q 3–5 yrs (fibrosis)

Temazolamide
Procarbazine

CBC q yr (leukemia, MDS)

FSH, estradiol, testosterone (>12 yrs old)
(consider AMH-girls, inhibin B-boys)

Semen analysis (gonadal failure)

1 Algorithms of Late Effects by Disease
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Ewing/PNET

Radiotherapy

Bone

Radiograph if symptomatic (fracture, second
malignancy, etc.)

Monitor for leg length discrepancy

Whole lung

CXR, PFT baseline, prn

Breast self exam q month
MRI/mammogram (age > 25 or 8 yrs post RT),

whichever comes first

TSH, free T4 q 10 yr

Surgery
Limb salvage
amputation Cosmetic/functional rehabiliation

Chemotherapy

Vincristine

Actinomycin LFTs q yr (Hepatic Fibrosis)

Doxorubicin EKG, ECHO q 1 yr (Cardiomyopathy)

Cyclophosphamide

FSH, estradiol,testosterone (>12 yrs old)
(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

CBC q year (leukemia, MDS)

Urinalysis (hematuria)

Ifosfamide
Cr, PO4, Glucose

(serum urine) (Fanconi's)

Etoposide CBC q year (leukemia, MDS)

C.L. Schwartz et al.
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Germ cell tumor

Chemotherapy

Cisplatin

LH, testosterone baseline
(Leydig cell damage)

Cr/BUN, BP q yr, CrCl baseline (GFR)

Mg q yr (tubular dysfunction)

Audiogram baseline, q 5 yr prn
(High frequency loss)

Baseline fasting lipids

Bleomycin CXR, PFT's baseline, q 5 yrs prn (Fibrosis)

Etoposide CBC q yr (leukemia, MDS)

Vincristine/vinblastine

Ifosfamide Cr, PO4, Glucose (Fanconi's)

Cyclophosphamide Urinalysis q yr (hematuria)

CBC q yr (leukemia, MDS)

FSH, estradiol,testosterone (>12 yrs old)
(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

Carboplatin

Surgery

Unilateral oophorectomy
Monitor pubertal progression

Monitor fertility status
Consider AMH

Unilateral orchiectomy

Monitor pubertal progression
Libido and fertility

Consider: inhibin B, FSH, and
semen analysis

      

1 Algorithms of Late Effects by Disease
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Hodgkin lymphoma

Radiotherapy

Chest

CXR, PFT's baseline, prn

Breast self exam q month
MRI/mammogram (age > 25 or 8 yrs post RT),

whichever comes first

EKG, ECHO q 2−5 yrs prn RT/anthracycline dose
(Pericarditis, Valvular stenosis)

Low dose CT if smoking (q 2-3 yrs)
Consider chest xray in non-smokers

Abdomen
Cr/BUN, BP, q yr

Stool guiac/colonoscopy per ACS

Pelvis
FSH, estradiol testosterone (>12 yrs old)

(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

Neck
Carotid ultrasound q 10 yr

TSH, free T4 q 10 yr

Consider thyroid ultrasound q 7–10 yrs

Surgery

Chemotherapy

Vincristine
Vinblastine

Etoposide CBC q yr (leukemia, MDS)

Doxorubicin EKG, ECHO q 1–5 yrs (based on dose/RT)

Bleomycin CXR, PFT's baseline, prn

Cyclophosphamide UA q yr (hematuria)

Procarbazine
Nitrogen mustard

FSH, estradiol testosterone (>12 yrs old)
(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

CBC q yr (leukemia, MDS)

Prednisone Bone density, obesity

DTIC

Cisplatin
Audiogram baseline then q 5 yrs prn

Cr/BUN, BP q yr, CrCl baseline (GFR)

Gemcitabine

Ifosfamide
Cr, PO4, Glucose

(serum urine) (Fanconi's)

Vinorelbine

      

C.L. Schwartz et al.
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Neuroblastoma

Radiotherapy

Cervical

Dental panorex (age 5) - root hypoplasia

Mediastinum

Free T4, TSH q yQyr - (hypothyroidism)

EKG, ECHO q 2–5 yrs (based on age/dose/RT)

CXR, PFT baseline

Spinal/paraspinal
abdomen

Stool guiac/colonoscopy per ACS

Cr/BUN q yr, BP q yr

Observe for scolosis q yr
(q 6 month during puberty)

FSH, estradiol testosterone (>12 yrs old)
(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

Surgery Adrenelectomy

Chemotherapy

Vincristine

Etoposide CBC q yr (leukemia, MDS)

Doxorubicin EKG, ECHO q 2–5 yrs (based on age/dose/RT)

Ifosfamide Cr, PO4, Glucose (serum/urine) (Fanconi's)

Cyclophosphamide

Urinalysis q yr (hematuria)

FSH, estradiol testosterone (>12 yrs old)
(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

Cisplatin

Mg q yr (Mg: tubular dysfunction)

Cr/BUN, BP q yr, CrCl baseline (GFR)

Audiogram q 5 yr (high frequency loss)

Other (crizotnib, MIBG,
topotecan)

1 Algorithms of Late Effects by Disease
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NHL Chemotherapy

Vincristine

Doxorubicin EKG, ECHO q 1–5 yrs based on
dose/age/RT (cardiomyopathy)

Cyclophosphamide

Urinalysis q yr (hematuria)

CBC q yr (leukemia, MDS)

FSH, estradiol, testosterone (>12 yrs old)
(consider AMH-girls, inhibin B-boys)
Semen analysis prn (gonadal failure)

Methotrexate

LFTs q yr (hepatic fibrosis)

Prednisone Bone density, obesity

ARA-C Educational assessment
Neurocognitive testing prn

6-mercaptopurine
6-thioguanine

Etoposide

Ifosfamide
Cr, PO4, Glucose

(serum, urine)(Fanconi's)

Rituximab Immune compromised

     Historical: Cranial, mediastinal or abdominal radiation may have been used (see ALL and HL for 
recommendation). 

C.L. Schwartz et al.
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Osteosarcoma

Chemotherapy

Methotrexate
LFTs q 1 yr (hepatic fibrosis)
Monitor school performance
Neurocognitive testing prn

Doxorubicin EKG, ECHO q 1 yr (Cardiomyopathy)

Cisplatin

Audiogram q 5 yr (high frequency loss)

Mg q yr (tubular dysfunction)

Cr/BUN, BP q yr, CrCl baseline (GFR)

LH, testosterone-- >12 yrs

Baseline fasting lipids

Ifosfamide Cr, PO4, Glucose (serum/urine) (Fanconi's)

Bleomycin* CXR, PFT's baseline q 5 yrs prn (Fibrosis)

Actinomycin* LFTs q yr (Hepatic fibrosis)

Cyclophosphamide*

Urinalysis (hematuria)

CBC q yr (leukemia, MDS)

FSH, estradiol, testosterone (>12 yrs old)
(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

Etoposide CBC q yr

Muramyltripeptide/
Mitamurtide**

Surgery Amputation Check prothesis site condition q yr

Limb salvage F/u with orthopedic

Thoractomy Monitor for pulmonary symptoms

     

*Not part of most current treatment protocols 
 **Not approved by US FDA for use yet 

1 Algorithms of Late Effects by Disease
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Rhabdomyosarcoma

Radiotherapy

Head and neck

Eye exam q yr (Orbital rhabdo)

Audiogram baseline then q 2 yrs prn (nasopharynx/ear)

Dental exam q 6mths--root/agenesis/hypoplasia, xerostomia

Sinus evaluation prn

FSH, estradiol, testosterone (>12 yrs old)
(consider AMH-girls, inhibin B-boys)
Semen analysis prn (gonadal failure)

Growth curve q yr to final height
Bone Age for slow linear growth

Thorax/Whole Lung

CXR, PFT baseline then q 5 yrs prn

EKG, ECHO q 2−5 yrs based on age
(Cardiomyopathy)

Free T4, TSH q yr (Hypothyroidism)

Abdomen

LFTs q yr (Hepatic fibrosis)

Evaluate for scoliosis q yr until mature

Stool guiac, colonoscopy per ACS

BP, UA, CR, BUN q yr

Pelvis/GU
FSH, estradiol,testosterone (>12 yrs old)

(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

Extremity
Leg length measurements q yr till adulthood

Surgery Radiograph q 5 yrsSurgery

Chemotherapy

Vincristine

Actinomycin LFTs q yr (Hepatic fibrosis)

Doxorubicin EKG, ECHO q 1-5 yrs based on age/dose/RT
(cardiomyopathy)

Cyclophosphamide

FSH, estradiol, testosterone (>12 yrs old)
(consider AMH--girls, inhibin B--boys)
Semen analysis prn (gonadal failure)

CBC q year (leukemia, MDS)

Urinalysis (hematuria)

Ifosfamide Cr, PO4, Glucose
(serum, urine) (Fanconi's)

Irinotecan
Topotecan

C.L. Schwartz et al.
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Wilms Radiotherapy

Whole lung

CXR, PFT's baseline, q 5 yrs prn (fibrosis)

Breast self exam q month (Breast CA)
Mammogram q 1–2 yr (age >25 or 8 yrs post RT)

Whole abdomen
BP, UA, Cr/BUN, serum glucose q yr

(GFR, proteinuria)

Surgery Nephrectomy

BP, UA, Cr/BUN q yr

Kidney protection from infection and
trauma

Chemotherapy

Vincristine

Doxorubicin
EKG, ECHO, q 2–5 yrs based on
age/dose/RT (cardiomyopathy)

Cyclophosphamide Urinalysis q yr (hematuria)

CBC q yr (leukemia, MDS)

LH, FSH, estra/testos (>12 yrs)
Semen analysis prn (gonadal failure)

Actinomycin LFTs q yr. (hepatic fibrosis)

Etoposide CBC q yr (leukemia, MDS)

Carboplatin

Audiogram baseline q 5 yr prn

Cr/BUN, BP q yr, CrCl baseline (GFR)
        

1 Algorithms of Late Effects by Disease
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                Abbreviations used in this section are included in 
the glossary at the end.

  Chemotherapy 
  5FU    5-Fluorouracil   
  6MP    6-Mercaptopurine   
  6TG    6-Thioguanine   
  ABVD    Adriamycin, bleomycin, vincris-

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

nitrosourea)   
  CDDP    Cisplatin   
  Dnm    Daunomycin   
  Doxo    Doxorubicin   
  DTIC    Dimethyl triazine imidazole 

carboxamide   
  HN 2      N itrogen mustard   
  HU    Hydroxyurea   
  Ifos    Ifosfamide   
  IT    Intrathecal   
  MTX    Methotrexate   
  PCB, PCZ    Procarbazine   
  VCR    Vincristine   
  VP-16    Etoposide   

   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   
  CO 2     Carbon dioxide   
  Cr    Creatinine   
  CT    Computed tomography   

  CPM    Cyclophosphamide   
  CXR    Chest radiograph   
  DHEA    Dehydroepiandrosterone   
  DLCO    Diffusing capacity for carbon mon-

oxide (pulmonary)   
  ECHO    Echocardiogram   
  EEG    Electroencephalogram   
  EKG    Electrocardiogram   
  FiO 2     Fractional inspired oxygen   
  Free T 4     Unbound thyroxine   
  FS    Fractional shortening   
  FSH    Follicle-stimulating hormone   
  GFR    Glomerular fi ltration rate   
  GH    Growth hormone   
  GI    Gastrointestinal   
  GnRH    Gonadotropin releasing hormone   
  GU    Genitourinary   
  GVHD    Graft-versus-host disease   
  Gy    Gray (measure of radiation)   
  H/O    History of   
  H/P axis    Hypothalamic-pituitary axis   
  HD    High dose   
  IOP    Intraocular 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   
  PO 4     Phosphate   
  PRN    As needed   
  PTU    Propylthiouracil   
  QTc    Corrected QT interval   
  R/O    Rule out   
  RNA    Radionuclide angiography   
  RT    Radiation therapy   
  SMN    Second malignant neoplasm   
  SPECT    Single-photon emission computed 

tomography   
  T 3     Triiodothyronine   
  T 4     Thyroxine   
  TBI    Total body irradiation   
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  TMJ    Temporomandibular joint   
  TRH    Thyrotropin-releasing hormone   
  TSE    Testicular self-examination   
  TSH    Thyroid-stimulating hormone   
  U/A    Urinalysis   
  US    Ultrasound   

  UTI    Urinary tract infection   
  UV    Ultraviolet light   
  VA    Visual acuity   
  VF    Visual fi eld   
  WBC    White blood count         
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3.1      Introduction 

    Although increased survival and ultimately cure 
of cancer remains the primary goal of treatment, 
our success has shifted our focus to the conse-
quential quality of life. These outcomes are 
largely dependent on the chronic toxicities of 
therapies that manifest months to years or even 
decades after therapy. Recognition of these late 
effects has been a driving force in the evolution of 
the treatment of many curable cancers. Surgical 
techniques, chemotherapeutic regimens, and radi-
ation therapeutic strategies have all evolved with 
the intention of minimizing toxicities. Advances 
in diagnostic radiology and radiotherapeutic tech-
nologies have led to more conformal radiation 
treatments that spare adjacent normal structures. 
In many pediatric malignancies, favorable subsets 
of patients are now treated with decreased doses 
of chemotherapy and radiation while still main-
taining outstanding overall effi cacy. 

 The development and manifestation of late 
effects in children differ greatly as compared to 
adults. While chemotherapy, radiotherapy, and 
surgery all contribute to development of late 
effects, most of the existing literature that 
explores age-related toxicities relates to irradia-
tion. The adverse effects of radiotherapy in adults 
are primarily a result of infl ammatory and fi bro-
genic processes that are impacted by tissue senes-
cence. While these processes can also occur in 
children, tissue vulnerability to therapy is height-
ened by organ growth and normal maturation, 
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and this is more relevant to radiation effects than 
chemotherapeutic effects. In particular, the biol-
ogy and kinetics of tissue and organ development 
explain many of the susceptibilities to and mani-
festations of radiation-induced injury in the early 
years of life. In adults, the ability to repair dam-
age is the primary determinant of chronic tissue 
injury. Furthermore, comorbid illness and pro-
longed environmental and lifestyle factors are 
much more likely to affect the development of 
treatment-related injury in adults. 

 Many of these principles are illustrated by the 
example of thoracic irradiation. Both the adult and 
child will be prone to pulmonary consequences, 
such as infl ammation and fi brosis; however, the 
child also will be susceptible to a direct restriction 
of lung compliance from bone hypoplasia and 
malformation in the developing ribs and spine, as 
well as indirect effects of compliance due to 
greater levels of atelectasis and air trapping. Such 
is not the case in the adult, where the bones are 
fully grown and hypoplasia and malformation are 
not an issue. However, co- medical factors generally 
absent in children but often present in adults, such 
as smoking or other environment exposures, will 
affect the risk of treatment-related pneumonitis. 
In addition, the capacity for tissue repair may be 
relatively limited in the elderly. 

 It is important to recognize that growth in 
children does not occur at a uniform rate or 
homogenously with regard to individual organ 
systems. Rather, the tissues and organs that com-
prise the mosaic of the human body develop and 
mature at different rates and in different tempo-
ral sequences. Since intrinsic radiation sensitiv-
ity and vulnerability to radiation-induced normal 
tissue damage are related to cellular activity and 
level of maturity, it is important to understand 
tissue development and consider differing sen-
sitivities to the same insult at any given time in 
a child’s development as this could drastically 
change the potential for adverse late outcomes. 
Much less data exist to explore the impact of 
tissue development on sensitivity to chemother-
apeutic agents and thus the differential vulner-
abilities of children compared with adults. 

 This chapter will review organogenesis in the 
developing human, from the embryo to adult-

hood, and the complexities involved in manifes-
tation of late effects from radiation therapy, 
according to stage of development. Similar prin-
ciples likely exist for sensitivity to the late effects 
of chemotherapy, although informative data is 
sparse. In order to more easily conceptualize 
organ development, we will review the four clas-
sic growth curves for normal tissues in children 
and introduce additional physical and physio-
logic measures by which to measure growth and 
human development. We will also briefl y discuss 
a select number of confounding factors that may 
infl uence the degree of late effects in the pediatric 
population. Secondary malignant neoplasms will 
not be covered in this chapter as they are dis-
cussed extensively elsewhere.  

3.2     Organogenesis: Sensitivity 
to Late Effects According 
to Stage of Development 

3.2.1     Embryo and Fetus 

 There are three recognized phases of the develop-
mental period in utero: (1) preimplantation, (2) 
prenatal organogenesis, and (3) fetal period [ 23 ]. 

 Preimplantation is the most sensitive phase to 
the lethal effects of radiation and occurs within 
the fi rst 2 weeks postconception. The irradiated 
preimplanted embryo that survives until term 
grows normally in the prepartum and postpartum 
periods. When substantial numbers of cells die, 
the embryo is resorbed. 

 Prenatal organogenesis occurs immediately 
after implantation and extends through the fi rst 
60 days after conception. Irradiation during this 
period has resulted in malformations secondary to 
disruption of morphogenesis. Data acquired pre-
dominantly from survivors of Hiroshima suggest 
that the variable rates of malformations in differ-
ent organ systems might be related to the length 
and time of organ development, with the central 
nervous system, skeletal system,  dentition, and 
genitalia affected more frequently than the gastro-
intestinal, cardiovascular, or renal systems [ 16 ]. 

 The fetal period occurs from 60 days after 
conception through parturition. Irradiation of an 
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early fetus results in the largest degree of per-
manent growth retardation, in contrast to an 
irradiated early embryo which will exhibit 
greater growth retardation at birth that will 
largely recover later in life. As can be expected, 
tissues undergoing the most rapid cell division 
at the time of exposure are the most susceptible 
to growth disturbances. For example, the high-
est incidence of mental retardation in atomic 
bomb survivors is seen in those exposed at 
8–15 weeks of intrauterine life, with a relative 
risk four times higher than those exposed at 
16 weeks or later. Mental retardation was not 
seen in subjects irradiated before 8 weeks in 
utero [ 19 ]. Similarly, irradiation between 16 and 
20 weeks of gestation may also lead to micro-
cephaly and stunting of growth but after 
30 weeks of gestation is not likely to produce 
gross structural abnormalities.  

3.2.2     Postnatal Period 
and Childhood 

 Compared to the prenatal stage, postnatal devel-
opment after radiation exposure has been less 
studied, in both in animal models and humans. 
This period is divided into three growth phases: 
neogenesis, genesis, and pubogenesis. 

 Neogenesis refers to the time between birth 
and approximately 5 years of age, when most 
normal tissues are newly formed and their devel-
opment consists of rapid growth of their func-
tional subunits. Brain tissue is rapidly developing 
during this phase and is hence more susceptible 
to radiation injury. Musculoskeletal growth, like-
wise, is more vulnerable when bone growth is 
most rapid, during neogenesis and pubogenesis; 
however, mitotic potential is greater for neogen-
esis rather than pubogenesis. Therefore, it is not 
surprising that the same dose of radiation would 
retard bone growth more when administered to a 
neonate versus an adolescent. 

 Genesis refers to the time between 5 years of age 
and just prior to the onset of puberty. Overall, 
growth is more stable during this period, and the 
organs have full complement of functional subunits. 
Irradiation at this time would in general be less 

 detrimental to different organ systems compared to 
neogenesis as the mitotic potential decreases. 

 Pubogenesis refers to the time from the onset 
of puberty to the beginning of adulthood. It is the 
phase when sexual organs rapidly proliferate and 
many other organs experience their second 
growth spurt; however, the brain has essentially 
attained its full adult size, and so irradiation at 
this time has less potential detrimental effects on 
neurocognitive function.   

3.3     Growth Patterns of Normal 
Tissues: Infl uence 
on Manifestations of Normal 
Tissue Effects 

 The growth period for the human body is unusually 
long among mammalian species, extending for 
more than a quarter of the normal life span. This 
long growth period is associated with a delay in 
most aspects of bodily development, especially 
skeletal and endocrine maturation. Total body mass 
continues to increase after maturity, but the rate of 
increase is slowed considerably after about age 
18 years in males and about age 16 years in females. 

 The growth of specifi c tissues from birth to 
adulthood was characterized by Tanner over a half 
century ago by four classic patterns (Fig.  3.1 ): (1) 
lymphoid, with accelerated growth followed by 
involution at the time of puberty; (2) brain, with 
rapid postnatal growth that slows and essentially 
completes by early adolescence; (3) gonadal, with 
little change during early life but rapid develop-
ment just before and coincident with puberty; and 
(4) a more general pattern, epitomized by the 
musculoskeletal system, characterized by two 
major periods of rapid growth during the postna-
tal period and puberty. Figure  3.1  shows the 
growth relationships according to time and type 
of organ in the neonatal period and childhood 
[ 26 ], while Table  3.1  provides specifi c data for a 
broader number of organs and systems. 

   In regard to potential late effects from cancer 
therapy, it is critical to understand that human 
development is not a linear or homogenous pro-
cess, but instead that the organs of the body 
develop and mature at different rates and  temporal 
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sequences. Because of this, at any given time dur-
ing child development, one can expect relative 
differences in the type and severity of possible 
late effects, with more pronounced and severe 
complications occurring if radiation is adminis-
tered during the periods of increased mitotic 
activity and relative immaturity. These growth 
curves provide a context in which to explore and 
discuss the incidence and differential responses 
of children with respect to the normal tissue 

effects. However, it is important to note that these 
classic measures of growth and development 
focused primarily on increases in weight. 
Additional measures of physical size and physi-
ologic function may in many cases provide more 
meaning metrics in regard to growth and maturity 
of organ systems and thus relative vulnerability 
to therapy in regard to subsequent late effects. 

3.3.1     Classic Growth Patterns 

3.3.1.1     Lymphoid Growth Pattern 
 This type of growth pattern is characterized by 
gradual evolution and involution to the time of 
puberty. An example of an organ that follows this 
pattern is the thymus. It reaches its greatest rela-
tive weight at birth, but its absolute weight con-
tinues to increase until the onset of puberty. In 
fact, in the renewal phase of adulthood, it is esti-
mated that the thymus gland is only about 5–10 % 
of its original size. No signifi cant late effects 
from RT occur in the lymphoid system. In par-
ticular, there are no age-specifi c effects, perhaps 
because the inherent radiation sensitivity of lym-
phoid tissues outweighs any differential that 
could be observed due to age.  

3.3.1.2     Brain Growth Pattern 
 This type of growth pattern is characterized by 
rapid postnatal growth which slows down and is 
almost complete in adolescence. Naturally, the 
head and neck also follow this pattern of 
growth. 
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  Fig. 3.1    Four classic growth curves according to age and 
organ size (Modifi ed with permission from Tanner [ 26 ])       

   Table 3.1    Anatomy 
and physiology: relative 
rate of development   

 Age 0–5 years  Age 5–10 years  Age 10–15 years  Age 15 to adult 

 Brain  4  2  1  1 
 Thyroid  2  3  3  4 
 GI  4  3  3  2 
 Gonadal  1  1  4  4 
 Lung  3  2  3  4 
 Urinary system  4  3  3  2 
 Skin  3  2  4  4 
 Lymphoid tissues  4  4  Hypoplasia  Hypoplasia 
 Liver  4  2  3  2 
 Musculoskeletal  3  2  4  2 
 Head and neck  4  2  2  1 
 Circulatory  3  2  4  2 

   1  static,  2  mild,  3  moderate,  4  signifi cant  
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 The brain is most sensitive to ionizing radia-
tion in the early fetal period but also postnatally 
during the fi rst few years of life. Brain growth 
during the fi rst 3 years of life is not secondary to 
increase in number of neurons but due to axonal 
growth, dendritic arborization, and synaptogene-
sis. Myelinization, though well developed at 
about the second year of life, is not complete 
until the second to third decade of life [ 6 ]. By 
6 years of age, the child’s brain has reached adult 
size. Several studies have shown greater cogni-
tive impairment in younger children compared to 
older children receiving cranial irradiation [ 4 , 
 22 ]. It is for this reason that for many years prior 
to the era of conformal radiotherapy, in an effort 
to avoid the deleterious effects of radiotherapy, 
chemotherapy after surgery was the treatment for 
children <3 years of age with medulloblastoma, 
ependymoma, and high-grade gliomas [ 7 ]. 
A report from St. Jude Children’s Research 
Hospital showed cognitive decline after conformal 
radiotherapy for children under 12 years of age 
with low-grade glioma (Fig.  3.2 ). In fact, age at 
time of irradiation was more important than radia-
tion dose in predicting cognitive decline. Children 
<5 years old show the most cognitive decline [ 15 ]. 
Consistent with this, most children who are 
affected with radiation-induced moyamoya syn-
drome were irradiated when they were <5 years of 
age, a time when brain growth is rapid [ 5 ].  

 One study attributed a greater degree of defi -
cient development with loss of white matter, and 
this was presumptively correlated with the 
impaired cognitive outcome of younger children 

[ 17 ]. This description of white matter changes is 
consistent with the classic fi nding after radiation 
insult of the normal brain of a focal or diffuse 
area of white matter necrosis [ 14 ]. It is also con-
sistent with the premise that radiotherapy would 
have more effect during the time when there is 
greater growth of the brain. Table  3.2  shows the 
growth and development of the brain according 
to time of irradiation.

3.3.1.3        General Growth Pattern 
(Musculoskeletal, Heart, 
Lungs, GI, GU) 

 This type of growth pattern is characterized by 
peak growth rates in the early postnatal period 
and during puberty. It is perhaps best exemplifi ed 
by the musculoskeletal system; however, the liver 
and gastrointestinal tract, kidneys and urinary 
system, and skin also follow this pattern. 

 Radiation damage to bone is expressed in the 
epiphysis by arrested chondrogenesis, in the 
metaphysis by defi cient absorptive processes in the 
calcifi ed bone and cartilage, and in the diaphysis by 
an alteration in periosteal activity causing abnor-
mal bone modeling [ 21 ]. Doses >20 Gy are usually 
necessary to arrest endochondral bone formation. 
In a classic study of spinal growth after radiother-
apy, the greatest retardation of growth was seen 
during the periods of most active growth in chil-
dren <6 years of age and those undergoing puberty 
[ 21 ]. In another study of slipped epiphysis second-
ary to radiation therapy, doses of >2,500 cGy and 
young age at time of irradiation were the main risk 
factors for this complication [ 24 ], which occurred 
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in 50 % of children <4 years and 5 % of children 
5–15 years of age. In contrast to children and ado-
lescents, adult bone is much more tolerant to radia-
tion damage; doses of 6,000 cGy or more are 
needed to cause osteoradionecrosis. 

 Muscular growth parallels bone growth, and 
is bimodal, again occurring during the early post-
natal and pubertal periods. Muscular hypoplasia 
and atrophy have been reported in young children 
receiving radiotherapy to the spine and extremities. 

 Another example of the general growth pattern 
is the urinary system, although its radiosensitivity 
varies widely, with the ureter being the most resis-
tant, the bladder having intermediate sensitivity, 
and the kidney the most sensitive. The tolerance of 
dose for the adult kidney appears to be approxi-
mately 23 Gy in 5 weeks to the parenchyma of 
both kidneys, with 28 Gy to both kidneys in 
5 weeks carrying a high risk of severe radiation 
nephritis [ 12 ]. It is not clear whether renal injury is 
more severe in children than adults or during vary-
ing points of the growth curve, with the possible 
exception of irradiation during neogenesis [ 2 ,  20 ]. 
This comparison is greatly confounded by the fact 
that much of the data in regard to the effect of radi-
ation therapy on the pediatric kidney has been col-
lected from survivors of pediatric Wilms tumor, 
who undergo resection and/or radiation therapy 
for their primary renal malignancy (and also some-
times present with bilateral disease), as opposed to 
adults whose kidneys are often only tangentially or 
incidentally irradiated during the treatment of a 
range of abdominal/pelvic malignancies. Some 
data on tolerance doses can be derived from stem 
cell transplant studies. For example, in one study, 

children <5 years of age at the time of total body 
irradiation had more acute renal dysfunction com-
pared to older children [ 8 ]. Overall, in the setting 
of hematopoietic cell transplantation, fewer than 
15 % of children will develop chronic renal insuf-
fi ciency or hypertension; the risk rises when the 
patient is an infant (e.g., TBI for neuroblastoma), 
the total dose exceeds 12 Gy, the individual frac-
tion size is greater than 2 Gy, or the interval frac-
tion is less than 4–6 h [ 11 ]. Adults have similar 
frequencies of chronic renal insuffi ciency, 
although the etiology for this may derive from dis-
similar comorbid factors.  

3.3.1.4     Gonadal Growth Pattern 
 This type of growth pattern is characterized by 
little change during early life but rapid develop-
ment just before and coincident with puberty. 
Examples of organs with this growth pattern are 
the breast, testicle, and ovary. 

 As would be expected, children and adults 
have different manifestations of late radiation 
injury in the breast, with breast hypoplasia being 
the most common type of late toxicity in chil-
dren. In 129 children, <4 years of age receiving a 
mean dose of 2.3 Gy for hemangioma, breast 
hypoplasia was observed in 53 % [ 9 ]. Others 
have also observed breast hypoplasia after rela-
tively low doses of radiation, such as for pulmo-
nary metastases from Wilms tumor where 
children receive bilateral lung irradiation to doses 
of 10–12 Gy [ 13 ]. Although the dose was quite 
low, the breast in the young has not fully devel-
oped, with hyperplasia of the breast not occur-
ring till puberty. The risk of development of 

   Table 3.2    Growth and development of the brain with respect to time of irradiation   

 Phase  Time  Manifestation after radiation therapy 

 Preimplantation  First 2 weeks postconception  Death of preimplanted embryo 
 Prenatal organogenesis 
and fetal period 

 2 weeks to parturition  Microcephaly, mental retardation (greatest risk at 
8–15 weeks postconception) 

 Neogenesis  Birth to 6 years  Mental retardation, severe cognitive defi cits especially in 
children <3 years of age when myelin formation is still not 
nearly complete. Hypoplasia of the portion of the skull and 
soft tissues which receive radiation therapy 

 Genesis  6 years to puberty  Mild to moderate cognitive defi cits. Mild or no hypoplasia 
of the skull as the brain reaches its adult size at 6 years of 
age 

 Pubogenesis  Puberty to 18 years  Mild cognitive defi cits. No hypoplasia of the skull 
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secondary breast malignancies is strongly corre-
lated with age (children vs. adults), but it is con-
troversial as to whether irradiation during 
pubertal development increases the risk for sec-
ondary breast cancer. This is discussed in great 
detail elsewhere in this text. 

 With regard to the testes, it is important to 
note that unlike in the ovary, where fertility and 
hormone production are closely related because 
of their dependence on the ova and primary fol-
licle, in the testes these functions are carried out 
separately by the spermatogonia and Leydig 
cells, which display greatly variable sensitivity to 
cytotoxic therapy. The germinal epithelium is 
damaged by much lower dosages (less than 1 Gy) 
of RT than are Leydig cells (20–30 Gy) [ 25 ]. 
Complete sterilization may occur with fraction-
ated irradiation to a dosage of 1–2 Gy, which 
would not be expected to have any measurable 
effect on testosterone levels [ 1 ,  10 ].   

3.3.2     Complexities in the Association 
of Growth and Development 
to the Sensitivity for Late Effects 

 Although the classic growth curves provide valu-
able information, these data are limited in that 
they only describe growth in terms of physical 
size and more specifi cally weight. However, it is 
important to note that changes in the mass of an 
organ do not necessarily correlate with other 
physical parameters (such as volume) and more-
over that organs grow through a variable combi-
nation of parenchymal cell hyperplasia and 
hypertrophy, as well as stromal development. In 
regard to the variable sensitivity to late radiation 
toxicity, growth and physiologic functional 
development as measured by these parameters 
may be more important than simple increases in 
size. 

 For example, in regard to mass, the ovaries 
follow the gonadal growth pattern, with little 
change during early life and rapid development 
just before and coincident with puberty. 
However, the organ’s sensitivity to late effects 
from radiation therapy does not follow this pat-
tern, at least in regard to sterility, since the mass 

of the ovary as a whole rapidly increases before 
and during puberty, presumably because of stro-
mal proliferation. The pool of oocytes that are 
responsible for fertility are continuously 
decreasing until menopause without replenish-
ment after a maximum number at 5 months ges-
tational age [ 27 ]. 

 A classic study showed that the effective steril-
izing dose to the ovary after fractionated radio-
therapy decreased at increasing age of irradiation: 
20.3 Gy at birth, 18.4 Gy at 10 years, 16.5 Gy at 
20 years, and 14.3 Gy at 30 years of age [ 28 ]. This 
fi nding is also supported by the Childhood Cancer 
Survivor Study, which showed that cyclophospha-
mide exposure was a risk factor for  sterility in 
older (13–20 years), but not younger (<13 years) 
children [ 3 ]. Finally, data exist showing that ovar-
ian dysfunction may be less in children receiving 
total body irradiation at an age before menarche, 
compared with those who were older and received 
radiotherapy after menarche [ 18 ]. 

 This example further highlights the complex-
ity of human growth and development, even at 
the level of individual tissues and organs, and 
the need to expand our knowledge of growth 
patterns beyond simple increases in mass. In 
addition to expanding our understanding to 
include additional measures of physical growth, 
such as volume (Fig.  3.3 ), and various physio-
logic parameters, determining differential 
mechanisms of growth, such as parenchymal 
cell proliferation and hypertrophy versus stro-
mal development, will enhance our ability to 
predict and minimize differential late effects 
from therapy.    

3.4     Summary 

 The developing human organism is complex with 
multiple organ systems developing at different 
times and rates. Late effects of radiotherapy are 
infl uenced not only by total dose, volume, and 
fractionation but also the stage of normal tissue 
development, comorbid disease, and various host 
factors, both intrinsic and extrinsic. While late 
effects in adults are primarily infl ammatory and 
fi brogenic, in children a major and unique 

3 Pediatric Growth and Development



40

 contributor to late toxicity is impairment of matu-
ration of the organ. Confounding factors such as 
comorbid disease, physiologic changes, and 
environmental factors play a big part in the deter-
mination of late toxicity in the adult patient. 
Knowledge of the growth and development of 
various organ systems will help the radiation 
oncologist understand potential degree of late 
effects both in children and adults.     
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4.1           Introduction 

    Treatment for childhood cancer can result in 
damaging effects to the central nervous system 
(CNS). The spectrum of potential neurological 
toxicities includes paralysis, neuropathies, blind-
ness, and seizures. Furthermore, survivors may 
experience decline in intellectual function, learn-
ing problems, and emotional-behavior diffi cul-
ties, contributing to lower levels of educational 
attainment, unemployment, and impaired quality 
of life. Though this phenomenon was originally 
described for children who underwent cranial 
radiation, subsequent studies have demonstrated 
that children treated only with chemotherapy are 
also at risk for neurocognitive defi cits. This chap-
ter will review the pathophysiology, clinical pre-
sentation, risk factors, diagnosis, and management 
of late CNS morbidity resulting from the treat-
ment of childhood cancer.  

4.2     Pathophysiology 

4.2.1     Postnatal Brain Development 

 Normal development of the central nervous sys-
tem begins at conception and is a phenomenon of 
numerous overlapping processes, thought to be 
orchestrated by genetic and epigenetic events that 
are amenable to external infl uence [ 1 ,  2 ]. The two 
main periods of development can be divided into 
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(1) the major histogenetic events of neurulation 
(i.e., the embryonic formation of the neural tube 
by closure of the neural plate) and (2) reorganiza-
tion of the human cortex through dendritic and 
axonal growth, synapse production, neuronal and 
synaptic pruning, and changes in neurotransmit-
ter sensitivity [ 2 ]. 

 The processes of the latter reorganization 
period continue in the postnatal period into 
adulthood and thus may be vulnerable to toxic 
and metabolic 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 dendritic proliferation 
and synaptogenesis in the normal developing 
brain, an excessive number of synapses are 
formed which are later eliminated when redun-
dant collateral axons are retracted. Dendritic 
arborization and synaptic remodeling starts dur-
ing fetal development 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 postnatally, 
the corticospinal tract is from 38 weeks’ gesta-
tion to 2 years of life, the corpus callosum is 
from 4 months postnatally to late adolescence, 
and the ipsilateral association bundle (between 
the anterior frontal and temporal lobes) is com-
plete at 32 years of age [ 5 ]. 

 The central nervous system develops in other 
important ways during the postnatal period. The 
whole brain grows enormously in overall size 
with a fourfold increase in brain volume in the 
fi rst decade of life [ 2 ]. This increase in volume is 
a function of the number, size, and density of 
neurons, glia, and dendritic cells. Pruning or nor-
mal elimination of neurons contributes to the 
usual loss of gray matter with age [ 6 ]. In contrast, 
white matter increases during childhood and ado-
lescence. Sensory circuits established in utero 
may be modifi ed in response to the postnatal 
environment. Because of the rapid rate of growth 
early in the postnatal period, infancy may be a 

period of  development which is more vulnerable 
to damage from external factors such as disease, 
trauma, or metabolic disturbances. The same 
exposures occurring in an older child or adult 
usually results in less impairment in structure and 
function of the central nervous system [ 2 ,  7 ]. 

 However, not all brain functions experience 
the same pattern of vulnerability according to age 
at exposure. Different neurochemical systems or 
even the same neurochemical system in different 
locations matures at different rates, extending 
from the prenatal period to adolescence [ 8 ]. For 
example, it is possible for a neurochemical sys-
tem within the same cortical area to exhibit dif-
ferent patterns of maturation, according to the 
cortical level or type of synapse. As Levitt sum-
marized in his review article on primate brain 
development, “it is not likely that short periods of 
environmental disruption will uniformly disturb 
all neurochemical systems or even one system in 
all brain areas, but rather individual functional 
domains may be selectively affected” [ 8 ]. For 
example, alterations in dopamine signaling dur-
ing preadolescence would affect frontal lobe sys-
tems, which in turn could affect behavioral 
inhibition. This is supported by Anderson et al. 
who found that early brain insult in children 
younger than 2 years resulted in signifi cant cog-
nitive defi cits, while children exposed at ages 
from 7 to 9 years performed worse in behavioral 
functioning than younger children [ 9 ]. 

 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 plastic-
ity manifested by ongoing neurogenesis and syn-
aptogenesis 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 occur later in development. This 
assertion is supported by congenitally deaf chil-
dren who have a superior response if they receive 
sensory stimulation from cochlear implants 
before the age of 5 years [ 10 ]. Also, children with 
early visual deprivation will have less constric-
tion of the visual fi elds if regular patching was 
started early [ 11 ].  
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4.2.2     Disease Considerations 

 The late toxicities manifested by the CNS are 
best considered as a combination of several fac-
tors acting in a unique host. Certainly the ther-
apy applied to treat the primary disease can have 
late manifestations; however, the primary dis-
ease process will also impact late effects. 
Children with leukemia and brain tumors com-
prise about 51 % of all children with newly diag-
nosed cancer and comprise the majority of 
long-term survivors [ 12 ]. These children are at 
risk not only because of the primary site of dis-
ease but also because of the need to apply 
focused CNS- directed therapy. 

 Although most children with leukemia 
do not present with CNS manifestations 
of their disease, a subset of children will. 
Hyperleukocytosis (characteristically 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. Aggressive 
management of hyperleukocytosis with hydra-
tion, exchange transfusion, or cytopheresis is 
emergently indicated to reduce this risk. Infants 
and children with T-cell leukemia are more 
likely to present with high white counts than 
children with B-precursor ALL. Meningeal 
infi ltration of leukemia, most often diagnosed 
by examination of the CSF, will occur in less 
than 5 % of children with newly diagnosed 
ALL [ 13 ]. Although usually not symptom-
atic, CNS leukemia may lead to infi ltration of 
normal structures and lead to dysfunction of 
cranial nerves that may in some cases be per-
manent. Acute promyelocytic leukemia [ 14 ] 
is a distinct type of leukemia with a high risk 
of coagulopathy, usually hemorrhage, due to 
the expression of activators of coagulation and 
fi brinolysis, proteases, and cytokine generation, 
compounding the usual failure of platelet pro-
duction due to leukemia marrow invasion. The 
risk of CNS hemorrhagic complications has 
been dramatically improved since the use of 
all-trans retinoic acid (ATRA) but still remains 
the most frequent cause of mortality. 

 Children with central nervous system tumors 
are uniquely at risk. While adults with CNS 
tumors will frequently present with seizures (as 
a result of hemispheric tumors), children are 
more likely to present with features of increased 
intracranial pressure resulting from obstruction 
of the normal CSF fl ow. Tumors involving the 
fourth ventricle (most commonly PNET/medul-
loblastoma) are most likely to obstruct CSF fl ow 
and lead to hydrocephalus that can present with 
headache, morning vomiting, ataxia, and ulti-
mately somnolence. The late effects of hydro-
cephalus are not entirely clear. Studies have 
shown that children with hydrocephalus severe 
enough to require a ventriculoperitoneal shunt 
(VP shunt) have more severe declines in IQ than 
those that do not [ 15 – 17 ]; however, the need for 
a VP shunt is likely refl ective of the size of the 
presenting tumor. Another complication unique 
to children with posterior fossa tumors is the 
entity of “cerebellar mutism.” Mutism will typi-
cally be evident in the immediate postoperative 
period, and although speech may be restored 
within a few weeks, in some instances it may 
take up to a year or more to recover and may be 
incomplete [ 18 ]. Children are more frequently 
affected than adults [ 19 ]. 

 Tumors may also directly damage CNS func-
tion resulting in both short- and long-term 
sequelae. Even among children with benign 
tumors of the CNS treated by surgery alone, only 
one-third can be expected to have essentially no 
long-term complications. A Nordic study of chil-
dren with benign tumors of the CNS (predomi-
nately low-grade astrocytomas) found only 31 % 
of children to be completely without defi cits on 
follow-up and approximately 35 % to have mod-
erate or severe sequelae including ataxia, spastic 
paresis, vision loss, or epilepsy [ 20 ].  

4.2.3     Radiation 

 The neurotoxic effects of cranial radiation therapy 
(CRT) have been well documented and, for many 
individuals, can be extremely debilitating. CRT is 
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associated with histological and radiographic 
abnormalities that have been correlated with clini-
cal fi ndings of impairment. Histological changes 
associated with CRT consist of subacute leukoen-
cephalopathy, mineralizing microangiopathy, and 
cortical atrophy, most often becoming apparent 
several months to years after CRT [ 21 – 23 ]. 
Corresponding neuroimaging abnormalities after 
CRT include myelin degeneration, intracerebral 
calcifi cations, and ventricular dilatation, respec-
tively [ 21 ,  23 – 25 ]. Figure  4.1  demonstrates some 
of these fi ndings on magnetic resonance imaging. 
White matter seems to be especially vulnerable to 
CRT exposure (see below) [ 26 ].  

 Ionizing radiation therapy is most commonly 
administered with photon or electron external 
beams, but also as charged particles such as pro-
tons or carbon ions; they directly or indirectly 

cause DNA damage through ionization. While 
radiation therapy may lead to immediate cell 
death in some instances as a result of the direct 
ionization of DNA, more commonly cell death is 
delayed until the cells attempt to move through 
mitosis. This loss of proliferative capacity even-
tually leads to tissue death within the irradiated 
fi eld, 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 unaccept-
able damage 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” within which acceptable 

a

b c

  Fig. 4.1    ( a ) Progressive    leukoencephalopathy by MRI 
fl uid-attenuated inversion recovery (FLAIR) in patient 
with ALL who received high-dose intravenous methotrex-
ate at weeks 7, 18, 44, and 132 of therapy (Reprinted with 
permission from Mulhern and Palmer [ 116 ]). ( b ) 
Subcortical calcifi cations on unenhanced computed tomo-
graphic (CT) scan in patient with ALL who received 

 cranial irradiation and intrathecal methotrexate central 
nervous system prophylaxis (Reprinted with permission 
from Iuvone et al. [ 133 ]). ( 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 et al. [ 134 ])       
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normal tissue damage occurs may be quite small. 
Fractionation, the process of delivering radiation 
therapy through multiple small doses, is felt to 
enlarge the therapeutic window by allowing 
repair of sublethal cell damage by normal tissue. 
While radiation therapy may result in cellular 
death through the direct interactions of ionized 
particle with cellular DNA, late tissue injury 
from radiation therapy may not be immediately 
evident, but may become signifi cant as a result of 
radiation vasculopathy that results from damage 
to the endothelial cells within the radiation fi eld. 
This may not become evident for many years fol-
lowing the radiation treatment. 

 The pathophysiology of radiation injury to the 
CNS has focused on two major processes: vascu-
lopathy and demyelination. Direct damage to the 
endothelial cells may initially be evident as 
increases in vascular permeability but later may 
be manifested as scarring and wall thickening, 
ultimately leading to ischemia in the affected 
area. Demyelination is felt to be the result of radi-
ation damage to the O2A progenitor cell which 
serves as precursor cell for new oligodendro-
cytes. The lack of replacement progenitor cells 
for the existing oligodendrocytes may ultimately 
lead to the demyelination characteristically asso-
ciated with radiation injury. A recent study [ 27 ] 
suggests that CRT may affect the cells that create 
myelin more than it damages existing myelin, 
which may leave survivors with lower peak levels 
of white matter density in young adulthood. 
While these two processes likely account for 
much of the changes seen following radiation, 
the exact process of radiation damage is likely 
much more complex involving many of the other 
cells of the CNS [ 28 ]. 

 Domains of neurocognitive impairment after 
CRT include short-term memory, distractibility, 
fi ne motor coordination, visual- spatial ability, 
and somatosensory functioning [ 29 – 34 ]. These 
cognitive impairments have been associated 
with a signifi cantly reduced  intelligence quo-
tient and academic failure [ 30 ,  35 ]. The defi -
cits, which often do not emerge until 4–5 years 
after diagnosis [ 36 – 38 ], are most severe in those 

diagnosed at an age younger than 6 years [ 30 , 
 39 ] and among females [ 40 ,  41 ]. Children who 
received cranial radiation as part of their ther-
apy for acute lymphoblastic leukemia are more 
likely to be referred to special education services 
and achieve a lower fi nal level of secondary edu-
cation, compared to their siblings [ 42 ]. There 
appears to be a dose-response relationship with 
cranial radiation doses of greater than 2,400 cen-
tigray (cGy) resulting in greater impairment 
[ 43 ]. It is not clear that a further decrease to 
1,800 cGy is associated with less neurocognitive 
toxicity, as mixed fi ndings have been reported 
[ 37 ]. However, in one small study of 42 leuke-
mia patients, 1,200 cGy is associated with less 
impairment than 1,800 cGy [ 44 ]. 

 In addition to dose, the age of the child at the 
time of CRT is strongly associated with neuro-
cognitive performance, with younger age of 
exposure associated with greater neurocognitive 
defi cit. This relationship is perhaps best illus-
trated in a report from a longitudinal cohort study, 
which described cognitive decline after confor-
mal radiation therapy in 78 children with low-
grade glioma treated with 54 Gy (see Fig.  4.2 ) 
[ 45 ]. Age at time of irradiation was more impor-
tant than radiation dose in predicting cognitive 
decline, with children younger than 5 years of 
age showing the most cognitive decline. It should 
be noted that this decline over time is typically 
believed to be refl ective of the child’s failure to 
acquire new abilities or information at a rate sim-
ilar to their peers as opposed to representing a 
progressive loss of skills. Similarly, in childhood 
ALL survivors, age at treatment also infl uences 
the impact of CRT on neurocognitive function-
ing. Younger age at treatment with 24-Gy CRT 
was associated with increasing risk for impair-
ment in IQ, academics, and memory [ 46 ]. For 
every age, CRT increased risk, but that risk 
decreased with increasing age.  

 Advances in radiotherapy are attempting to 
deliver the best possible survival rates with the 
fewest and least severe late effects. Proton-beam 
radiotherapy is a recent alternative to conven-
tional photon-beam radiotherapy and designed to 
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deliver the optimal dose of radiation to the tumor 
while reducing exposure to surrounding healthy 
tissue. Compared to conventional photon-beam 
radiotherapy used in standard CRT, protons have 
a larger mass and more limited range of penetra-
tion, resulting in radiation delivery that is focused 
on the tumor shape with less impact on structures 
beyond the tumor target [ 47 ]. Currently, there are 
limited centers in the United States able to deliver 
proton therapy. Given their scarcity, access to 
these centers may be infl uenced by socioeco-
nomic factors (e.g., insurance, ability to travel) 
that could also play a role in long-term outcomes. 
Some studies have reported improved clinical 
disease outcomes with proton-beam radiation 
therapy [ 48 ,  49 ], but neurocognitive outcome 
studies are not yet available. While a recent study 
of health-related quality of life [ 50 ] of 142 chil-
dren with CNS tumors treated with proton-beam 
radiotherapy found improvements over a 3-year 
period to levels close to those reported for healthy 
children, trends in quality of life for children 
receiving conventional photon-beam radiation 
therapy were not assessed, and thus direct com-
parison was not possible.  

4.2.4     Intrathecal Chemotherapy 

 Although the effects may be less devastating than 
those produced by CRT, chemotherapy exposures 

are also associated with neurocognitive conse-
quences. Chemotherapeutic agents administered 
by the intrathecal route for treatment of child-
hood ALL include methotrexate, cytarabine, and 
hydrocortisone, often in combination with each 
other. Acute toxicity of intrathecal methotrexate 
and intrathecal cytarabine can include chemical 
arachnoiditis, hallucinations, somnolence, sei-
zures, and neurological signs [ 51 ,  52 ]. Several 
months to years after termination of intrathecal 
methotrexate therapy, patients may exhibit radio-
graphic evidence of cortical atrophy, necrotizing 
leukoencephalopathy, subacute myeloencepha-
lopathy, mineralizing angiopathy, and cerebellar 
sclerosis [ 34 ,  53 ]. 

 Several studies have investigated proposed 
mechanisms through which CNS-directed che-
motherapy may infl uence neurocognitive func-
tioning, with intrathecal methotrexate being most 
widely studied in this regard. These studies have 
generally implicated white matter abnormalities, 
which are presumed to result from disruption of 
the myelinization process during childhood [ 54 ]. 
Specifi cally, studies have found that MTX can 
cause leukoencephalopathy, white matter 
hypodensity, and multiple necrotic lesions in the 
periventricular white matter [ 55 ]. Myelinization 
in the frontal lobe area of the brain typically 
occurs later in development, and given that the 
mature frontal lobe has a high volume of white 
matter, it is believed to be more vulnerable to 
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damage early in life [ 54 ]. Volumetric reductions 
of the dorsolateral prefrontal cortices and the 
mammillary bodies have been found in survivors 
3 years posttreatment who had received IT che-
motherapy [ 56 ], and this pattern of abnormality 
corresponds to noted defi cits of memory, pro-
cessing speed, and attention/distractibility. In 
addition to white matter damage, other mecha-
nisms underlying neurocognitive late effects after 
chemotherapy have been proposed, including 
oxidative stress, neuroinfl ammation, deregula-
tion of the immune response, and defi cits in 
DNA-repair mechanisms. 

 Long-term neurocognitive abnormalities have 
also been observed in children who received sys-
temic and/or intrathecal methotrexate. In a study 
of patients treated at St. Jude Children’s Research 
Hospital, Ochs et al. concluded that children who 
received intravenous methotrexate and intrathe-
cal methotrexate had similar neurotoxicity to 
those who received 1,800 (centigray) cGy CRT 
and intrathecal methotrexate. Neurocognitive 
defi cits included decreases in full-scale and ver-
bal IQ as well as in arithmetic achievement [ 32 ]. 
These conclusions were confi rmed by Mulhern 
et al. in a longitudinal study which compared 
children who received 1,800 cGy, 2,400 cGy, and 
no CRT [ 36 ]. There was no statistically signifi -
cant difference between these groups, but overall, 
22–30 % of children experienced a clinically 
apparent deterioration in neurocognitive function 
during the period of follow-up (median 7.4 years). 
The defi cits were most marked among females. 
Cumulative (12–30) IT doses of MTX has also 
been shown to correlate positively with defi cits 
observed in neuropsychological tests of IQ, atten-
tion, and concentration [ 57 ]. 

 Raymond-Speden et al. compared ALL 
patients with chronic asthmatics. This study 
demonstrated that the detrimental effects of intra-
thecal chemotherapy are independent of the limi-
tations of having a chronic disease (i.e., missed 
school, reduced energy levels, etc.) [ 58 ]. When 
compared to children diagnosed with solid 
tumors who received only systemic chemother-
apy, children with leukemia who received sys-
temic and intrathecal CNS-directed therapy 

exhibited more severe problems on academic 
tests of reading, spelling, and arithmetic that only 
became apparent 3 years post diagnosis [ 59 ]. The 
effects of intrathecal cytarabine and hydrocorti-
sone have not been studied extensively as single 
agents. However, there is biochemical and auto-
radiographic evidence for glucocorticoid binding 
sites in the spinal cord [ 60 ]. Given the toxic 
effects of systemically administered steroids (see 
below), Kadan-Lottick et al. studied whether 
patients previously randomized to intrathecal 
methotrexate vs. “triple” intrathecal therapy 
(methotrexate with hydrocortisone and cytara-
bine) had differences in long-term neurocogni-
tive functioning 5.9 years after diagnosis [ 61 ]. 
This study did not show any clinically meaning-
ful differences by intrathecal randomization.  

4.2.5     Systemic Chemotherapy 

 Systemic administration of methotrexate may 
enhance both the acute and late toxicities of other 
CNS-directed therapies. Among children with 
ALL treated on a non-radiation containing proto-
col, acute neurotoxic events occurred signifi -
cantly more often among those who received IV 
methotrexate (1,000 mg/m 2 ) in addition to IT 
methotrexate during consolidation therapy [ 62 ]. 
The presenting acute event was most commonly 
seizures, which occurred in approximately 80 % 
of cases. Other observed neurotoxicities included 
paresthesias, weakness, headaches, aphasia, 
ataxia, dysarthria, arachnoiditis, and choreoathe-
tosis. CT and MRI fi ndings among those children 
with acute neurotoxicity were most commonly 
white matter changes characterized as hypodense 
areas with or without microangiopathic calcifi ca-
tions. Overall, approximately 10 % of children in 
this trial who were treated with combined 
intermediate- dose systemic methotrexate and 
intrathecal methotrexate developed neurotoxic-
ity. Systemic methotrexate is administered in 
many other settings in cancer therapy, often at 
substantial doses. When not combined with intra-
thecal therapy or cranial radiation, the systemic 
administration of high doses of methotrexate, as 
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in the treatment 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 [ 25 ]. Systemic and 
intrathecal cytarabine have also been associated 
with spinal cord necrosis [ 63 ]. 

 Therapy for acute lymphoblastic leukemia 
usually includes asparaginase, a chemotherapy 
agent that results in a hypercoagulable state after 
prolonged asparagine depletion [ 64 ]. A recent 
review of 548 patients treated on Dana-Farber 
Consortium protocols from 1991 to 2008 con-
cluded that 1.6 % of patients developed a sinus 
venous thrombosis [ 65 ]. There are limited data 
regarding long-term outcomes after sinus vein 
thrombosis in children with cancer and other 
pediatric populations. However, the available 
data suggest that most children have mild or no 
impairment in physical and cognitive functioning 
[ 66 ,  67 ]. 

 Glucocorticoids have been speculated to con-
tribute to long-term CNS toxicity based on ani-
mal experiments and clinical observation in 
noncancer populations. Rat studies demonstrate 
that glucocorticoids disrupt the energy metabo-
lism of neurons of the hippocampus, an impor-
tant organ for memory processing, rendering 
them more vulnerable to toxic insults [ 68 ]. 
Further experiments in rats demonstrate the 
impairment of spatial learning in response to 
chronic corticosteroid treatment [ 69 ]. Children 
with asthma on long-term steroid therapy at 
higher doses experience greater depression, anxi-
ety, and verbal memory defi cits [ 70 ]. Associated 
mood and behavior changes range from irritabil-
ity to depression and psychosis [ 71 ]. The admin-
istration of postnatal dexamethasone to preterm 
infants results in impaired cerebral cortical gray 
matter growth [ 72 ]. Dexamethasone-treated neo-
nates also had a signifi cantly higher incidence of 
cerebral palsy and developmental delay than 
those who received placebo [ 73 ]. 

 Dexamethasone, instead of prednisone, has 
been increasingly used in acute lymphoblastic 
trials because it confers greater event-free sur-
vival [ 74 ]. In a multisite study, Kadan-Lottick 

et al. compared neurocognitive functioning in 92 
children with standard-risk ALL 9.8 years after 
previous randomization to prednisone or 
 dexamethasone. No signifi cant overall differ-
ences in mean neurocognitive and academic per-
formance scores [ 61 ] were found between the 
prednisone and dexamethasone groups after 
adjusting for age, sex, and time since diagnosis. 
However, for the dexamethasone group, older 
age of diagnosis was associated with worse neu-
rocognitive functioning; for the prednisone 
group, younger age at diagnosis was associated 
with worse functioning.   

4.3     Clinical Presentations 

 Acute effects of CNS-directed therapy are rela-
tively uncommon. Acute radiation changes to the 
CNS can result in signifi cant edema at the irradi-
ated site (often following single-dose therapies 
such as “gamma knife” or “stereotactic radiosur-
gery”) and may present with worsening of the 
preexisting symptoms (i.e., seizure, weakness, 
headaches). These symptoms are usually man-
ageable with corticosteroid therapy [ 75 ]. Acute 
effects of chemotherapy on the CNS are also rela-
tively uncommon. Ifosfamide has been associ-
ated with changes in mental status, cerebellar 
function, cranial nerve, and cerebellar and motor 
system function and seizures [ 76 ]. The risk of 
this acute toxicity may be modifi ed by prior 
 chemotherapy exposure, specifi cally exposure to 
cisplatinum [ 77 ]. Ara-G, a antimetabolite with 
selective effi cacy against T-cell leukemia, is also 
associated with acute neurotoxicity. Somnolence 
and other acute CNS changes may be dose limit-
ing for this new agent [ 78 ]. 

 Subacute effects of radiation therapy (those 
occurring within the fi rst 6 months of exposure) 
are more common than acute effects. One of the 
most common of these, the somnolence syn-
drome, has been described as occurring in up to 
50 % of children who receive radiation as CNS 
prophylaxis for acute lymphoblastic leukemia, 
but risk decreases with lower radiation doses 
[ 79 ]. The syndrome presents with fatigue, 
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 somnolence, anorexia, and nausea, typically 
occurring 4–8 weeks after the completion of radi-
ation therapy [ 80 ]. In some instances the syn-
drome may include fever and changes on 
EEG. While usually self-limited, treatment with 
steroids may ameliorate the symptoms [ 81 ]. The 
somnolence syndrome has also rarely been 
reported following the use of TBI in the setting of 
bone marrow transplantation [ 79 ]. An analogous 
condition caused by irradiation of the spinal cord 
is termed Lhermitte’s syndrome and is mani-
fested by shock-like paresthesias of the extremi-
ties, following fl exion of the neck. While the 
etiology of these syndromes is unclear, transient 
demyelinization due to the effects of radiation on 
the replicating oligodendrocytes has been impli-
cated [ 82 ]. Subacute effects of chemotherapy 
may also occur. Intrathecal cytosine arabinoside 
and methotrexate have been associated with sub-
acute spinal cord damage that is usually irrevers-
ible [ 63 ]. As mentioned previously, asparaginase 
is associated with the occurrence of thrombosis 
of the CNS, typically occurring days to weeks 
after therapy [ 83 ]. 

 The clinical presentation of the late effects of 
CNS-delivered therapies is most evident in the 
learning diffi culties experienced by children 
treated with combinations of radiation and che-
motherapy for ALL or brain tumors. While any 
child receiving CNS-directed therapy is at risk 
for late effects, the frequency of these two pri-
mary diagnoses and the needed application of 
CNS-directed therapies for them set this group of 
children apart. Often called “neurocognitive” late 
effects, these toxicities are characterized by sub-
tle onsets and may not become evident for many 
years after cancer treatment has ended. While 
there is no single area of defi cit that is diagnostic 
of neurocognitive late effects, a recent meta- 
analysis suggests that the most common and 
severe areas of dysfunction tend to occur in the 
domains of attention, speed of information pro-
cessing, and executive functioning [ 84 ]. Some 
other studies have also implicated vulnerabilities 
in the areas of memory, verbal comprehension, 
visuospatial skills, and visual-motor function. 
Neurocognitive late effects are sometimes, but 

not consistently, associated with pathological 
changes such as leukoencephalopathy [ 85 ]. 
Studies have also found survivors of childhood 
leukemia to experience academic diffi culties, 
which represent downstream manifestations of 
primary neurocognitive defi cits in core domains 
(e.g., attention, processing speed). Specifi cally, 
survivors of ALL have been found to demon-
strate slower progress in language skills and 
mathematics and are more likely to repeat a grade 
in school [ 86 ]. 

 The broader issue of educational attainment 
among survivors of childhood cancer has been 
examined within the context of the Childhood 
Cancer Survivor Study, a large retrospective 
study of children treated for cancer in the 1970s 
and early 1980s. In an analysis that included 
12,430 survivors and 3,410 full siblings, the use 
of special education services was reported in 
23 % of survivors and 8 % of siblings. The great-
est differences were observed 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 
signifi cantly less likely to fi nish high school com-
pared with siblings [ 87 ]. Central nervous system 
treatments and neurocognitive dysfunction after 
cancer treatment have also been shown to nega-
tively impact a variety of key functional out-
comes in adulthood, including employment [ 88 ], 
marriage rates [ 89 ], and the ability to live inde-
pendently [ 90 ]. 

 Beyond the neurocognitive sequelae, survi-
vors of childhood cancer are at risk for other CNS 
late effects of their therapy. Packer et al. assessed 
the frequency of self-reported neurosensory and 
neurologic dysfunctions among 1,607 patients 
diagnosed between 1970 and 1986 with a pri-
mary CNS tumor [ 91 ]. Seventeen percent of 
these patients reported a neurosensory impair-
ment. Relative to a sibling comparison group, 
patients were at elevated risk for hearing impair-
ments, blindness in one or both eyes, cataracts, 
and double vision. Radiation exposure greater 
than 50 Gy to the posterior fossa was associated 
with a higher likelihood of developing hearing 
impairment (refer also to the  Hearing  chapter by 
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Landier et al.), probably due to irradiation of the 
cochlea and shunting procedures. One would 
anticipate that hearing complications will be less 
common in patients treated more recently, with 
the wider availability of conformal radiation ther-
apy techniques (including intensity-modulated 
radiation therapy). Packer et al. reported seizure 
disorders in 25 % of patients, including 6.5 % 
who had a late fi rst occurrence. Exposure of the 
CNS to 30 Gy or more to any cortical segment of 
the brain was associated with a twofold elevated 
risk for a late seizure disorder among this cohort 
of patients [ 91 ]. 

 Neurocognitive late effects have also been 
observed status post hematopoietic stem cell 
transplantation (HCT). In a large follow-up study 
of 268 patients treated with stem cell transplant, 
higher risk for neurocognitive diffi culty was asso-
ciated with history of unrelated donor transplanta-
tion, total-body irradiation, and graft-versus- host 
disease (GVHD) [ 92 ]. However, these differences 
were small relative to patient differences in pre-
morbid functioning, particularly those associated 
with socioeconomic status. Children who are 
younger at the time of transplant and total-body 
irradiation (i.e., less than 3 years of age) also 
appear to be at increased risk for neurocognitive 
diffi culties [ 93 ]. In a prospective longitudinal 
study of children with hematologic malignancies 
who had undergone HCT, declines in visual-
motor and memory skills were noted within the 
fi rst year posttransplant [ 94 ]. By 3 years post-
transplant, these scores had improved, but there 
were new defi cits seen in long-term memory 
scores. By 5 years posttransplant, there were pro-
gressive declines in verbal skills, performance 
skills, and new defi cits seen in long-term verbal 
memory scores. The greatest decline in neurocog-
nitive function occurred in patients who received 
cranial irradiation either as part of their initial 
therapy or as part of their HCT conditioning. 

 Other, less common but more severe sequelae 
can follow CNS-directed therapies. Radiation 
necrosis of the CNS is rare, occurring in fewer 
than 5 % of children treated. Risk of radiation 
necrosis is increased by larger fractions and 
larger total doses [ 95 ]. 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 
that of recurrent tumor. Newer imaging modali-
ties, including PET scanning and MR spectros-
copy, may be helpful in discriminating radiation 
necrosis from tumor recurrence, but biopsy may 
ultimately be needed to establish the diagnosis. 
Treatment options are limited in their effi cacy but 
include surgery, steroids, pentoxifylline, heparin, 
and in some instances hyperbaric oxygen [ 96 ]. 
Vascular events are also rare but potentially dev-
astating late effects of radiation therapy. Typically 
these involve small blood vessel disease, often 
leading to small strokes. Rarely, large vessel 
stokes may also occur.  

4.4     Moderators and Mediators 
of Central Nervous System 
Outcomes 

 While treatment factors (i.e., cranial radiation, 
radiation dose, intrathecal chemotherapy, metho-
trexate, neurosurgery) play a role in children’s 
neurocognitive functioning after cancer treat-
ment, it has been increasingly recognized that 
treatment factors alone are not the sole determi-
nants of outcome. Rather, children who undergo 
similar treatment regimens for childhood cancer 
may experience very different neurocognitive 
outcomes after treatment has ended, leading 
many to study the infl uence of other risk factors 
that may potentially mediate or moderate out-
comes. Brouwers has proposed a model to 
describe the relationships between broad catego-
ries of mediators and moderators of neurocogni-
tive late effects in survivors of childhood cancer 
(Fig.  4.3 ). Mediators are factors that specify how 
or by which mechanisms an effect occurs, 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 [ 97 ]. The following 
variables have been shown to affect neurocogni-
tive outcome following brain insult for various 
diseases, including childhood cancer survivors, 
and have been replicated in a number of studies: 
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age at insult, time since insult, gender, socioeco-
nomic/family factors, and genetic polymor-
phisms. Evidence linking each of these areas to 
neurocognitive late effects is described below.  

 The effect of cancer treatment on the brain and 
on neurocognitive functioning is believed to be 
progressive. Defi cits become more pronounced, 
both in terms of brain imaging abnormalities [ 98 ] 
and neurocognitive functioning [ 38 ,  99 ], as the 
time after treatment increases. Additionally, differ-
ent domains of neurocognitive functioning may 
show different rates of decline over time. While 
previous studies have documented an initial decline 
in nonverbal reasoning skills after CRT, a recent 
study [ 100 ] also found a later decline in verbal 
IQ. This decline in verbal cognitive skills was asso-
ciated with current attention and reading problems, 
but not with the traditional variables associated 
with early decline in nonverbal cognitive skill (i.e., 
CRT dose, younger age at diagnosis, and female 
gender), and was interpreted to represent the pro-
gressive neurocognitive sequelae from CRT on the 
brain. Recent studies of aging adult leukemia survi-
vors have also found progressive impairments in 
memory correlated with reduced MRI fractional 
anisotropy (FA) and poorer neurocognitive func-
tioning (i.e., lower intelligence quotient, poorer, 
visuomotor accuracy, poorer working memory, and 
sustained attention) for those treated with CRT [ 27 ] 
that may represent accelerated aging. These fi nd-
ings were particularly pronounced after treatment 
with CRT but also observed among those previ-
ously treated with intrathecal chemotherapy only 
[ 27 ]. A dose-response effect of CRT on neurocog-
nitive functioning in older adult survivors of child-

hood cancer [ 101 ] has also been reported, with 
those who had been treated with 24 Gy CRT show-
ing reduced cognitive status and memory and 
reduced integrity in neuroanatomic regions essen-
tial in memory formation. 

 Gender may moderate the neurocognitive 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 fi ndings in different patient populations are 
confl icting. Among children who receive preven-
tive cranial irradiation for ALL, females experi-
ence greater neurocognitive defi cits [ 102 ]. Buizer 
et al. found that female gender remained a risk 
factor for attentional dysfunction in survivors of 
childhood cancer treated without cranial radia-
tion [ 103 ]. Other studies of children with ALL 
treated with chemotherapy only found no associ-
ation with gender [ 61 ,  104 ,  105 ]. 

 Studies have suggested that environmental, 
sociodemographic, and family factors may mod-
erate the neurocognitive outcome following pedi-
atric head injury and thus may affect the 
neurodevelopmental course of these children. 
Environmental factors such as family distress, 
family functioning, family resources, parent 
adjustment, and family interactions have been 
investigated. Some studies have concluded that 
these variables identify children at increased risk 
for long-term neurocognitive abnormalities fol-
lowing brain injury [ 106 ,  107 ]. While such mod-
els have been well studied in the child traumatic 
brain injury literature, they have been only 
recently applied to childhood cancer survivors. 
Beginning with cancer diagnosis, parents of pedi-
atric cancer patients report signifi cant emotional 
distress and lifestyle adjustments, including the 
need to take time off work, fi nancial costs, and 
less time with other family members [ 108 ]. Some 
studies have shown that parent distress and 
reduced social support can contribute to poor 
behavioral outcomes in the child survivor [ 109 ]. 
Others have found that family factors (e.g., con-
fl ict, support, coping) moderate neurocognitive 
and academic outcomes after pediatric brain 
tumor [ 110 ,  111 ]. The role of family factors in 
neurocognitive functioning of childhood cancer 
survivors is an important area of study, given that 
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parental distress and family functioning are mod-
ifi able factors with the potential to be bolstered 
by therapy and other psychosocial supports. 

 Genetic polymorphisms have also been iden-
tifi ed as a possible factor contributing to risk for 
neurocognitive diffi culties after cancer treat-
ment. Recent studies have examined the role of 
genetic polymorphisms affecting key enzyme 
pathways associated with the pharmacokinetics 
or pharmacodynamics of cancer treatments 
(e.g., folate availability, homocysteine levels, 
oxidative stress), which may impact neurocog-
nitive functioning after therapy. One study [ 112 ] 
found a link between folate pathway polymor-
phisms (i.e., 10-methyenetetrahydrofolate 
reductase, MTHFR, and methionine synthase, 
MS) and parent- reported attention problems and 
direct performance measures of processing 
speed and sustained attention in long-term sur-
vivors of childhood ALL who were treated with 
chemotherapy only. A recent study [ 113 ] also 
found that polymorphisms in MS were associ-
ated with decreased attentiveness and slow 
response speed. Specifi c attention problems 
after cancer therapy were also associated with 
polymorphisms in glutathione S-transferases 
(GSTs). This study further extended the exami-
nation of polymorphisms to those outside of the 
treatment pathways (e.g., apolipoprotein E 
(APOE) which has been implicated in early-
onset dementia and monoamine oxidase A 
(MAOA) which have been associated with 
developmental attention defi cits) and found 
associations with specifi c aspects of attention in 
survivors, suggesting that a subset of survivors 
may have genetic predispositions that infl uence 
response to physiologic stress and CNS integ-
rity [ 113 ].  

4.5     Prevention and Intervention 

4.5.1     Prevention: Primary 
and Secondary 

 Primary prevention of adverse CNS outcomes 
largely consists of seeking alternative therapies 
which are less toxic, but which do not compro-

mise cure. Childhood cancer researchers have 
been successful in implementing this strategy in 
several 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 [ 59 ]. Children with ALL who have 
poor prognostic features or who have sustained a 
relapse still require CRT but receive lower doses 
than was administered previously [ 114 ]. In young 
brain tumor patients, chemotherapy has been 
administered as neoadjuvant therapy to delay the 
administration of CRT as long as possible [ 115 ]. 
Refi nements in radiation oncology techniques, 
such as conformal radiation therapy and stereo-
tactic radiotherapy, have further reduced long- 
term toxicity [ 13 ], and emerging technologies 
(proton-beam radiation) have the potential to 
result in further reductions in the years to come. 

 It is commonly recognized that whenever cure 
is not compromised, less neurotoxic therapy 
should be used, as neurocognitive functioning is 
important to optimize quality of life and func-
tional outcomes in adulthood. While primary pre-
vention of CNS late effects is not always possible, 
secondary prevention is an attainable goal. 
Caregivers should seek early detection of poten-
tial adverse outcomes with the goal of improving 
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 developmental milestones, school 
performance, peer relations, need for special edu-
cation services, and neurological abnormalities 
(e.g., weakness, seizures). More detailed ques-
tions should assess domains of neurocognitive 
functioning that tend to be impaired specifi cally 
in childhood cancer patients. Table  4.1  reviews 
domains of function as well as possible screening 
questions that could be included in a history.

   Defi cits in neurocognitive functioning often 
do not present until several years after treatment 
and can be subtle and/or subclinical. For these 
reasons, presymptomatic neuropsychological 
assessment should be strongly considered. The 
timing of neurocognitive assessment depends on 
the individual patient but may be particularly 
helpful at school reentry to facilitate transition. 
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   Table 4.1    Domains of neurobehavioral function potentially affected in survivors of childhood cancer   

 Domain a   Defi nition  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? 
 Seem slow to complete homework or tests? 

 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 and 
grade placement? 

 Attention/
concentration/
distractibility 

 Ability to focus on task for 
appropriate amount of time. 
Distractibility is the degree to which 
one is sidetracked by internal 
thoughts or external stimuli 

 Follow multistep directions? 
 Finish schoolwork and other potentially less interesting tasks 
without getting offtrack? 

 Executive 
function 

 Ability to plan, organize, and keep 
information in mind while 
processing and manipulating that 
information 

 Do well on tests that contain previously studied material that 
is now presented in a novel format? 
 Organize the materials needed for learning? 
 Successfully complete projects which require planning of 
multiple, sequential steps (e.g., book reports)? 

 Language  Ability to understand others and to 
express oneself 

 Readily understand what is said to him/her without excessive 
repetition and rephrasing? 
 Explain what he/she is thinking in an understandable way? 

 Visuo-
perceptual 
function 

 Ability to make sense of what you 
see and to display spatial skills 

 Easily get from one place to another in the neighborhood or 
within the school (e.g., fi nd the cafeteria or a friend’s house)? 
 Understand when something is  shown  to him/her, even when 
an explanation is not also verbally provided? 

 Fine motor/
speed/
dexterity 

 Ability to make small, fi ne 
movements 

 Manipulate small objects without dropping them? 
 Button his/her clothes independently? 
 Know how to hold a pencil? 
 Use scissors well? 

 Visuomotor 
integration 

 Ability to copy what you see using 
your fi ne motor skills 

 Have legible handwriting? 
 Copy shapes and letters well? 
 Tie his/her shoes alone? 

 Memory  Ability to learn and store new 
information 

 Retain what he/she has learned? 

 Adaptive 
function 

 Ability to display independent 
functioning in activities of daily 
living, social skills, and 
communication with others 

 Care for himself/herself in an age-appropriate fashion, e.g., 
teeth brushing, dressing, bathing, etc.? 
 Play with other children in an age-appropriate fashion? 

 Emotional 
and 
behavioral 
function 

 State of your mood and regulation of 
your emotions and behavior 

 Seem to lose control of himself or herself? 
 Have problems with depression or anxiety? 
 Display extreme emotions for the situation (e.g., rage, 
despair, etc.) or excessive mood swings? 

  This table was constructed with the expert input of Fiona Anderson, PhD, Assistant Professor, Division of Pediatric 
Clinical Neuroscience, University of Minnesota 
  a It should be emphasized there is 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?)  
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For younger patients who are not yet in school or 
those who attended school during therapy, an 
evaluation at the end of therapy is recommended 
but can certainly be done earlier in the treatment 
course if parents or medical providers express 
concern about the child’s development or behav-
ior. Mulhern and Palmer have suggested that a 
surveillance plan of formal neuropsychological 
testing be devised for each individual based on 
their treatment exposures and premorbid risk fac-
tors, even in asymptomatic patients [ 116 ]. For 
example, a child with ALL who did not receive 
CRT might receive a single neurocognitive evalu-
ation at the completion of therapy and then sev-
eral years after therapy. In contrast, an infant with 
a brain tumor would be more frequently evalu-
ated, typically every 6–12 months after diagnosis 
until school entry. The frequency of follow-up 
after that point varies by institution and is deter-
mined by the child’s clinical presentation, with 
evaluations often occurring (at a minimum) at 
key developmental transition points (i.e., prior to 
entry into third grade, middle school, high school, 
and postsecondary education). 

 The Children’s Oncology Group Long-Term 
Follow-Up Guidelines suggest that all high-risk 
survivors undergo neurocognitive assessment at 
the time of transition into a survivorship or long- 
term follow-up program, regardless of patient/
parent report of concern [ 117 ]. This evaluation 
serves as a baseline for future assessments and 
can aid in the detection of subtle neurocognitive 
diffi culties that may impact functioning or qual-
ity of life. As new studies suggest accelerated 
aging and mild cognitive impairment in older 
adult survivors, continued surveillance of neuro-
cognitive problems in adulthood is also recom-
mended, particularly for survivors treated with 
CRT [ 46 ]. 

 Recent efforts are underway within the 
Children’s Oncology Group to streamline and 
routinize neurocognitive assessments for child-
hood cancer survivors by embedding brief assess-
ment protocols within cancer treatment protocols 
to monitor neurocognitive outcomes in response 
to different treatments [ 118 ]. These short, struc-
tured assessments measure neuropsychological, 
social, emotional, and/or behavioral functioning 

at  specifi c timepoints after completion of therapy. 
The tools used in the Children’s Oncology Group 
ALTE07C1 battery briefl y sample general intel-
lectual ability, auditory attention span, visual-
motor processing speed, and learning and 
memory for verbal and nonverbal information. 
Also included are measures of parent report of 
the child’s emotional- behavioral functioning, 
executive functioning, and quality of life (  https://
clinicaltrials.gov/show/NCT00772200    ). In a 
clinical setting, a broader neurocognitive battery 
may also include child performance measures of 
executive functioning (e.g., inhibition, response 
selection, shifting), sustained attention, and fi ne 
motor skills (common areas in which cancer sur-
vivors may have diffi culty) and assessment of 
academic achievement, depending on the particu-
lar needs of the child. With the advent of brief 
computer-driven neurocognitive assessments 
(e.g., NIH Toolbox, CogState, etc.), screening of 
these neurocognitive domains will likely become 
increasingly available and incorporated into a 
broader array of clinical trials to measure treat-
ment outcomes. During any neurocognitive 
assessment, the psychologist should be aware of 
physical disabilities that could negatively impact 
performance on standardized tests or warrant 
modifi ed assessment approaches. Examples 
include hearing loss after cisplatinum, vision 
impairment after retinoblastoma, peripheral neu-
ropathy after vincristine treatment, and hemiple-
gia after a stroke.

4.5.2       Interventions 

 While numerous studies have documented CNS 
diffi culties after cancer treatment in childhood, 
the empirical literature on the effi cacy of inter-
ventions to address neurocognitive late effects is 
still emerging. Comprehensive neurocognitive 
assessments provide valuable data that can be 
used to develop tailored intervention strategies 
for childhood cancer survivors. Approaches to 
intervention for neurocognitive late effects can 
include educational accommodations or special 
education services, medication treatment, and/or 
cognitive remediation. 
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 For childhood cancer survivors with neurocog-
nitive impairments, educational accommodation 
and direct learning support in the classroom are 
an important part of the standard of care, as use 
of special education services has been shown to 
improve rates of educational attainment among 
childhood cancer survivors [ 87 ]. Successful trans-
lation of the results of neurocognitive assessment 
requires the clear communication of test fi ndings 
to the school. In the United States, the rights of 
children with mental/cognitive and physical limi-
tations to receive special education, accommoda-
tions, and related services are protected by three 
federal laws. The Individuals with Disabilities in 
Education Act of 1990 (IDEA) requires states that 
receive federal funding for education to provide 
a “free appropriate education,” including special 
education and related services, to all disabled  chil-
dren  3–21 years (  http://idea.ed.gov/explore/view/
p/,root,dynamic,TopicalBrief,10    ). Educational 
services designed to meet each child’s unique 
needs at no cost to parents are set forth in an 
individualized education plan (IEP) that details 
annual measurable goals and the services that will 
be given. This mechanism for assistance is critical 
for most childhood cancer survivors with neuro-
cognitive impairment [ 119 ]. 

 The second law is Section 504 of the 
Rehabilitation Act of 1973 which protects indi-
viduals with disabilities from being discrimi-
nated against, excluded from, or denied benefi ts 
of any program or activity (including schools and 
universities) receiving federal funding (  http://
www2.ed.gov/about/offices/list/ocr/504faq.
html#interrelationship    ). Childhood cancer survi-
vors may be eligible for classroom accommoda-
tions under Section 504 if they have an impairment 
which substantially limits one or more major life 
activities. A 504 Plan can be an avenue through 
which to provide accommodations for physical 
disabilities (e.g., railing, ramps, one-on-one nurs-
ing, FM hearing devices, etc.) or cognitive/learn-
ing disabilities (e.g., preferential seating or other 
accommodations for attention defi cits). Eligible 
students develop a 504 Plan, updated annually, 
with school offi cials to ensure that they receive 
accommodations that will support their academic 
success and access to the learning environment. 

The 504 mechanism does  not  provide for special-
ized instruction as the IDEA act does. For survi-
vors with learning disabilities, the IDEA process is 
preferred because it is more involved and requires 
documentation of specifi c learning goals and mea-
surable growth in learning and education. 

 The third law relevant to cognitively impaired 
childhood cancer survivors is the Americans with 
Disabilities Act (ADA) which prohibits discrimi-
nation based on a disability and requires that per-
sons with disabilities receive “reasonable 
accommodation” (  http://www.ada.gov    ). This law 
applies to both the public and private sectors for 
survivors of all ages which is particularly impor-
tant for survivors who have completed school and 
entered the workforce and may need accommo-
dation in such settings where the IDEA and 
Section 504 do not apply. 

 Examples of classroom accommodations that 
are often useful for childhood cancer survivors 
with neurocognitive diffi culties include accom-
modations to maximize attention and minimize 
distractions for the child (e.g., positioning the 
child in the front of the classroom, providing 
 repetition of directions and instructions), support 
the development of the child’s executive skills 
(e.g., breaking assignments into several smaller 
steps, assistance organizing information for learn-
ing, study skills strategies), and accommodate for 
slow processing speed (e.g., extended time for 
completion of tests, reduced homework load) 
[ 120 ]. Survivors with verbal defi cits can access 
speech/language therapy services through their 
school district, and those with fi ne motor defi cits 
may benefi t from occupational therapy services or 
accommodations in school. Adapted physical 
education programs in school are also useful for 
survivors with poor physical functioning, reduced 
mobility, or other gross motor diffi culties. When 
feasible, communication with staff at the child’s 
school is benefi ted by conferences with medical 
caregivers who can share how areas of neurocog-
nitive impairment are related to the child’s cancer 
treatments. This is particularly helpful to dispel 
misconceptions about children whose school fail-
ure may be incorrectly perceived to be the product 
of disinterest or laziness in the absence of knowl-
edge about neurocognitive late effects after cancer 
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treatment. Childhood cancer survivors should 
also be aware that classroom supports do not need 
to stop for young adults who choose to pursue 
postsecondary education. Accommodations such 
as copies of teacher notes or slides from lectures, 
preferential seating, or testing accommodations 
(e.g., alternative setting, extended time) are often 
available in college through the offi ce of disabil-
ity/student services on campus by providing cur-
rent assessment results which document this need. 

 Pharmacotherapy approaches, specifi cally 
stimulant medications such as methylphenidate 
hydrochloride (MPH), have also been proposed 
as a possible treatment for neurocognitive late 
effects. Stimulant medications are mixed 
dopaminergic- noradrenergic agonists which are 
thought to improve the function of the fronto- 
striatal attentional network in the brain [ 120 ] and 
commonly used in the treatment of attention 
defi cit hyperactivity disorder (ADHD). Debate 
exists in the literature as to whether children 
treated for cancer exhibit symptoms similar to 
those who have ADHD inattentive type. While 
some studies [ 121 ,  122 ] have suggested that 
there is a higher prevalence of inattentive ADHD 
symptoms, recent studies [ 121 ,  123 ] have found 
rates of ADHD to be similar to the general popu-
lation (approximately 9–10 %). Although cogni-
tive problems and inattention are common 
among childhood cancer survivors, these studies 
raise speculation that the clinical ADHD profi le 
does not adequately capture the range of neuro-
cognitive late effects experienced by survivors of 
childhood cancer. Medications commonly used 
for the treatment of ADHD (i.e., methylpheni-
date) have been shown to improve attention 
functioning in survivors of childhood cancer, 
though not to the extent reported in the broader 
ADHD literature. In a large randomized double-
blind, crossover trial of methylphenidate [ 124 ], 
only 45 % of the sample showed a positive medi-
cation response, which is substantially lower 
than response rates (approximately 75 % in most 
 studies) seen in treatment of developmental 
ADHD. However, doses were not escalated to 
effi cacious doses as is typically done in the 
 general population. Additionally, there have 
been some reports of adverse effects in small 

 subgroups of participants and potential reluc-
tance on the part of parents to consider pharma-
cologic treatments for their children who have 
already received numerous medications as part 
of their cancer therapy [ 125 ,  126 ]. 

 There is also growing interest in the use of 
cognitive rehabilitation for childhood cancer sur-
vivors. Cognitive 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” [ 116 ]. Butler and 
colleagues pioneered a program focused on the 
specifi c skills areas most relevant for childhood 
cancer survivors, including attention and execu-
tive control. Techniques used included massed 
practice (i.e., intensive, concentrated, repetitive 
exercises) for attentional control, metacogni-
tive (“task-approach”) strategies for successful 
completion of tasks (including pre- and post-task 
strategies), and cognitive-behavioral methods to 
enhance the ability to withstand distraction. In 
their large, multisite, clinical trial [ 127 ], child-
hood cancer survivors were  randomized to receive 
center-based cognitive remediation sessions with 
a therapist every week for 4–6 months or to a no-
intervention control group. Results from 161 sur-
vivors yielded parent reports of improved attention 
and academic achievement over the course of the 
intervention. Despite these improvements, effect 
sizes were small. A similar intervention using 
problem-solving skills training was also piloted 
in a small group ( n  = 12) of survivors [ 128 ]. This 
intervention focused on cognitive, learning, and 
problem-solving skills for 15 weekly training ses-
sions and also showed preliminary effi cacy, with 
participants who completed the intervention mak-
ing modest gains [ 128 ]. While these studies are 
promising, clear barriers exist to implementing 
center-based cognitive remediation, including the 
time and potential costs involved (for both staff 
and families) and the inconvenience experienced 
by families in frequent (often weekly) visits to the 
study center. 

 To overcome these limitations, efforts are 
actively underway to develop and test computer- 
delivered cognitive rehabilitation programs, 
which are not constrained to the same degree by 
time, distance, or cost, and could be more broadly 
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disseminated. Computerized cognitive training 
programs have an advantage in that they can be 
completed at home. The programs automatically 
adjust the diffi culty level of the tasks according to 
the progressing skills of the child, in order to pro-
vide an appropriate challenge and maintain the 
child’s interest. Preliminary fi ndings from studies 
by Hardy et al. [ 129 ] and Kessler et al. [ 130 ] sug-
gest that such programs are feasible and poten-
tially benefi cial for childhood cancer survivors, 
resulting in improvements on indexes of neuro-
cognitive functioning and in brain activation when 
neuroimaging (fMRI) is utilized [ 130 ,  131 ].   

4.6     Future Directions 

 Currently, it is estimated that about 83 % of all 
children diagnosed with cancer in the United 
States will survive fi ve or more years from the 
time of original diagnosis. Coincident with this 
success is the realization that “cure” is more 
than eradication of disease. The ultimate goal of 
therapy is the return of patients to health and 
well- being. This includes the most complete 
realization possible of his or her premorbid 
potential. The toxicities that modern cancer 
therapy can impose on the CNS may limit that 
potential for many of our patients, and multiple 
strategies designed to understand the pathogen-
esis of these risk factors are necessary as we 
move forward. Further studies are needed to 
help us more readily identify survivors who are 
at risk and to develop and deliver tailored inter-
ventions to those with the greatest need. Further 
investigation of genetic polymorphisms which 
may impact on drug or radiation sensitivity is 
needed, along with studies that provide insight 
into potential psychosocial risk factors of the 
child, before, during, and after cancer therapy. 
New treatment approaches, including new radi-
ation-delivery techniques (e.g., proton beam) 
and new biologic therapies, must not be assumed 
to be nontoxic but investigated with the rigor 
which will allow clear understanding of the out-
comes of those children treated. Finally, ongo-
ing research for the recovery and rehabilitation 
of children who have experience toxicity from 

CNS-directed therapies is crucial and could 
impact positively on thousands of lives. Children 
with cancer are growing up, entering our work-
force, and contributing to our society daily. Our 
commitment to them must extend beyond the 
conventional notion of cure to include realiza-
tion of their maximum potential.     
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   Abbreviations 

  ACTH    Adrenocorticotropic hormone   
  ADH    Antidiuretic hormone   
  AM    Morning   
  AMH    Anti-Mullerian hormone   
  BMD    Bone mineral density   
  BMI    Body mass index   
  CNS    Central nervous system   
  CT    Computed tomography   
  DXA    Dual-energy x-ray absorptiometry   
  FSH    Follicular-stimulating hormone   
  GH    Growth hormone   
  GHD    GH defi ciency   
  GHRH    GH-releasing hormone   
  GnRH    Gonadotropin-releasing hormone   
  Gy    Gray   
  HPA    Hypothalamic-pituitary axis   
  IGFBP3    Insulin-like growth factor binding 

protein   
  IGF-I    Insulin-like growth factor   
  LH    Luteinizing hormone   
  MR    Magnetic resonance   
  OGTT    Oral glucose tolerance test   
  PM    Afternoon   
  PRL    Prolactin   
  RT    Radiation therapy   
  SD    Standard deviation   
  T3    Triiodothyronine   
  T4    Thyroxine   
  TRH    Thyrotropin-releasing hormone   
  TSH    Thyroid-stimulating hormone   

5.1           Introduction 

 Endocrinopathy after therapeutic irradiation rep-
resents a treatable late effect of successful cancer 
therapy and highlights the importance of careful 
follow-up for adults and children. The endocrine 
effects of irradiation have been extensively stud-
ied and demonstrate the systemic manifestations 
of late effects after localized or large volume irra-
diation, the differential sensitivity of functional 
subunits of the hypothalamus and other critical 
endocrine organs to radiation dose, the low-dose 
radiation effects in normal tissues, and the benefi t 
of newer radiation methods and modalities. 

 There is signifi cant morbidity and mortality 
linked to the late effects of cancer therapy [ 67 ]. 
Despite our understanding of the endocrine effects 
of cancer therapy, this information is often not con-
sidered when models of treatment outcomes and 
therapy effects are developed. It is possible that the 
contribution of endocrine defi cits to morbidity and 
mortality is not fully  appreciated. Endocrine defi -
ciencies affect patients who do not have pituitary 
tumors [ 1 ] as well as those whose treatment volume 
encompasses the hypothalamic- pituitary axis. Rare 
late effects of treatment most often attributed to the 
volume of irradiation might be linked to the indirect 
effects of damage to the hypothalamic-pituitary axis 
or other organs of the endocrine system. A striking 
example is the link between anticancer therapy for 
patients with pituitary tumors and craniopharyngi-
oma. These patients are at increased risk for mortal-
ity mainly due to radiation-associated vascular 
disease rather than endocrinologic abnormalities 
[ 68 ]. There needs to be increased recognition of 
endocrine sequelae of cancer therapy, the contribu-
tion of radiation therapy, and an emphasis on early 
detection and follow-up because of the potential 
impact on quality of life [ 72 ]. Long-term survivors 
are at increased risk for broad-ranging side effects 
including metabolic syndrome, growth hormone 
defi ciency, and cardiovascular disease [ 27 ]. The 
fi eld of endocrinology is uniquely capable of inter-
vention to treat the late effects of cancer therapy. 
Endocrinologists should be consulted early in the 
management of patients at high risk for preexisting 
endocrine defi ciencies and those likely to develop 
these common complications.  

5.2     Pathophysiology 

5.2.1     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 interac-
tions of the endocrine and nervous systems con-
stitute the major regulatory mechanisms for 
virtually all physiologic activities. The hypothal-
amus has extensive neural communications with 
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other brain regions and regulates brain functions 
including temperature, appetite, thirst, sexual 
behavior, and fear. The hypothalamus also con-
tains two types of neurosecretory cells (Fig.  5.1 ): 
(1) neurohypophysial neurons, which transverse 
the hypothalamic-pituitary stalk and release 
vasopressin and oxytocin from their nerve end-
ings in the posterior pituitary, and (2) hypophy-
siotropic neurons, which secrete releasing 
hormones into portal hypophyseal vessels. The 
releasing hormones regulate secretion of hor-
mones from the anterior pituitary (Table  5.1 ). 

5.2.1.1       Growth Hormone 
 Growth hormone (GH) is a 191-amino-acid poly-
peptide hormone synthesized and secreted by the 
somatotrophs in the anterior pituitary gland in 
response to hypothalamic releasing hormones, 
primarily GH-releasing hormone (GHRH). In 
addition, ghrelin secretion from the stomach dur-
ing fasting also contributes to GH secretion [ 51 ]. 
GHRH levels are usually steady, while soma-
tostatin secretion is interrupted intermittently. 

Somatostatin inhibits GH release but paradoxi-
cally contributes to synthesis of GH in the pitu-
itary [ 12 ]. When somatostatin concentrations 
decrease, the tonic concentration of GHRH 
causes release of GH into the systemic circula-
tion. Factors such as neuropeptide Y, leptin, 
galanin, and ghrelin also affect GH secretion. In 
healthy children and adults, GH secretion is pul-
satile, particularly during sleep, with two to six 
pulses per night [ 61 ]. 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 production 
of insulin-like growth factor I (IGF-I) in all tis-
sues. IGF-I mediates GH effects on growth, bone 
mineralization, and body composition (decreased 
truncal fat deposition, increased lean muscle 
mass) [ 78 ]. IGF-I is bound to IGF-binding pro-
teins such as IGFBP3 and is transported in the 
blood. IGF-I and IGFBP3 concentrations are 
stable during the day, and each refl ects the inte-
grated concentration of secreted GH.  

Hypothalamic neurons

Mamillary
bodies

Optic
chiasm

Anterior lobe

Anterior pituitary hormones

Posterior pituitary hormones

Posterior lobe

  Fig. 5.1    Diagrammatic 
 representation of the 
 hypothalamic-pituitary axis       
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5.2.1.2     Gonadotropins 
 Luteinizing hormone (LH) and follicle- 
stimulating hormone (FSH) are glycoprotein hor-
mones both stored in the same cells in the anterior 
pituitary. Their overall patterns of secretion vary 
according to the age and gender of the person. 
The pituitary gland produces and secretes LH 
and FSH in a pulsatile manner in response to epi-
sodic release of GnRH from the hypothalamus 
(Fig.  5.2a ). The hypothalamic stimulus is actively 
inhibited between 6 months of age and the usual 
age of onset of puberty (Fig.  5.2b ). This inhibi-
tion can be disturbed by tumor mass, cranial sur-
gery, or irradiation, thereby resulting in 
precocious puberty in children. In men, LH stim-
ulates testosterone production in Leydig cells of 
the testes; normal spermatogenesis requires both 
LH and FSH. In women, FSH stimulates produc-
tion of estrogen and LH stimulates production of 
progesterone in the ovary. The LH surge near the 
end of the follicular phase of the menstrual cycle 
is necessary to stimulate ovulation. Development 
of the ovarian follicles is largely under FSH 
 control, and secretion of estrogen from follicles 
is dependent on both FSH and LH.  

5.2.1.3     Thyroid-Stimulating Hormone 
 Thyrotropin, or thyroid-stimulating hormone 
(TSH), is a glycoprotein hormone synthesized in 

the anterior pituitary. Secretion of TSH is stimu-
lated by TSH-releasing hormone (TRH) and 
inhibited by somatostatin and dopamine secreted 
from the hypothalamus. In persons older than 
12 months of age, there is a circadian pattern to 
TSH release. TSH concentration is low after 
1000 h and in the afternoon, rises dramatically 
( surges ) after 1900 h, and reaches highest concen-
trations between 2200 and 0400 h (Fig.  5.2a ) [ 58 ]. 
Thus, at least one third of the trophic infl uence of 
TSH on the thyroid gland occurs at night. TRH is 
necessary for TSH synthesis, posttranslational 
glycosylation, and secretion of a fully bioactive 
TSH molecule from the pituitary. Altered TSH 
glycosylation, resulting in altered bioactivity, is 
seen in mixed hypothyroidism (central hypothy-
roidism with mild TSH elevation [5–15 mU/L]) 
[ 34 ,  56 ]. 

 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 DNA in the cell nucleus 
to infl uence cellular mRNA and protein synthe-
sis. Free T4 provides negative feedback at the 
hypothalamus and pituitary to modulate the 
secretion of TRH and TSH.  

5.2.1.4     Adrenocorticotropin 
 Adrenocorticotropin (ACTH) is a 39-amino-acid 
peptide hormone processed in the corticotrophs 
from a large precursor molecule, pro- 
opiomelanocortin. In healthy individuals, hypo-
thalamic corticotrophin-releasing hormone and 
vasopressin released in two or three synchronous 
pulses per hour synergistically stimulate secre-
tion of ACTH from the pituitary [ 14 ]. ACTH 
secretion is pulsatile and varies throughout the 
day; it peaks before the person awakens in the 
morning (Fig.  5.2a ), increases with stress, and is 
inhibited by glucocorticoid medications. Since 
cortisol secretion is regulated by ACTH, the pat-
tern of cortisol secretion is similar to that of 
secretion of ACTH. In addition to the negative 
feedback of glucocorticoids, ACTH inhibits its 
own secretion (short-loop feedback).  

   Table 5.1    Anterior pituitary hormones and major hypo-
thalamic 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 

 Thyroid-releasing 
hormone 

 + 

 Somatostatin  − 
 Adrenocorticotropin  Corticotropin-releasing 

hormone 
 + 

 Vasopressin  + 

  Effects on the hypothalamus were either stimulatory (+) 
or inhibitory (−)  
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  Fig. 5.2    Typical daily pattern of hormone secretion and 
changes with pubertal status and time of day in normal indi-
viduals ( a ) growth hormone ( GH ), luteinizing hormone 

( LH ), thyroid-stimulating hormone ( TSH ), and adrenocorti-
cotropin ( ACTH ) and cortisol secretion. ( b ) Normal changes 
in LH and FSH levels from infancy to adolescence       
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5.2.1.5     Prolactin 
 Prolactin (PRL) is a 198-amino-acid polypeptide 
hormone synthesized and secreted from lacto-
trophs of the anterior pituitary. A precursor mol-
ecule 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 (primarily through dopamine 
release) is different than that of the other pitu-
itary hormones in that the hypothalamus inhibits 
secretion of PRL rather than stimulating it. Thus, 
elevated PRL levels can be a useful marker of 
hypothalamic disorders that leave the pituitary 
intact.  

5.2.1.6     Antidiuretic Hormone 
 Antidiuretic hormone (ADH) or vasopressin is a 
peptide hormone synthesized in the hypotha-
lamic neurohypophyseal neurons, transported 
through the pituitary stalk in long axons, and 
released from the nerve terminals in the posterior 
pituitary. ADH is secreted in response to reduced 
plasma volume and increased plasma osmolality. 
In normal individuals, ADH secretion is increased 
when there is no fl uid intake, such as during sleep 
or in dehydration.   

5.2.2     Injury of the Hypothalamic- 
Pituitary Axis in Patients 
with Cancer 

 The hypothalamic-pituitary axis (HPA) is vul-
nerable to damage by certain tumors, surgical 
trauma, irradiation, chemotherapy, and other 
common risk factors (Table  5.2 ) [ 18 ,  57 ]. 
Patients with tumors in the area of the HPA 
(e.g., craniopharyngioma or hypothalamic/chi-
asmatic tumor) are at particular risk for neuroen-
docrinopathy [ 23 ,  42 ]. Many HPA injuries are 
attributable to damage caused by radiation ther-
apy (RT) [ 57 ]. However, the occurrence of pre-
RT neuroendocrinopathies in pediatric patients 
with brain tumors is high. Of 68 pediatric 
patients in one study [ 44 ], 45 (66 %) showed evi-
dence of neuroendocrinopathy before RT, includ-
ing 15 of 32 patients with tumors in the posterior 
fossa not adjacent to the HPA. Seventeen of the 

45 patients (38 %) had abnormality in GH, 
19 (43 %) in TSH, 10 (22 %) in ACTH, and 
6 (13 %) in gonadotropin. In addition, patients 
who receive chemotherapy alone [with no his-
tory of RT or central nervous system (CNS) 
tumor] may also be at risk for neuroendocrinop-
athy. Of 31 such patients referred after chemo-
therapy for  evaluation of altered growth and 
development, 48 % had GH defi ciency, 52 % had 
central  hypothyroidism, and 32 % had pubertal 
abnormalities [ 62 ].

   GH defi ciency is often the fi rst hypothalamic- 
pituitary defi ciency to emerge after injury to 
the HPA, followed by defi ciencies of gonado-
tropin, TSH, and ACTH [ 18 ,  70 ]; however, 
these defi ciencies can develop in any order [ 44 , 
 59 ,  71 ]. Although the most common neuroen-
docrinologic abnormality in survivors of child-
hood cancer is GH defi ciency (see Sect.  5.3.1 ), 
hypothyroidism is at least as prevalent when sen-
sitive testing methods are used (see Sect.  5.3.4 ) 
[ 59 ]. The next most common alterations are in 
pubertal timing (early, rapid, precocious, 
delayed, or absent) (see Sects.  5.3.2  and  5.3.3 ). 
ACTH defi ciency, though less common than the 
other disorders, has more serious consequences 
if it is not detected (see Sect.  5.3.5 ). Diabetes 
insipidus rarely develops after chemotherapy 
or irradiation, but commonly occurs after surgery 
in the hypothalamic-pituitary area or in associa-
tion with histiocytosis or germinoma (see 
Sect.  5.3.7 ). Hypothalamic injury resulting from 
tumor, surgery, or irradiation can result in unrelent-
ing weight gain, termed hypothalamic obesity (see 
Sect.  5.3.9 ). Finally, osteopenia may result from 
hypothalamic-pituitary defi ciency, particularly GH 
defi ciency, hypothyroidism, and hypogonadism 
(see Sect.  5.3.8 ).  

5.2.3     Contribution of Radiation 
to Hypothalamic-Pituitary 
Axis Injury 

 Radiation therapy (RT) is a signifi cant contribu-
tor to neuroendocrine complications observed 
after treatment for CNS tumors, CNS preventa-
tive therapy for leukemia, and following total 
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body irradiation. Similar complications are 
observed when the HPA is incidentally irradiated 
in the treatment of nasopharyngeal cancer, reti-
noblastoma, Hodgkin disease with involvement 
of Waldeyer’s ring, and pediatric sarcomas of the 
head and neck (e.g., parameningeal and orbital 
rhabdomyosarcoma) (Fig.  5.3 ). The incidence 

and time to onset of neuroendocrine sequelae 
after RT are diffi cult to predict because of other 
contributors to HPA dysfunction that may coin-
cide temporally with the administration of RT. 
A notable example is hydrocephalus which can 
cause mass effect in the region of the anterior 
third ventricle and generalized diminished blood 

    Table 5.2    Risk factors for endocrine disorders, diagnostic studies, and treatment options   

 Disorder  Highest risk  Diagnostic studies a   Treatment options a  

 GH defi ciency  ≥18 Gy CRT 
 Pretransplant CRT 
 TBI 
 Young age 
 Tumor near HPA 
 Hydrocephalus 

 IGF-I, IGFBP-3 
 Bone age radiograph 
 GH stimulation tests 

 Recombinant GH (SC) 
 GnRH agonist (IM) 
 (If pubertal maturity too 
advanced for height) 

 Gonadotropin 
defi ciency 

 ≥30 Gy CRT 
 Tumor near HPA 

 LH, FSH, AMH, inhibin, estradiol, 
or testosterone (4–8 AM) 
 Bone age 
 GnRH stimulation test 

 Estrogen/progestin (O or T) 
(female) 
 Testosterone (IM or T) 
(male) 

 Precocious puberty  18–24 Gy CRT 
 Female 
 Young age 
 Tumor near HPA 

 LH, FSH, estradiol, or testosterone 
(4–8 AM) 
 Bone age 
 Pelvic ultrasound (female) 
 ± GnRH stimulation test 
 ± GH stimulation test 

 GnRH agonist (IM) 

 TSH defi ciency  ≥30 Gy CRT 
 TBI 
 Tumor near HPA 
 Hydrocephalus 

 Free T4, TSH (8 AM) 
 AM-PM TSH ratio 
 Nocturnal TSH surge 

 L-thyroxine (O) 

 ACTH defi ciency  ≥30 Gy CRT 
 Tumor near HPA 
 Hydrocephalus 

 Cortisol (8 AM) 
 Low-dose ACTH stimulation test 

 Hydrocortisone (O) 
 Stress dosing (O, IM, or IV) 

 Hyperprolactinemia  ≥50 Gy CRT 
 Tumor near HPA 

 Prolactin  Dopamine agonists (O) 

 Diabetes insipidus  Histiocytosis 
 Germinomas 
 Tumor or tumor-related 
cysts near HPA 

 Simultaneous serum and urine 
osmolarity after 8–12 h without 
fl uid intake 
 Water deprivation test 

 Desmopressin (O) 
 DDAVP (SC or IN) 

 Osteopenia  Low GH, TSH, or LH/
FSH 
 High prolactin 
 Low vitamin D intake 

 DXA or quantitative CT 
 25OH-vitamin D level 

 Calcium + vitamin D (O) 
 ± Bisphosphonates (O or IV) 

 Hypothalamic 
obesity 

 Young age (<6 years) 
 ≥50 Gy (hypothalamus) 
 Tumor near HPA 

 Fasting insulin and glucose 
 Oral glucose tolerance test with 
insulin levels 

 Diet and exercise 
 Ritalin or dexedrine (O) 
 Metformin (O) (monitor for 
hypoglycemia) 
 Octreotide (SC) 
 Bariatric surgery 

   Abbreviations :  GH  growth hormone,  CRT  cranial radiation therapy,  TBI  total body irradiation,  HPA  hypothalamic- 
pituitary axis,  IGF-I  insulin-like growth factor I,  IGFBP3  IGF-binding protein 3,  GHRH  growth hormone-releasing 
hormone,  GnRH  gonadotropin-releasing hormone,  LH  luteinizing hormone,  FSH  follicle-stimulating hormone,  AMH  
anti-Mullerian hormone,  T4  thyroxine,  TSH  thyroid-stimulating hormone,  TRH  thyrotropin-releasing hormone,  ACTH  
adrenocorticotropin, O oral,  SC  subcutaneous,  IM  intramuscular,  IN  intranasal,  IV  intravenous,  T  topical 
  a See text for more details  
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fl ow to sensitive regions of the brain. In one 
study, 59 children with infratentorial ependy-
moma underwent provocative testing for GH, 
thyroid hormone, and ACTH secretion abnormal-
ity prior to RT [ 43 ]. Abnormal testing was 
observed in 27 patients (46 %) with 30 % of the 
59 having abnormality in GH secretion. Serial 
measurements of ventricular size from the time 

of diagnosis to 1 year after RT were recorded and 
modeled to show that ventricular size at the time 
of diagnosis could be used to predict pre- 
irradiation endocrinopathy. Change in ventricular 
size over time could predict GH defi ciency prior 
to irradiation (Fig.  5.4 ). This study demonstrated 
a relatively high rate of pre-irradiation endocri-
nopathy in a well-defi ned group, confi rming 

a

c d

b

  Fig. 5.3    Radiation dosimetry taken from the treatment of 
children with orbital ( a ,  b ) and infratemporal fossa rhab-
domyosarcoma ( c ,  d ). 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 the hypothalamus)       
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another important tumor-related cause of endo-
crinopathy. Thus, management of hydrocephalus 
is important, particularly in children with poste-
rior fossa tumors.   

 Many reports of neuroendocrine effects of RT 
have used generalized estimates of radiation dose 
under conditions where the dose to the HPA was 
relatively homogeneous and discrete [ 46 ]. 
Examples include patients treated with single- dose 

or fractionated TBI (8–14 Gy), cranial  irradiation 
for leukemia (18 and 24 Gy) and tumors of the sel-
lar or parasellar region in which the HPA was uni-
formly included in the volume of prescribed dose 
(>50 Gy) (Fig.  5.5 ). For other diseases, the HPA 
may have been located within the irradiated vol-
ume for part or all of the treatment or in the gradi-
ent of dose (dose fall off) experiencing only a 
fraction of the daily dose administered (Fig.  5.6 ). 
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  Fig. 5.4    The effect of hydrocephalus on pre-irradiation 
endocrinopathy in children with infratentorial ependy-
moma. ( a ) Probability of pre-irradiation endocrine defi -
ciency based on frontal horn diameter measured at 
diagnosis. ( b ) Probability of pre-irradiation growth hor-

mone ( GH ) defi ciency 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 fron-
tal horns of the lateral ventricles and the width of the pari-
etal brain at the same level       

a b

  Fig. 5.5    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 the hypothalamus)       
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These circumstances make it diffi cult to assign a 
dose to the HPA and to determine the risk for late 
effects. When the patient is seen by the endocri-
nologist years after treatment, retrospective dose 
calculations may be diffi cult to perform. Newer 
radiation techniques employ three-dimensional 
imaging (computed tomography and magnetic res-
onance, CT and MR) in the planning process. The 
HPA and other normal tissues can be contoured on 
CT or MR data and the dose to the HPA calculated 
and reported more accurately [ 33 ]. This informa-
tion can be correlated with objective measures of 
endocrine effects and can be used to predict inci-
dence of specifi c endocrine effects. Already this 
type of data has been modeled to predict peak GH 
secretion after radiation therapy [ 46 ] and may in 
the future be used to optimize RT for children 
(Fig.  5.7 , Table  5.3 ).   

   In pediatric radiation oncology, reducing side 
effects of treatment is an important goal. Reducing 
side effects can be achieved by limiting CNS irra-
diation to those for whom indications are clear and 

  Fig. 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 the pituitary)       
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  Fig. 5.7    HPA dose-volume data from patients treated with 
conformal radiation therapy. ( a ) Dose-volume curves repre-
sent the percent-volume of the hypothalamus receiving a 
specifi c dose. ( b ) Correlation with change in peak GH 
(ATT/L-dopa) measured before, 6 and 12 months after 

radiation therapy results in an estimating equation that can 
be used to predict GH defi ciency up to 12 months after irra-
diation based on the volume ( V ) received dose over speci-
fi ed intervals. ln [peak GH] = 3.072 − (0.00058 ×  V  0–2,000 cGy  
+ 0.00106 ×  V  2,000–4,000 cGy  + 0.00156 ×  V  4,000–6,000 cGy ) × time       

    Table 5.3    Probability of growth hormone defi ciency according to hypothalamic radiation dose and according to time 
since irradiation   

 Hypothalamic radiation dose 

 Time (Gy)  15  20  25  30  35  40  45  50  55  60 
 12 months (%)  17  19  22  25  28  31  34  38  42  45 
 36 months (%)  26  37  48  59  70  79  86  91  95  97 
 60 months (%)  39  57  75  87  95  98  99  100  100  100 

  Adapted from [ 46 ]  
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benefi ts outweigh the risks. CNS irradiation has 
been eliminated from treatment of the majority of 
children with leukemia and a signifi cant proportion 
of children with low-grade glioma who may be 
cured with surgery. However, CNS irradiation will 
remain a mainstay in treatment of most children 
with brain tumors. Incidental irradiation of the 
CNS will continue to be observed in children with 
ocular tumors or tumors of the head and neck. 
Increased awareness of the importance of the hypo-
thalamus in radiation-related neuroendocrine 
sequelae, and use of three-dimensional imaging in 
planning treatment of these tumors, may lead to a 
reduction in late endocrine effects. Reducing risk 
for complications can also be achieved by delaying 
radiation therapy until the child is older or until 
chemotherapy has had a chance to shrink the tumor 
and reduce the fi eld of radiation [ 5 ,  70 ], reducing 
total dose and by reducing volume of irradiation. 
Dose reductions have been achieved for many 
tumors including retinoblastoma, pediatric soft tis-
sue sarcomas of the head and neck, and certain 
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 [ 41 ,  45 ]. 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 quantita-
tive and relatively objective measures is essential. 
The risk of endocrine- related complications 
should be carefully considered in planning radia-
tion therapy, but should not be used as a reason to 
avoid curative therapy. Careful follow-up and 
evaluation will lead to early intervention to miti-
gate consequences of irradiation.   

5.3     Clinical Manifestations 

5.3.1      GH Defi ciency 

 Altered GH secretion leads to poor growth in 
childhood cancer survivors, particularly in young 
children after surgery in the suprasellar region, 
cranial irradiation [≥18 gray (Gy)], or total body 

irradiation (≥12 Gy). Hypothalamic function is 
affected more than is pituitary function. In most 
patients with GH defi ciency, altered hypothalamic 
GHRH and somatostatin secretion lead to loss of 
the circadian pulsatile pattern of GH secretion. 
The radiation effect on GH secretion is depen-
dent on fraction size and total hypothalamic 
 dose-volume [ 46 ]. A large fraction size of radia-
tion 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. The peak time for 
clinical identifi cation of slowed growth consistent 
with GH defi ciency is 3–5 years after such an 
insult, depending on RT dose. In one prospective 
study, all of the 21 children treated with a total 
dose of more than 45 Gy for optic pathway tumor 
experienced GH defi ciency and signifi cant slow-
ing of growth rate within 2 years after irradiation 
[ 23 ]. At doses of cranial irradiation higher than 
30 Gy (e.g., for suprasellar or posterior fossa 
tumor), the risk for GH defi ciency may be more 
than 80 % by 10 years after RT [ 46 ]. Cranial 
 irradiation doses greater than 24 Gy result in GH 
defi ciency in as many as two thirds of patients 
who receive this treatment [ 13 ]. In many younger 
children, GH defi ciency results from lower doses 
(>18 Gy). Doses of only 12–14 Gy of total body 
irradiation combined with chemotherapy and 
bone marrow transplantation also pose a signifi -
cant risk for GH defi ciency [ 13 ,  36 ,  37 ] (Table  5.3 ). 

 Growth rate is typically slow in children who 
are undergoing treatment for cancer and usually 
improves or shows catch-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 gender should be 
evaluated for growth failure (Fig.  5.9 ). Causes of 
slow growth other than GH defi ciency include 
hypothyroidism, radiation damage to growth cen-
ters of long bones or spine, chronic unresolved 
illness, poor nutrition, and depression. In indi-
viduals who have attained adult height, GH defi -
ciency may be asymptomatic [ 24 ,  78 ], but 
alternatively may be associated with easy fatiga-
bility, decreased muscle with increased fat mass 
and truncal adiposity, and increased risk for car-
diovascular disease [ 16 ,  25 ].    
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5.3.2      LH or FSH Defi ciency 

 High doses of cranial radiation (≥30 Gy) are 
likely to cause hypothalamic GnRH defi ciency 
and, therefore, gonadotropin defi ciency (or in 
some patients, precocious onset of puberty 
through loss of inhibition that later progresses to 
gonadotropin defi ciency through loss of GnRH 
secretory cells). Lower doses of cranial radiation 
(18–24 Gy) are more likely to cause damage to 
gamma-aminobutyric-acid-secreting neurons 
alone (leading to disinhibition and premature 
activation of GnRH neurons) and, therefore, 
rapid tempo of puberty or precocious puberty [ 3 , 
 64 ]. In girls, the fi rst signs of puberty are growth 
spurt and breast development (palpable breast 
buds or thelarche), followed by pubic hair growth 
and, after about 2 years, by menarche. In boys, 
the fi rst sign of puberty is testicular enlargement 
(testes length >2.5 cm), followed by penile and 
pubic hair growth, followed by a growth spurt. In 
most studies of normal children, pubertal mile-
stones are attained at ages that are normally dis-
tributed, with a standard deviation (SD) of 
approximately 1 year [ 76 ]. Children entering 
puberty more than 2 SDs earlier or later than 

average should be considered for endocrine eval-
uation. The average age that girls experience the-
larche is 10 years and that of menarche is about 
12 years; the average age when boys experience 
testicular growth is 11 years. 

 Patients with gonadotropin defi ciency may 
have delayed, interrupted, or absent puberty. 
Staging of puberty is usually performed by the 
criteria of Tanner [ 76 ]. In survivors of childhood 
cancer, we initiate evaluation for delayed puberty 
in girls with no onset of breast development by 
12 years of age or no menarche by 14 years of 
age and in boys with no sign of testicular growth 
by 13 years of age. Boys treated with agents that 
can cause infertility may have normal testoster-
one and LH concentrations, but reduced testicu-
lar volume and elevated FSH because of damage 
to the seminiferous tubules and reduced sperm 
production.  

5.3.3      Precocious or Rapid Tempo 
of Puberty 

 Precocious puberty is defi ned as the onset of 
secondary sexual development before age 
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  Fig. 5.8    ( 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 
(2000)       
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8 years in girls and before age 9 years in boys 
[ 9 ]. Despite controversy that puberty prior to 
these ages may occur in normal children [ 7 ,  69 ], 
younger occurrence of puberty than age 8 or 
9 years may be the only clue to the presence of 
pathology and should not be ignored [ 48 ]. Pubic 
hair, acne, and body odor are not usually part of 

the presentation of precocious puberty in chil-
dren 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, raised intracranial 
pressure, cranial  surgery, or low-dose cranial 
irradiation (18–24 Gy). Female gender and 

  Fig. 5.9    ( a ) Persistent growth failure in a boy after can-
cer therapy. ( b ) Later growth failure in a girl after recov-
ery of normal growth. ( c ) Subtle persistent growth failure 

in a boy. ( d ) Growth in a girl with missed GH defi ciency. 
( e ) Growth in a boy with missed late onset GH defi ciency. 
( f ) Growth in a girl with central hypothyroidism           
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younger age at the time of cancer treatment are 
risk factors for precocious puberty. In some 
children who have received cranial irradiation, 
puberty may start at a normal age and advance 
rapidly. Thus, tempo of progression as well as 
timing of onset must be monitored. Rapid tempo 
of puberty is also caused by loss of inhibition of 
hypothalamic GnRH secretion. The outcome of 
early onset and/or rapid tempo of puberty can be 
short adult height and potential emotional labil-
ity; early bony maturation causes the child to 
lose the opportunity for 1–3 years of height 
growth (Fig.  5.10 ).   

5.3.4      Hypothyroidism 

 Central hypothyroidism refers to thyroid hor-
mone defi ciency caused by a disorder of the pitu-
itary, hypothalamus, or hypothalamic-pituitary 
portal circulation. In contrast, primary hypothy-
roidism refers to under-function of the thyroid 
gland itself. 

 Primary hypothyroidism is the most common 
form of hypothyroidism in the general popula-
tion and may occur in cancer survivors related 
both to family history and additional contribu-

tion from the cancer therapy. In primary hypo-
thyroidism, the thyroid gland may have been 
injured through irradiation or autoimmune activ-
ity, but the central hypothalamic-pituitary- 
thyroid axis is intact. 

 In contrast, central hypothyroidism is charac-
terized by blunted or absent nocturnal TSH surge, 
suggesting the loss of normal circadian variation 
in TRH release [ 58 ]. Central hypothyroidism is 
diffi cult to diagnose because of its subtle clinical 
and laboratory presentation. It is particularly dif-
fi cult 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, drowsi-
ness, adynamia, skin dryness) may have a grad-
ual onset and go unrecognized until thyroid 
replacement therapy is initiated and the patient 
feels better [ 22 ]. In addition to causing delayed 
puberty and slow growth (Fig.  5.9f ), hypothy-
roidism may cause fatigue, dry skin, constipa-
tion, increased sleep requirement, and cold 
intolerance. Central hypothyroidism was 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 [ 56 ,  59 ]. 
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 Secretory dysregulation of TSH after irradi-
ation may precede other endocrine disorders. In 
one cohort of patients with central hypothy-
roidism, 34 % had dysregulation of TSH secre-
tion before the development of GH defi ciency 
[ 58 ,  59 ]. 

 In cancer survivors, mixed hypothyroidism 
refl ects separate injuries to the thyroid gland and 
the hypothalamus (e.g., radiation injury to both 
structures). TSH values are elevated, but in addi-
tion, the secretory dynamics of TSH are abnor-
mal with a blunted or absent TSH surge [ 58 ,  59 ]. 
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  Fig. 5.10    ( 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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This is in contrast to primary hypothyroidism in 
which TSH is elevated and the TSH surge is nor-
mal. In a study of 208 childhood cancer survivors 
referred for evaluation of possible hypothyroid-
ism or hypopituitarism, mixed hypothyroidism 
was present in 15 (7 %) [ 59 ]. All of the patients 
with mixed hypothyroidism had free T4 concen-
trations in the low normal range.  

5.3.5      ACTH Defi ciency 

 ACTH defi ciency is less common than other neu-
roendocrine defi cits but should be suspected in 
patients who have a history of brain tumor (regard-
less of therapy modality), cranial irradiation, GH 
defi ciency, or central hypothyroidism [ 63 ]. Though 
uncommon, ACTH defi ciency can occur in 
patients who have received intracranial radiation 
that did not exceed 24 Gy, but occurs in less than 
3 % of patients after chemotherapy alone [ 62 ,  63 ]. 

 Symptoms of central adrenal insuffi ciency can 
be subtle and include poor weight gain, anorexia, 
easy fatigability, and poor stamina. In patients 
who have ACTH defi ciency, as opposed to pri-
mary adrenal insuffi ciency, symptoms of salt crav-
ing, electrolyte imbalance, vitiligo, and 
hyperpigmentation usually are not observed. More 
overt manifestations of complete ACTH defi -
ciency include weight loss and shakiness that is 
relieved by eating (hypoglycemia). Signs of adre-
nal crisis at times of medical stress include weak-
ness, abdominal pain, hypotension, and shock. 

 Patients with partial ACTH defi ciency 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 com-
plete ACTH defi ciency, incomplete or unrecog-
nized ACTH defi ciency can be life-threatening 
during concurrent illness. Death during sleep in 
hypopituitary patients has been proposed to be 
related to untreated ACTH defi ciency [ 75 ].  

5.3.6     Hyperprolactinemia 

 Hyperprolactinemia has been described in 
patients who have received doses of radiation 
larger than 50 Gy to the hypothalamus or surgery 

disrupting the integrity of the pituitary stalk. 
Hyperprolactinemia may result in delayed 
puberty. In adult women, hyperprolactinemia 
may cause galactorrhea, menstrual irregularities, 
loss of libido, hot fl ashes, infertility, and osteope-
nia; in adult men, impotence and loss of libido. 
Primary hypothyroidism may lead to hyperpro-
lactinemia as a result of hyperplasia of thyro-
trophs and lactotrophs, presumably due to TRH 
hypersecretion.  

5.3.7      Diabetes Insipidus 

 Diabetes insipidus may be caused by histiocyto-
sis, 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, the diabetes insipidus may not 
be recognized until the patient has dehydration 
during an intercurrent 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.  

5.3.8      Osteopenia 

 Osteopenia may result from HPA abnormality 
(GH defi ciency, hypothyroidism, hypogonadism, 
or hyperprolactinemia) in association with direct 
effects of glucocorticoid therapy, methotrexate, 
inactivity, and dietary changes. Osteopenia may 
present with fractures or may be asymptomatic. 
Among 141 survivors 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 include male gender, 
Caucasian race, and cranial irradiation. BMD 
was inversely correlated with the cumulative dose 
of cranial irradiation or antimetabolites [ 31 ].  

5.3.9      Hypothalamic Obesity 

 Hypothalamic damage from a tumor or cancer 
treatment can also result in hypothalamic 
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 obesity – unrelenting appetite or weight gain that 
does not respond to caloric restriction or exer-
cise – attributable to ventromedial hypothalamus 
damage and abnormality in leptin, ghrelin, and 
insulin feedback [ 5 ,  30 ]. In rodents, hypotha-
lamic obesity can be suppressed by pancreatic 
vagotomy to prevent insulin hypersecretion. 
Insulin hypersecretion is one of the major mecha-
nisms for the development of hypothalamic obe-
sity [ 5 ]. In a study of 148 survivors of childhood 
brain tumors, the risk factors for hypothalamic 
obesity included age at diagnosis of cancer 
(<6 years), tumor location (hypothalamic or tha-
lamic), tumor histology (craniopharyngioma, 
germinoma, optic glioma, prolactinoma, or hypo-
thalamic astrocytoma), hypothalamic irradiation 
(>51 Gy), and presence of endocrinopathy (defi -
ciency of GH, sex hormones, ACTH, or vaso-
pressin) [ 5 ,  38 ]. No effects were noted on body 
mass index from ventriculoperitoneal shunting, 
steroid use (<6 months), or chemotherapy. Thus, 
hypothalamic damage, due to tumor, surgery, or 
RT, is the primary risk factor for development of 
obesity in this patient population (IRHOD.com 
registry).   

5.4     Detection and Screening 

5.4.1     Signs and Symptoms 
Prompting Immediate 
Evaluation 

 Survivors of childhood cancer with any of the fol-
lowing ten symptoms should be referred for the 
evaluation of neuroendocrinopathy: (1) slow 
growth rate or failure to show catch-up growth, (2) 
failure to thrive, (3) excessive obesity not thought 
to be related to steroid therapy, (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 before age 9 years or in patients with 
short height, failure to enter puberty by age 
12 years in girls and by 13 years in boys), (8) 
abnormal tempo of puberty (e.g., rapid or inter-
rupted progression of puberty), (9) galactorrhea, 
and (10) abnormal menstruation or sexual 
function.  

5.4.2     Surveillance of Asymptomatic 
Patients 

  Asymptomatic  patients who are at risk for neuro-
endocrinopathy (Table  5.2 ) should undergo the 
following routine yearly surveillance:

•    Accurate measurements of height and arm 
span (an alternative estimate of height, useful 
if the patient received total body or spinal irra-
diation or has scoliosis or kyphosis, factors 
that lead to reduced spinal bone growth or 
measurement)  

•   Accurate measurement of weight and assess-
ment of body mass index  

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

•   Ascertainment of Tanner stage, testicular vol-
ume (as measured by Prader orchidometry) or 
breast development, and interpretation of 
whether the pubertal status and tempo of pro-
gression are appropriate for age and height  

•   Review of organ systems  
•   Measurement of serum concentrations of free 

T4 and TSH  
•   Low-dose ACTH test if there was tumor in the 

region of the HPA or cranial irradiation >25 Gy     

5.4.3     GH Defi ciency 

 GH defi ciency (GHD) should be considered in 
children who have a slow growth rate and a medi-
cal history putting them at risk for GHD [ 26 ,  81 ]. 
Evaluations should include bone maturation, as 
determined by radiographic analysis of the left 
hand and wrist and IGF-I and IGFBP3. The com-
bination of previous cranial or total body irradia-
tion, slow growth rate, normal weight gain, no 
intercurrent illness, delayed bone maturation, and 
low plasma levels of IGF-I and IGFBP3 (lower 
than 1 SD below the mean for the child’s age 
group) are highly suggestive of GHD. The diag-
nosis should be confi rmed by GH stimulation 
testing [ 39 ,  61 ]. Evaluation of the nocturnal pro-
fi le of GH secretion is rarely necessary to make 
the diagnosis, but may be abnormal in symptom-
atic children after cranial irradiation who have 
normal stimulated GH results [ 17 ]. 
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 Recognition of GHD in adults is more diffi -
cult, because slow growth rate is not available in 
them as a marker. Recognition depends on clini-
cal suspicion related to medical history. Diagnosis 
of GHD in adults requires evidence of other 
hypothalamic-pituitary hormone defi ciencies and 
a low peak response to GH stimulation tests [ 24 ].  

5.4.4     LH or FSH Defi ciency 

 During the range of ages when puberty is nor-
mally expected to occur, breast development, 
pubic hair growth and distribution, and vaginal 
estrogenization should be monitored every 
6 months in girls at risk of having LH or FSH defi -
ciencies. 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 matu-
ration because of RT- or chemotherapy- induced 
damage to the seminiferous tubules. 

 Measurement of bone age, serum LH, FSH, 
and sex steroid (testosterone or estradiol) should 
be performed in children with delayed or inter-
rupted progression of puberty. Markers such as 
inhibin B and anti-Mullerian hormone (AMH) 
that examine gonadal preservation and fertility 
are currently under investigation. Data are prom-
ising in adults for using inhibin B and AMH in 
evaluating gonadal health, but their utility in pedi-
atric clinical medicine is still largely unknown. 

 Evaluation by an endocrinologist should be 
prompted by the absence of progression of puberty 
by 1 year after completion of cancer therapy in girls 
>13 years of age or in boys >14 years of age. 
Stimulation testing with synthetic GnRH provides 
more information than does a single, randomly 
drawn level of LH and FSH. An alternative to a 
GnRH stimulation test may be a serum sample for 
LH, FSH, and testosterone or estradiol drawn 
between 4 and 8 AM, at the time shortly after night-
time pulses of LH have been occurring (Fig.  5.2a ).  

5.4.5     Precocious Puberty 

 Precocious puberty is diagnosed if the onset of 
sexual development is before age 8 years in girls 

or before age 9 years in boys. A radiograph of the 
left hand and wrist shows bone age that is 
advanced compared to chronologic age. However, 
bone age may be consistent with chronologic age 
or even delayed in a child who has concurrent 
GHD or hypothyroidism and who has not under-
gone a growth spurt (Fig.  5.10d ). Since concur-
rent GHD may not be discovered until after 
successful treatment of precocious puberty 
(Fig.  5.10d ), we routinely perform provocative 
GH testing in patients with precocious puberty 
who have a history of cancer.  

5.4.6     Hypothyroidism 

 Yearly measurements of TSH and free T4 should 
be done in all patients who have received irradia-
tion (cranial, craniospinal, mantle, or total body 
irradiation), because the symptoms of central 
hypothyroidism are often subtle and TSH secre-
tory dysregulation after irradiation may precede 
other endocrine disorders [ 59 ]. The diagnosis of 
hypothyroidism may be delayed in as many as 
one third of patients, if TSH secretion is not 
tested until GHD becomes apparent. Such a delay 
may be acceptable in a minimally symptomatic 
adult. In children, however, the potential func-
tional implications of hypothyroidism and lost 
growth opportunity require early intervention 
[ 55 ]. Early diagnosis of mild hypothyroidism 
permits early intervention to improve growth 
velocity and quality of life. 

 Free T4 and serum TSH are the best screening 
tests for thyroid status. Sex steroids raise thyroid 
binding in females and lower thyroid binding in 
males; however, free T4 tends to remain stable 
throughout life. In primary hypothyroidism, TSH 
may rise above 3 mU/L before changes in free T4 
are observed. Free T4 below the normal range 
without TSH elevation is strongly suggestive of 
central hypothyroidism. However, some patients 
with central hypothyroidism may have free T4 con-
centrations in the lowest third of the normal range 
[ 55 ,  59 ]. The fi rst laboratory evidence of central 
hypothyroidism may be a small decline in free T4. 
Central hypothyroidism was often present when 
the free T4 was in the lowest third of the normal 
range and TSH was not elevated and could be 
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 confi rmed by measurement of the nocturnal TSH 
surge (hourly TSH at 1500–1800 h and at 2200–
0200 h). However, the TSH surge test requires 
serial sampling and an inpatient hospital admission 
[ 58 ,  59 ]. 

 Outpatient screening can be accomplished 
using measurement of TSH at 0800 h (AM) and 
in the afternoon (PM; between 12 noon and 
1800 h) and calculating the ratio. An AM to PM 
ratio less than 1.3 is consistent with central hypo-
thyroidism [ 58 ]. Suppressed TSH on a modest 
dose of levothyroxine also confi rms central 
hypothyroidism. 

 If further testing confi rms hypothyroidism, 
treatment should be initiated even though free T4 
is still within the normal range because the FT4 is 
likely to be below the individual’s optimal set 
point.  

5.4.7     ACTH Defi ciency 

 For patients at risk for ACTH defi ciency (e.g., 
those who received ≥25 Gy irradiation to HPA), 
surveillance should include yearly measurement 
of plasma cortisol concentration at 0800 h and/or 
a low-dose ACTH test [ 32 ]. If cortisol level is 
below 18 μg/dL (497 nmol/L) at 0800 h, then fur-
ther evaluation should be directed by an endocri-
nologist. Measurement of the basal plasma 
ACTH concentration usually can distinguish pri-
mary adrenal disease from central adrenal insuf-
fi ciency if the ACTH assay is reliable and if there 
is no urgency in establishing the cause of adrenal 
insuffi ciency. Patients with primary adrenal 
insuffi ciency have a high concentration of plasma 
ACTH at 0800 h (as high or higher than 4,000 pg/
mL or 880 pmol/L). In contrast, plasma ACTH 
concentrations are low or low normal in patients 
with secondary or tertiary adrenal insuffi ciency. 
The normal value at 0800 h is usually 20–80 pg/
mL (4.5–18 pmol/L). 

 Patients who present in hypotensive crisis 
may have adrenal insuffi ciency or one of several 
other possible diagnoses. Primary adrenal insuf-
fi ciency, if present, may have been caused by 
infection, hemorrhagic diathesis, or metastatic 
disease to the adrenal gland that requires prompt 
diagnosis and treatment. In these patients, mea-

surement 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 treat-
ment must proceed immediately without waiting 
for the ACTH and cortisol results. 

 Patients with partial ACTH defi ciency or 
recent onset of complete ACTH defi ciency may 
have a normal serum cortisol response to high 
dose of ACTH (250 μg/m 2  by intravenous infu-
sion over 1 min [ 60 ] with cortisol measured 1 h 
later, normally greater than 20 μg/dL 
(552 nmol/L)). Thus, ACTH defi ciency may not 
be detected by this test. 

 As a result, the low-dose ACTH test is the 
most sensitive test for partial ACTH defi ciency 
[ 32 ]. In this test, a more physiologic dose of 
ACTH (1 μg/m 2 ) is administered by intravenous 
infusion over 1 min, and blood for a serum corti-
sol assay is drawn 20 min after the infusion. Peak 
serum cortisol higher than 20 μg/dL (552 nmol/L) 
is considered normal, 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 glucocorticoids when they 
are ill and will require further evaluation [ 63 ]. 
Further evaluation can include a second low-dose 
ACTH test or metyrapone administration 
2 months to 1 year later. 

 The low-dose test has supplanted insulin- 
induced hypoglycemia in many clinical practices. 
The results are similar to those obtained with 
insulin-induced hypoglycemia; in addition, 
ACTH tests can be performed without a physi-
cian being present and are less expensive.  

5.4.8     Hyperprolactinemia 

 Hyperprolactinemia is diagnosed when the serum 
level of PRL is elevated. The PRL level should be 
periodically measured in patients with symptoms 
outlined above (Sect. 1.2.6) and in those who 
received more than 50 Gy of irradiation to the 
hypothalamus. The defi nitive PRL level should 
not be drawn in the hour or two after breast 
examination or nipple stimulation.  

5 Endocrine Complications of Cancer Therapy



84

5.4.9     Diabetes Insipidus 

 Urine specifi c gravity of patients with diabetes 
insipidus 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 (>300 mOsm/L), 
the serum sodium may be increased or high nor-
mal, and the plasma concentration of antidiuretic 
hormone is inappropriately low for the osmolar-
ity. However, patients with an intact thirst mecha-
nism may be able to drink suffi ciently to avoid 
laboratory abnormality. Symptoms of polydipsia, 
polyuria, and nocturia or enuresis may be the 
only evidence of diabetes insipidus. In partial 
diabetes insipidus, a water deprivation test may 
be needed to establish the diagnosis and to rule 
out other causes of polyuria.  

5.4.10     Osteopenia 

 Osteopenia in cancer survivors may be unrecog-
nized in the absence of fractures unless evalua-
tion is performed. Yearly screening of 
25-hydroxyvitamin D may identify dietary vita-
min D defi ciency, one of the contributors to 
osteopenia. Identifi cation of low bone mineral 
requires performance of a dual-energy x-ray 
absorptiometry (DXA) which offers precise esti-
mates of bone mineral area density (mg/cm 2 ) at 
multiple sites for the least amount of radiation 
exposure. DXA results may require adjustment 
for height age in a short patient [ 83 ]. Quantitative 
computerized tomography measures true volu-
metric density (mg/cm 3 ) of trabecular or cortical 
bone at any skeletal site of choice. T- and Z-scores 
may be calculated in reference to normal young 
adults (age of peak bone mass, 20–35 years) and 
age-matched normal individuals of the same gen-
der, respectively. T-score should not be used in 
children or adolescents. Results of DXA must be 
adjusted for patient height and age.  

5.4.11     Hypothalamic Obesity 

 Clinical symptoms are the basis for diagnosis of 
hypothalamic obesity. These include rapid 

weight gain (Fig.  5.11a ), voracious appetite, and 
aggressive food seeking. Patients may have rapid 
weight gain for other reasons (Fig.  5.11b ): exog-
enous steroid use, inactivity, overfeeding, sym-
pathy of relatives, high thirst, and drinking of 
sugared drinks. Obesity in adults is defi ned as 
having a body mass index (BMI) of ≥30 [BMI = 
weight (kg)/height (m 2 )] (  http://www.cdc.gov/
obesity/adult/defi ning.html    ). Overweight in chil-
dren is defi ned as having BMI ≥85th percentile, 
and obesity defi ned as BMI ≥95th percentile 
(  http://www.cdc.gov/obesity/childhood/basics.
html    ). Evaluation of overweight patients includes 
blood pressure measurement, fasting lipid pro-
fi le, fasting glucose and insulin level, and oral 
glucose tolerance testing with insulin levels 
(OGTT). In general, fasting glucose is normal 
and fasting insulin is elevated in patients with 
hypothalamic obesity. They have high postpran-
dial insulin level as well as early and rapid and 
excessive insulin excursions to OGTT. However, 
these results may be seen in any person who 
becomes obese.    

5.5     Management of Established 
Problems 

5.5.1     GH Defi ciency 

 Growth hormone evaluation usually begins after 
the fi rst year of treatment completion. Screening 
labs can help in the diagnosis of growth hormone 
defi ciency, but following a patient’s height 
velocity gives the best insight. There are specifi c 
standards for making the diagnosis of growth 
hormone defi ciency. Each varies with age and 
pubertal status [ 15 ,  49 ]. 

 Standard therapy for GHD is synthetic recom-
binant human GH (Fig.  5.12a, b ). Any patient 
identifi ed with GHD should be evaluated for pos-
sible ACTH defi ciency and for central hypothy-
roidism. If ACTH is defi cient, adequate cortisol 
therapy should be started before GH or thyroid 
therapy. Patients with GHD who have partial or 
total ACTH defi ciency and are receiving subopti-
mal hydrocortisone replacement may be at risk of 
developing symptoms of cortisol defi ciency 
when GH therapy is initiated. This is because of 
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the inhibitory effect of GH on 11β-hydroxysteroid 
dehydrogenase type 1, the enzyme that converts 
cortisone to cortisol [ 77 ].  

 GH treatment is not recommended during the 
fi rst year after cancer treatment as this is a time of 
increased recurrence rates for many tumors. If 
the history is positive for an aggressive tumor, 
observation for a longer duration is indicated 
prior to considering GH therapy, up to 2–3 years 
after tumor treatment [ 20 ,  28 ,  40 ]. 

 The endocrinologist and oncologist should 
discuss and agree upon the decision regarding 
timing of initiation of GH therapy. The usual 
dose of GH in children is 0.15–0.3 mg/kg per 
week divided into daily doses and administered 
subcutaneously in the evening [ 15 ]. IGF-I titra-
tion is a method of adjusting GH dosing that 
allows for strict control of statural growth while 
reducing the risk for possible side effects associ-
ated with overtreatment. In patients with a tumor 
history, maintaining an IGF-I level between the 
20th and 80th percentile for age is recommended. 
This range of GH dosing should support normal 
growth velocity (not catch-up growth) in patients 
who could potentially have adverse effects from 

even mild overtreatment. Lower doses are used in 
adults [ 78 ]. 

 Each injection of GH produces a pharmaco-
logic level of GH for approximately 12 h. The 
growth rate in children receiving ongoing 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 scores of leukemia survivors with GHD usu-
ally approached the height SD scores at the time 
of tumor diagnosis [ 37 ]. The growth response 
may be poorer in patients who have received total 
body or spinal irradiation or in patients with par-
ticular diseases such as neuroblastoma [ 29 ,  53 ]. 

 During GH therapy, evaluation of the growth 
response and adjustment of GH dose should occur 
every 4–6 months and include measurement of 
height, weight, and arm span. Arm span is a sur-
rogate measure of height, particularly in patients 
in whom height measurement may not fully 
refl ect body growth (e.g., those with scoliosis or a 
history of spinal irradiation). GH dose can be 
increased as weight gain occurs to maintain a sta-
ble dose per kilogram of body weight. Serum 
IGF-I measurements are recommended every 
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  Fig. 5.11    ( a ) Hypothalamic obesity and GH defi ciency in a boy. ( b ) Exogenous obesity in a girl       
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4–6 months in the growing years and a minimum 
of yearly once an adult height has been reached 
[ 26 ]. After the fi rst 1–2 years of GH therapy, if the 
level of IGF-I surpasses the upper limits of nor-

mal for the patient’s age and gender, the GH dose 
should be decreased to achieve an IGF-I near the 
mean for age and gender. Evaluation of pubertal 
stage and screening for development of additional 
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  Fig. 5.12    ( a ) Response to GH therapy in a girl with 
GH defi ciency. ( b ) Response to GH therapy in a boy 
with GH defi ciency. ( 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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endocrinopathies (thyroid, gonadotropins, ACTH) 
should continue to be performed at least annually. 
Even with GH therapy, some childhood cancer 
survivors do not grow as well as expected, a fi nd-
ing that suggests that other factors, such as thy-
roid hormone defi ciency, are present. 

 GH treatment in children is usually safe [ 11 , 
 15 ,  66 ,  81 ]. Adverse effects are rare, occur soon 
after therapy is initiated, and include pancreatitis, 
benign intracranial hypertension (pseudotumor 
cerebri), slipped capital femoral epiphysis [ 50 ], 
and carpal tunnel syndrome [ 8 ]. Pseudotumor 
cerebri and carpal tunnel syndrome are probably 
caused by sodium and water retention. An 
increase in the growth and pigmentation of nevi 
also has been described [ 10 ]. GH therapy does 
not increase the risk of brain tumor or leukemia 
recurrence [ 4 ,  20 ,  37 ,  74 ]. GH therapy also did 
not appear to increase the risk of secondary leu-
kemia or solid malignancy in patients who did 
not received RT in the Childhood Cancer Survivor 
Study [ 20 ]. Because all of the evaluable patients 
who developed a second neoplasm in this study 
had received RT, synergistic effects of GH and 
irradiation on the development of second malig-
nancy could not be discerned [ 20 ]. The absolute 
number of excess solid tumors attributable to GH 
(including benign meningiomas), if any, will 
probably be very small (<4/1,000 person years at 
15 years after diagnosis).  

5.5.2     LH or FSH Defi ciency 

 The use of estrogen or testosterone therapy 
should not be initiated without careful attention 
to the pediatric survivor’s growth pattern. 
Replacement of pubertal hormones in a short or 
slowly growing adolescent can cause fusion of 
bony growth centers and shorter-than-expected 
adult height. Such therapy should be provided 
only in coordination with the pediatric endocri-
nologist after assessment of growth potential and 
treatment of GH or thyroid defi ciencies. Initiation 
of sex steroid therapy in a short adolescent may 
be delayed until age 15 years to permit 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 fi rst year or so of puberty and are 
less likely than full sex steroid replacement to 
cause inappropriate maturation of bone age. Girls 
can be treated with the conjugated estrogen tab-
lets Premarin® (0.3 mg every other day), ethinyl 
estradiol (5 mcg daily, one quarter of a 20-mcg 
tablet daily), or half of a low-dose estrogen patch 
changed half as often as in adults [ 79 ]. Menstrual 
spotting can be treated monthly or 3-monthly 
with medroxyprogesterone 10 mg per day for 
10 days without a break in estrogen therapy. Boys 
can be treated with 45- or 50-mg/m 2  testosterone 
cypionate injected intramuscularly once each 
month or with topical testosterone gel 0.5–1.25 g 
daily. After achievement of height acceptable to 
the patient, both boys and girls may benefi t from 
a gradual increase in hormone replacement ther-
apy 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 con-
traceptive (28-day or 3-month pill packet) or 
estrogen patch (used especially if the girl is on 
GH therapy). 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 by topical gel (about 5 g 
daily). 

 One medical risk of delayed puberty is delayed 
bone mineralization. Adolescents with delayed 
or interrupted puberty should receive 1,500 mg of 
elemental calcium and 1,000 IU of vitamin D per 
day to improve bone mineralization.  

5.5.3     Precocious Puberty 

 GnRH analogues are the most effective treat-
ments for precocious puberty, rapid tempo 
puberty, or normally timed puberty that is inap-
propriate for height. GnRH analogues suppress 
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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 concentrations 
are steady or unchanging. The use of GnRH ana-
logues to delay pubertal progression optimizes 
adult height potential by permitting the child to 
grow taller without experiencing a rapid change 
in bone maturation [ 47 ] (Fig.  5.12c ). 

 Treatment with GnRH analogues should be 
prescribed and monitored by a pediatric endocri-
nologist [ 82 ]. GnRH analogues can be adminis-
tered as a daily subcutaneous injection. More 
commonly, a sustained or depot preparation is 
used – monthly, every 3 months, every 6 months, 
or as a yearly subcutaneous implant [ 35 ,  52 ,  54 ]. 
GnRH analogue therapy is usually continued at 
least until patients attain the third percentile for 
adult height: 152 cm (60 in.) in girls and 162 cm 
(64 in.) in boys.  

5.5.4     Hypothyroidism 

 Standard treatment for central hypothyroidism or 
for primary hypothyroidism is levothyroxine 
replacement therapy (Fig.  5.12d ). Thyroid hor-
mone replacement can precipitate clinical decom-
pensation in patients with unrecognized adrenal 
insuffi ciency, because levothyroxine treatment 
increases metabolic clearance of cortisol. Thus, it 
is necessary to evaluate patients for adrenal insuf-
fi ciency and, if present, treat with hydrocortisone 
before initiating thyroid hormone therapy. In 
patients who also have ACTH defi ciency, we usu-
ally initiate cortisol replacement 3 days before 
beginning thyroid hormone therapy. 

 The typical thyroid hormone replacement 
dose for infants under 3 years of age is levothy-
roxine 5–10 mcg/kg/day, and for healthy children 
and adolescents with TSH less than 30 mU/L is 
3 mcg/kg by mouth every morning. Children over 
3 years of age who have TSH greater than 
30 mU/L, or about whom there are concerns 
about medical stability, can begin levothyroxine 
at a low dose (0.75 mcg/kg by mouth every morn-
ing for a month) and have it further increased by 
0.75 mcg/kg per day each month to permit more 

gradual physiologic and psychologic adjustment 
to the new metabolic state. Thyroid hormone 
concentrations should be measured after 4 weeks 
of therapy or 4 weeks after any dose change, 
because levothyroxine has a long half-life 
(5–6 days). 

 Unlike primary hypothyroidism, it is not use-
ful to monitor TSH in patients with central hypo-
thyroidism. In one prospective study of 37 
patients with central hypothyroidism, free T4 and 
free T3 were monitored during therapy, and dose 
was adjusted to achieve free T4 in the midnormal 
range without free T3 elevation and without 
symptoms of hypothyroidism or hyperthyroidism 
[ 22 ]. We usually adjust thyroid hormone replace-
ment therapy in patients with central hypothy-
roidism to maintain the level of free T4 just above 
the middle of the normal range (e.g., free T4 of 
1.4–1.6 ng/dL if the normal range is 0.78–
1.85 ng/dL or free T4 of 2.2–2.4 if the normal 
range is 1.0–2.8 ng/dL).  

5.5.5     ACTH Defi ciency 

 Patients with ACTH insuffi ciency require daily 
hydrocortisone replacement. Hydrocortisone is 
the preferred glucocorticoid for replacement in 
children, because it is least likely to impair 
growth. Patients with ACTH defi ciency do not 
need mineralocorticoid replacement, because 
these hormones are produced by the adrenal 
gland under the infl uence of the renin- aldosterone 
system rather than under the infl uence of 
ACTH. Dexamethasone is not standard for gluco-
corticoid replacement therapy in children and 
adolescents because it has greater potential to 
suppress growth than does hydrocortisone. 

 The dose of hydrocortisone for replacement 
therapy is 7–10 mg/m 2  per day, divided into two 
or three doses administered by mouth. For exam-
ple, a child whose body surface is 0.9 m 2  could 
receive 2.5 mg three times per day, or an adult 
whose body surface is 1.5 m 2  could receive 5 mg 
at breakfast and at 1500 h plus 2.5 mg at bedtime. 
The glucocorticoid dose may need to be increased 
in patients taking drugs that accelerate hepatic 
steroid metabolism such as phenytoin, barbitu-
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rates, newer anticonvulsants, rifampin, mitotane, 
and aminoglutethimide [ 19 ]. Patients with GHD 
who have partial or total ACTH defi ciency and 
are receiving suboptimal cortisol or cortisone 
replacement may be at risk of developing symp-
toms of cortisol defi ciency when GH therapy is 
initiated. This is because of the inhibitory effect 
of GH on 11β-hydroxysteroid dehydrogenase 
type 1. Similarly, the initiation of thyroid hor-
mone therapy in a child with unrecognized or 
undertreated ACTH defi ciency also can precipi-
tate adrenal crisis. 

 Patients with ACTH defi ciency must receive 
“stress dosing”: additional glucocorticoid during 
times of illness or stress (e.g., fever, gastrointesti-
nal illness, injury). The dose of additional hydro-
cortisone necessary during times of illness is 
30 mg/m 2  per day divided into doses every 8 h 
administered by mouth. Patients whose illness or 
injury is severe enough to require emergency care 
or hospitalization, who are unable to retain oral 
medication, or who require anesthesia or surgery 
should urgently receive hydrocortisone (50–
100 mg/m 2  intramuscularly or intravenously), 
followed by hydrocortisone (10–25 mg/m 2  intra-
venously every 6 h) during management of the 
critical illness [ 63 ]. At stress doses, hydrocorti-
sone provides some mineralocorticoid effect. The 
hydrocortisone dose should be reduced to the 
usual replacement therapy dose as soon as the 
event is over or the patient’s medical status 
improves. 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 
component of treating patients with ACTH defi -
ciency. The patient and responsible family mem-
bers should be instructed about the following 
issues:

•    The nature of the hormonal defi cit and the 
rationale 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 

glucocorticoids  

•   The proper  stress  dose for the patient’s body 
weight  

•   When and how to inject glucocorticoids for 
emergencies    

 Every patient should have at least two pre- 
prepared syringes of hydrocortisone (Solu- 
Cortef®): one at home and one at work or 
school. In addition, it is wise for the patient to 
carry such a syringe at all times. The syringes 
can be obtained as 100-mg/2-mL vials 
(“Activial”) or can be prepared by a pharmacist 
in regular 1-mL syringes from a multidose vial. 
The patient and parents must be instructed 
regarding the correct dose. The injectable stress 
dose is fi ve to ten times the daily hydrocortisone 
dose. Thus, typical doses for children would be 
50 mg (0.5 mL of a 100-mg/2-mL solution). 
Unused syringes should be replaced each year or 
if the solution inside becomes cloudy or 
colored. 

 The patient and one or more responsible fam-
ily or household members should be instructed 
to inject the contents of a syringe subcutane-
ously or intramuscularly anywhere on the 
patient’s body during any one of the following 
circumstances:

•    The patient has a major injury with substantial 
blood loss (more than one cup), fracture, or 
neurogenic shock.  

•   The patient has nausea and vomiting and can-
not retain oral medications.  

•   The patient has symptoms of acute adrenal 
insuffi ciency, such as hypotension or 
hypoglycemia.  

•   The patient is found unresponsive.    

 Instructions should include the need to obtain 
medical help immediately after the injection of 
the stress dose. The patient should be instructed 
to have a low threshold for injecting the 
 hydrocortisone: if the patient 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 
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years without needing it. Used hydrocortisone 
syringes should be replaced immediately. 

 Every patient should wear a medical alert 
(MedicAlert®) bracelet or necklace and carry 
the emergency medical information card that is 
supplied with it. Both should indicate the diagno-
sis, the daily medications and doses, and the phy-
sician to call in the event of an emergency. 
Patients can enroll in MedicAlert by calling 800-
432- 5372 or through the internet at   www.medi-
calert.org     (USA) or   www.medicalert.ca     (Canada).  

5.5.6     Hyperprolactinemia 

 Prolactin elevation 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 to restore 
normal gonadal function. Cabergoline is, in gen-
eral, more potent, much longer acting, and better 
tolerated than bromocriptine. The usual starting 
dose is 0.25 mg twice a week. High doses such as 
those used in Parkinson disease have been associ-
ated with cardiac valvular problems [ 2 ]. However, 
typical doses used for hyperprolactinemia have 
not demonstrated such risks [ 73 ].  

5.5.7     Diabetes Insipidus 

 Hormone replacement in diabetes insipidus is 
desmopressin acetate or DDAVP®, which can be 
given by subcutaneous injection, by nasal insuf-
fl ation, 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 usual dose of 1.0–5.0 μg intrana-
sally, or 0.1–0.8 mg orally, will usually achieve 
rapid urinary concentration that lasts approxi-
mately 8–24 h (Fig.  5.13 ). The process of starting 
desmopressin therapy may require close monitor-
ing of volume of fl uid 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, chlorprop-
amide may be used to enhance the effect of the 
limited antidiuretic hormone that remains.   

5.5.8     Osteopenia 

 Osteopenia after cancer therapy may be pre-
vented by maintaining optimal calcium (1,500 mg 
daily) and vitamin D (1,000 units daily) in the 
diet. Nutritional supplements may be needed in 
cases of osteopenia unresponsive to behavioral 
and dietary management. In addition, early diag-
nosis and replacement of hormone defi ciencies 
will benefi t bone mineralization. In the event of 
fractures, bisphosphonate therapy (oral or intra-
venous) may be benefi cial.  

5.5.9     Hypothalamic Obesity 

 Part of the therapy for hypothalamic obesity 
involves early identifi cation and initiation of 
 preventive measures including caloric and dietary 
control and maintenance of regular exercise. In 
addition to maintaining these lifestyle choices, 
several therapies have been used pragmatically or 
in research efforts. These include dexedrine, rit-
alin, metformin, and octreotide [ 6 ,  21 ]. Dexedrine 
and ritalin are taken orally and act as stimulants 
with the side effect of appetite suppression (in this 
situation, benefi cial). Metformin is taken orally 
once or twice daily, acts as a sensitizer to insulin 
effects, and may serve to probe the etiology of 
obesity in individual patient. If the obesity is 
exogenous and hyperinsulinemia is a conse-
quence of the obesity and insulin resistance, life-
style changes with or without metformin may 
resolve obesity. If the obesity is hypothalamic and 
the hyperinsulinism is the cause of the increased 
appetite, metformin use may lead to hypoglyce-
mia and no reduction of striving for food. 
Octreotide is a somatostatin analogue that binds 
to the somatostatin receptor. It serves to decrease 
not only insulin secretion from pancreatic β-cells, 
but also growth hormone and TSH secretion from 
the pituitary gland. If the obesity is exogenous 
and high insulin levels refl ect insulin resistance, 
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the patient may become diabetic with octreotide 
therapy. If the obesity is hypothalamic, octreotide 
will decrease insulin secretion leading to reduced 
appetite, weight control, and improved sense of 
well-being [ 5 ,  38 ]. Octreotide is taken as two or 
three injections daily. Side effects of octreotide 
may include gallstones. Patients treated with 
octreotide may also require therapy with growth 
hormone and thyroid hormone. 

 Bariatric surgery has been reported to be ben-
efi cial in selected patients [ 30 ,  65 ,  80 ]. Additional 
research is needed in order to identify optimal 
treatment modalities in order to control weight in 
hypothalamic obesity. An international internet 
registry (IRHOD.com) has been developed for 
patients to self-register, in order to be considered 
for participation in research projects. Investigators 
can also register on this site to apply for research 
access to the database.      
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6.1           Introduction 

 The eye is a complex organ composed of many 
tissues that vary greatly in their exposure and sen-
sitivity to cytotoxic therapy. The ocular effects of 
cancer treatment, ranging from mild discomfort to 
blindness or loss of an eye, can have a profound 
effect on the quality of life of long-term cancer 
survivors. This chapter discusses the known com-
plications of radiation, chemotherapy, and immu-
nosuppressive therapy in the eye. It also considers 
the effects of graft-versus-host disease (GVHD), 
which affects the eye in 40–80 % of cases and can 
be the fi rst or only manifestation of the disease [ 1 ,  2 ]. 
Each section of the chapter deals with a particular 
part of the eye and begins with a description of the 
relevant anatomy (Fig.  6.1 ). Medical management 
for the potential complications and indications for 
referral to an ophthalmologist for specialized care 
are discussed as well.   

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 sub-
cutaneous fat allowing for the accumulation of 
fl uid to manifest rapidly as swelling. The upper 
and lower eyelids contain fi brous connective 

 tissue, known as the tarsal plates, which func-
tion as structural support. The eyelashes are 
located on the anterior portion of the eyelids and 
aid in the protection of the eye. 

 The tear fi lm covers the anterior surface of the 
conjunctiva and cornea. It serves the vital role of 
supplying the cornea with moisture, nutrients, 
enzymes, immunoglobulins, and protein signals, 
as well as allowing the maintenance of a clear, 
nonkeratinized epithelium in the visual axis. 
Furthermore, the tear fi lm comprises the smooth 
outer refractive coating essential to vision by fi ll-
ing in corneal irregularities. The tear fi lm consists 
of three layers. The aqueous layer is produced by 
the accessory lacrimal glands found in the con-
junctiva. 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 
fi lm is vitally dependent on each of these individ-
ual layers, and a defi ciency 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 can-
aliculi that empty into the lacrimal sac and, ulti-
mately, into the nose via the nasolacrimal duct.  

6.2.2     Acute Radiation Effects 

 Madarosis, or loss of eyelashes, and erythema 
are the fi rst side effects of radiation therapy 

  Fig. 6.1    Cross-sectional anatomy of the eye       
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(RT) involving the eye. Usually, eyelashes will 
grow back; however, permanent loss does 
occur. Erythema can occur within days of treat-
ment (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 desquamation. Moist dermatitis, 
with exposure of the dermis and associated 
serum leakage, can occur after the fourth week 
of RT following doses of 40 Gy or more, frac-
tionated over a 4-week period. Blisters and 
edema may precede moist dermatitis. 
Symptoms include redness, peeling, burning, 
itching, and pain [ 3 ] (Fig.  6.2 ).   

6.2.3     Chronic Radiation Effects 

 The late effects of RT to the eyelids following 
doses from 30 to 60 Gy include madarosis, telan-
giectasia (dilated, tortuous blood vessels; 
Fig.  6.3 ), hyperpigmentation, depigmentation, 

ectropion, hyperkeratosis, atrophy, necrosis, 
ulceration, and punctal occlusion. Although 
rarely seen today, lid deformities, such as ectro-
pion (out-turning of eyelid margin), entropion 
(in-turning of eyelid margin), and atrophy or con-
tracture, are seen when the tarsus has been 
included in the radiation fi eld. The time of onset 
ranges from 2 months to greater than 5 years after 
treatment. Destruction or occlusion of the puncta 
may occur when the medial portions of the eyelid 

  Fig. 6.2    Side effects of chemotherapy and radiation of the eye       

  Fig. 6.3    Telangiectasia of the conjunctival blood vessels       
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are irradiated, which leads to impaired tear drain-
age. Lid necrosis, exacerbated by excess sun 
exposure in areas previously irradiated, may 
develop months to years after treatment [ 4 ,  5 ].   

6.2.4     Chemotherapy 
and Immunosuppressive 
Agents 

 Many chemotherapeutic agents, such as cyclo-
phosphamide, ifosfamide, and methotrexate, 
alter the normal tear fi lm physiology either by 
causing infl ammation of the lacrimal glands or 
by being excreted directly into tears. This leads to 
dry eye symptoms including irritation, foreign 
body sensation, and photophobia, as well as 
infl ammation around the eyelids and anterior seg-
ment of the eye [ 6 ]. Patients treated with alkyl 
sulfonates, including busulfan and nitrosourea, 
have also reported developing dry eye [ 7 ]. Both 
5-fl uorouracil [ 8 ] (5-FU) and docetaxel [ 9 ] can 
cause stenosis of the puncta and tear drainage 
system leading to excessive tearing called epiph-
ora. 5-FU does so through squamous metaplasia 
and narrowing of the canalicular lumen [ 10 ], 
while docetaxel induces stromal fi brosis [ 11 ]. 
Some patients receiving 5-FU also develop cica-
tricial eyelid malpositioning [ 12 ]. Intravenous 
doxorubicin is associated with excessive lacrima-
tion as well. 

 Paleness of the periorbital skin can occur fol-
lowing mithramycin infusion, while drooping of 
the upper eyelid, known as ptosis, has been 
reported following long-term corticosteroid use 
[ 13 ]. Vincristine can also cause unilateral or 
bilateral ptosis alone or as part of a cranial poly-
neuropathy [ 14 – 16 ].  

6.2.5     Graft-Versus-Host Disease 

 The eye is primarily affected in the chronic phase 
of graft-versus-host disease (cGVHD), generally 
defi ned as greater than 100 days after transplant 
while the patient is being tapered off immuno-
suppressive therapy. Keratoconjunctivitis sicca, 
infl ammation of the ocular surface secondary to 

insuffi cient tear fi lm, is the most common mani-
festation of cGVHD. It is caused, in part, by lac-
rimal gland dysfunction from T-cell infi ltration 
leading to scarring and decreased tear production 
[ 2 ,  17 ]. These patients are also more prone to 
developing dry eye because of conditioning 
 regimens with total body irradiation and high-
dose chemotherapy used to prepare the patient’s 
body to receive donor stem cells. 

 Dermatitis of the lid skin in cGVHD can lead to 
erythema, scaling, and ultimately lichenifi cation 
or stiffening of the lids causing entropion or ectro-
pion, lagophthalmos (incomplete lid closure), and 
trichiasis, all of which can worsen the symptoms 
of dry eye. The infl ammatory response within the 
lids can also manifest as edema, hyperkeratosis, 
telangiectasias, or periorbital hyperpigmentation 
[ 2 ,  18 ]. Cicatricial occlusion of the lacrimal puncta 
may occur leading to epiphora [ 19 ].  

6.2.6     Medical and Nursing 
Management 

 The management for eyelid complications due to 
cancer treatment consists mainly of skin care, 
including the use of ultraviolet protection, metic-
ulous hygiene with mild soaps, use of skin lubri-
cants, avoiding skin-sensitizing drugs (i.e., 
tetracycline), and occasionally corticosteroid 
and/or antibiotic creams. Ptosis, nasolacrimal 
duct obstruction, or eyelid malposition may 
require minor surgical manipulation by an 
 ophthalmologist and should be referred in clini-
cally signifi cant cases [ 20 ]. At the fi rst sign of 
epiphora secondary to punctal occlusion, prompt 
diagnosis and management by an ophthalmolo-
gist can prevent complete fi brosis of the canalic-
uli, which would require more invasive surgical 
intervention such as dacryocystorhinostomy. If 
identifi ed early on, less invasive procedures such 
as punctoplasty or canalicular intubation with 
silicone tubes can be performed, which may pre-
vent future occlusion [ 9 ]. In advanced cases of 
canalicular obstruction where surgery is contra-
indicated or not desired by the patient, botulinum 
toxin injection into the lacrimal gland can serve 
as a palliative option to alleviate epiphora [ 21 ]. 
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Many cases of chemotherapy-induced ptosis 
eventually resolve after discontinuing the offend-
ing agent. Vincristine-induced ptosis, however, 
has been treated successfully with combined pyr-
idoxine and pyridostigmine therapy [ 14 – 16 ]. 

 The mainstay of dry eye therapy consists of 
tear replacement with artifi cial tears drops and 
ointment. Patients with symptoms or at risk 
should be encouraged to use liberal amounts of 
artifi cial tears. Unpreserved artifi cial tears are pre-
ferred, especially when they are used more than 
four times per day, due to the fact that the preser-
vatives themselves can be irritating to the cornea, 
conjunctiva, and eyelids. Further aids include 
punctal occlusion, warm compresses to the eye-
lids, and, in advanced cases, cyclosporine drops 
[ 22 ]. Topical cyclosporine A, which inhibits 
T-cell activation and downregulates infl ammatory 
cytokines in the conjunctiva, may even be effec-
tive in preventing or lessening the severity of dry 
eye when used prophylactically for cGVHD [ 23 ]. 
Patients with continued symptomatic or refrac-
tory dry eyes should be referred to an eye care 
professional without delay, as the consequences 
of hesitating could be permanent vision loss.   

6.3     Conjunctiva 

6.3.1     Anatomy and Physiology 

 The conjunctiva is a thin, transparent mucous 
membrane that lines both the posterior aspect of 
the eyelids (palpebral conjunctiva) and the ante-
rior surface of the eye (bulbar conjunctiva). The 
folds between the palpebral and bulbar conjunc-
tiva are known as the superior and inferior forni-
ces, respectively. Tissue is redundant in the 
fornices to allow for adequate movement of the 
globe. The main lacrimal gland, which functions 
during refl ex tearing, empties into the superior 
fornix, while the accessory lacrimal glands, sup-
plying basal tear secretion, are found throughout 
the conjunctiva, concentrating in the fornices. 

 The conjunctiva contains a stratifi ed nonkera-
tinized epithelium overlying a stroma, known as the 
substantia propria. Goblet cells supplying the mucin 
layer of the tear fi lm are found intermixed with the 

epithelial cells. Besides acting as a physical barrier, 
the conjunctiva aids in host defenses by hosting 
immune cells as well as colonizing bacteria.  

6.3.2     Acute Radiation Effects 

 Conjunctival infl ammation (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. The 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 [ 3 ,  4 ,  24 ].  

6.3.3     Chronic Radiation Effects 

 Late effects of RT to the conjunctiva include pro-
longed injection, telangiectasis, symblepharon 
(adhesions between the bulbar and palpebral con-
junctiva), subconjunctival hemorrhage, shorten-
ing of the fornices, loss of goblet cells, 
keratinization, and necrosis. Exposure to 
30–50 Gy results in prolonged conjunctival injec-
tion, which develops in 1–2 years, followed by 
telangiectatic vessels 3–6 years later. These frag-
ile vessels tend to rupture with minor trauma, 
resulting in subconjunctival hemorrhage [ 5 ]. 

 Chronic ulceration of the conjunctiva can be 
seen following treatment with 60 Gy. This leads to 
symblepharon formation. The defi nition of sym-
blepharon is clarifi ed in the paragraph above, 
resulting in shortening of the fornices, eyelid mal-
positioning, and trichiasis (turning of lashes onto 
the ocular surface). Goblet cell loss occurs at rela-
tively low doses, resulting in tear fi lm instability 
and dry eye symptoms, while doses over 50 Gy 
may result in keratinization of the conjunctiva. 
These keratin plaques constantly irritate the adja-
cent cornea, occasionally causing scarring and 
visual loss. Necrosis may occur after radioactive 
plaque therapy for retinoblastoma patients, where 
doses to the conjunctiva can reach between 90 and 
300 Gy [ 3 ,  4 ,  24 ].  
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6.3.4     Chemotherapy 
and Immunosuppressive 
Agents 

 Conjunctivitis is a commonly reported symptom 
following induction therapy with many chemo-
therapeutic agents, including 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 it resolves within 2 weeks of treatment cessa-
tion. The immunosuppressive effects of cortico-
steroids are believed to facilitate opportunistic 
infections throughout the eye, including bacterial, 
viral, and fungal conjunctivitis, and can also lead 
to delayed wound healing [ 25 ]. Periocular carbo-
platin injections, a treatment sometimes used for 
intraocular tumors, can lead to fi brosis of the con-
junctiva and underlying tissues [ 26 ].  

6.3.5     Graft-Versus-Host Disease 

 In cGVHD, histological studies have demon-
strated that there is a severe decline in Meibomian 
gland function as well as reduction in the total 
number of goblet cells in the conjunctiva [ 18 ,  27 ]. 
These two factors contribute to tear fi lm defi ciency 
and dry eye symptoms as described in the previous 
section. Keratinization of the conjunctival epithe-
lium, conjunctival hyperemia with chemosis and 
serosanguineous exudate, subtarsal fi brosis, and 
conjunctival necrosis can also be seen in cGVHD 
[ 18 ]. Pseudomembranous conjunctivitis is a sign 
of severe systemic involvement in acute graft-ver-
sus-host disease, which occurs prior to tapering of 
immunosuppressive therapy [ 28 ]. Although not 
life-threatening, dry eye as a result of cGVHD has 
a signifi cant effect on quality of life.  

6.3.6     Medical and Nursing 
Management 

 Antibiotic eyedrops, sometimes in combination 
with corticosteroids, are used for prolonged 

 conjunctivitis and for conjunctival ulceration. 
Artifi cial tears often aid chronic conjunctival irri-
tation by providing the lubrication necessary to 
replace lost tear volume and dilute toxic chemo-
therapeutic metabolites excreted into the tear 
fi lm. Vitamin A ophthalmic ointment (tretinoin 
0.01 % or 0.1 %) may reverse squamous metapla-
sia and loss of vascularization from scar forma-
tion [ 29 ]. Patients with infectious conjunctivitis 
should be instructed to wash their hands fre-
quently and take great care in interactions with 
others to prevent the spread of communicable 
diseases. In addition, sunglasses for protection 
from the sun and wind may be helpful in reduc-
ing symptoms. Severe conjunctival reactions, 
such as symblepharon and forniceal shortening, 
may require ophthalmologic manipulations such 
as symblepharon lysis on a repeated basis, or 
mucous membrane grafting with forniceal recon-
struction. Ophthalmologic referral is therefore 
indicated.   

6.4     Cornea 

6.4.1     Anatomy and Physiology 

 The cornea is the transparent, avascular, anterior 
structure of the eye that refracts and transmits 
light to the inner structures of the eye. Along with 
the overlying tear fi lm, 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 region contains corneal stem 
cells. Therefore, compromising this zone leads 
directly to the loss of corneal transparency and 
often its integrity. The cornea is an avascular tis-
sue and thus depends on the limbal vessels along 
with the tear fi lm and aqueous fl uid from the 
anterior chamber for nutrients and waste removal. 

 The cornea consists of fi ve specialized layers, 
including, from anterior to posterior: epithelium, 
Bowman’s membrane, stroma, Descemet’s mem-
brane, and endothelium. The epithelium is strati-
fi ed and nonkeratinized and replaces itself every 
5–7 days. The stroma contains approximately 
90 % of the overall corneal thickness, including a 
specialized superfi cial region known as the 
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Bowman’s membrane. Descemet’s membrane is 
a tough, thickened basement membrane secreted 
by the endothelium. The endothelial cells form a 
monolayer, which controls corneal hydration via 
ionic pumps. Small changes in corneal hydration 
(thickness) drastically change the optical proper-
ties of the cornea; thus, the endothelial pumps are 
essential to maintaining clear vision. Endothelial 
cells can migrate to fi ll an area with damage, but 
they do not regenerate. Therefore, all loss of 
endothelial cells is permanent. Infl ammation 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 epi-
thelial defects, keratitis, and decreased corneal 
sensation. When the tear fi lm production or integ-
rity is reduced, the epithelial cells become fragile 
and loosely adherent to themselves and the under-
lying stromal bed, resulting in epithelial defects. 
Patients with this problem will complain of ocular 
discomfort, foreign body sensation, excess refl ex 
tearing, and blurry vision. Acute keratitis is often 
self-limited following exposure to 30 Gy, but fol-
lowing treatment with up to 50 Gy, it may persist 
for months along with conjunctivitis. Decreased 
corneal sensation may result from nerve damage 
and be exacerbated by impaired refl ex tearing 
which, in turn, diminishes the blink rate and 
delays complaints from the patient [ 3 ,  24 ].  

6.4.3     Chronic Radiation Effects 

 Late RT effects on the cornea include chronic 
epithelial defects, neovascularization, keratiniza-
tion, edema, ulceration, and perforation. 
Epithelial defects may persist for months when 
radiation causes damage to corneal epithelial 
stem cells, accessory tear glands, goblet cells, 
and/or corneal nerves. The cornea responds to 
these nonhealing areas with neovascularization 
and keratinization, both of which temporarily or 
permanently decrease visual acuity. Abnormal 

blood vessels and chronic infl ammation may lead 
to lipid deposition within the corneal stroma, fur-
ther worsening vision. Damage to lacrimal 
glands, goblet cells, and corneal sensation 
impairs host defenses by limiting the cornea’s 
contact with tears and their accompanying nour-
ishment, lubrication, immunoglobulins, and 
enzymes. Colonization and invasion of the cor-
neal surface by bacteria may accelerate ulcer-
ation and perforation [ 3 ,  5 ,  24 ,  30 ].  

6.4.4     Chemotherapy 
and Immunosuppressive 
Agents 

 Patients develop keratitis following treatment 
with many intravenous chemotherapeutic agents, 
including chlorambucil, cyclophosphamide, 
methotrexate, nitrosoureas, 5-fl uorouracil, and 
deoxycoformycin [ 6 ]. Punctate corneal opacities 
and keratitis will occur acutely with cytosine 
 arabinoside therapy, usually resolving approxi-
mately 4 weeks after completion. Intravitreal 
methotrexate, a treatment for intraocular lym-
phoma, can also cause a corneal epitheliopathy of 
varying severity, generally developing after three 
doses [ 31 ]. Both vincristine and vinblastine have 
been associated with corneal hypoesthesia, which 
may lead to neurotrophic corneal ulceration [ 32 ]. 
Patients undergoing long-term tamoxifen treat-
ment may acquire whorl-like corneal epithelium 
deposits known as verticillata [ 33 ]. The immuno-
suppressive effects of corticosteroids facilitate 
opportunistic infections throughout the eye, 
resulting in bacterial, viral, and fungal keratitis as 
well as in corneal ulcers.  

6.4.5     Graft-Versus-Host Disease 

 Chronic graft-versus-host disease can affect the 
cornea both directly via infi ltration by macro-
phages and release of proinfl ammatory molecules 
and indirectly as a result of keratoconjunctivitis 
sicca and lagophthalmos [ 34 ]. The combination 
of tear fi lm insuffi ciency and corneal exposure 
with a background infl ammatory response can 
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lead to a wide spectrum of corneal disorders. 
Punctate keratopathy, corneal epithelial slough-
ing, fi lamentary keratitis, or superior limbic kera-
toconjunctivitis may be seen as effects on the 
superfi cial structures of the cornea. Once the pro-
tective epithelial layer is compromised, the 
deeper structures of the cornea may become 
involved leading to corneal erosion, thinning, and 
ulceration. If untreated, perforation of the cornea 
can occur rapidly. Often in these cases, stromal 
infi ltration by neutrophils is seen, but no microor-
ganism is isolated [ 18 ]. Chronic infl ammation of 
the cornea in GVHD can cause permanent stro-
mal scarring, corneal vascularization [ 35 ], and 
calcifi cation [ 2 ].  

6.4.6     Medical and Nursing 
Management 

 Artifi cial tears and ointment are important in 
maintaining a healthy cornea following insults 
from cancer treatment. Patients using these 
solutions more than four times daily should con-
sider unpreserved formulations. Autologous or 
allogeneic serum eyedrops made from the 
patient or a relative’s blood may be used for 
refractory cases. These contain epidermal 
growth factor, vitamin A, transforming growth 
factor-β, and fi bronectin, which are all impor-
tant for corneal and conjunctival health and are 
not present in artifi cial tears [ 36 ,  37 ]. Antibiotic 
drops are recommended for epithelial defects. 
Corticosteroid (dexamethasone) eyedrops are 
often given prophylactically with antimetabolite 
treatment, especially cytosine arabinoside, to 
reduce corneal and conjunctival irritation. 
Steroid drops may also be used with specifi c 
types of sterile infi ltrates for keratitis, but should 
initially be avoided if active infectious causes 
are suspected. Corneal infections and ulcer-
ations are treated with administration of antibi-
otic eyedrops as frequently as every 15 min. 
Bandage contact lenses, particularly gas- 
permeable silicone hydrogel lenses [ 38 ] or gas- 
permeable scleral lenses [ 39 ], along with 
antibiotic drops, may be used for nonhealing 
epithelial defects. Systemic immunosuppressive 
therapy with FK506 (tacrolimus) and corticosteroids 

have been used successfully to treat highly 
refractive dry eye cases, but this modality is lim-
ited by the potential for opportunistic infection 
or relapse of leukemia with long-term use [ 40 ]. 
It must also be noted that tacrolimus can cause a 
reversible toxic posterior leukoencephalopathy 
with cortical blindness [ 41 ]. Emergency surgi-
cal intervention with partial to complete tarsor-
rhaphy (sewing the eyelids shut to protect the 
cornea) or corneal transplantation may be 
required when corneal perforation is pending or 
apparent or with the formation of a central cor-
neal scar [ 18 ]. Patients should be instructed to 
avoid factors that may contribute to eye irrita-
tion or dryness, such as fans, wind, smoke, or 
low-humidity situations. Moisture goggles at 
night and protective eyewear that reduces air-
fl ow over the eyes for outdoor activities can be 
benefi cial [ 42 ].   

6.5     Lens 

6.5.1     Anatomy and Physiology 

 The lens is the second clear, avascular refracting 
surface of the eye. It lies posterior to the iris and 
is suspended circumferentially by a ring of 
fi brous bands known as the zonule. This encapsu-
lated structure is devoid of nerves and vascula-
ture and thus depends on the aqueous and vitreous 
humor for nutrients. Throughout life, the mitoti-
cally 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 particularly susceptible to the formation of 
a cataract after cancer treatment. A cataract sim-
ply 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 occasions, transient myopia may occur in 
the weeks following RT as a result of increased 
water content within the lens.  
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6.5.3     Chronic Radiation Effects 

 The posterior subcapsular cataract is the character-
istic late complication of RT (Fig.  6.4 ). The lens is 
the most radiosensitive structure within the eye 
because of its perpetual mitotic activity and inabil-
ity to remove injured cells or disperse heat effi -
ciently. 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 treatment of 200 rads, fractionated doses 
of >1,000 rads over 3 weeks to 3 months, or 
1,100 rads over greater than 3 months developed 
cataracts 100 % of the time [ 43 ]. The lens in chil-
dren less than 1 year of age is more sensitive to 
radiation, as compared to the adult lens, presum-
ably due to higher mitotic activity [ 24 ].   

6.5.4     Chemotherapy 
and Immunosuppressive 
Agents 

 Cataract is the most frequently reported side effect 
associated with corticosteroid use. The incidence 
of steroid-induced cataracts ranges from 15 to 
52 %, depending on dose and duration of treatment 
[ 44 ]. Although variable, the approximate threshold 
for cataract formation is 10 mg prednisone daily for 
1 year [ 45 ]. It should be noted that steroid-induced 

cataracts have been reported following treatment 
with systemic, inhaled, topical, and skin formula-
tions. Some patients treated with busulfan [ 46 ] also 
acquire cataracts, as do those receiving topical 
mitomycin C. Patients taking tamoxifen have been 
found to have a higher proportion of a specifi c class 
of cataract (posterior subcapsular) following years 
of treatment, which also may be indicative of len-
ticular toxicity [ 6 ,  47 ].  

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 signifi cant cataract develops, surgical 
extractions and observation become the only 
options. Cataract extraction is elective in the vast 
majority of situations and depends upon the 
patient’s and family’s desires. 

 Cataract formation in young children is particu-
larly signifi cant, as visual pathways in the brain 
develop only during a fi nite period of time. When 
the central nervous system is presented with altered 
visual stimuli during this critical period, such as 
through an opaque lens, the potential visual acuity 
is reduced. When this phenomenon 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 identifi ed early in its course, amblyo-
pia is potentially reversible. Visually impairing 
complications in children such as cataracts must 
therefore be recognized and treated early.   

6.6     Uvea: Iris, Ciliary Body, 
and Choroid 

6.6.1     Anatomy and Physiology 

 The uvea consists of three structures with a com-
mon embryologic origin: the iris, ciliary body, 
and choroid. The iris acts as the light aperture of 

  Fig. 6.4    Radiation-induced cataract       
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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 characteristi-
cally contains a thick layer of heavily pigmented 
cells that act to absorb and thus limit the infl ux 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 fl uid 
that fi lls the anterior segment of the eye. This fl uid 
drains through a structure known as the trabecular 
meshwork located anterior to the iris. As a result, 
the fl uid must travel through the pupil in order to 
exit the eye. Any disruption to this fl ow will result 
in a backup of fl uid and increased pressure within 
the eye. This may lead to a condition called glau-
coma, wherein prolonged elevation of intraocular 
pressure can lead to damage of the optic nerve and 
irreversible vision loss. The muscles within the 
ciliary body are also responsible for adjusting the 
tension on the zonule that allows for lens accom-
modation. The choroid, located between the retina 
and sclera, is the posterior segment of the uveal 
tract. It is a highly vascular structure that supplies 
the outer retina with oxygen.  

6.6.2     Acute Radiation Effects 

 Uveitis (infl ammation of the uvea) is an early 
effect of RT. It is caused by an increase in vascu-
lar permeability, which leads to a leakage of pro-
tein and infl ammatory cells [ 4 ]. Iritis 
(infl ammation 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 
(adhesions between the iris and the lens), and iris 
atrophy are the major long-term complications of 
RT. Iris neovascularization, also known as rubeo-

sis iritis, occurs several months to years follow-
ing 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 mesh-
work, 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. Posterior syn-
echiae can also cause glaucoma by preventing 
fl uid produced behind the iris from reaching the 
trabecular meshwork located anterior to the iris. 
Iris atrophy has been reported 3 years after high 
doses of beta irradiation with 170–250 Gy [ 4 ,  5 ].  

6.6.4     Chemotherapy 
and Immunosuppressive 
Agents 

 Corticosteroid treatment is known to cause an 
elevation in intraocular pressure with a moderate 
elevation in 30 % of patients and a severe eleva-
tion in 5 % of patients [ 48 ]. Several factors may 
infl uence a patient’s susceptibility to steroid- 
induced glaucoma, including older age, genetic 
predisposition to glaucoma, and length and 
increased dose of treatment [ 49 – 51 ]. Generally, 
therapy for at least 2 weeks is required for 
increased intraocular pressure to manifest. 
Although the increased pressure induced by corti-
costeroids usually resolves with cessation of the 
therapy, irreversible glaucoma has also been dem-
onstrated [ 52 ]. In addition, corticosteroids have 
been implicated in facilitating infectious uveitis. 

 Severe uveal reactions have been reported fol-
lowing intracarotid treatment with chemotherapeu-
tic agents, including one case of choroidal effusion 
and exudative retinal detachment with intracarotid 
cisplatin infusion [ 53 ]. Intracarotid carboplatin can 
cause a severe choroidal vasculitis with exudative 
retinal detachment, glaucoma, and permanent loss 
of vision if there is inadvertent backfl ow of the 
drug into the ophthalmic artery [ 54 ]. In addition, 
one report found that 25 % of patients treated with 
intracarotid mechlorethamine, a nitrogen mustard 
compound, developed an ipsilateral necrotizing 
uveitis [ 55 ].  
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6.6.5     Graft-Versus-Host Disease 

 Occasionally, graft-versus-host disease can 
manifest as uveitis. Both nongranulomatous 
iridocyclitis and mild choroiditis have been 
reported to occur in GVHD, usually in the 
acute phase [ 18 ,  56 ].  

6.6.6     Medical and Nursing 
Management 

 The medical management of noninfectious uve-
itis includes steroid ophthalmic drops and dilation 
drops (often Cyclogyl) to reduce infl ammation, 
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 eyedrops all aid in 
lowering intraocular pressure. Photocoagulation 
of the iris (peripheral iridotomy) is occasionally 
needed to restore aqueous fl ow from production 
by the ciliary body posterior to the iris to drain-
age in the trabecular meshwork anterior to the 
iris. In cases of neovascular glaucoma, intravit-
real injection of anti- VEGF agents may facilitate 
regression of the abnormal blood vessels block-
ing the trabecular meshwork. Severe, unrespon-
sive glaucoma may require surgical intervention 
to create an alternative pathway for aqueous 
drainage. Enucleation, surgical removal of the 
globe, is the last resort for end-stage glaucoma 
causing a blind, painful eye.   

6.7     Sclera 

6.7.1     Anatomy and Physiology 

 The sclera is an acellular, avascular, collagenous 
protective layer of the eye. It is continuous with 
the cornea at the limbus and is covered anteriorly 
by the conjunctiva. The superfi cial coating of the 
sclera, known as the episclera, consists of a loose, 
transparent, vascular coating.  

6.7.2     Acute Radiation Effects 

 The sclera may become infl amed (scleritis) 
2–4 weeks after the initiation of RT. This con-
dition 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 4 days to 1 week for 
the treatment of intraocular tumors. Thinning, 
melting, or atrophy of the sclera can occur several 
years after fractioned RT doses of 20–30 Gy. These 
conditions are uncommon after RT for childhood 
tumors treated with external beam radiation, unless 
extremely high doses are used. Scleral perforation 
may also occur, although it is rare [ 4 ].  

6.7.4     Chemotherapy 
and Immunosuppressive 
Agents 

 There are no reported scleral complications when 
chemotherapy agents are used systemically. 
However, mitomycin C, which is used topically 
as adjunct treatment for ocular surface tumors, 
may lead to scleral ulceration, scleritis, and 
scleral calcifi cation [ 6 ].  

6.7.5     Graft-Versus-Host Disease 

 Rarely, episcleritis or scleritis may be seen as a 
manifestation of cGVHD [ 2 ].  

6.7.6     Medical and Nursing 
Management 

 Episcleritis typically resolves on its own and may 
be treated symptomatically with artifi cial tears 
and cool compresses. For more persistent cases 
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that do not quickly resolve, short-term therapy 
with NSAIDs, including ibuprofen and indo-
methacin, may be employed. NSAIDs are also 
the fi rst-line treatment for scleritis. For refractory 
cases, systemic corticosteroids or immunomodu-
latory agents such as methotrexate, cyclophos-
phamide, mycophenolate, or infl iximab may be 
necessary to control the infl ammation. More 
severe reactions, such as scleral melting and 
ulceration, require close observation, treatment 
with antibiotic drops, and surgical repair with 
scleral patch grafting. Eye protection and the 
importance of avoiding trauma should be empha-
sized to patients.   

6.8     Optic Nerve and Retina 

6.8.1     Anatomy and Physiology 

 The retina is a thin, transparent structure that 
functions to convert light energy into electrical 
stimuli for the brain to interpret. It receives nutri-
ents from the underlying retinal pigment epithe-
lium and choroidal blood vessels. Separation 
from these supporting tissues, known as a retinal 
detachment, can lead to permanent vision loss. 
The macula, located temporal to the optic disk, 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 
sensitive 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 superfi cial layer of the retina. These 
axons leave the eye through an area known as the 
optic disk and comprise the pathway through 
which visual stimuli reach the brain, terminating 
in the occipital lobe.  

6.8.2     Acute Radiation Effects 

 Radiation therapy, 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 [ 3 ,  4 ].  

6.8.3     Chronic Radiation Effects 

 Radiation retinopathy (Fig.  6.5 ) is a well- 
documented consequence of radiation treatment 
that leads to an irreversible reduction in visual 
acuity. It is characterized by specifi c examination 
fi ndings, including microaneurysms, hard exu-
dates, cotton-wool spots, optic disk swelling, 
vascular occlusion, hemorrhages, and neovascu-
larization. These changes are clinically indistin-
guishable from retinal changes due to diabetes. 
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. While as little as 15 Gy of external beam 
radiation has led to signs of retinopathy, 30–60 Gy 
is usually required. In the authors’ experience, 
fewer than 5 % of children treated with external 
beam radiation for retinoblastoma develop radia-
tion retinopathy. Fifty gray is regarded as the 
threshold for the development of retinopathy fol-
lowing radioactive plaque exposure. Either a his-
tory of diabetes mellitus or concurrent treatment 
with chemotherapy is believed to increase sus-
ceptibility to radiation retinopathy [ 5 ,  57 ].   

6.8.4     Chemotherapy 
and Immunosuppressive 
Agents 

 The optic nerve and retina are common sites for 
chemotherapeutic complications. Retinal hemor-
rhages, cotton-wool spots, and optic disk edema 
have all been reported following systemic 

  Fig. 6.5    Radiation retinopathy       
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 nitrosoureas [ 58 ], while intracarotid infusion has 
been implicated in optic neuritis and atrophy [ 59 ]. 
In some patients treated systemically, cisplatin can 
produce optic neuritis, papilledema, and retinal 
toxicity that manifests as color blindness [ 60 ]. 
Intravenous carboplatin may lead to visual loss due 
to retinopathy and optic neuropathy [ 61 ]. 
Intracarotid infusion of platinum-based chemo-
therapeutics can cause visual loss from severe reti-
nal and/or optic nerve ischemia, pigmentary 
retinopathy, or exudative retinal detachment [ 53 ]. 
Intrathecal methotrexate has been reported to cause 
optic nerve atrophy, optic neuropathy, retinal pig-
ment changes, and retinal edema [ 62 ]. Patients 
treated with tamoxifen for a period greater than 
9 months are susceptible to a crystalline retinopa-
thy and visual impairment, although the visual 
impairment is generally reversible with cessation 
of treatment. In addition, bilateral optic neuritis 
with retinal hemorrhages has been reported within 
3 weeks of initiating tamoxifen therapy [ 63 ]. 

 Plant alkaloids vincristine and vinblastine may 
lead to visual loss and double vision secondary to 
optic neuropathy, optic atrophy, and cranial nerve 
palsies [ 32 ,  64 ]. Acute optic neuropathy, along 
with cranial nerve palsy, may also follow 5-fl uoro-
uracil treatment [ 6 ]. In addition, visual loss in the 
form of optic nerve damage has been attributed to 
fl udarabine, cyclosporine, paclitaxel, nitrogen 
mustards, and intrathecal cytosine arabinoside [ 65 –
 68 ]. In the three reported cases, fl udarabine led to 
rapid, irreversible vision loss as a result of direct 
neurotoxicity to the retinal ganglion and bipolar 
cells. This was a harbinger of more generalized 
CNS dysfunction and death in each case [ 69 ]. 

 Corticosteroids have been implicated in the 
development of pseudotumor cerebri and its 
associated optic nerve swelling. In addition, the 
immunosuppressive effects of corticosteroids 
may lead to opportunistic retinal infections.  

6.8.5     Graft-Versus-Host Disease 

 Retinal hemorrhage occurs in 3.5–20 % of 
patients with GVHD as a result of GVHD vascu-
lopathy, CMV retinitis, or recurrence of leukemic 
disease. Optic disk edema and cotton-wool spots 
are also occasionally seen [ 28 ].  

6.8.6     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 causes for ophthalmo-
logic referral. Retinal edema manifests as blurred 
vision when it affects the macula. It is diagnosed 
by careful slit lamp biomicroscopy with the aid 
of optical coherence tomography (OCT) and fl u-
orescein angiography. Current treatment options 
include laser photocoagulation and corticoste-
roids. Intravitreal injection of bevacizumab 
(Avastin), an antibody to vascular endothelial 
growth factor, has been studied extensively in the 
treatment of radiation retinopathy with limited 
success. In the majority of studies, there is a 
short-term improvement in retinal edema and 
visual acuity, but these changes are not sustained 
in the long term [ 70 ]. Neovascularization, both of 
the iris and retina, is a manifestation of chronic 
retinal ischemia and is also treated with laser 
photocoagulation. Because diabetes mellitus and 
hypertension can mimic and/or potentiate radia-
tion retinopathy, strict control of blood sugar and 
blood pressure should be emphasized. 

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

 The use of OCT for screening of patients on 
long-term tamoxifen therapy may help to detect 
early signs of foveal pseudocyst formation, the 
cause of visual disturbance in tamoxifen retinop-
athy. At that point the drug should be discontin-
ued to prevent retinal damage and visual 
disturbance [ 71 ].   

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, zygo-
matic, ethmoid, and lacrimal bones. They form 
the shape of a quadrilateral pyramid with the 
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apex forming posteriorly and the medial walls 
parallel. The soft tissues of the orbit consist of the 
extraocular muscles, orbital fat, fascia, and vas-
cular structures. The function of the orbital bones 
is to protect the eye, while the soft tissues 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 
common chronic orbital complication of RT. The 
result is especially noticeable in patients treated 
at a young age for retinoblastoma or rhabdomyo-
sarcoma. A hollowing of the temporal bone, 
stunted vertical growth of the orbit, and saddle 
nose (fl attening and shortening 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 [ 4 ] (Fig.  6.6 ). The 
bony effects of radiation are reduced when treat-
ment is delayed until 6 months or, even more so, 
until 1 year of age [ 5 ]. Furthermore, advanced 
radiation techniques, such as brachytherapy with 

radioactive plaques applied directly to the eye, 
allow greater precision in tissue localization, thus 
sparing the anterior segments of the eye and unin-
volved bone.  

 Anophthalmic socket syndrome, or soft tissue 
atrophy, and contracture of the socket following 
removal of the eye have been documented after 
radiotherapy in patients treated for retinoblastoma 
[ 72 ]. Osteonecrosis rarely results after very high 
doses of radiotherapy, but may be associated with 
concurrent orbital infections. Most devastatingly, 
second, non-ocular cancers may also develop in the 
radiation fi eld, especially in retinoblastoma patients 
who are predisposed to tumor formation [ 73 ].  

6.9.4     Chemotherapy 
and Immunosuppressive 
Agents 

 Intracarotid carboplatin alone or concurrent with 
intravenous etoposide may produce ocular pain, 
motility disturbance, or severe visual loss sec-
ondary to severe orbital infl ammation and optic 
nerve ischemia [ 54 ,  74 ]. Periocular injection of 
carboplatin can cause infl ammation and fi brosis 
of orbital tissues [ 26 ]. 

 Both 5-fl uorouracil and methotrexate therapy 
have also led to clinically signifi cant periorbital 
edema. Corticosteroids have been shown to cause 
a protrusion of the globe known as exophthalmos 
[ 75 ]. Paralysis of the eye muscles (ophthalmople-
gia) has been reported with cyclosporine [ 76 ] and 
vincristine, due to cranial nerve palsy [ 32 ].  

6.9.5     Medical and Nursing 
Management 

 There is no medical treatment to reverse the retar-
dation of bone growth due to RT. Osteonecrosis 
may require surgical debridement and antibiot-
ics. Anophthalmic socket syndrome is very diffi -
cult to treat and sometimes 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 periodi-
cally for the development of second malignan-

  Fig. 6.6    Orbital bone suppression       
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cies. Finally, counseling should be available to 
patients regarding the disfi guring effects of radia-
tion on bone growth. 

 Infl ammation of the orbital soft tissues may be 
managed with intravenous corticosteroids. This 
could control the acute infl ammatory symptoms; 
however, the effects on vision are often 
irreversible.   

    Conclusion 

 With the advent of newer, more durable treat-
ment options for childhood cancer, there is 
more incentive than ever to identify reversible 
ocular complications and correct them before 
they lead to permanent vision loss. 
Improvements in radiation techniques for 
tumors in and around the ocular structures 
provide the ability to conserve vision and 
spare the noninvolved bone, reducing the 
long-term effects of this highly effective treat-
ment modality. With close follow-up and 
prompt referral to an ophthalmologist in nec-
essary cases, quality of life can be vastly 
improved by preserving any amount of sal-
vageable vision. Unfortunately, prolonging 
life often trumps sparing vision, and loss of 
sight is sometimes an unavoidable side effect 
of treating a systemic cancer. In such situa-
tions, referral to services for the blind and 
visually impaired can greatly improve the 
quality of life of long-term cancer survivors.     
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7.1      Introduction 

 Most head and neck neoplasms require a combina-
tion of chemotherapy and radiation therapy for 
cure as their anatomic location makes local control 
by surgical resection diffi cult. Approximately 
40 % of rhabdomyosarcomas arise in this region. 
Ewing sarcoma, osteosarcoma, non- 
rhabdomyosarcoma soft tissue sarcoma, nasopha-
ryngeal carcinoma, lymphoma, neuroblastoma, 
hemangioma, and histiocytosis also occur in the 
head and neck. However, the head and neck region 
is composed of multiple sensitive tissues, including 
the major organs for sensation (eyes, ears, nose, 
and mouth), mucous membranes, salivary glands, 
teeth, larynx, pharynx, skull base, and associated 
regions of the brain and the hypothalamic-pituitary 
axis, in which treatment-related toxicity can be 
associated with signifi cant acute and long-term 
morbidity. The current chapter reviews the patho-
physiology and clinical manifestations of the late 
effects in the head and neck region, outlines meth-
ods for screening and detection, and suggests inter-
ventions that can be used in their management.  

7.2     Pathophysiology 

7.2.1     Normal Organ Development 

 By the time of birth, the skin and mucous mem-
branes, salivary glands, taste buds, bones and 
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 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 in the fourth week of 
gestation. Ectoderm, mesoderm, and endoderm, 
along with migrating neural crest cells and myo-
blasts, give rise to the specialized structural and 
functional components of this region [ 61 ]. 

 Sixty-fi ve percent of the growth of the man-
dible, maxilla, and alveolar ridge takes place 
from birth to puberty, with the remaining devel-
opment completed by age 20. During childhood 
(age 4 through adulthood), mandibular growth is 
primarily forward, while the maxilla grows verti-
cally. The permanent dentition and vocal cords 
are forming as well. The more visible front teeth 
develop during the preschool years, while the 
remaining dentition continues to develop until 
16 years of age [ 18 ]. Likewise, formal differen-
tiation of the vocal cords occurs from 2 months 
when the fi rst sign of bilaminar structure of dis-
tinct cellular population appears to approxi-
mately 13 years when both elastin and collagen 
fi bers are present [ 38 ]. Thus, therapy anytime 
during childhood can affect dentition and phona-
tion. Long-term effects are dependent upon 
developmental status at the time of systemic ther-
apy and radiotherapy.  

7.2.2     Organ Damage 
and Developmental Effects 
of Cytotoxic Therapy 

 The head and neck comprise a complex region 
with multiple tissue types, including the mucosa, 
skin, subcutaneous tissue, salivary gland tissue, 
teeth, bone, and cartilage. Each has a unique 
response to cytotoxic therapy. In general, two 
types of effects are seen: (1) acute effects occur 
during or shortly after a course of treatment and 
usually involve tissues that divide rapidly, result-
ing in erythema and ulceration of mucosa, ery-
thema and desquamation of skin, reduced serous 
output from salivary glands, and reduction of 
taste acuity, and (2) late effects may not manifest 
until months or years after therapy, in tissues that 
proliferate slowly. Early changes within slowly 

proliferating tissues may also occur, but are usu-
ally not detected by standard methods of observa-
tion. Table  7.1  shows some of the more common 
late toxicities in relation to radiotherapy dose and 
type of systemic therapy.

7.2.2.1       Skin and Mucous Membranes 
 The skin and mucosa exhibit early epithelial 
damage and delayed permanent vascular injury 
that are dependent 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 [ 27 ]. Release of 
vasoactive substances results in increased capil-
lary permeability and dilatation that manifest as 
skin erythema [ 78 ]. An increase in melanin- 
containing cells at 2–3 weeks enhances pigmen-
tation. Moist desquamation that occurs 
3–4 weeks from the initiation of treatment has 
been found to correlate with the development of 
severe delayed telangiectasias [ 3 ]. In some situa-
tions when patients are neutropenic from chemo-
therapy, the acute effects of radiotherapy on the 
skin and mucous membranes may be more 
pronounced. 

 Late radiation effects are primarily caused by 
fi brosis and vascular damage, particularly to small 
vessels. Arterioles become narrow as a result of 
myointimal proliferation and destruction of capil-
laries and sinusoids [ 25 ]. Delayed  histologic man-
ifestations of these changes include fi brin 
deposition, ulceration, and fi brosis. Telangiectasias 
are caused by endothelial cell depletion and base-
ment membrane damage that cause capillary 
loops to contract into distorted sinusoidal chan-
nels. While the incidence of mucositis in patients 
being treated with chemotherapy approaches 
40 %, stomatotoxicity resulting from individual 
chemotherapeutic agents, such as methotrexate, 
doxorubicin, 5- fl uorouracil, bleomycin, and cyto-
sine arabinoside, has not been associated with 
long-term effects [ 77 ]. However, when adminis-
tered in conjunction with radiotherapy, or when 
given in high doses as required prior to stem cell 
transplantation, acute injury may be enhanced, 
resulting in an increased risk for long-term dam-
age. Mucositis is the end result of a multistep 
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 process that begins with direct damage to the 
DNA of basal epithelial cells by chemotherapeu-
tics and/or radiation and the generation of reactive 
oxygen species [ 81 ]. This damage leads to upreg-
ulation of transcription factors (i.e., nuclear fac-
tor-kappa beta proteins, NF-KB; wnt; and p53) 
causing the production of proinfl ammatory cyto-
kines and enzymes (i.e., tumor necrosis factor-
alpha, TNF- α). Mucosal injury is then amplifi ed 
by both feedback loops and activation of macro-
phages by bacteria colonized within the mouth. 
Once ulcers have formed, the majority will heal 
on their own within 2 weeks if caused by standard 
chemotherapy. Those patients with mucositis sec-
ondary to radiotherapy and/or chemoradiotherapy 
may require 4 or more weeks after therapy is com-
pleted for recovery.  

7.2.2.2     Bone and Connective Tissue 
 Irradiation of the growing bone causes injury to 
actively dividing mesenchymal cells, osteoblasts, 
and endothelial cells [ 26 ]; it also causes impair-
ment of the osteoid formation. The long-term 
injury observed in irradiated growth centers 
includes atrophy, fi brosis of marrow spaces, and 
lack of osteocytes. Impaired vascularity and 
fi brosis of both the periosteum and endosteum 
can occur. 

 Rat models have been used to determine the 
mechanism of action that chemotherapeutics have 
on bone formation. Doxorubicin administration 
leads to thinning of the growth plates [ 27 ,  86 ]. 
Corticosteroids alter bone formation by suppress-
ing osteoblastic activity [ 27 ,  91 ]. Historically, 
bone alterations secondary to methotrexate have 

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

 Late effect  Radiotherapy dose  Type of systemic therapy 

 Bone and muscle 
   Hypoplasia  RT dose  > 18–24 Gy (lower dose for younger 

children, lower for soft tissue/muscle 
compared to bone) [ 30 ,  37 ,  44 ,  68 ,  80 ] 

 Bisphosphonates [ 93 ] 

   Trismus  RT dose >40 Gy to pterygoid and masseter 
muscles [ 51 ] 

   Osteoradionecrosis  RT dose  > 60 Gy (maybe lower, >40 Gy, 
with dental extraction after RT) [ 34 ,  53 ,  55 ] 

 Skin 
   Severe dermatitis  RT dose  > 40 Gy [ 50 ] 
   Permanent epilation  Mean RT dose >46 Gy to hair follicles [ 53 ] 
   Necrosis/ulceration  RT dose  > 70 Gy [ 10 ] 
 Teeth 
   Growth disturbances  RT dose  > 20 Gy [ 44 ,  49 ,  80 ,  83 ]  Cyclophosphamide 

 Vincristine 
 Vinblastine [ 24 ,  40 ,  44 ,  54 , 
 63 ,  66 ,  75 ,  82 ] 

 Vocal cords 
   Vocal cord dysfunction secondary 

to head and neck RT 
 Mean RT dose to the larynx, and lateral 
pharyngeal wall >65 Gy [ 20 ] 

   Vocal cord dysfunction secondary 
to recurrent laryngeal nerve injury 

 RT dose >44 Gy [ 45 ,  46 ] 

 Salivary gland 
   Xerostomia  Mean RT dose  > 24 Gy for both parotid 

glands treated. If one parotid gland receives 
<20 Gy, salivary gland dysfunction is 
usually not seen [ 16 ,  22 ,  30 ] 

 Stem cell transplantation 
[ 15 ] 

 Ear 
   Sensorineural hearing loss  Mean RT dose  > 35 Gy to the 

cochlea [ 33 ,  41 ,  67 ,  87 ] 
 Cisplatin (cumulative 
dose  > 360 mg/m 2 ) 
 Carboplatin [ 9 ,  18 ,  90 ] 
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been better investigated and are caused by disrup-
tions of the growth plate because of reduced carti-
lage formation and decreased bone formation by 
direct toxicity of the agent to osteoblasts and bone 
marrow osteoprogenitor cells [ 27 ]. 

 Toxicity within the soft tissues may also be 
affected by radiation. Fibrosis occurs as a 
 consequence of increased fi broblast proliferation, 
combined with collagen deposition, in children 
whose craniofacial structures are irradiated [ 28 ]. 
Hypoplasia also occurs. Mucosal atrophy, reduced 
tissue vascularity, and tumor effects predispose to 
osteoradionecrosis, chondronecrosis, and soft tis-
sue necrosis, particularly with high radiation 
dose/time and large irradiated volume. Interstitial 
implants and intraoral techniques further enhance 
the likelihood of such outcomes. In children 
receiving conventional fractionation radiotherapy 
(1.8–2 Gy per day), the dose of radiation to cause 
musculoskeletal impairment varies from approxi-
mately 20 Gy where hypoplasia of the developing 
muscle and bone can occur to 60 Gy where osteo-
necrosis and fracture may develop.  

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 production comes primarily 
from the submandibular gland. With food intake, 
60 % of the saliva may originate from the parotid 
gland. The composition of saliva produced is 
characteristic of the specifi c gland. Parotid saliva 
production is primarily serous, while the minor 
salivary glands secrete a predominantly mucous 
fl uid that is more viscous. The submandibular 
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 ini-
tiation of RT to doses of 50–70 Gy consist pre-
dominantly of serous acini loss, mild fi brosis, 
dilatation and distortion of ducts, and aggrega-
tion of lymphocytes and plasma cells [ 10 ]. 
Clinically, however, a decrease in the amount of 
salivary production can be seen at lower RT 
doses. When the salivary fl ow rates were 

 measured in 88 patients with head and neck can-
cer, most glands that received a mean dose >24–
26 Gy produced no saliva after 1 month and had 
no improvement in salivary production by 1 year 
after RT [ 22 ]. There is little evidence that stan-
dard doses of chemotherapy have a long-term 
effect on salivary gland function; however, a 
recent study noted the presence of xerostomia in 
the long-term survivors of stem cell transplanta-
tion in which busulfan, not radiation, was used in 
the preparative regimen [ 15 ,  58 ]. 

 Modifi cation in taste occurs as a result of 
changes in oral mucosa and saliva [ 57 ]. Patients 
retain the perception of sweet and salt more read-
ily than that of sour and bitter. Dietary changes 
thus enhance dental decay in an environment 
already conducive to caries production [ 5 ]. 
Although the taste buds are considered relatively 
radioresistant, some taste alterations may be 
caused by damage to the microvilli.  

7.2.2.4     Teeth 
 Radiotherapy (RT) effects on dentition are infl u-
enced by the developmental stage of the tooth, 
with the most severe disturbances occurring 
in children younger than 6 years of age [ 12 ,  47 , 
 80 ]. Prior to morphodifferentiation and calcifi ca-
tion, irradiation may result in agenesis. Direct 
irradiation at a later stage may cause microdon-
tia, enamel hypoplasia, incomplete calcifi cation 
of enamel, and arrested root development. 
Chemotherapeutic agents, such as cyclophospha-
mide, vincristine, and vinblastine, have also been 
shown to affect dentition, resulting in hypodon-
tia, enamel hypoplasia, microdontia, and root 
malformation with the greatest individual risk 
factor for dental abnormalities being treated prior 
to the age of 5 [ 1 ,  14 ,  24 ,  40 ,  44 ,  48 ,  63 ,  66 ,  75 , 
 82 ]. A report from the Childhood Cancer Survivor 
Study showed that RT dose  > 20 Gy was associ-
ated with dental abnormalities [ 49 ].  

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 [ 64 ]. Hearing 
loss may occur secondary to tumor involvement 
and extension to the auditory apparatus and may 
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be treatment related (Fig.  7.1 ). There can be 
effects on the otic structures, both during the treat-
ment sessions and months to years following ther-
apy. The immediate effect on the ear is 
desquamation of the columnar epithelium, which 
lines the ears and covers the ossicles, leading to 
edema of the mucosa within the ear. Altered pro-
duction of cerumen, in conjunction with epithelial 
desquamation, leads to plugging of the ear canals 
that may persist long after completion of therapy. 
More chronic effects from fi brosis and scarring 
can lead to chronic radiation otitis and hearing 
loss. Hearing loss secondary 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 and external ear.  

 As noted in Table  7.1 , cisplatin and carbopla-
tin have dose-dependent, long-term sensorineural 

effects that are most prominent in the high- 
frequency ranges (which can be affected signifi -
cantly by radiation – see Chap.   8    ). For cisplatin, 
approximately 40–60 % of children may experi-
ence bilateral, irreversible hearing loss [ 62 ], and 
toxicity has been reported within 72 h of drug 
infusion [ 6 ]. Changes in hearing are thought to be 
secondary to both direct DNA damage and the 
generation of reactive oxygen species within the 
cochlea. However, as the presentation and degree 
of toxicity varies in patients treated with similar 
doses of platinum-based compounds, many 
groups have begun to investigate the role of 
 pharmacogenomics and genetic variants in 
cisplatin- associated ototoxicity [ 62 ]. 

 Although rare, retinoids (i.e., isotretinoin) 
have also been implicated in acute and permanent 
hearing abnormalities ranging from tinnitus to 
hearing loss [ 76 ].  

7.2.2.6     Vocal Cords 
 There are a limited number of studies that have 
evaluated the progression of pediatric vocal cord 
development. Hartnick et al. described the patho-
logic changes seen in necroscopy sections from 
children 0 to 18 years of age and noted that at 
birth, only a hypercellular monolayer within the 
lamina propria exists [ 38 ]. It was not until the 
ages of 11–12 that three distinct layers could be 
found on the autopsy samples: a hypocellular 
superfi cial layer, a middle layer consisting of 
elastin, and a deeper layer of collagen fi bers 
(Table  7.2 ). Although only microscopic analysis 
was studied, the assumption proposed by the 
authors was that an increasing complexity of 
mechanical stimulation required of the vocal 
cords as children grow leads to cellular differen-
tiation [ 38 ]. This suggests that patients with head 
and neck tumors may be more at risk for vocal 
cord injuries secondary to direct tissue toxicity or 
neuronal toxicity during early development.

   To date, the most common cause of unilateral 
or bilateral vocal cord paralysis is trauma to the 
recurrent laryngeal nerves. Due to its longer 
length and proximity to many thoracic structures, 
unilateral paralysis is more likely to occur on the 
left. Patients with unilateral paralysis are typi-
cally hoarse, but may present with symptoms of 
stridor. For patients with bilateral paralysis, 

  Fig. 7.1    A 13-year-old male who presented with hearing 
loss (right > left), headaches, and nasal bleeding. Axial, 
T1-weighted, post-contrast MRI shows a large right-sided 
nasopharyngeal mass. Hearing loss was exacerbated after 
cisplatin chemotherapy radiation to the primary tumor site       
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 clinical symptomatology is directly related to the 
position of the cords: airway obstruction occurs if 
the cords are closer together (near midline), as 
compared to aspiration, hoarseness, or the inabil-
ity to speak if the cords are further apart (lateral 
positioning). Patients that suffer from vocal cord 
paresis, in which some function of the cords is 
maintained, may present with high-pitched stri-
dor and a normal voice as the adductor muscles 
typically work better than the abductor muscles 
with this type of injury. 

 Although rare, acute vocal cord paralysis has 
been reported after treatment with vinca alka-
loids and includes both unilateral [ 7 ] and bilat-
eral [ 2 ] paralyses. It is speculated that the 
neuropathogenesis secondary to vincristine is 
due to the disruption of microtubule formation 
after it binds to α-tubulin [ 2 ].    

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 

common, but necrosis, chronic ulceration, and 
bone exposure rarely occur unless large daily 
doses are delivered or the total dose exceeds 70 Gy 
in 7 weeks [ 10 ]. Thrombosis of small blood ves-
sels in the submucosa results in ischemia and the 
consequent appearance of ulcers and telangiecta-
sias. This condition may become apparent as soon 
as 6 months after irradiation or as late as 1–5 years 
and is irreversible. Scarring and fi brosis of the 
nasal mucosa can alter sinus drainage and predis-
pose patients to persistent rhinosinusitis. Children 
may complain of symptoms of chronic sinusitis, 
which include chronic nasal discharge, postnasal 
drip, headache, and facial pain. Smell acuity is sig-
nifi cantly affected by radiation treatment of the 
olfactory mucosa, and, although this is not usually 
voiced as a specifi c complaint, it can contribute to 
decreased appetite and poor nutrition. 

 Severe skin reactions, including permanent 
hyperpigmentation, telangiectasias, and skin 
ulcerations, are rarely seen with the use of modern- 
day megavoltage RT, unless the skin is intention-
ally treated with a high dose. A recent study 
showed that increasing RT dose and skin volume 
receiving >40 Gy were associated with the sever-
ity of radiation dermatitis in children receiving RT 
for sarcoma [ 49 ]. Another study compared chil-
dren with nasopharyngeal carcinoma treated with 
conventional and intensity- modulated RT (IMRT). 
Both grade 3 skin (47.1 % vs. 5.3 %) and mucous 
membrane (52.9 % vs. 15.8 %) were found to be 
higher in the conventional RT compared to IMRT-
treated patients [ 51 ]. Doxorubicin and actinomy-
cin 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 reactions may be seen 
after low doses of 20–30 Gy. These and other che-
motherapeutics (i.e., capecitabine, gemcitabine, 
melphalan, docetaxel), if delivered after radiation, 
can be associated with either “radiation sensitiv-
ity” or “radiation recall,” in which skin reactions 
appear in the treated fi eld [ 8 ,  19 ,  35 ]. Typically 
radiation sensitivity is defi ned by a time interval of 
<7 days between the end of radiation and the start 
of chemotherapy, and recall is reserved for inter-
vals greater than 1 week apart [ 8 ]. The skin often 
remains chronically dry due to damage to the seba-
ceous and eccrine glands. The sebaceous glands 

   Table 7.2    Development and maturation of the vocal cord 
according to age   

 Age  Developmental event 

 Birth  Hypercellular monolayer within the 
human vocal fold lamina propria 

 2 months  Cellular differentiation and development 
of bilaminar structure (hypocellular 
superfi cial layer and deeper 
hypercellular layer) 

 11 months  Three-layer structure (superfi cial 
hypocellular layer below by epithelial 
layer and a deeper hypercellular layer) 
is fi rst noted and found in 
approximately 20 % of subjects 

 7 years  Three-layer lamina propria structure 
seen in all cases 

 11–12 years  Classic vocal ligament is identifi ed with 
maturation of vocal folds and fi ber 
deposition. There now exists the classic 
pattern of a hypocellular superfi cial layer 
followed by a middle layer of 
predominantly elastin fi bers and a deeper 
layer of predominantly collagen fi bers 

  From Ref. [ 38 ]  
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are as radiosensitive as the basal epithelial cells of 
hair follicles; eccrine glands are less sensitive [ 36 ]. 

 Epilation within the treatment fi eld usually 
occurs 2–3 weeks into the course of radiation 
treatment. The permanency of the hair loss 
depends on the total dose of radiation delivered to 
the hair follicles, and this, in turn, depends 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 45 Gy 
can result in permanent hair loss [ 53 ]. Hair loss is 
common with chemotherapy. After chemotherapy 
treatments have been concluded, hair begins to 
regrow within 1–2 months. It may be lighter in 
color and have a fi ner texture [ 26 ]. Microscopic 
analysis of hair samples of patients receiving che-
motherapy has shown fracture and splitting of the 
hair cortex and decrease in diameter and depig-
mentation of the hair shaft, all of which may 
account for the changes in color and texture [ 65 ].  

7.3.2     Bone and Connective Tissue 

 Clinical manifestations of radiation include 
hypoplasia, deformities, fracture, and necrosis 
[ 39 ,  73 ]. The age at which RT is given is the most 
important factor determining orbital growth 
retardation in tumors like retinoblastoma. As the 
orbit has three growth spurts, the fi rst between 0 
and 2 months, the second between 6 and 
8 months, and the third during adolescence, radi-
ation in children younger than 6 months of age is 
more damaging to orbital growth than if adminis-
tered at an older age [ 43 ]. 

 The craniofacial development of children is 
affected, resulting in reduced temporomandibular 
joint mobility, growth retardation, and osteoradio-
necrosis [ 13 ]. Impaired growth of the mandible 
and facial bones can contribute to malocclusion. 
Eventual fi brosis of the temporomandibular joint 
results in muscle pain and headaches [ 14 ]. Tumor 
invasion of the temporomandibular joint, surgery, 
and the use of large daily fractions further increase 
the risk of radiation-induced trismus. Combined 
modality therapy has a greater impact on facial 
structures when radiation doses are high as chil-
dren receiving doses of 24 Gy or less to the tem-
poromandibular joint have not demonstrated 

clinical signs of trismus [ 56 ]. Maxillary and man-
dibular hypoplasias are also common dento-max-
illofacial defects after chemoradiation. Linear 
cephalometric values suggest that the growth of 
the mandible may be more affected than that of 
the maxilla [ 60 ]. 

 Overall, the facial skeleton appears to be the 
most susceptible to high radiation doses before 
age 6 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 naso-
pharyngeal cancer or rhabdomyosarcoma, cepha-
lometric measurements utilizing CT showed 
deviations in the cranial vault, anterior and mid- 
interorbital distances, and lateral orbital wall 
length, compared with normal skulls [ 17 ]. 
Figure  7.2  shows an example of bony and muscu-
lar hypoplasia after surgery and two radiotherapy 
courses for rhabdomyosarcoma.  

 Chemotherapy may also affect the growing 
skeleton. A recent review of the alterations in 
height for long-term survivors of acute lympho-
blastic leukemia noted that chemotherapy admin-
istration was associated with a decrease in height 
during treatment; that the use of intensive chemo-
therapy leads to a long-term decrease in height 
that can be worsened if patients also received 
radiotherapy; and that young children are more at 
risk for severe height loss [ 88 ]. 

 Rhabdomyosarcoma of the head and neck is a 
condition in which the long-term side effects of 
combined modality therapy have been extensively 
studied. Late side effects in children treated with 
combined modality therapy for head and neck 
rhabdomyosarcoma are usually seen within the 
fi rst 10 years after treatment [ 68 ], given that the 
most will have experienced their pubertal growth 
by that time. Clinical or radiographic dentofacial 
abnormalities have been observed in 80 % of long-
term survivors [ 24 ]. Abnormalities including 
enamel defects, bony hypoplasia/facial asymmetry, 
trismus, velopharyngeal incompetence, tooth/root 
agenesis, and disturbance in root formation were 
the most common fi ndings. The largest report on 
the late effects in pediatric head and neck rhabdo-
myosarcoma comes from IRS II and IRS III, in 
which 213 patients were followed for a median 
length of 7 years. Seventy- seven percent had one or 
more late sequelae, including poor statural growth, 
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facial and nuchal asymmetry, dental abnormalities, 
and vision/hearing dysfunction [ 74 ]. 

 Cosmetic effects become more apparent as nor-
mal 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 the soft tissue and bone was a 
common fi nding [ 37 ]. Irradiation of the cranial 
base was often correlated with soft tissue defi cits 
in the upper face and midface. 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 megavolt-
age RT for lymphoma, leukemia, rhabdomyosar-
coma, and miscellaneous tumors [ 44 ]. Forty-three 
of the 45 patients also received chemotherapy 
(including vincristine, actinomycin D, cyclophos-
phamide, methotrexate, 6- mercaptopurine, predni-
sone, procarbazine, or nitrogen mustard in various 
combinations). In 82 % of the radiated patients, 
dental and maxillofacial abnormalities were 

detected, including trismus, abnormal occlusal 
relationships, and facial deformities. The most 
severe radiation deformities were seen in younger 
patients who received higher radiation doses. 

 Paulino found that 11 of 15 children treated 
for head and neck rhabdomyosarcoma with RT 
and chemotherapy developed facial asymmetry 
in the RT fi eld at doses between 44 and 60 Gy 
[ 68 ]. Sonis studied 97 patients with acute lym-
phoblastic leukemia (ALL) who received either 
chemotherapy alone or with 18–24 Gy cranial RT 
[ 80 ]. The treatment fi elds routinely included the 
temporomandibular joints, posterior tooth buds, 
and the ramus of the mandible. A signifi cant 
dose-effect relationship was seen between 18 and 
24 Gy (2 Gy/fraction). Children under the age of 
5 who received 24 Gy of cranial RT and chemo-
therapy had a 90 % incidence of craniofacial 
abnormalities, but no craniofacial abnormalities 
were seen in children over the age of 5 or in those 
receiving only 18 Gy of cranial RT and chemo-
therapy. No craniofacial abnormalities were 
noted after chemotherapy alone. It is unlikely 
that chemotherapy alone contributes to bony or 

a b

  Fig. 7.2    ( a ) Reformatted CT with contrast of the neck in 
a 3.5-year-old female prior to therapy. ( b ) The image 
details both bony and soft tissue changes including hypo-
plasia of the right hemi-mandible and pterygoid and mas-
seter muscles in a 7.5-year-old female with a history of 

recurrent right cheek rhabdomyosarcoma. She received 
5,040 cGy to the area at 2 years of age, and after a local 
recurrence, with positive post-resection margins, she 
received another 4,140 cGy to the right cheek       
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soft tissue abnormalities, although it clearly does 
affect dental development in relation to age at 
treatment [ 59 ,  63 ]. Although amifostine, a radio-
protective agent, has been demonstrated to reduce 
craniofacial growth inhibition in immature rab-
bits, evidence for its applicability in humans is 
lacking [ 29 ]. 

 Radiation therapy also has an effect on wound 
healing that may be critical for those who require 
a surgical procedure in the irradiated region [ 18 ]. 
RT may also affect the connective tissues and 
bone, leading to fi brosis and osteoradionecrosis. 
In the Fromm series, two patients developed tem-
poromandibular joint fi brosis with limitation of 
jaw motion [ 30 ]. While many studies have docu-
mented the appearance of bone hypoplasia in the 
dose range of 18–24 Gy, limited information is 
available regarding RT dose to the mandibular 
muscles (pterygoid and masseter) and its effect 
on jaw dysfunction including trismus. Krasin and 
colleagues found that for each 10 % of mandibu-
lar muscle volume treated above 40 Gy, a 2 mm 
reduction in jaw depression was seen [ 50 ]. 
Osteoradionecrosis 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 involvement by the tumor. 
In the adult literature, osteoradionecrosis is 
uncommon at mandibular doses <60 Gy. The 
incidence of osteoradionecrosis for adult head 
and neck cancer patients ranges from 5 % to 
10 % in most series [ 54 ]. In one study, the inci-
dence was 1.2 % for all head and neck and 5.5 % 
for oral cavity sites using IMRT. Maximum man-
dibular dose >70 Gy and mean mandibular dose 
>40 Gy correlated with dental extractions after 
IMRT [ 34 ]. In a small single-center review of the 
long-term effects of IMRT and platinum-based 
chemotherapy in pediatric patients with nasopha-
ryngeal carcinoma (NPC), Louis et al. noted that 
while all patients experienced toxicity in at least 
three body systems, two of the fi ve patients 
developed osteoradionecrosis of the mandible 
[ 55 ]. Historically, this risk is increased in patients 
who received postirradiation dental extraction, 
compared with pre-irradiation extraction. It is 
believed that radiation is associated with 
decreased blood fl ow and oxygen levels, conse-
quently compromising tissue repair. An example 
of osteoradionecrosis in a nasopharyngeal patient 
treated with radiotherapy is shown in Fig.  7.3 .  

a b

  Fig. 7.3    ( a ) End of therapy scan. ( b ) Development of 
osteoradionecrosis in the right mandibular angle ( white 
arrow ) in a 13-year-old male with a history of stage III 

nasopharyngeal carcinoma 22 months after treatment with 
induction chemotherapy and cisplatin-based chemoradio-
therapy, delivering 61.2 Gy in 34 fractions       
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 Bisphosphonate-related osteonecrosis of the 
jaw has also been reported. The median onset of 
bisphosphonate-related osteonecrosis of the jaw 
was 21 months with zoledronic acid, 30 with 
pamidronate, and 36 with zoledronic acid and 
pamidronate [ 93 ].  

7.3.3     Salivary Glands 
and Taste Buds 

 Salivary gland dysfunction may occur when one 
or more of the major salivary glands are irradi-
ated. Permanent damage can lead to xerostomia, 
predisposing to dental caries, decay, and osteo-
radionecrosis. Studies of salivary function in 
children after RT are limited [ 52 ]. Fromm found 
that 8 of 11 parotid glands that received >45 Gy 
to more than 50 % of the gland volume failed to 
secrete saliva, whereas all parotid glands receiv-
ing 40 Gy retained the ability to secrete [ 30 ]. 
More recent studies in adult patients have shown 
a lower dose- response effect. In 2010, Deasy 
summarized the data from published manu-
scripts evaluating salivary function as related to 
radiation dose-volume parameters and noted 
that a minimal reduction of function is seen with 
doses to the parotid glands of <10–15 Gy, a 
gradual decrease in function with doses between 
20 and 40 Gy, and severe (>75 %) reduction 
with doses >40 Gy [ 16 ]. The use of amifostine, 
as a radioprotector for xerostomia, is gaining 
popularity in the pediatric oncology community 
despite limited experience in children. Currently, 
patients on Children’s Oncology Group Protocol 
ARAR0331, treatment of nasopharyngeal can-
cer with neoadjuvant chemotherapy followed by 
concomitant chemoradiotherapy, are given ami-
fostine prior to their daily RT dose. This  practice 
is an extrapolation of results from randomized 
trials in adult oncology which shows the effi -
cacy of amifostine in reducing acute and late 
xerostomia without compromising locoregional 
disease control [ 79 ,  92 ]. 

 Chemotherapy for children with acute leuke-
mia alters salivary function [ 58 ]. Mansson- 
Rahemtulla and colleagues showed decreased 
thiocyanate concentration in saliva following cyto-

toxic chemotherapy, which can lead to 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 [ 4 ]. Although only one of 
fi ve children with NPC reported in the Louis et al. 
cohort reported xerostomia immediately after che-
motherapy, four of fi ve had symptoms noted dur-
ing their long-term follow-up [ 55 ].  

7.3.4     Teeth 

 Late effects on dentition in children can be attrib-
uted directly to the cytotoxic effects on the grow-
ing tooth buds and indirectly to salivary gland 
damage. Salivary gland damage results in a pro-
nounced shift toward highly acidogenic and car-
iogenic oral microfl ora, which promotes dental 
caries [ 10 ]. 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 fi elds, and the age of the 
patient. Growing tooth buds may be arrested with 
<10 Gy, while doses >10 Gy can completely 
destroy buds [ 57 ]. Root shortening, abnormal 
curvature, dwarfi sm, and hypocalcifi cation are 
noted with doses of 20–40 Gy [ 44 ,  80 ]. 

 Age at the time when chemotherapy is adminis-
tered does infl uence the degree of dental effects, 
which is most pronounced in children treated at less 
than 5 years of age. All such children <5 years have 
V-shaped roots, compared with 36 % of those older 
than 5 years. Blunted roots occur in 12 % of chil-
dren treated when less than 5 years old as compared 
to 9 % of those older than 5 years [ 80 ]. Jaffe reported 
that 5 of 23 children treated with chemotherapy for 
non-head and neck tumors had acquired amelogen-
esis imperfecta, microdontia of bicuspid teeth, and 
thinning of roots with an enlarged pulp chamber 
[ 44 ]. Similarly, Alpaslan found signifi cant differ-
ences in plaque index, enamel hypoplasias, discol-
orations, and agenesis in 30 chemotherapy-treated 
survivors, compared with matched healthy control 
subjects [ 1 ]. Age at the time of RT is likewise 
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important in the development of dental complica-
tions. A recent study showed that the most severe 
dental toxicity using proton therapy was seen in 
children receiving >20 Gy CGE at ages <4 years 
during treatment [ 83 ]. Children treated with both 
RT and chemotherapy likewise may develop dental 
complications. One study showed that all children 
with head and neck rhabdomyosarcoma receiving 
RT to developing teeth, the alveolar portion of 
the mandible, or the lingual surface of the maxilla 
developed dental abnormalities, including micro-
dontia, root stunting, and dental caries [ 68 ]. 
Kaste found radiographically identifi able dental 
abnormalities, including agenesis, microdontia, 
and root stunting in 77 % of children with head 
and neck rhabdomyosarcoma treated with che-
motherapy and RT [ 47 ]. 

 Information regarding dental outcome after 
bone marrow transplantation (BMT) is limited [ 11 , 
 21 ,  40 ,  85 ]. Neuroblastoma patients who received 
12 Gy fractionated total body irradiation (TBI)-
based or non-TBI-based transplants were not dif-
ferent in the incidence of microdontia and missing 
teeth [ 40 ], although TBI was associated with more 
severe root defects and a higher chance of perma-
nent damage to teeth. The incidence of tooth abnor-
malities, including agenesis, was 62.9 % in another 
study in which most of the children were treated 
with a TBI-based BMT regimen [ 85 ].  

7.3.5     Ear 

 RT has long been associated with various forms 
of ototoxicity. The exact mechanism of 
 radiation- induced ototoxicity is unknown. Some 
physicians hypothesize that direct damage to the 
ossicles and tympanic membrane may lead to 
conductive hearing loss and fi brosis. Direct dam-
age to the cochlea may also be seen. Other physi-
cians 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 
[ 33 ,  67 ]. The fi rst of these is acute radiation otitis. 

The effects of acute radiation otitis can be seen 
during or shortly after the completion of radia-
tion. It is associated primarily with erythema of 
the tympanic membrane and external canal and 
occasionally with middle ear effusion and tinni-
tus. 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 ther-
apy. The second, and most common, clinical 
syndrome is that of chronic radiation otitis. 
Clinically, patients present with dry cerumen, 
thickened tympanic membrane, and, occasion-
ally, slight hearing loss (both conductive and sen-
sorineural) several months after RT has been 
completed. Radiation doses of 45–65 Gy are 
required, and in some studies this syndrome has 
been found in up to 70 % of patients receiving 
radiation therapy [ 67 ]. The third and most rarely 
seen clinical syndrome is late radiation- associated 
deafness. In this case, patients have been treated 
with radiation to the brainstem or the ear. They 
experience an irreversible, unilateral, profound 
hearing loss, which may progress over weeks or 
months to the contralateral ear. Symptoms tend to 
occur 3–10 years following RT [ 67 ]. 

 Specifi c antineoplastic agents have been 
shown to enhance the ototoxic effects of radio-
therapy. In particular, the platinum-based agents, 
cisplatin and carboplatin, have well-documented 
effects on hearing with radiation having been 
shown to be synergistic in terms of ototoxicity. 
Children with primary brain tumors, NPC, osteo-
sarcoma, germ cell tumors, and neuroblastoma 
are most at risk for this added ototoxicity, because 
they are more likely to receive platinum-based 
chemotherapy, and some may require RT as well. 
The mechanisms of ototoxicity related to 
platinum- based chemotherapy are thought to be 
secondary to direct damage to the cochlea [ 62 ]. 
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 
8,000 Hz), but lower frequencies can also be 
affected at higher doses. In one study, 14 of 25 
children who received a cumulative cisplatin 
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dose of 474 mg/m 2   developed hearing loss in the 
250–2,000 Hz range, while only 4 of 29 children 
had hearing loss in the same range with a cumu-
lative dose of 410 mg/m 2  [ 9 ]. Hearing loss with 
cisplatin is generally irreversible and bilateral. 
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 
tumors treated with RT [ 9 ]. Information regard-
ing the effects of timing the treatment with 
platinum- based chemotherapy and RT on patients 
has not been well characterized. Walker hypoth-
esized that RT given concurrently with or prior to 
cisplatin administration was associated with a 
worsening of hearing [ 90 ]. 

 More recent advances in RT and newer gen-
eration platinum compounds like oxaliplatin may 
lead to fewer ear-related, treatment-induced 
effects. Due to the precise delivery of RT with the 
conformal techniques, patients can receive full 
doses to the target volume while receiving lower 
doses to the auditory structures [ 31 ,  70 ]. Intensity- 
modulated radiation therapy (IMRT) and 3D con-
formal radiotherapy (3D CRT) have been 
associated with reduced ototoxicity in pediatric 
patients receiving RT and cisplatin for the treat-
ment of medulloblastoma [ 42 ,  69 ], although the 
projected estimate for hearing loss in NPC 
patients being treated with cisplatin-based 
chemoradiotherapy (using either IMRT or CRT) 
approach is 60 %. Paulino and colleagues found 
that patients without ototoxicity after cisplatin 
and IMRT for medulloblastoma all received 
mean cochlear doses <43 Gy. The mean cochlear 
dose also correlated with the degree of  ototoxicity; 
the mean cochlear dose was 34.3, 35.6, 36.8, 
37.0, and 47.9 for grades 0, 1, 2, 3, and 4, respec-
tively [ 69 ]. In the absence of chemotherapy, Hua 
and colleagues reported that a mean cochlear 
dose of  < 30 Gy was found to have a low inci-
dence, while mean doses of >40–45 Gy were 
associated with increased incidence of hearing 
loss. The authors recommend a cumulative 
cochlear mean dose of <35 Gy for brain tumor 
patients receiving 54–59.4 Gy in 30–22 fractions 
[ 41 ]. The high-frequency range is likewise more 
likely to be affected than the low-frequency range 
in radiation-induced ototoxicity [ 41 ].  

7.3.6     Vocal Cords 

 Long-term toxicity to the vocal cords, larynx, and 
pharynx after treatment for cancer has been linked 
to curative doses of radiotherapy. Voice quality is 
related to proper functioning of the vocal cords, 
pharyngeal lubrication, as well as the presence of 
adequate saliva. Vocal dysfunction is thought to 
be secondary to doses delivered to the larynx, 
pharynx, and oral cavity [ 32 ]. Radiotherapy just 
to the vocal cords at doses 60–66 Gy without che-
motherapy usually results in good voice outcome 
in adult patients with stage I laryngeal cancer 
[ 89 ]. Dornfeld and colleagues found that doses 
>66 Gy to the false vocal cords and lateral pha-
ryngeal walls were associated with decrease in 
speech-related quality of life scores [ 20 ]. 

 Another mechanism for vocal cord dysfunc-
tion is recurrent laryngeal nerve injury. Unilateral 
vocal cord paralysis was identifi ed in 5 % of 
patients treated with 44 Gy to parasternal, axil-
lary, and supraclavicular lymph nodes after radi-
cal mastectomy in patients with breast cancer 
[ 46 ]. All of the patients presented with hoarseness 
and had left-sided involvement based on visual 
exam. Of note, the fi rst patient presented 10 years 
after therapy was completed and the last 25 years 
of posttreatment. The authors felt that the etiology 
was radiation-induced damage to the mediastinal 
portion of the recurrent laryngeal nerve leading to 
left-sided vocal cord paralysis [ 46 ]. However, 
Jaruchinda et al. found a quicker time of onset in 
their cohort of 70 patients with head and neck car-
cinoma treated with  > 60 Gy. They reported a 
10 % incidence of vocal cord palsy (fi ve with 
paralysis and two with paresis) that developed 
within 14–35 months of completing radiotherapy. 
But, similar to the breast cancer patients, all had 
unilateral involvement, and 100 % presented with 
a hoarse voice [ 45 ]. Although there is almost a 
10-year difference in the time to presentation, 
these papers do stress the importance of direct 
laryngoscopy in patients presenting with voice 
changes at any point after radiation therapy. 

 Two other symptoms reported in 28 % of those 
with vocal cord palsy in the Jaruchinda study 
were dysphagia and aspiration [ 45 ]. In 2010, 
Rancati et al. summarized the recent  publications 
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specifi c to radiation dose-volume effects in dys-
phagia and aspiration [ 72 ]. The authors noted that 
as swallowing is a complex procedure, it has been 
diffi cult to determine how to assess which radia-
tion fi elds and anatomic locations are the most 
important to study. But based on the limited data 
available, the risk for dysphagia and aspiration 
increases with increasing volumes of the larynx 
and pharyngeal constrictor muscles that receive 
 > 60 Gy, and decreasing volumetric exposure to 
 > 50 Gy, when possible, is associated with less 
symptomatology [ 72 ].   

7.4     Detection and Screening 

 The successful evaluation, diagnosis, and man-
agement of late effects require a multidisci-
plinary approach. All children with head and 
neck cancers need prolonged follow-up by a pedi-
atric oncologist and radiation oncologist. They 
must also have access to specialists in endocrinol-
ogy, ophthalmology, otolaryngology, and den-
tistry. In addition, psychological counseling should 
be available, as some of these children have suf-
fered trauma secondary to cosmetic changes from 
tumor and/or treatment. Abnormalities in any of 
the head and neck or dental structures should be 
noted at diagnosis and prior to treatment. In gen-
eral, it is preferable to perform tooth extractions 
prior rather than after RT to decrease the chance of 
osteoradionecrosis. Children with head and neck 
cancers should receive at least an annual assess-
ment of growth, pubertal status, endocrine and 
growth function, as well as frequent ophthalmo-
logic and dental exams. 

 The initial dental exam for children who have 
received chemotherapy and RT should consist of 
a full series of radiographs, including periapical, 
bitewing, and panoramic views of the teeth. 
Asymptomatic patients are often found on radio-
graphic exam to have dental disease. Horizontal 
and vertical alveolar bone loss, retained root 
tips, deep caries, and periapical pathology can 
usually be visualized only on intraoral radio-
graphs [ 71 ]. It is critical to assess crown and root 
development, as abnormalities can predispose a 
tooth to premature loss. Changes in root devel-

opment are critically important to recognize, as 
they may affect decisions to recommend the 
removal of permanent teeth prior to the initiation 
of radiation therapy. To assess abnormal tooth 
and root development, it is recommended that 
patients receive a dental exam every 6 months, 
with special attention to early caries, periodontal 
disease, and gingivitis. Careful evaluation of 
root and crown status is required before tooth 
extraction and endodontic and orthodontic pro-
cedures. With time, the risk of periodontal bone 
loss increases, and it is, therefore, critical that 
proper periodontal prophylaxis be offered to 
patients, including professional cleaning with 
fl uoride applications and meticulous oral hygiene 
[ 94 ]. 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-carbohydrate diet can predispose the pedi-
atric cancer patient to radiation-induced caries. 
Frequent dental visits to identify early caries, 
periodontal disease infection, gingival recession, 
and soft tissue ulcers are important. Salivary 
fl ow studies are helpful in assessing xerostomia, 
and salivary substitutes containing the enzymes 
(lactoperoxidase, glucose oxidase, and lyso-
zyme) such as mouthwashes, aerosolized sprays, 
toothpaste, chewing gums, and sialogogues like 
pilocarpine may be offered to symptomatic 
patients. Nutritional counseling on the impor-
tance of avoiding fermentable carbohydrates and 
maintaining excellent oral hygiene is critical. 
Mouth rinsing is essential, and daily topical fl uo-
ride applications (i.e., solution for mouth rins-
ing) are all effective in reducing the risk of 
radiation caries [ 23 ]. 

 In children who have received high doses of 
radiation to the developing facial bones and soft 
tissues, the use of screening to identify craniofa-
cial abnormalities and problems with jaw move-
ment is important for early detection and 
management. Trismus, crepitus, limited mandib-
ular movement, and abnormal growth associated 
with the temporomandibular joint may be present 
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[ 56 ] and should be evaluated at both clinical fol-
low- up and dental visits. 

 Routine ear, nose, and throat evaluation, 
including inspection of the oral mucosa for ulcers, 
indirect and direct laryngoscopy, and nasopha-
ryngoscopy may be included in the screening pro-
cess to ensure a thorough 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 hypoplasia, fi bro-
sis, and ulceration. Irradiated skin often 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 impaction and tympanic scarring, both 
of which can lead to conductive hearing loss. In 
addition, the patient should be evaluated for the 
possible presence of otitis media or tympanic 
membrane perforation. Children who received 
cisplatin, high-dose carboplatin, or radiation doses 
 > 30 Gy to the inner ear should have complete 
audiology examinations, with hearing screening, 
upon starting long-term follow-up and at least 
yearly, or as determined per the audiologist, if 
hearing loss is detected [ 94 ]. Finally, the physi-
cian following a child cured from cancer should 
always be aware of the possibility of secondary 
malignancies, particularly in irradiated fi elds.  

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 undergo-
ing treatment for 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 6 months, 
and these should include fl uoride applications 
[ 23 ]. For those who develop malocclusion or 
other structural abnormalities and/or the need for 
tooth extraction, consultation with an orthodon-
tist 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 develop-
ment, since root thinning and shortening occur 
fairly frequently. Symptomatic treatment of tem-
poromandibular 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 cavity. Oral infections that occur after proce-
dures should be aggressively treated with antibi-
otics. Care should be taken to avoid tight sutures 
and trauma during use of orthodontics. 

 Patients should be evaluated yearly for xero-
stomia, and symptomatic care with saliva substi-
tutes, moistening agents, and sialogogues may be 
required. Fungal infections are more likely to 
occur in patients with xerostomia, so special care 
should be taken to treat with appropriate antifun-
gal 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 craniofacial 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 
region requiring operation will also experience 
poor wound healing and increased susceptibility 
to infection. 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 
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psychologically, so measures should be taken to 
prevent trauma to the areas affected by radiation. 

 Chronic sinusitis is more likely to occur in 
patients who have a history of atopy or hypogam-
maglobulinemia. Aggressive management of 
sinus infections with the guidance of ENT spe-
cialists 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 expe-
rience sclerotic 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 per-
formed yearly or as clinically indicated. Speech 
and language evaluations should be performed 
at the end of treatment and as needed for clini-
cal concerns. Those children with hearing loss 
will require routine speech and language thera-
pies. Special educational interventions may be 
required as well, including alternative learning 
methods, individualized education plans (IEP), 
and preferential seating in the classroom. 
Table  7.3  lists various amplifi cation and 
assisted living devices currently available. The 

use of a hearing aid can help amplify any resid-
ual hearing. Personal devices, such as FM 
trainers, can aid in reducing the signal- to-noise 
ratio in various listening situations like the 
classroom, where there may be signifi cant 
background noise.

   For those suffering with chronic otitis, ENT 
referral is indicated. Treatment usually includes 
antibiotic therapy, myringotomy, and/or the 
placement of pressure-equalizing tubes. Chronic 
cerumen and obstruction of the ear canal will 
require routine cleaning 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 submer-
sion in water without protective earplugs.  

7.5.4     Vocal Cord Dysfunction 

 Little is known about the management of vocal 
dysfunction in children. In adults, voice rehabili-
tation has been employed in some patients after 
RT. A Swedish trial investigated the utility of 
voice rehabilitation consisting of a 10-week pro-
tocol of relaxation, respiration, posture, and pho-
nation exercises. There was a trend toward better 
improvement of voice quality and self-perceived 
function in patients who received voice rehabili-
tation compared to a control group that did not 
[ 84 ]. Some of the other measures that may 
improve voice quality in patients whose larynx 
has been irradiated include avoiding smoking or 
secondhand smoke which can make laryngeal 
edema worse and decreasing the amount of talk-
ing during the treatment course as this seems to 
affect the amount of time for voice recovery [ 92 ].      
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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. 
Monitoring of audiologic function during and after 
treatment is therefore an essential component of 
care for patients treated with potentially ototoxic 
therapy. Since hearing loss can have a signifi cant 
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. Emerging areas of investigation in 
ototoxicity include genetic risk and prevention.  

8.2     Pathophysiology 

8.2.1     Normal Anatomy 
and Physiology 

 The ears are completely formed in utero, and 
auditory brainstem responses are present at 
28 weeks of gestation. Newborns are capable of 
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processing sound and analyzing loudness and 
pitch; however, continued maturation of auditory 
structures, related neuronal pathways, and the 
auditory cortex continue throughout infancy and 
early childhood. Interhemispheric sensory trans-
fer through the corpus callosum takes several 
years to fully mature [ 86 ]. The processing of 
sounds occurs in the external, middle, and inner 
ears (Fig.  8.1 ). The pinna funnels environmental 
sound into the external auditory canal, where it is 
amplifi ed 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 transform-
ers, converting the sound into mechanical energy 
and transmitting it to the inner ear through the 
oval window. In the inner ear, sound is transmit-
ted 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 audi-
tory cortex of the temporal lobe. In most people, 
the right ear is dominant; therefore, speech pro-
cessing 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 2,000 Hz, but higher frequencies (>2,000–
8,000 Hz) are critical for speech discrimination, 
since many of the consonant sounds 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. 
 Mixed hearing loss  encompasses elements of both 
conductive and sensorineural hearing loss. In gen-
eral, hearing loss occurring as a consequence of 
ototoxic pharmacologic agents is sensorineural in 
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  Fig. 8.1    Anatomy of the ear (Illustration by Aimee Ermel)       
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nature, whereas hearing loss resulting from radia-
tion, tumor, or surgical procedures is often multi-
factorial and may include both conductive and 
sensorineural components.

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

8.2.2.1     Surgery and Tumor 
 Hearing loss is rarely a presenting symptom in 
tumors that affect children. Exceptions include 
nasopharyngeal cancer, parameningeal rhabdo-
myosarcoma, tumors of the base of skull (chor-
doma), vestibular schwannoma, and metastases 
that affect the temporal bone, most notably neu-
roblastoma. Although CNS tumors may come in 
contact with vital aspects of the auditory system 
(including the VIIIth nerve and associated vas-
culature and the brainstem and vestibular nuclei, 
as well as cortical tracts essential to hearing), 
hearing loss is not commonly recorded at diag-
nosis. Surgical management of CNS tumors or 
musculoskeletal tumors of the head and neck can 
have a profound and irreversible effect on hear-
ing, especially when essential components of the 
auditory system are involved with the tumor and 
surgical resection is required. Transcranial sur-
gery in the region of the middle cranial fossa and 
suboccipital region can result in bony complica-
tions that may lead to mastoiditis and infections. 
Fortunately, most pediatric head and neck tumors 
are sensitive to radiation and chemotherapy. 
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 astrocytoma, and other tumors that 

gain access to the lateral recesses and cranial 
nerves are at risk for transient or permanent 
hearing loss at the time of resection. 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 ). 
Recent efforts in surgery include intraoperative 
neurophysiologic monitoring of cranial nerves 
during tumor resection to limit neurologic 
impairment [ 84 ].  

 Children with CNS tumors often present with 
hydrocephalus that requires emergent evaluation 
and treatment with temporary ventriculostomy and 
resection. When the natural fl ow of CSF cannot be 
reestablished, permanent ventriculoperitoneal 
shunting may be required. Rapid loss of intracra-
nial pressure, which may occur after profound 
blood loss, lumbar puncture, ventriculostomy, and 
tumor resection, has been associated with hearing 
loss. The mechanism is likely related to the ana-
tomic connection between the CSF spaces and the 
perilymph of the cochlea (cochlear aqueduct) 
(Fig.  8.3 ). Hydrocephalus and its management can 
infl uence radiation and chemotherapy- related hear-
ing loss. In one study that included children with 
localized brain tumors treated with conformal radi-
ation therapy, patients with CSF shunts and pre-

   Table 8.1    Degrees of hearing loss   

 Hearing threshold  Degree of loss 

 −10 to 25 dB  Normal 
 26–40 dB  Mild 
 41–55 dB  Moderate 
 56–70 dB  Moderately severe 
 71–90 dB  Severe 
 >90 dB  Profound 

  Data from: Stach [ 88 ], pp. 208–209  

Internal auditory canal

Tumor

  Fig. 8.2    Left cerebellopontine angle ependymoma encas-
ing CN VIII with extension into the internal auditory 
meatus       
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irradiation ototoxic chemotherapy had the greatest 
change in hearing thresholds. Patients with shunts 
and supratentorial tumors who received radiation 
doses exceeding 32 Gy (without chemotherapy) 
over a 6-week period had hearing impairment at 
low and intermediate frequencies. Additionally, 
patients with shunts and suprasellar, hypothalamic, 
or thalamic tumors developed intermediate-fre-
quency hearing loss after radiation regardless of 
dose [ 54 ]. In a recent study of children with medul-
loblastoma with and without ventriculoperitoneal 
shunting, the odds of hearing loss for patients with 
a CSF shunt were 23.5-fold higher (95 % confi -
dence interval, 4.21–131.15) than for those without 
a shunt, suggesting an independent association 
between shunting and hearing loss [ 26 ].   

8.2.2.2     Radiation Therapy 
 Hearing loss is a potential complication of radia-
tion therapy in children. Serous otitis media, with 
associated conductive hearing loss, may be noted 
as a complication in patients receiving radiation in 
doses ≥30 Gy to the posterior nasopharynx and 
mastoid [ 95 ]. The problem can be long- standing, as 
in the case of patients with nasopharyngeal carci-
noma or rhabdomyosarcoma, although the risk 

appears to be increased in those with middle ear 
effusions prior to irradiation [ 48 ] (Fig.  8.4 ). 
Mucociliary dysfunction is thought to be the pri-
mary 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 myr-
ingotomy [ 100 ]. Direct structural damage to the 
conductive system, including osteoradionecrosis, is 
rare with modern radiation therapy, although 
patients who receive high-dose irradiation to the 
ear and temporal bone may be at high risk for com-
plications from localized bone and soft tissue infec-
tions arising in the region of the external auditory 
canal. For this reason, soft tissue infections of the 
ear should be treated aggressively and instrumenta-
tion of the external auditory canal should be under-
taken cautiously. Clinical experience suggests that 
patients treated with irradiation encompassing the 
ear canals may have chronic diffi culty with produc-
tion of excessive and/or dry cerumen, leading to 
accumulation of inspissated debris that can inter-
fere with hearing and require periodic removal.  

 Sensorineural hearing loss can occur as a 
result of radiation effects from the auditory cor-
tex to the cochlea. Because the doses adminis-
tered to neural tissue directly or indirectly are 

  Fig. 8.3    Drawing of cochlear duct and anatomic relationships with CSF spaces and auditory system (Illustration by 
Aimee Ermel)       
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generally accepted as safe and below the thresh-
old for neurologic impairment, sensorineural 
effects of radiation are most likely to occur in the 
cochlea and are usually noted months or years 
after treatment. Despite recognition of the 
cochlea as the primary component in sensorineu-
ral hearing loss [ 23 ], the prevalence and time 
course for injury due to radiation is unknown. 
Because most children at risk for radiation- 
related hearing loss also receive ototoxic chemo-
therapy, the pathophysiology and clinical course 
of hearing loss is most often described after com-
bined modality therapy. Similar to the effects of 
ototoxic chemotherapy, the effects of radiation 
appear to be dose related, with a threshold dose 
for sensorineural hearing loss in the range of 
35–45 Gy [ 31 ,  54 ]. The combined effects of radi-
ation and chemotherapy – specifi cally cisplatin 
and carboplatin – for the treatment of medullo-
blastoma and other CNS tumors is better under-
stood, with the high prevalence of hearing loss 
reported among children receiving combined 
modality therapy [ 82 ].  

8.2.2.3     Pharmacologic Therapy 
 The primary pharmacologic agents implicated in 
ototoxicity include platinum chemotherapy, ami-
noglycoside antibiotics, and loop diuretics. These 
agents are all capable of causing sensorineural 
hearing loss; however, ototoxicity related to car-
boplatin alone is uncommon [ 15 ,  34 ,  43 ,  89 ], 
except when administered at myeloablative doses 
[ 44 ,  67 ], in combination with cisplatin [ 37 ,  42 ], 
or possibly in very young children when dosed 
according to body surface area rather than weight 
[ 72 ]. The mechanism of aminoglycoside and 
platinum-related ototoxicity is oxidative stress 
resulting in destruction of cochlear sensory hair 
cells [ 16 ,  81 ]. These specialized hair cells are 
arranged tonotopically (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 [ 51 ]. 

 Cisplatin and aminoglycoside antibiotics 
damage the outer hair cells, whereas carboplatin 
selectively damages only inner hair cells [ 92 ]. 
The initial hearing loss associated with ototoxic 
pharmacologic agents usually affects the high- 
frequency ranges. This is because destruction of 
the sensory hair cells typically begins at the base 
of the cochlea, where high-frequency sounds are 
processed, and proceeds toward the apex, where 
the processing of low-frequency sound occurs 
[ 77 ]. Individuals are generally born with a full 
complement of auditory sensory hair cells. Once 
destroyed, 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 fl uid and electrolyte balance within the 
inner ear, resulting in tissue edema within the 
cochlea and decreased endocochlear potential 
[ 16 ,  79 ]. Hearing loss resulting from diuretics 
typically occurs following rapid intravenous 
administration. Fortunately, this type of hearing 
loss is usually transient. However, if loop diuret-
ics are administered simultaneously with or 
shortly after the administration of platinum che-
motherapy or aminoglycosides, the likelihood of 
permanent auditory damage increases as a result 
of synergism between these agents [ 3 ,  90 ]. 

Treatment field

External auditory canal

  Fig. 8.4    Lateral radiation portal fi lm of a child with naso-
pharyngeal rhabdomyosarcoma       
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 Factors placing survivors at highest risk for 
hearing loss related to pharmacologic therapy 
include very young age (less than 5 years) at the 
time of cancer therapy, diagnosis of central ner-
vous system tumor, treatment with multiple oto-
toxic agents, and/or treatment with platinum 
chemotherapy in combination with radiation to 
the ear or brain [ 33 ,  47 ,  65 ,  67 ,  82 ,  97 ]. Many 
childhood malignancies, including germ cell 
tumors, central nervous system tumors, osteosar-
coma, and neuroblastoma, frequently require 
treatment with platinum-based chemotherapy 
protocols, and supportive care regimens often 
employ aminoglycoside antibiotics and loop 
diuretics [ 27 ,  42 ,  46 ,  65 ]. Therefore, the index of 
suspicion for treatment-related hearing loss 
should be high for any survivor who received 
potentially ototoxic therapy, including patients 
treated for malignancies such as acute myeloid 
leukemia, where administration of platinum 
compounds is rare, but use of aminoglycosides 
for infectious complications is common. 

 Factors contributing to the risk for ototoxicity 
include diminished renal function at the time of 
treatment [ 25 ], rapid intravenous administration 
of ototoxic agent(s) [ 73 ], prolonged elevated 
serum trough drug levels [ 90 ], coadministration 
of other ototoxic drugs (e.g., chelating agents, 
quinine, salicylates [ 16 ,  77 ]), and excessive noise 
exposure [ 7 ]. Further, the potential impact of new 
agents with ototoxic properties (e.g., oxaliplatin 
[ 16 ]) should be kept in mind when assessing 
patient risk. 

 The prevalence of ototoxicity is well docu-
mented in children receiving cisplatin chemo-
therapy [ 83 ] and is dose related, with an inverse 
relationship to age at therapy [ 96 ]. Brock et al. 
[ 5 ] studied 29 children off therapy for at least 
2 years who had received “standard-dose” (60–
100 mg/m 2 /course) cisplatin-containing chemo-
therapy regimens without brain or ear irradiation. 
Median age at diagnosis was 2 years, 2 months 
(range: 1 month–13.5 years) and median cumula-
tive dose was 540 mg/m 2  (range: 400–1,860 mg/
m 2 ). Moderate to severe sensorineural hearing 
loss was detected in 48 % of these children, with 
33 % requiring hearing aids; no child demon-
strated any recovery of hearing at median 4-year 

follow-up. Schell et al. [ 82 ] studied 177 children 
and young adults receiving cisplatin (median 
cumulative dose 360 mg/m 2 , range 90–1,260 mg/
m 2 ) with and without prior cranial radiation 
(median dose: 5,050 cGy; range 2,880–
8,260 cGy). In irradiated patients, doses as low as 
270 mg/m 2  were associated with a high probabil-
ity of substantial hearing loss, whereas nonirradi-
ated patients demonstrated negligible loss at 
doses up to 360 mg/m 2 ; however, as cumulative 
doses increased to 720 mg/m 2 , the risk of sub-
stantial shifts in hearing threshold increased to 
25 %. In a study of 49 patients with osteosarcoma 
receiving 400 mg/m 2  cisplatin with or without 
ifosfamide, Meyer et al. [ 55 ] reported a signifi -
cant increase in the incidence of hearing loss 
(≥30 dB at 2,000 or 3,000 Hz) in the cisplatin/
ifosfamide group, indicative of a synergistic 
effect between the two agents. Although a small 
early study of patients receiving carboplatin 
reported that 11 of 22 children who received 
 carboplatin at a median dose of 2,409 mg/m 2  
demonstrated sensorineural hearing loss at 
4,000–12,000 Hz [ 50 ], most subsequent studies 
of carboplatin in pediatric oncology populations 
have demonstrated only rare, isolated cases of 
moderate to severe hearing loss at conventional 
doses [ 43 ,  58 ,  68 ,  89 ]. However, in one recent 
study, sustained ototoxicity was documented in 
10 of 60 (17 %) infants and toddlers treated 
with carboplatin for retinoblastoma, a fi nding 
 potentially explained by the relatively large expo-
sure of 3,850 mg/m 2  (range, 2,580–4,580 mg/m 2 ) 
that resulted from dose calculation by body sur-
face area rather than weight [ 72 ]. In children 
receiving myeloablative doses of carboplatin and 
in those receiving carboplatin in combination 
with cisplatin, moderate to severe hearing loss is 
commonly seen [ 42 ,  67 ,  85 ]. 

 Ototoxicity is also a potential complication of 
therapy with aminoglycoside antibiotics [ 53 ] and 
loop diuretics [ 79 ]. Prospective studies by Fee 
[ 19 ] and Smith et al. [ 87 ] reported ototoxic rates 
of 10–16 % for gentamicin and tobramycin. 
Lerner et al. [ 45 ] reported an 11 % incidence of 
ototoxicity associated with gentamicin and a 
13 % incidence in amikacin-treated patients. An 
augmented ototoxic effect has been reported with 
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the concurrent administration of cisplatin and 
gentamicin [ 76 ]. Brookhouser [ 7 ] described a 
6.4 % incidence of furosemide-associated oto-
toxicity and a 0.7 % incidence for ethacrynic 
acid; however, the risk increased signifi cantly 
when loop diuretics were administered concur-
rently with aminoglycoside antibiotics [ 3 ].   

8.2.3     Genetic Susceptibility 

 Variations in individual susceptibility suggest 
that genetic factors may play a role in predispos-
ing certain patients to drug-induced ototoxicity 
[ 2 ,  64 ,  69 ,  75 ,  78 ]. Currently, only a few studies 
have explored genetic variants that may render 
certain patients at high risk for ototoxicity. Early 
work is based on candidate genes linked plausi-
bly to the physiologic mechanisms of cisplatin 
ototoxicity (i.e., generation of reactive oxygen 
species (ROS) leading to depletion of the nor-
mally protective cochlear antioxidant enzymes 
involved in detoxifi cation of superoxides). 
Polymorphisms of genes coding for glutathione 
 S -transferase (GST) proteins (crucial enzymes 
involved in detoxifi cation) have been implicated 
in cisplatin-related ototoxicity. For example, 
Peters et al. reported a protective effect of the 
GSTM3*B allele on ototoxicity [ 69 ], and 
Oldenburg et al. reported the presence of both 
alleles of 105Val-GSTP1 to be protective against 
ototoxicity, while the GSTM1 variant was asso-
ciated with increased susceptibility to cisplatin- 
related hearing loss in testicular cancer patients 
[ 64 ]. Recently, Rednam et al. reported an 
increased risk for radiation-associated ototoxic-
ity among patients with the GSTP1-105G allele 
in pediatric medulloblastoma, as well as a strong 
interaction with radiation dose [ 74 ]. In a discov-
ery cohort of 54 children, strong associations 
between cisplatin-induced ototoxicity and 
genetic variants in thiopurine  S -methyltransferase 
(TPMT) and catechol- O -methyltransferase 
(COMT) have also been reported; for the com-
bined mutation, the odds ratio was 42.2 
( p  = 1.1 × 10e9), with positive and negative pre-
dictive values of 92.9 % and 48.6 %, respec-
tively [ 78 ]. Additional plausible candidate genes 

identifi ed to date include megalin, a low-density 
lipoprotein- related protein 2 strongly expressed 
within the stria vascularis in the cochlea; 
ERCC1, a nucleotide excision repair gene; and 
mutations in mitrochonrial DNA associated 
with aminoglycoside- induced deafness [ 6 ,  57 ]. 
A genome-wide approach to identifi cation of 
genetic variants associated with susceptibility to 
ototoxicity is also underway [ 57 ]. In principle, 
identifi cation of genetic variants that place 
patients at high risk for ototoxicity could inform 
future strategies to tailor chemotherapy and/or 
utilize preventive measures in order to maximize 
effi cacy while minimizing risk. However, there 
are currently contradictory fi ndings, and further 
validation of data is needed in larger groups in 
order to make informed recommendations.  

8.2.4     Preventive Measures 

 The administration of platinum chemotherapy 
prior to, rather than following, cranial irradia-
tion in children with CNS tumors has been 
shown to reduce ototoxicity [ 40 ,  82 ]. Newer 
radiation delivery techniques (e.g., intensity-
modulated and proton beam radiation) hold the 
promise of reducing radiation-related ototoxic-
ity by conforming the prescribed dose to the 
region at risk and sparing the cochlea [ 31 ,  54 , 
 56 ]. Using these techniques, the dose to the 
cochlea can be  estimated more accurately to 
optimize treatment and to collect dose informa-
tion, which can be correlated with other factors 
that infl uence hearing after treatment [ 31 ,  32 , 
 54 ,  56 ] (Fig.  8.5 ).  

 Careful monitoring and appropriate dose 
modifi cation earlier in the course of therapy, 
before severe hearing loss has been sustained, are 
effective in decreasing auditory morbidity; how-
ever, decisions regarding dose modifi cation or 
substitution of alternate therapeutic agents in the 
face of identifi ed hearing loss must be weighed 
carefully against concerns regarding disease con-
trol and survival [ 47 ,  91 ]. Thus, identifi cation of 
effective otoprotective strategies holds promise 
for reducing ototoxicity without compromising 
potentially curative therapy. 
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 To date, only two agents have been the sub-
ject of study in clinical trials. Amifostine, a 
reactive oxygen scavenger, was originally devel-
oped as a radiation protectant [ 80 ] and has been 
evaluated in several recent trials to assess its 
potential for otoprotection. Although otoprotec-

tion was observed in a study of amifostine in 
adults with advanced ovarian cancer [ 36 ], stud-
ies of amifostine in children receiving platinum 
chemotherapy for hepatoblastoma [ 35 ], germ 
cell tumors [ 52 ], and osteosarcoma [ 22 ,  70 ] 
failed to demonstrate signifi cant otoprotection. 

a b

c d

  Fig. 8.5    Coronal ( a ), transverse ( b ), and sagittal ( c ,  d ) 
MR images with three-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)       
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However, a recent comparative cohort study 
using a more dose-intensive amifostine schedule 
demonstrated a signifi cant protective effect 
against severe ototoxicity in children receiving 
cisplatin for average-risk medulloblastoma [ 20 ]. 
Studies of sodium thiosulfate, a free-radical 
scavenger thiol compound, have been reported 
to provide otoprotection in limited institution 
studies [ 17 ,  63 ], and pediatric cooperative group 
otoprotection studies of this agent are currently 
underway [ 21 ,  91 ]. Other potential otoprotec-
tants at various stages of investigation include 
N-acetyl-cysteine [ 62 ,  93 ,  99 ], D-methionine 
[ 10 ], and ebselen [ 49 ]. Another approach that is 
conceptually appealing is the intratympanic 
administration of otoprotectants as compart-
mental therapy to avoid risks attributed to sys-
temic exposure, but to date experience with this 
has been limited [ 30 ,  98 ]. 

 Additional otoprotective strategies include 
counseling patients regarding the importance of 
avoiding other potentially ototoxic agents, 
including medications (e.g., chelating agents, 
salicylates) and loud noises (especially ≥85 dB). 
Patients should also be advised to use protective 
measures (e.g., ear plugs) when in noisy environ-
ments and avoid excessively loud volumes with 
headphones in order to prevent comorbid noise- 
induced hearing loss [ 24 ,  71 ].   

8.3     Clinical Manifestations 

8.3.1     Clinical Manifestations 
of Ototoxicity Related 
to Surgery or Tumor 

 Tumor-related hearing loss is not a common pre-
senting symptom. Notable exceptions include 
patients with nasopharyngeal tumors or rhabdo-
myosarcoma involving the middle and inner ear, 
patients with eustachian tube dysfunction second-
ary to mass effect or lymphadenopathy, and the 
rare patient with neurofi bromatosis type II who 
develops a neurofi broma involving the otoacoustic 
nerve (CN VIII). In the scope of possible side 
effects and complications fi rst noted after surgery 
for brain tumors, hearing loss is usually not a pri-

ority. Children at risk for hearing loss from surgery 
often have acquired other defi cits that are more 
apparent or life-threatening, which can delay the 
diagnosis of surgery-related hearing loss. These 
patients often have defi cits involving the abducens 
(CN VI) or facial nerve (CN VII) and, in extreme 
cases, lower cranial nerves affecting speech and 
swallowing. Children who require temporary or 
permanent CSF shunting may experience altered 
hearing, either temporary or permanent loss, or 
heightened sensitivity (hyperacusis). Recovery 
from surgery-related hearing defi cits can occur in 
some cases despite adjuvant irradiation, provided 
that the nerve has not been transected or the vascu-
lar supply permanently disrupted.  

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 (radiation dermatitis of the epithelium lin-
ing the canal leading to otitis externa) and middle 
ear (otorrhea with otalgia or mucociliary dysfunc-
tion of the middle 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 excluded. Atrophy of the seba-
ceous glands may occur and is dose dependent. 
Soft tissue fi brosis, otosclerosis, and even choles-
teatoma have been reported. Because radiation 
therapy is often given in conjunction with oto-
toxic chemotherapy, separating the effects of the 
two treatments can be diffi cult. Since most 
instances of treatment-related hearing loss occur 
in close temporal proximity to chemotherapy or 
combined modality therapy, more ototoxicity is 
known or observed in this setting. However, radi-
ation therapy alone may result in hearing loss 
with an onset many years following treatment; 
therefore, long-term survivors remain at risk for 
hearing loss. Radiation-related hearing loss may 
occur during the fi rst year after treatment in 
patients who also received chemotherapy and is 
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usually seen 2 or more years after treatment in 
patients treated with radiation alone. With newer 
means of delivering radiation therapy, namely, 
noncoplanar, 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 tim-
ing of radiation and chemotherapy, further reduc-
tions 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, progres-
sive with continued therapy, and irreversible. 
Early symptoms may include tinnitus, vertigo, 
and diffi culty hearing in the presence of back-
ground noise, which is indicative of vestibular 
injury and high-frequency (>2,000 Hz) hearing 
loss. Because consonant sounds are primarily 
high frequency and vowel sounds are primarily 
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 high-frequency consonant 
sounds (such as “th,” “f,” “s,” and “k,”) to convey 
the meaning of words (Fig.  8.6 ); therefore, the 
inability to hear high-frequency sounds often 
results in poor speech discrimination, or a per-
ception of “hearing but not understanding.” For 
people with high-frequency hearing loss, under-
standing high-pitched voices (e.g., females and 
children) may be particularly problematic. 
Increasing the volume of the speaker’s voice 
(e.g., by shouting) is generally not helpful, since 
this raises the intensity level of vowels but not 
consonants. As hearing loss progresses, patients 
may experience diffi culty in hearing sounds 
within the speech ranges (250–2,000 Hz). It is 
important to understand that even mild high- 
frequency hearing loss is clinically signifi cant, 
particularly in young children. It may result in 
diffi culties with speech discrimination and lan-
guage acquisition that adversely affect both cog-
nitive 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 1,000, 2,000 and 4,000 Hertz 
(Hz) in each ear; a score of “pass” or “fail” is 
given (hearing threshold ≤20 or >20 decibels 
[dB], respectively). Measurement of otoacoustic 
emissions (OAEs) is another auditory screening 
technique often utilized for newborns or very 
young children. OAEs are sounds generated by 
the cochlea’s outer hair cells in response to stimu-
lation by auditory signals [ 88 ]. A score of “pass” 
on OAE screening verifi es that a patient has near- 
normal hearing (threshold ≤30 dB). However, 
inasmuch as carboplatin selectively damages inner 
rather than outer hair cells, OAE screening is not 
appropriate for monitoring carboplatin- related 
ototoxicity [ 28 ]. In general, auditory screening is 
used to select individuals who need referral for 
formalized testing, and OAEs may be more sensi-
tive in detecting initial ototoxic damage; however, 
the gold standard for ototoxicity monitoring is for-
mal diagnostic audiometric assessment using 
measurement of pure-tone thresholds [ 38 ].  

8.4.2     Diagnostic Audiometry 

8.4.2.1     Pure-Tone Audiometry 
 The standard method used for diagnostic evalu-
ation of hearing in cooperative patients is pure- 
tone audiometry. The aim is to establish hearing 
thresholds across a wide range of sound fre-
quencies (usually 250–8,000 Hz, up to 12,000 
or even higher with ultra-high-frequency test-
ing). This testing is generally done in a sound-
proof booth; air and bone conduction thresholds 
are measured and results graphed on an audio-
gram (Fig.  8.7a ), which indicates the sound 
intensity needed to produce a response (the 
hearing threshold, dB) at a given frequency 
(Hz). Often, a “stairstep” pattern of hearing 
loss, progressing from the high frequencies 
down to the speech ranges, is evident on the 
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audiogram of patients with sensorineural hear-
ing loss resulting from ototoxic therapy 
(Fig.  8.7b ). For patients with a developmental 
age less than 4–5 years, pure-tone audiometric 
testing can be performed using behavioral 
modifi cation techniques, such as conditioned 
play audiometry or visual-reinforcement audi-
ometry [ 9 ].   

8.4.2.2     Brainstem Auditory-Evoked 
Response 

 For patients unable to cooperate with behav-
ioral testing due to young age, cognitive 
impairment, and/or medical illness, hearing 

can be assessed via brainstem auditory-evoked 
response (BAER, ABR). Electrodes are placed 
on the skull, and sound is presented at intensity 
levels that elicit an electrophysiological 
response, recorded as a waveform. The inten-
sity of the stimulus is then lowered until the 
response is no longer measurable; this level 
corresponds roughly to the threshold measure-
ments used in pure-tone audiometry. In order to 
determine hearing sensitivity for purposes of 
ototoxicity monitoring, frequency- specifi c 
tone-burst stimuli (rather than broadband 
clicks) should be used during the assessment 
[ 11 ]. The patient must remain motionless 
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throughout this test; therefore, sedation is 
almost always required for infants and young 
children (as reviewed in [ 88 ]).   

8.4.3     Guidelines for Audiologic 
Monitoring 

 The importance of ongoing audiologic moni-
toring for patients receiving ototoxic therapy 
cannot be overemphasized, to allow for early 
detection of hearing loss, dose modifi cation 
when appropriate, and auditory intervention 
when indicated. Audiologic evaluation is rec-
ommended as a baseline measure for all 
patients scheduled to receive ototoxic therapy 
and then at appropriate intervals prior to 
 platinum-based courses based on patient age, 
dose per course, cumulative platinum expo-
sure, and contributing factors such as concur-
rent aminoglycoside therapy and history of 
middle ear dysfunction [ 1 ,  18 ]. 

 Survivors who received ototoxic therapy also 
require ongoing monitoring [ 4 ,  39 ]. Because of 
its latency in causing hearing loss, patients who 
received radiation at a dose of 30 Gy or higher 
to the ear, infratemporal or nasopharyngeal 
areas, or to the brain or craniospinal axis should 
receive audiologic monitoring on an annual 
basis for 5 years following completion of ther-
apy and, if stable, every 5 years and as clinically 
indicated. Patients younger than 10 years of age 
should continue annual monitoring until they 
are at least 5 years off therapy  and  at least 
10 years old. Patients who received treatment 
with platinum chemotherapy (particularly at 
cumulative cisplatin doses of ≥360 mg/m 2  or 
myeloablative doses of carboplatin), those 
treated with radiation involving the ear at doses 
less than 30 Gy (including the infratemporal or 
nasopharyngeal areas, whole brain, craniospinal 
axis and/or total body irradiation), and patients 
who received signifi cant exposure to nonplati-
num ototoxic agents (e.g., aminoglycosides or 
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loop diuretics) should have a baseline audio-
gram at entry into long-term follow- up. Patients 
with abnormal audiograms should be referred to 
an audiologist for evaluation and management 
and should continue to receive, at minimum, 
annual monitoring until hearing loss stabilizes. 
Testing should be done more frequently if there 
is evidence of progressive hearing loss, in order 
to allow for continued adjustment of hearing 
aids or other assistive devices and referral for 
additional interventions as indicated [ 14 ].  

8.4.4     Ototoxicity Grading 

 Grading of the severity of treatment-induced 
ototoxicity is important for guiding therapeutic 
decisions and facilitating comparison of toxicity 
among treatment regimens. Several grading sys-
tems are currently in use (Table  8.2 ). The com-
monly used Brock system [ 5 ] and the more 
recent Chang scale [ 12 ] were designed to detect 
high- frequency hearing loss associated with 
platinum agents and are applied to single audio-
metric determinations. In contrast, the National 
Cancer Institute Common Terminology Criteria 
for Adverse Events (NCI-CTCAE) [ 59 ,  60 ] 
and the American Speech-Language-Hearing 
(ASHA) [ 1 ] systems incorporate threshold 
shifts and require comparison with baseline val-
ues. This has implications for conducting 
research and for management of children where 
baseline audiometry could not be obtained due 
to debilitation or inability to cooperate. Concern 
has been expressed regarding the variability in 
grading between these systems and the resultant 
inability to effectively compare the extent of 
ototoxicity associated with various clinical trial 
regimens [ 61 ]. A new grading system (the 
SIOP-Boston Ototoxicity Scale) has been pro-
posed for use internationally in pediatric trials 
that incorporate potentially ototoxic agents; 
validation of this system is currently ongoing 
[ 6 ]. The quest for improved pediatric ototoxic-
ity grading scales is driven by the need for them 
to be both predictive and sensitive enough to 
detect clinically important hearing loss at an 
early stage.

8.5         Management 
of Hearing Loss 

 The impact of deafness goes beyond the loss of 
hearing; at its core is the problem of impaired 
communication that can result in loss of social 
interaction, with devastating cognitive and emo-
tional consequences for the survivor. While hear-
ing loss reduces quality of life for patients of all 
ages, its potential impact is especially profound in 
prelingual children (infants and toddlers) where 
not only communication is impaired but also lan-
guage acquisition, hearing-based learning, and 
social adjustment. Children with hearing loss are 
more likely to develop behavioral diffi culties due 
to ineffectual communication and resultant barri-
ers to the establishment of normal discipline and 
relationships at home and in the classroom. 

   Table 8.2    Common ototoxicity grading scales   

 Grading 
scale  Description 

 Brock [ 5 ]  5-point scale designed to grade hearing 
loss confi guration commonly associated 
with platinum-related ototoxicity (i.e., 
progression from high to low 
frequencies). Baseline assessment not 
required 

 Chang [ 12 ]  7-point modifi cation of Brock scale 
addresses functional defi cits and includes 
additional interval frequencies (i.e., 3,000 
and 6,000 Hz). Baseline assessment not 
required 

 NCI- 
CTCAE 
[ 59 ,  60 ] 

 4-point scale incorporates both objective 
and subjective criteria. Baseline 
assessment required, except when hearing 
loss is severe. Not specifi cally designed 
for pediatrics or for the hearing loss 
confi guration commonly associated with 
platinum-related ototoxicity 

 ASHA [ 1 ]  Grades hearing compared to baseline in 
absolute terms. Degree of hearing loss 
cannot be quantifi ed; only the presence/
absence of hearing loss is rated 

 SIOP- 
Boston [ 6 ] 

 Proposed in 2012 through the consensus 
of an international working group, 
designed to be widely applicable to 
clinical research settings. Uses absolute 
hearing levels; baseline assessment not 
required. Currently lacks reliability and 
validity testing 
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8.5.1     Hearing Aids 

 Hearing aids are an integral component of the 
management of hearing loss; however, it is 
important for the clinician to understand that 
hearing aids  do not  restore normal hearing [ 94 ]. 
Although recent advancements in digital hearing 
aid technology have resulted in signifi cant 
improvements, hearing aids amplify  all  environ-
mental sounds to some extent, including back-
ground noise, and the quality of aided sound for a 
patient with sensorineural hearing loss remains 
distorted due to sensory hair cell destruction and 
inability to process sounds. 

 All hearing aids have three basic parts. The 
 microphone  picks up sound waves from the envi-
ronment and converts them into electrical cur-
rent. The  amplifi er  increases the intensity 
(volume) of the sound and then sends it to the 
 receiver , which converts the amplifi ed electrical 
impulse back into sound waves and delivers 
them to the ear. Newer digital hearing aids incor-
porate digital signal processing, which allows 
tailoring of amplifi cation to the child’s specifi c 
pattern of hearing loss, with attendant reduction 
in sound distortion and improvement in speech 
recognition. 

 There are a variety of hearing aids styles avail-
able. To accommodate rapid growth, most pre-
adolescent children are fi tted 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 fi t-
ted into the ear canal. As the child grows, the 
only component that requires refi tting 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 mod-
els; digital technology has resulted in smaller, 
more discreet devices, some with customized 
programmability, wireless communication, and 
advanced speech processing. The future holds 
promise for sophisticated hearing aids that will 
be able to restore near-normal hearing, including 
sound localization and the ability to hear speech 
in noisy environments, which current devices are 
unable to provide (as reviewed in [ 8 ,  29 ,  41 ]). 

 Patients and parents should be counseled 
regarding the importance of hearing aid mainte-
nance. Frequent 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 nonfunctional hearing aid, use of 
a calendar or other reminder system for battery 
changes is imperative; parents should also check 
to be certain that the hearing 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 fi ne-tuning 
of the hearing aid best suited for the patient’s 
needs. Many children, especially teenagers, need 
signifi cant encouragement to wear their hearing 
aids at a time when being “different” carries a 
social stigma. Newer devices are considerably 
smaller, are less visible, and come in a variety of 
colors some teens fi nd appealing.  

8.5.2     Other Assistive Devices 

 Besides hearing aids, there are a number of other 
assistive devices available for patients with hear-
ing impairment. Auditory trainers are particu-
larly helpful in the classroom or daycare setting; 
these devices employ a microphone (worn by the 
teacher or caregiver) 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 signifi cantly reduces 
background noise and is ideal for classroom use. 

 Additional assistive devices include telephone 
amplifi ers and telephone devices for the deaf 
(TDD), text pagers, and modifi ed appliances, such 
as vibratory alarm clocks and smoke detectors. 
Closed captioning for television is widely available, 
and the Internet also provides signifi cant communi-
cation options for the hearing impaired, including 
texting and social media (as reviewed in [ 8 ,  29 ]).  

8.5.3     Cochlear Implants 

 Unlike hearing aids that amplify sound, 
cochlear implants use electronic impulses to 
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stimulate auditory neural pathways in the 
cochlea, circumventing damaged sensory hair 
cells and allowing transmission of sound 
impulses to the brain. Cochlear implants are 
indicated only for patients with severe to pro-
found hearing loss who are unable to benefi t 
from powerful, well-fi tted hearing aids. The 
implant’s receiver is surgically 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 fi ltered and digitalized by an external 
speech processor. The digital impulses then 
travel across the skull and into the receiver by 
way of a magnetized transmitter. The signal is 
relayed to the electrodes that in turn stimulate 
the auditory nerve, allowing for sound percep-
tion by the brain. Sounds processed through a 
cochlear implant tend to be distorted and 
mechanical; however, patients with severe to 
profound hearing loss not amenable to correc-
tion with hearing aid technology may derive 
signifi cant benefi t from the procedure. Intensive 
postoperative speech therapy is always required 
(as reviewed in [ 41 ,  66 ]).  

8.5.4     Communication Methods 

 Several communication options are available for 
patients with signifi cant hearing loss. The 
 auditory - verbal   method  is an in-depth educa-
tional approach that teaches children to use resid-
ual 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 communi-
cation with its own grammar and syntax and is 
communicated entirely via signs, gestures, and 
facial expressions. 

  Total communication  is a method that com-
bines auditory training with hand signs correlat-
ing 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. However, for 
patients whose hearing loss occurs after they 
have attained substantial language development, 
the use of methods based on preexisting lan-
guage (e.g., the auditory/verbal or total commu-
nication methods) are often most practical, as 
reviewed in [ 13 ].  

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 United 
States 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 modifi ed 
classroom) environment. “Part B” of this law 
provides for other related services, such as 
speech therapy and assistive devices. All ser-
vices covered by the IDEA legislation must be 
provided at public expense under the supervision 
of the state’s educational agency. If the local 
public school is unable to accommodate the 
child’s needs, services may be provided through 
a referral agency. A second US law, the 
Americans with Disabilities Act (ADA; PL 101–
336), guarantees people with hearing loss equal 
access to public events, spaces, and opportuni-
ties. It is this law that provides the basis for text 
telephones and telephone amplifi ers in public 
venues, closed captioning for television pro-
grams, and assistive listening devices in 
theaters.   

    Conclusion 

 Hearing loss resulting from cancer therapy 
during childhood can have a profound impact 
on the survivor’s cognitive, social, and emo-
tional functioning. Appropriate surveillance 
and intervention for defi cits in audiologic 
function are an integral part of care for survi-
vors at risk for this potentially debilitating 
complication.     
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  Thyroid dysfunction or deregulation is a clini-
cally signifi cant sequelae of cancer therapy due 
to the spectrum of physiologic consequences; 
subsequent thyroid neoplasia is uncommon but 
potentially serious and raises issues of surveil-
lance strategies. The thyroid gland may be inten-
tionally or incidentally exposed to therapeutic 
radiation dose in the treatment of many malig-
nancies, such as with prophylactic or therapeutic 
irradiation of the cervical lymphatics in the treat-
ment of Hodgkin lymphoma and non-Hodgkin 
lymphoma. Primary hypo- or hyperthyroidism 
may result from this thyroid gland radiation 
exposure. Cranio-spinal axis irradiation, as used 
for some central nervous system (CNS) tumors, 
may also cause hypo- or hyperthyroidism due to 
thyroid gland exposure and/or radiation exposure 
to the hypothalamic-pituitary axis. Additionally, 
the increased rates of development of both benign 
nodules and malignant thyroid tumors are a well- 
documented late effect after cancer therapy. This 
chapter will focus on the late effects of radiation 
exposure to the thyroid gland, resulting in 
increased risks of hyperthyroidism, hypothyroid-
ism, thyroiditis, benign nodule formation, and 
malignancy [ 1 – 3 ]. 
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9.1     Anatomy 
and Pathophysiology 

9.1.1     Anatomy 

 The thyroid gland is a bilobed, butterfl y-shaped 
endocrine gland, with right and left lobes con-
nected by a narrow isthmus. In some people, 
there may be a vestigial pyramidal lobe, which is 
a remnant of the lower end of the thyroglossal 
duct. The gland is surrounded by a fi brous cap-
sule which attaches to the pretracheal fascia. It is 
situated in the low anterior neck, partially encir-
cling the larynx and trachea anteriorly, extending 
superiorly from the thyroid cartilage and inferi-
orly to the tracheal rings [ 2 ] (Fig   .  9.1 ).  

 The thyroid gland consists of follicles, lined 
with a single layer of epithelial cells that actively 
transport iodine into the follicle as well as gener-
ate and secrete thyroid hormones, T3 and T4 
(Fig.  9.2a, b ). The follicles are fi lled with colloid, 
rich with the high-molecular-weight protein thy-
roglobulin necessary for thyroid hormone syn-
thesis as well as the hormonally inactive 
monoido- and diiodo-tyrosines [ 2 ].   

9.1.2     Thyroid Endocrine 
Dysfunction 

 Generally, radiation changes in the thyroid gland 
result from damage to small vessels (remote 
branches off of the superior and inferior thyroid 
arteries) and presumably less so from direct dam-
age to the fully differentiated follicular epithelial 
cells. This relates to their slow proliferative rate 
that makes them relatively less sensitive to radia-
tion injury [ 2 ,  3 ]. The endothelial cells of the thy-
roid gland vasculature may have proliferation 
cycles shorter than those of endocrine cells. Thus, 
Rubin and Cassarett postulated that the initial 
radiation injury to the thyroid gland was more 
specifi cally to the endothelium of small vessels, 
and with additional radiation exposure, the fol-
licular epithelial cells degenerate as a result of 
further damage to the vasculature [ 1 ], a concept 
further supported by Fajardo [ 4 ]. 

 Histopathologic changes in an irradiated thy-
roid gland include progressive obliteration of the 
fi ne vasculature, degeneration of follicular cells 
and follicles, and atrophy of the stroma [ 1 ]. 
Because radiation damage is dependent on the 

  Fig. 9.1    Gross anatomy of the neck showing the thyroid gland in relation to nerves, vasculature, and muscles [ 81 ]       
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degree of the mitotic activity and because the 
thyroid of a developing child grows in parallel 
with the body, this gland might be expected to 
show an age-related degree of injury and repair. 
Late changes are primarily attributable to vascu-
lar damage, while acute and subacute changes 
may be more affected by repairable damage to 
the epithelioid cells [ 3 ]. Acute radiation changes 
to the thyroid include diminished follicle size 
with low cuboidal epithelium lining residual fol-
licles. With high radiation doses, including ther-
apeutic I131 exposure, there is follicular 
necrosis, vasculitis, thrombosis, and hemorrhage 
followed by vascular sclerosis and lymphocytic 
infi ltration [ 2 ]. Chronic changes after relatively 

low-dose exposure include focal and irregular 
follicular hyperplasia, hyalinization, fi brosis 
beneath the vascular endothelium, lymphocytic 
infi ltration, thyroiditis, cellular and nuclear 
atypia, infarction, and necrosis [ 2 ,  5 ].  

9.1.3     Thyroid Nodules 
and Malignancy 

 Ionizing radiation can cause DNA damage that 
leads to somatic mutations. Double-strand break-
age can result in genomic rearrangements, which 
can cause deactivation of tumor suppressor genes 
or activation of proto-oncogenes. This ultimately 
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  Fig. 9.2    Histologic appearance of the thyroid gland at low ( a ) and high ( b ) magnifi cation. At high magnifi cation, the 
follicular epithelial cells and parafollicular cells are readily apparent [ 82 ]       

 

9 The Thyroid Gland



154

increases the risk of development of both benign 
and malignant tumors. 

 Investigators studying radiation-induced pap-
illary thyroid cancer have indentifi ed specifi c 
translocations in the RET gene which when 
altered in this manner is referred to as the RET/
PTC oncogene; this translocation results in con-
stitutive expression and activation. Molecular 
and biologic studies of pathologic specimens of 
papillary thyroid carcinoma from individuals 
exposed to radiation following the Chernobyl 
accident in 1986 have found an increased inci-
dence in several isoforms of the RET/PTC rear-
rangements compared to those from papillary 
thyroid cancer specimens as a whole [ 6 ,  7 ]. The 
frequency of RET translocations also has been 
found to be increased in thyroid cancer cases 
associated with external radiation treatment for 
benign and malignant condition [ 7 ,  8 ]. 

 Further support for this etiology of radiation- 
induced thyroid malignancy is provided by the 
observation that point mutations in the BRAF 
gene, a common genetic activation in papillary 
thyroid cancer in the general population, are 
rarely found in radiation-related cases [ 9 ]. 
Additionally, the role of radiation-related translo-
cations is further supported by the occurrence of 
TRK oncogenes [ 10 ]. 

 It is not entirely clear whether radiation- 
related papillary thyroid cancers containing 
translocations behave differently from cancers 
without them; however, one of the above noted 
studies did fi nd that cancers with the RET/PTC 
rearrangements had more aggressive behavior 
than BRAF-positive tumors or PTC without gene 
alterations [ 6 ].   

9.2     Clinical Manifestations 

 Hypothyroidism may manifest with classic 
symptoms, including weight gain, cold intoler-
ance, dry skin, brittle hair, constipation, men-
strual irregularities, muscle cramping, and slower 
mentation; classic signs include periorbital and 
peripheral edema, hypotension, bradycardia, 
pericardial effusions, pleural effusions, and pro-
longed relaxation of deep tendon refl exes. 
Hypothyroidism may be occult, detected only by 

low thyroxine levels and/or elevated TSH [ 11 ]. 
This is often referred to as subclinical or covert 
hypothyroidism, as opposed to clinical or overt 
hypothyroidism, in which the hypothyroidism is 
associated with clinical symptomatology. 
Compensated hypothyroidism occurs when the 
pituitary gland releases high levels of TSH and 
thus overworks the thyroid gland to maintain 
adequate levels of circulating thyroid hormones. 
With uncompensated hypothyroidism, T4 
remains low despite elevated TSH. Radiation- 
induced occult hypothyroidism is likely to prog-
ress to clinical hypothyroidism [ 2 ], though TSH 
levels can spontaneously normalize over long 
time intervals [ 2 ,  12 ]. 

 Hyperthyroidism can manifest with classic 
symptoms including palpitations, heat intoler-
ance, anxiety, fatigue and insomnia, diarrhea, 
menstrual irregularities, weight loss, and weak-
ness. Clinical signs include goiter, tachycardia, 
tremor, warm moist skin, thinner skin, fi ne hair 
and alopecia, and infi ltrative ophthalmopathy. 
Grave’s disease is an autoimmune form of 
hyperthyroidism resulting from the production 
of antibodies which bind to and chronically 
stimulate the receptor for thyroid-stimulating 
hormone (expressed on the follicular cells of the 
thyroid gland) causing increased production of 
the T3 and T4 hormones. 

 Thyroid cancer usually presents as a solitary, 
asymptomatic nodule [ 13 ]. The vast majority of 
children and adults with thyroid nodules have 
normal thyroid function. Sparse data exist on the 
presenting characteristics of children with sec-
ondary thyroid cancer. However, it is worth not-
ing that children with de novo thyroid cancer, 
especially those who are prepubescent, more 
often present with advanced disease as compared 
with adolescents and adults [ 13 ,  14 ]. A review of 
over 500 pediatric patients from nine large refer-
ral centers found that the great majority of cases 
presented with only an isolated neck mass. 
However, after careful physical examination, 
over half of patients had palpable lymph nodes. 
Postoperative pathology revealed microscopic 
regional lymph node involvement in 71–90 %, 
extracapsular extension with invasion of the tra-
chea in 20–60 %, and involvement of the recur-
rent laryngeal nerve in 30 %. The most common 
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site of distant metastases was the lung (10–28 %), 
followed by the bones and brain [ 13 ]. These and 
other data suggest that thyroid carcinoma in the 
pediatric age group is a biologically independent 
and more aggressive entity than in adults. 

9.2.1     Hypothyroidism 

9.2.1.1     Radiation for Childhood 
Malignancies 

 Because of the incidental radiation to the thyroid 
gland in the treatment of Hodgkin lymphoma, 
many studies have specifi cally addressed late thy-
roid complications in this group. The incidence of 
hypothyroidism noted following therapeutic irra-
diation for Hodgkin lymphoma varies, depending 
on the report [ 3 ]. If an elevated serum TSH concen-
tration is the determinant, then 4–79 % of patients 
become affected. This large range exists because 
parameters relevant to the induction of hypothy-
roidism – such as radiation dose, technique, and the 
frequency and types of follow-up testing – differ in 
the various reports. Most studies show the inci-
dence of hypothyroidism progressively rising in 
the fi rst 3–5 years after radiation, with most patients 
manifesting clinical signs or symptoms 2–4 years 
after radiotherapy [ 15 – 17 ]. Some studies demon-
strate additional cases of hypothyroidism beyond 
5 years [ 15 – 18 ], and rare and unexpected new 
cases can occur more than 20 years after diagnosis 
of Hodgkin lymphoma [ 16 ,  17 ]. 

 A classic study by Hancock and colleagues 
[ 16 ] of 1,677 children and adults with Hodgkin 
lymphoma in whom the thyroid had been irradi-
ated 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 several 
reports specifi cally addressing the incidence of 
hypothyroidism in children as a function of radi-
ation dose (Table  9.2 ) [ 12 ,  16 ,  17 ,  19 – 21 ]. 
Constine and colleagues [ 12 ] noted thyroid 
abnormalities in 4 of 24 children (17 %) who 
received mantle irradiation of 26 Gy or less and 
in 74 of 95 children (78 %) who received greater 
than 26 Gy. The abnormality in all but three chil-
dren (one with hyperthyroidism and two with 
thyroid nodules) included an elevated serum 

TSH concentration with or without low serum 
T4 concentration. The spontaneous return of 
TSH to normal limits was observed in 20 of the 
75 patients (27 %).

    A report by Sklar [ 17 ] of 1,791 patients from 
the Childhood Cancer Survivor Study (CCSS) 
cohort showed that the relative risk of hypothy-
roidism in Hodgkin lymphoma survivors was 
17.1, with 28 % of the cohort affected. The aver-
age time to developing hypothyroidism was 
5 years. In patients who were treated with chemo-
therapy alone, the incidence of hypothyroidism 
was 7.6 %. In a multivariate analysis, the major 
risk factors associated with the development of 
hypothyroidism were radiation dose, female sex, 
and older age at diagnosis. The actuarial risk of 
developing hypothyroidism 20 years after a diag-
nosis of Hodgkin lymphoma was 30 % for patients 
whose thyroid received 35≤45 Gy and 50 % for 
patients whose thyroid received ≥45 Gy. Elapsed 
time since diagnosis was a risk factor, where the 
risk increased in the fi rst 3–5 years after diagnosis 
[ 17 ]. Figure  9.3  shows, from this study, the time 
dependence of hypothyroidism, grouped by radia-
tion dose to the thyroid [ 17 ].  

 The cumulative incidence of hypothyroidism 
among survivors 15 years following leukemia 
diagnosis has also been evaluated in the CCSS 
and was 1.6 %. In multivariate analysis, survivors 
who received ≥20 Gy cranial radiotherapy plus 
any spinal radiotherapy had the highest risk of 
subsequent hypothyroidism (hazard ratio 8.3) 
compared with those treated with chemotherapy 
alone. In radiation dosimetry analysis, pituitary 
doses ≥20 Gy combined with thyroid doses 
≥10 Gy were associated with hypothyroidism 
[ 22 ]. In another study of 95 patients with child-
hood cancer [ 19 ] elevated TSH 5–34 years after 
radiation was seen in 68 % of patients who 
received ≥30 Gy to the thyroid versus 15 % of 
patients who received <30 Gy ( p  = 0.007). In the 
recent RiSK study of 404 childhood cancer survi-
vors [ 20 ], compared to those who received pro-
phylactic cranial RT (median dose 12 Gy), the 
relative risk of elevated TSH was 3.1 ( p  = 0.002) 
and 3.8 ( p  = 0.009) after doses of 15–25 Gy and 
>25 Gy to the thyroid gland, respectively; the 
relative risk was 5.7 ( p  < 0.001) for those who 
underwent cranio-spinal radiation. 
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 Uncompensated hypothyroidism (decreased 
serum T4 and elevated serum TSH concentration) 
occurs in 6–27 % of children receiving radiation to 
the thyroid. In the study by Constine and colleagues, 
age did not affect the incidence of hypothyroidism 
but was weakly correlated with the degree of abnor-
mality, as suggested by higher serum TSH concen-
trations in adolescents compared with younger 
children [ 12 ]. In reports from Hancock [ 16 ], Sklar 
[ 17 ], and Constine [ 12 ] older age at treatment of 
Hodgkin lymphoma was a major risk factor for 
future development of an underactive thyroid. This 
may refl ect the greater sensitivity of the thyroid 
gland in rapidly growing pubertal children, com-
pared with preadolescents, or it may refl ect the fact 
that the older children generally received a higher 
radiation dose than the younger children.  

9.2.1.2     Infl uence of Chemotherapy 
 The role of chemotherapy in producing thyroid 
abnormalities is less understood. The infl uence 

of chemotherapy on the development of  thyroid 
dysfunction among Hodgkin patients appears 
to be negligible in most reports [ 12 ,  17 – 19 ,  21 , 
 23 ,  24 ], although some data of patients with 
brain tumors (most of whom received cranial-
spinal radiation) suggest that chemotherapy 
may add to the frequency of compensated 
hypothyroidism [ 25 ]. Notably, the thyroid 
gland in many chemotherapy- treated brain 
tumor patients (i.e., medulloblastoma) receives 
higher doses of radiation than in non-chemo-
therapy-treated patients.  

9.2.1.3     Stem Cell Transplantation 
 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. Sklar [ 26 ] found that a single dose 
of 7.5 Gy caused a decrease in serum T4 concen-
tration in 9 % patients and an elevated serum 
TSH concentration in 35 %. The frequency of 

   Table 9.1    Thyroid disease after treatment of Hodgkin’s disease   

 Disease 
 No. of patients/
total no. a  

 Actuarial risk (%)  Time to occurrence (year) 

 20 year  26 years  Median  Range 

 At least one thyroid disease  573/1,787//>  50  63  4.6  0.2–25.6 
 570/1,677//>  52  67  4.6  0.2–25.6 

 Hypothyroidism  513/1,787//>  41  44  4.0  0.2–23.7 
 512/1,677//>  43  47  4.0  0.2–23.7 

 Graves’ disease b   34/1,787//>  3.1  3.1  4.8  0.1–17.6 
 32/1,677//>  3.3  3.3  4.9  0.1–17.6 

 Graves’ ophthalmopathy b   21/1,677//>  –  –  –  – 
 Silent thyroiditis  6/1,677//>  1.6  0.6  3.7  0.8–15.3 
 Hashimoto’s thyroiditis  4/1,677//>  0.7  0.7  7.9  3.5–15.2 
 Thyroidectomy  26/1,677//>  6.6  26.6  14.0  1.5–25.6 
 Thyroid cancer  6/1,677//>  1.7  1.7  13.3  9.0–18.9 
 Benign adenoma  10/1,677//>  –  –  12.0  1.5–25.6 
 Adenomatous nodule  6/1,677//>  –  –  17.4  12.7–24.4 
 Multinodular goiter  4/1,677//>  –  –  14.8  10.8–19.4 
 Clinically benign nodule  12/1,677//>  3.3  5.1  12.6  2.4–22.6 
 Clinically benign cyst  4/1,677//>  0.7  0.7  8.1  1.6–16.7 
 Multinodular goiter c   2/1,677//>  0.5  0.5  13.8  10.5–17 

  From [ 16 ], with permission 
  a The total refers either to all 1,787 patients at risk or to the 1,677 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 
developed in three during a period of hypothyroidism and in one during a period of euthyroidism 
  c Identifi ed by clinical examination  
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overt hypothyroidism following transplantation 
is highly variable and depends largely on the 
 conditioning regimen. Hypothyroidism after a 
10 Gy, single dose of TBI can occur in up to 90 % 
of patients [ 27 ] versus 14–15 % in patients treated 
with fractionated TBI [ 28 ,  29 ]. Previously, 
 regimens that did not involve whole-body irradia-
tion were not associated with an increased risk, 
or at least a smaller risk [ 30 ]. However, in a report 
from the Fred Hutchinson Cancer Research 
Center, the increased risk of thyroid dysfunction 
was not different between children receiving 
cyclophosphamide and whole-body irradiation 
and those receiving a busulfan-based chemother-
apy regimen ( p  = 0.48), while those who received 
cyclophosphamide conditioning alone experi-
enced signifi cantly lower risks (HR 0.32,  p  = 0.03) 
The highest risk of thyroid dysfunction was in the 
cohort treated with both busulfan and TBI (HR 
1.7,  p  = 0.009) Although these data suggest that 

   Table 9.2    Radiation dose to the thyroid gland and the risk of hypothyroidism      

 Institution  Patient population  #  Risk of hypothyroidism 

 Stanford U [ 12 ]  Children with Hodgkin lymphoma  119  Thyroid disorders (mostly 
hypothyroidism): 78 % for >26 Gy 
versus 17 % for ≤26 Gy 

 Stanford U [ 16 ]  Adults and children with Hodgkin 
lymphoma 

 1,787  Clinical hypothyroidism: 20 % for 
≥30 Gy versus 5 % for 7.5–30 Gy at 
20 years,  p  = 0.001 
 Subclinical or clinical hypothyroidism: 
44 % for ≥30 Gy versus 27 % for 
7.5–30 Gy at 20 years,  p  = 0.008 

 Childhood Cancer 
Survivor Study [ 17 ] 

 Children with Hodgkin’s disease  1,791  Patient reports “underactive thyroid” 
50 % for ≥45 Gy versus 30 % for 
35–45 Gy versus ~20 % for <35 Gy at 
15 years 

 Joint Center for Radiation 
Therapy [ 19 ] 

 Childhood cancer  95  Elevated TSH: 68 % for ≥30 Gy versus 
15 % for <30 Gy  p  = 0.007 

 RiSK Study [ 20 ]  Childhood cancer  404  Elevated TSH versus prophylactic 
cranial RT 
 15–25 Gy to thyroid gland, RR 3.1 
( p  = 0.002) 
 >25 Gy to thyroid gland, RR 3.8 
( p  = 0.009) 
 Cranio-spinal radiation, RR 5.7 
( p  < 0.001) 

 Turkey [ 21 ]  Children with Hodgkin’s disease  55  Abnormal thyroid function: 
 27 % (6 of 22) after 25.2 Gy 
 7 % (1 of 14) after 30.6 Gy 
 83 % (5 of 6) after 36 Gy 
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     Fig. 9.3    Dose dependence of hypothyroidism risk from a 
study of 1,791 survivors of childhood cancer (Data and 
fi gure was derived from reference [ 17 ], in which actuar-
ial rates of hypothyroidism were calculated among 
377 patients who received no radiotherapy and 1,210 
patients for whom suffi cient data were available to esti-
mate the dose of radiation to the thyroid gland (median 
35 Gy and range 0.004–55 Gy))       
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both TBI and busulfan may contribute to risk 
for thyroid dysfunction, the magnitude of the 
risk associated with the chemotherapy-only 
treatment is likely confounded by clinical 
selection of chemotherapy only for younger 
children [ 31 ].   

9.2.2     Hyperthyroidism 

 Hyperthyroidism occurs less commonly after 
radiation than does hypothyroidism. Thirty of 
1,787 (1.7 %) Hodgkin lymphoma patients 
(1,677 treated with radiation) at Stanford devel-
oped hyperthyroidism at a mean of 5.3 years 
(0–18 years) post treatment [ 16 ]. Ten had previ-
ously been treated for hypothyroidism. In addi-
tion, four clinically hypo- or euthyroid patients 
developed infi ltrative ophthalmopathy consistent 
with Grave’s disease. Overall, this study showed 
a 7.2–20.4-fold increased risk of Grave’s disease 
[ 16 ]. In the CCSS cohort, including 1,791 
patients with childhood Hodgkin lymphoma, 
hyperthyroidism developed in 4.5 % (RR = 8) at 
0–22 (mean of 8) years after diagnosis [ 17 ]. 
Signifi cantly increased risk was associated with 
doses ≥35 Gy. 

 Because hyperthyroidism and thyroiditis are 
much less common late effects after radiation 
than hypothyroidism, the risk factors associated 
with these complications are not well docu-
mented. Univariate analysis did not fi nd gender, 
radiation dose, or chemotherapy exposure to be 
signifi cant risk factors for hyperthyroidism 
[ 16 ]. An immunologic basis has been hypothe-
sized based on the higher frequency noted in 
Hodgkin lymphoma patients versus others 
treated with incidental neck irradiation and is 
consistent with fi nding of a Hungarian study 
that noted a fourfold increase in the prevalence 
of serum antithyroglobulin antibodies in irradi-
ated females with Hodgkin lymphoma [ 18 ]. 
Similarly, investigators at Roswell Park noted 
that the addition of chemotherapy to radiation 
signifi cantly reduced the risk of thyroid autoan-
tibodies (to 17 % versus 48 %,  p  < 0.01), bring-
ing the baseline prevalence to that seen in the 
general population [ 15 ].  

9.2.3     Thyroid Nodules 
and Malignancy 

 Thyroid radiation results in an increased risk of 
benign adenoma formation as well as thyroid 
cancer. When evaluating the incidence of thyroid 
nodules after radiation therapy, it is important to 
note the high baseline frequency of asymptom-
atic thyroid nodules in the general population: 
upon careful physical exam, clinically palpable 
nodules are found in 4–7 % of normal adults and 
in as many as 35–50 % of pathologic specimens 
following surgery or autopsy [ 32 ]. 

 In a series of 87 patients treated with radia-
tion to the neck for childhood cancer at the 
Joint Center for Radiation Therapy, 32 devel-
oped palpable thyroid abnormalities including 
nodules ( n  = 25) and diffuse enlargement 
( n  = 7) [ 19 ]. The risk of palpable abnormalities 
was independent of radiation dose and more 
commonly seen in patients with longer follow-
up, who were more likely to have received 
orthovoltage radiation. Resections in 10 of the 
32 patients revealed hyperplastic follicular 
adenomas ( n  = 8), papillary thyroid cancer ( n  = 3), 
and an atypical malignant schwannoma ( n  = 1). 

 Roughly one-tenth to one-third of thyroid 
nodules developing in adult patients years to 
decades after radiation after childhood radiation 
proved to be malignant [ 17 ,  19 ,  33 ,  34 ]. This 
translates into a greater than 10 to 50-fold 
increased risk of thyroid cancer [ 17 ,  35 – 42 ]. In a 
study of 5,379 patients treated with radiation for 
benign conditions of the head and neck, inci-
dences for thyroid nodules were 6 % for malig-
nant and 8–12 % for benign lesions after low-dose 
(<15 Gy) external beam radiation [ 43 ]. Generally, 
radiation-induced thyroid malignancies are local-
ized to the thyroid or regional lymph nodes and 
readily curable. 

 Historically, low-dose radiation (as low as 
0.1 Gy) for benign disease (such as tinea capitis, 
thymic enlargement, lymphoid hyperplasia, lice, 
acne) has been a well-established risk factor for 
thyroid nodules and malignancy, with higher 
dose [ 44 – 46 ] and younger age at exposure asso-
ciated with increased risk [ 46 ]. Overall, in this 
setting (low-dose radiation, generally 2–5 Gy, for 
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benign conditions) new nodules develop at a rate 
about 2 % per year, with a peak incidence at 
15–25 years [ 47 ]. 

 In the 1970s–1980s, case reports were pub-
lished suggesting that the higher therapeutic radi-
ation doses used to treat malignancy could also 
induce thyroid nodules and thyroid cancer [ 48 ]. 
The vast majority of radiation-induced solid 
tumors occur within the radiation fi eld [ 35 ,  49 ]. 
In a study by Schneider and colleagues [ 43 ], 318 
of 5,379 patients who had received RT for benign 
conditions of the head and neck developed thy-
roid cancer 3–42 years later. The most common 
type of cancer after thyroid radiation is papillary 
carcinoma, which, fortunately, has a high cure 
rate if detected early [ 50 ]. The course of the can-
cer in these patients appears to be the same as that 
of thyroid cancer found in other settings [ 43 ]. 

 A report from the Late Effects Study Group 
[ 36 ] found that, in 9,170 childhood cancer survi-
vors (≥2 years after diagnosis), the risk for thy-
roid cancer was increased (RR = 53) in association 
with both increasing dose and the time from treat-
ment. The majority (68 %) of the cancers occurred 
within a fi eld exposed to at least 1 Gy (via scatter 
for some patients). A US population- based study 
of 7,670 survivors of childhood showed that radi-
ation treatment increased (compared to the gen-
eral population) thyroid cancer risk 4.5-fold for 
brain tumor survivors and 1.8 to 2-fold for leuke-
mia and lymphoma survivors [ 51 ]. 

 A CCSS analysis of 12,547 5-year survivors 
of childhood cancer diagnosed between 1970 and 
1986, and followed through 2005 [ 52 ], identifi ed 
119 pathologically confi rmed thyroid cancer 
cases; the standardized incidence ratio of thyroid 
cancer versus the general population was 14.0 
(95 % CI 11.7–16.8). The British Childhood 
Cancer Survivor Study demonstrated a standard-
ized incidence ratio of 18.0 in their cohort of 
17,980 childhood cancer survivors treated 
between 1940 and 1991 [ 42 ], The mean period of 
latency from time of primary malignancy diagno-
sis in this study was 20.7 years with a trend of 
increased risk when the radiation exposure 
occurred at <10 years of age. 

 Among the general population of pediatric 
cancer survivors, those treated for Hodgkin lym-

phoma appear to have the greatest risk of thyroid 
adenoma [ 53 ] and carcinoma [ 54 ], either due to a 
greater likelihood of undergoing thyroid radia-
tion, inherent genetic susceptibility, or a combi-
nation of factors. In a nested-case control study 
of 69 survivors of childhood cancer, those with 
Hodgkin lymphoma were more likely to develop 
smaller (<1 cm) thyroid cancers and have no 
nodal involvement versus survivors of other can-
cers [ 54 ], perhaps a result of more rigorous 
screening. However, the CCSS analysis of 12,547 
5-year survivors of childhood cancer did not 
demonstrate a statistically signifi cant difference 
in tumor size between survivors of HL and with 
other cancers [ 55 ]. 

 In Stanford’s series of pediatric Hodgkin lym-
phoma survivors, palpable thyroid nodules were 
appreciated in 44 of 1,677 irradiated patients 
(2.6 %) from 1.5 to 25 years after radiation [ 16 ]. 
Eighteen patients had clinically benign disease, 
including nodules that concentrate radioiodine 
( n  = 12), cysts ( n  = 4, based on ultrasound and 
aspiration) and multinodular goiter ( n  = 2). 
Twenty-six had pathologically benign disease 
(which was clinically worrisome for malignancy 
given the lowered radioiodine uptake), including 
adenoma ( n  = 10), adenomatous nodule ( n  = 6), 
and multinodular goiter ( n  = 4). Six patients had 
thyroid cancer 9–19 years after radiation therapy, 
with a relative risk of 15.6 ( p  < 0.00001) and abso-
lute risk of 33.9 per 100,000 person years. The 
risk for developing thyroid cancer >19 years after 
radiotherapy was 1.7 % (versus an expected 
0.7 %). All patients with cancer remained without 
evidence of disease recurrence at last follow-up. 

 In the CCSS of 1,791 patients with childhood 
Hodgkin lymphoma, thyroid nodules developed in 
146 patients (8.2 %) 0–22 years (mean 14 years) 
after diagnosis, with a relative risk of 27 compared 
with sibling controls [ 17 ]. The relative risk of 
developing thyroid cancer was 18.3, compared 
with the general population. Eleven of the 146 
patients with thyroid nodules had thyroid cancer; 
in addition 9 patients developed thyroid cancer 
which was not associated with thyroid nodularity. 

 Two other reports found a >30-fold relative 
risk for developing thyroid cancer among child-
hood Hodgkin lymphoma survivors following 
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radiation [ 39 ,  56 ]. In a multicenter Late Effects 
Study Group [ 36 ], patients treated for neuro-
blastoma and Wilms’ tumor were more likely 
to develop thyroid cancer than those treated 
for Hodgkin lymphoma; however, patients 
with neuroblastoma and Wilms’ tumor were 
generally younger in age at the time of treat-
ment, which may be associated with an 
increase in risk for second malignant thyroid 
cancers. 

 In MD Anderson’s series of 145 child and 
adult patients treated with radiation for Hodgkin 
lymphoma, seven patients developed palpable 
thyroid tumors, of which two were malignant 
[ 57 ]. In Roswell Park’s series of 126 adult 
patients treated for Hodgkin lymphoma and non- 
Hodgkin lymphoma, 12 patients (11 of whom 
were women) developed thyroid nodules 
1–6 years after treatment, 5 of whom did not 
undergo prior neck radiation [ 15 ]. No patient 
underwent thyroidectomy and two underwent 
biopsy, which revealed adenoma in one patient 
and thyroiditis in another. 

9.2.3.1     Gender 
 Gender appears to influence the incidence 
of thyroid cancer. In a multi-institutional 
 retrospective study, 1.5 % of 930 childhood 
Hodgkin lymphoma survivors developed thy-
roid cancer at a median of 14.4 (range 8.5–23) 
years after HL diagnosis, with ~4 times as 
many females developing thyroid cancer as 
compared to males [ 58 ]; this is not surprising 
since spontaneous thyroid carcinoma occurs in 
US females approximately two and a half 
times more commonly than in males. Several 
studies indicate an increased incidence of thy-
roid cancer in females survivors of childhood 
Hodgkin lymphoma [ 35 ,  37 ,  41 ,  58 – 60 ]. In a 
study by Metayer et al., 6 of 3,188 male survi-
vors had thyroid cancer while 16 of 2,737 
female survivors developed thyroid cancer 
[ 37 ]. In a smaller series by Bhatia et al., males 
and females had an incidence rate of 0.9 % and 
2.3 %, respectively [ 35 ]. It is unclear whether 
or not gender influences the absolute excess 
risk or relative risk of thyroid cancer after 
radiation.  

9.2.3.2     Chemotherapy 
 In most studies, chemotherapy does not appear to 
increase thyroid cancer risk or modify the risk- 
effect of radiation [ 54 ,  61 ], although one study 
suggested that perhaps chemotherapy reduces the 
effect of radiation [ 52 ]. A CCSS analysis of 
12,547 childhood cancer survivors demonstrated 
that alkylating agents increased thyroid cancer 
risk 2.4-fold, but only with radiation doses of 
<20 Gy; at higher radiation doses, there was no 
effect of chemotherapy [ 55 ].  

9.2.3.3     Radiotherapy and Duration 
After Radiotherapy 

 Although the risk of cancer induction appears to 
increase with dose [ 36 ,  40 ,  54 ,  61 ], incremental 
dose exposure beyond 20–30 Gy apparently 
reduces the risk of cancer induction [ 40 ,  52 ,  53 , 
 54 ,  61 ]. Figure  9.4  shows the dose-response 
curve from CCSS. Perhaps this effect refl ects cell 
killing at higher radiation doses [ 40 ,  52 ,  54 ,  61 ]. 
Analyses have shown that the dose-response rela-
tionship seen in Hodgkin survivors (who account 
for a greater number of pediatric survivors who 
develop thyroid cancer) is similar to that among 
those treated for other pediatric cancers [ 52 ,  54 ].  

 In the CCSS of 12,547 patients [ 52 ], the 
excess relative risk of thyroid cancer was modi-
fi ed by age at exposure (higher radiation risk with 
younger age) ( p  < 0.001) while excess absolute 
risk was modifi ed by sex (higher radiation risk 
among females) ( p  = 0.008) and time since expo-
sure (higher radiation risk with longer time) 
( p  < 0.001). 

 Interestingly, a recent study of 3,254 survivors 
of childhood cancer demonstrated a similar rela-
tionship of radiation dose to risk of thyroid ade-
noma [ 53 ]. Younger age at time of radiation 
increased thyroid adenoma risks as did chemo-
therapy exposure in the absence of radiation; 
among those who received chemotherapy and 
radiation, chemotherapy appeared to reduce the 
effect of radiation dose. 

 For thyroid cancer induction, the risk appears 
to persist beyond 40 years postradiation treatment 
[ 37 ]. In the multivariate analysis from the CCSS 
of 1,791 patients with childhood Hodgkin lym-
phoma, an interval ≥10 years since diagnosis, 
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female sex, and radiation dose ≥25 Gy were inde-
pendently associated with future development of 
thyroid nodules. Many studies demonstrate that a 
younger age at therapeutic radiation exposure is 
also associated with a greater risk of cancer induc-
tion [ 35 ,  37 ,  38 ,  52 ,  54 ,  61 ]. One study suggests 
that the relative risk increases with earlier age of 
treatment, but that the absolute risk is relatively 
constant across pediatric age groups, and perhaps 
younger children, who tend to receive lower radi-
ation doses, are actually more susceptible to lower 
radiation doses [ 36 ]. 

 In an Italian study of children receiving total 
body irradiation with >10 years follow-up, the 
regimen using larger fraction size (9.9 Gy in 
3.3 Gy daily fractions versus 12 Gy in 2 Gy twice 
daily fractions) was associated with a signifi -
cantly greater risk of nodule formation (80 % 
versus 2.7 %,  p  = 0.002) [ 62 ]. In that study, 60 % 

of patients developed nodules, of which one- 
quarter proved to be malignant. 

 Radiation-induced thyroid cancer does not 
appear to have a different survival rate from that 
of sporadic thyroid cancer [ 63 ]. In general, most 
thyroid cancers induced by radiation are well- 
differentiated papillary adenocarcinomas, with a 
small percentage being follicular. Radiation- 
induced thyroid cancers do not usually include 
the anaplastic and medullary types; thus the fatal-
ity rate of radiation-induced thyroid tumors may 
be even lower than for sporadic cancers. 

 At least several cases of anaplastic thyroid 
tumors have been reported following radiation 
exposure [ 64 ,  65 ], though it is uncertain whether 
these were fortuitous or whether they were indeed 
radiation induced. It is possible that they may 
have resulted from the degeneration of better dif-
ferentiated radiogenic tumors.    
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9.3     Detection and Screening 

 A comprehensive history and physical exami-
nation is necessary for all patients who received 
direct or scattered radiation to the neck. 
Laboratory screening evaluations for asymp-
tomatic patients should include serum concen-
trations of TSH and thyroxine (usually, free 
T4) tests. The measurement of free T4 is rec-
ommended (e.g., versus total T4 by radioim-
munoassay) because it is not affected by 
changes in binding proteins. 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 fi nding is 
unclear and this testing is not routinely recom-
mended. Screening for immunologic abnormali-
ties (antimicrosomal and antithyroglobulin 
antibodies) is of uncertain clinical signifi cance. 

 Although a careful physical exam should be 
performed in all patients, one study comparing 
thyroid palpation versus high-resolution thyroid 
ultrasonography found that only 21 % of nodules 
found by ultrasound were noted on physical 
exam. Detection by examination was dependent 
on size, with a rate of 6.4 % for nodules <0.5 cm, 
40 % for nodules >1.5 cm, but still only 48 % for 
nodules >2.0 cm [ 66 ]. Patients with palpable 
abnormalities of the thyroid gland should undergo 
ultrasonography to evaluate the number, location, 
and density of nodules and 99mTc scanning to 
evaluate the functional status of the nodules. 
Whether all patients who have received radiation 
to the thyroid gland should undergo periodic 
screening with one or the other of these tech-
niques is controversial. 

 Ultrasound is a more sensitive test than physi-
cal exam in regard to thyroid nodule detection, but 
specifi city for thyroid malignancy is suboptimal, 
even in high-risk populations. An analysis by Eden 
et al. concluded that if 10,000 survivors were 
screened with ultrasound, 150 additional cases of 
thyroid carcinoma would be detected compared to 
screening by palpation alone and 1,689 patients 
would undergo surgery for a nonmalignant nodule 
compared to 480 patients if screened by palpation 
alone [ 67 ]. Sonographic fi ndings that are more 

commonly associated with malignancy and can 
help guide management decisions include micro-
calcifi cations, border irregularity, hypoecho-
genicity, central fl ow, and size [ 68 ]. 

 Stewart and colleagues performed thyroid 
ultrasound on 30 patients treated with mantle 
radiation for Hodgkin lymphoma who did not 
have palpable abnormalities and found unilateral 
or bilateral atrophy in 8 patients, multiple 
hypoechoic lesions smaller than 0.75 cm in 18, 
and dominant cystic solid or complex lesions 
larger than 0.75 cm in 7 patients [ 69 ]. Biopsies 
were not performed. Soberman [ 70 ] performed 
ultrasonography on 18 long-term survivors of 
Hodgkin lymphoma who had received a mean 
dose of 34 Gy to the neck 1–16 years (mean 6.4) 
previously; 16 patients (89 %) had abnormalities, 
including diffuse atrophy (nine cases), solitary 
nodules (fi ve cases), multiple nodules (six cases), 
and gland heterogeneity (one case). Only two 
patients had palpable nodules. Biopsies in four 
patients revealed multifocal papillary carcinoma 
in one patient and adenomas in three patients. 

 In a study from the University of Rochester, 
99mTc scanning was performed in 34 euthyroid 
patients without palpable thyroid abnormalities 
who had been irradiated at least 5 years earlier to 
the cervical region for Hodgkin lymphoma or 
other malignancies [ 50 ]. Seven patients (21 %) 
had abnormal scans, and two of these patients 
were diagnosed with thyroid cancer. Patient num-
bers are currently too small to make fi rm recom-
mendations. Although 99mTc scanning is less 
sensitive than ultrasonography, its specifi city for 
detecting clinically signifi cant nodules is greater. 

 Neither the American Thyroid Association 
[ 71 ] nor the American Association of Clinical 
Endocrinologists (AACE) [ 72 ] recommends 
ultrasound for initial screening of patients who 
do not have an increased risk of thyroid malig-
nancy. They both recognize, however, that radia-
tion exposure is a risk factor, and the AACE 
therefore endorses ultrasound screening for high- 
risk populations [ 72 ], while the ATA makes no 
recommendations [ 71 ]. The Children’s Oncology 
Group is currently developing long-term follow-
 up guidelines for screening for thyroid malig-
nancy in childhood cancer survivors.  
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9.4     Management 

 Efforts to minimize radiation dose exposure to the 
thyroid may prevent postradiation thyroid sequelae. 
Historically, clinicians attempted to further decrease 
the risk of thyroid injury in the setting of radiother-
apy for Hodgkin lymphoma by shielding the gland 
from irradiation [ 73 ] or administering thyroxine 
during irradiation [ 74 ]. The former approach was 
found to place patients at risk for the inadvertent 
shielding of diseased cervical lymph nodes, and the 
latter approach did not prevent subsequent hypo-
thyroidism. Therefore, these approaches are not 
recommended. More conformal delivery of radia-
tion, using novel technologies such as intensity- 
modulated radiation and/or image-guided 
radiotherapy, may be benefi cial. However, as previ-
ously discussed, it is important to note that the risk 
of secondary thyroid cancers occurs at relatively 
low doses and peaks at approximately 20–30 Gy, so 
the increased risk is diffi cult to eliminate even with 
careful and sophisticated treatment planning. 

 After radiation exposure to the neck, routine 
examination of the neck should be performed to 
assess for nodularity and/or growth. Free T4 and 
TSH should be used to monitor thyroid function 
after therapeutic radiation exposure to the neck. 
The NCI recommends annual laboratory assess-
ment up to 10 years postradiation, although the 
risk for fi rst demonstrating abnormality may 
extend beyond this time point [ 75 ]. The functions 
regulated by the thyroid gland are particularly 
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 [ 76 ]. 

9.4.1     Hypothyroidism 

 Hypothyroidism can be managed with thyroxine 
replacement therapy. Levothyroxine is a syn-
thetic form of thyroxine (thyroid hormone), used 
for hormone replacement for patients with 
radiation- induced hypothyroidism. Patients with 
uncompensated hypothyroidism (low serum con-
centration of thyroxin) require thyroid replace-
ment therapy. In most institutions, patients with 

 compensated hypothyroidism (elevated serum con-
centrations of TSH but normal thyroxine) also are 
treated with thyroid replacement therapy. The 
rationale for this approach is based on animal stud-
ies, which have demonstrated that elevated levels 
of TSH in the presence of irradiated thyroid tissue 
can lead to the development of thyroid carcinoma. 

 The rationale for replacement therapy includes 
restoration of clinical well-being for patients 
with symptoms, prevention of potential symp-
tomatology, but also diminishing the risks for 
cardiovascular sequelae and carcinogenesis from 
persistently elevated TSH.  

9.4.2     Hyperthyroidism 

 Hyperthyroidism can be managed with propylthio-
uracil, I131, or thyroidectomy. Propylthiouracil 
inhibits the enzyme thyroperoxidase, which is 
involved in thyroxine synthesis, and enzyme 
5′-deiodinase which converts T4 to the active 
form T3.  

9.4.3     Patients with Palpable 
Thyroid Abnormalities 

 Patients with palpable thyroid abnormalities 
should undergo ultrasonography or 99mTc scan-
ning and be evaluated by an endocrinologist and 
surgeon. If nodules are discovered, then biopsy is 
necessary. Fine-needle aspiration of newly diag-
nosed thyroid nodules particularly those that do 
not demonstrate I125 uptake is suggested. 
Interpretation of the fi ne-needle aspiration may 
be confounded by radiation-induced atypia. 

 The approach for patients who are not receiving 
replacement hormone and have clinically normal 
thyroid glands, but who also have nodules detected 
by ultrasonography or 99mTc scanning, is not well 
defi ned. Multiple small 2–3 mm carcinomas have 
been found in irradiated thyroid glands [ 29 ], and 
autopsies have shown a high incidence of occult 
(less than 1 mm) papillary carcinomas. The sig-
nifi cance of cancer found in clinically occult 
lesions is arguable. It would seem appropriate that 
suspicious nodules should be aspirated even if 
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small (<1.5 cm) in patients with prior radiation 
exposure [ 77 – 79 ]. Researchers from University of 
Illinois and Michael Reese Hospitals have investi-
gated thyroid abnormalities in a cohort of 4,296 
patients irradiated between the 1939 and 1962 for 
benign conditions, of whom 1,059 developed thy-
roid nodules and were evaluable for study [ 79 ]. If 
only one or two of the largest nodules were aspi-
rated, 42 % and 17 % of cases would have been 
misdiagnosed, respectively. Suspicious nodules or 
biopsy-proven thyroid cancer should be resected. 
In the study from Chicago, more than half of 
patients with thyroid cancer had multiple cancer 
nodules, and more than half of these patients had 
cancer involving both lobes necessitating total thy-
roidectomy as suggested by these authors as well 
as the American Thyroid Association [ 78 ,  79 ]. It is 
crucial to review the pathology of any biopsied 
nodule carefully, because an adenomatous nodule 
with cytologic atypia can be diffi cult to distinguish 
from thyroid carcinoma [ 5 ]. 

 Despite the fact that thyroid carcinomas that 
develop following radiation show signs of greater 
aggressiveness and tend to be more multifocal 
[ 47 ], with an increased incidence of both locore-
gional invasion and distant metastases, overall 
prognosis is very good [ 80 ]. Guidelines by the 
American Thyroid Association and the American 
Association of Clinical Endocrinologists recom-
mend that treatment for differentiated thyroid 
tumors following exposure to radiation should be 
treated in the same manner as those treated absent 
the exposure [ 71 ,  72 ].      
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       During the past 40 years, advances in cancer treat-
ment have drastically improved survival rates for 
children with cancer. Of the 325,000 childhood 
cancer survivors in the United States, 24 % have 
survived greater than 30 years from diagnosis [ 1 ]. 
This growing population of survivors brings the 
wide array of potential late effects of cancer ther-
apy to light [ 2 ]. The developing cardiovascular sys-
tem is particularly vulnerable to cardiotoxic cancer 
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therapies such as anthracyclines and radiation. 
These treatment modalities have been found to 
result in chronic, progressive cardiac dysfunction 
occurring months to decades after treatment [ 3 – 6 ]. 

 While contemporary treatment protocols seek 
to balance oncologic effi cacy with cardiotoxic 
risk, via cardioprotective agents, lower cumulative 
doses of anthracyclines, and reduced dose, fi eld 
and volume of radiation, long-term survivors of 
childhood cancer continue to experience the con-
sequence of earlier treatment approaches. For 
example, a 5-year-old girl treated in the 1970s for 
acute lymphoblastic leukemia (ALL) with multi-
modality therapy including 465 mg/m 2  cumulative 
dose of doxorubicin and cranial radiation devel-
oped congestive heart failure (CHF) after 
34 months of complete remission, and dilated car-
diomyopathy at the age of 16. Bouts of CHF were 
treated with beta-blockers, diuretics, digoxin, 
angiotensin-converting enzyme (ACE) inhibitors, 
an implantable cardiac defi brillator, and ultimately 
a cardiac transplant at age 36. Unfortunately, she 
discontinued her medications 6 months posttrans-
plant and suffered cardiac death [ 7 ]. In this patient 
and others, the late- occurring effects of childhood 
cancer treatment include diastolic and systolic 
dysfunction, conduction abnormalities, cardio-
myocyte necrosis, heart failure, heart transplanta-
tion, medication noncompliance, depression, and 
suicide. In addition, even subclinical, treatment-
induced changes could predispose to or exacer-
bate premature onset of hypertension [ 8 ,  9 ], 
diabetes mellitus [ 10 ], obesity [ 11 ], and cardio-
vascular disease (CVD) [ 3 ,  12 – 17 ]. 

 Early detection and prevention are crucial to 
reduce the cardiovascular damage of modern treat-
ment modalities. Although the late cytotoxic effects 
of cancer therapy may not be completely avoidable, 
continued development of pediatric protocols is 
crucial to reducing negative treatment outcomes. 

10.1      Pathophysiology 

 The heart begins developing at week 3 of gesta-
tion and completes primary morphogenesis at 
the end of week 8. Early in this time period, 
myocardial cell replication is high and then 
tapers off as the septum develops [ 18 ]. Cell size 

remains constant with most embryonic growth 
occurring through hyperplasia instead of hyper-
trophy [ 19 ]. Late prenatal and early postnatal 
increases in cardiac mass are marked by both 
hyperplasia and hypertrophy [ 20 ]. By 6 months 
of age, with the adult number of cardiomyocytes 
nearly present, subsequent increases in cardiac 
mass occur via hypertrophy. In order to maintain 
healthy cardiac output after cardiomyocyte 
necrosis, the surviving cardiomyocytes undergo 
compensatory hypertrophy [ 21 ]. Hypertrophy of 
the cardiomyocytes is often observed along with 
easily determined echocardiographic parameters 
such as reduced wall thickness and interstitial 
fi brosis [ 21 ]. Therefore, late cardiac failure 
could be a result of the surviving cardiomyo-
cytes’ inability to meet the cardiac demands of a 
growing body. 

 The pumping action of the heart is accom-
plished by the synchronized contraction of 
 cardiomyocytes. An action potential is initiated 
at the sinus node located in the right atrium. The 
action potential then travels to the atrioventricu-
lar node and His-Purkinje system and  ultimately 
onto the cardiomyocytes in the ventricles. In 
order for the heart to pump optimally, multiple 
factors must integrate properly. The actin and 
myosin fi laments in the cardiomyocyte must be 
in their relaxed state when the action potential 
arrives. This allows for optimal cross bridging 
and contractility. Also, there must be calcium in 
the sarcoplasmic reticulum available to catalyze 
the cross bridging. Finally, the cardiomyocytes 
must return to their relaxed state before the next 
action potential arrives. Anthracyclines and radi-
ation are known to impede the myofi brils from 
returning to their resting state.  

10.2      Cytotoxic Effects of Therapy 

10.2.1      Chemotherapy 

10.2.1.1      Anthracyclines 
 Anthracycline-induced acute cardiac damage is 
characterized by swelling of the sarcoplasmic 
reticulum, distortion of myofi brils, and necrosis 
of cardiomyocytes [ 22 ]. The exact mechanism 
involved with myocardial toxicity from anthracy-
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clines has yet to be completely established. 
However, studies suggest that highly reactive 
oxygen species (ROS) play a role in damaging 
cardiomyocytes [ 23 ]. Decreasing numbers of 
functional cardiomyocytes are associated with 
diastolic and systolic dysfunction found later in 
the survivors’ lives [ 24 ]. 

 The antineoplastic effect of anthracyclines 
depends on several mechanisms involving inhibi-
tion of topoisomerase II, high binding affi nity to 
DNA thus blocking synthesis, altered fl uidity and 
ion channels of cellular membranes, the genera-
tion of free ROS, and the disruption of mitochon-
dria [ 25 ]. Anthracyclines form complexes with 
intercellular iron and generate ROS, such as 
hydrogen peroxide, which readily cause lipid per-
oxidation and subsequently cellular membrane 
damage [ 25 ,  26 ]. Due to low levels of catalase, car-
diomyocytes are especially vulnerable to 
ROS. Also, cardiolipin found in the inner mem-
brane of cardiac mitochondria has a high affi nity 
for anthracyclines, which allows higher concentra-
tions of anthracycline in cardiomyocytes [ 27 ,  28 ]. 
Anthracyclines have also been found to suppress 
antioxidant enzymes, such as myocardial glutathi-
one oxidase, making cardiomyocytes even more 
susceptible to damage. Increased oxidant stress 
results in cardiomyocyte apoptosis via mitogen-
activated protein kinase pathways [ 26 ]. Changes 
independent of oxidative stress include impaired 
apoptotic signaling [ 29 ], cardiac stem cell deple-
tion [ 30 ], altered gene expression [ 31 ], and inhib-
ited release of calcium in the sarcoplasmic 
reticulum [ 32 ]. 

 Alteration of mitochondrial structure and 
function induced by anthracyclines also affects 
contractility. Mitochondrial membrane permea-
bility alterations cause intra- and extramitochon-
drial calcium ion concentrations to change [ 33 ]. 
Additionally, anthracyclines decrease the con-
centration of subunits in the respiratory chain 
[ 34 – 36 ]. These abnormalities of the respiratory 
chain could produce more ROS, further damag-
ing the mitochondria ultimately resulting in car-
diomyocyte death [ 36 ].  

10.2.1.2      Alkylating Agents 
 Alkylating drugs such as cyclophosphamide, cis-
platin, and ifosfamide have been associated with 

cardiotoxicity (Table  10.1 ). Clinical manifesta-
tions include intramyocardial edema in conjunc-
tion with serosanguinous pericardial effusion 
[ 37 ] and are associated with left ventricular (LV) 
wall thickness and mass increases.

   The proposed mechanism is direct vascular 
endothelial injury followed by the leaking of 
toxic metabolites, interstitial hemorrhage, and 
edema [ 38 ]. Cyclophosphamide may also initiate 
ischemic cardiomyocyte damage through the 
 formation of intracapillary microemboli [ 39 ]. 
Cyclophosphamide can accentuate cardiotoxicity 
induced by anthracyclines due in part to an asso-
ciated myopericarditis [ 40 ]. Sequential dosing 
may also cause the cardiomyocytes to become 
more sensitive to cyclophosphamide [ 40 ]. 
Ifosfamide is another potentially cardiotoxic 
alkylating agent with a similar structure to cyclo-
phosphamide. High doses of ifosfamide are asso-
ciated with cardiac dysfunction analogous to that 
of cyclophosphamide [ 41 ]; cardiac damage 
resulting in CHF and arrhythmias has been 
reported in adults [ 42 ].  

10.2.1.3      Tyrosine Kinase Inhibitors 
 Tyrosine kinase inhibitors (TKI), such as imatinib, 
interfere with targeted pathways in neoplasms on 
an intracellular level [ 43 ]. However, TKIs also 
inhibit kinase enzymes in cardiac tissue. Cardiac 
biopsies of mice treated with imatinib revealed 
abnormalities of mitochondria, vacuoles, and the 
endoplasmic reticulum [ 44 ]. TKIs are a drug class 
only recently implemented as part of pediatric 
protocols. One small retrospective strategy found 
that of 36 pediatric leukemia patients exposed to 
imatinib, only 2 children developed cardiomyopa-
thy (these 2 patients were also exposed to anthra-
cyclines, cyclophosphamide, or radiation) [ 45 ]. 
Further studies are needed to determine what 
screening tools should be put in place before and 
after receiving TKI therapy.  

10.2.1.4      Other 
 5-Fluorouracil and paclitaxel are less commonly 
used in pediatric cancer therapy. Rare case reports 
of cardiotoxicity, including coronary artery dis-
ease (CAD), cardiomyopathy, and myocardial 
ischemia and infarction, have been attributed to 
these agents, primarily in adults [ 46 – 48 ].   
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10.2.2      Radiation 

 Exposure to radiation can have many effects on the 
heart including, but not limited to, valvular injury, 
conduction and autonomic defects, CAD, pericar-
ditis, myocarditis, and  cardiomyopathy [ 49 ]. The 
extent of damage to the heart is dependent on the 
techniques used, the radiation dose administered 
(including the size of the daily fractions), and the 
volume of the heart that is irradiated, in addition to 
the concomitant use of cardiotoxic agents such as 
anthracyclines. 

 Microcirculatory damage to the myocardium 
is characterized by diffuse, nonspecifi c intersti-
tial fi brosis. Lesions are often localized and can 
be millimeters to several centimeters in size. 
Fibrosis can differ from one area of the myocar-
dium to the next [ 50 ,  51 ]. The proportion of type 
I collagen increases compared to type III colla-
gen leading to altered compliance of the myocar-
dium and ultimately diastolic dysfunction [ 52 ]. 
Myocardial cells involved with conduction are 
also damaged by radiation [ 53 – 55 ]. Injury to 
the capillary endothelial cells leads to obstructed 

    Table 10.1    Potential cardiotoxicity of cancer therapy   

 Drug  Toxic dose range  Acute toxicity  Chronic toxicity 

 Doxorubicin (Adriamycin 
RDF, Doxil) 

 >550 mg/m 2  (total 
dose) 

 Arrhythmias, pericarditis- myocarditis 
syndrome, myocardial infarction, 
sudden cardiac death 

 Cardiomyopathy/CHF, 
conduction abnormalities/
arrhythmias 

 Mitoxantrone 
(Novantrone) 

 >100–140 mg/m 2  
(total dose) 

 CHF, decreases in left ventricular 
ejection fraction, myocardial infarction, 
ECG changes, arrhythmias 

 Cyclophosphamide 
(Cytoxan) 

 >100–120 mg/kg 
(over 2 days) 

 Hemorrhagic cardiac necrosis, 
reversible systolic dysfunction, ECG 
changes, CHF 

 Ifosfamide (Ifex)  ECG changes, CHF, arrhythmias 
 Cisplatin (Platinol)  Conventional dose  Myocardial ischemia, Raynaud’s 

phenomenon, ECG changes 
 Fluorouracil (Adrucil, 
Efudex) 

 Conventional dose  Myocardial infarction, angina, 
cardiogenic shock/sudden death, 
dilated cardiomyopathy 

 Trastuzumab (Herceptin)  Ventricular dysfunction, CHF  Cardiomyopathy 
 Paclitaxel (Taxol)  Conventional dose  Sudden death, bradyarrhythmia, 

myocardial dysfunction, myocardial 
infarction 

 Amsacrine (Amsa-PD)  Conventional dose  Ventricular arrhythmia, ECG changes  Cardiomyopathy 
 Cytarabine (Cytosar-U)  CHF, pericarditis, arrhythmias 
 Arsenic trioxide 
(Trisenox) 

 Arrhythmias, pericardial effusion 

 Interferon alpha-2A 
(Roferon) 

 Conventional dose  Exacerbates underlying cardiac 
disease, hypotension, arrhythmias 

 Cardiomyopathy 

 Interleukin-2 
(Aldesleukin) 

 Conventional dose  Myocardial injury/myopericarditis, 
ventricular arrhythmias, hypotension, 
sudden death 

 Dilated cardiomyopathy 

 Mitomycin (Mutamycin)  Conventional dose  CHF  Congestive heart failure 
 Vincristine (Oncovin)  Conventional dose  Myocardial infarction, hypotension, 

cardiovascular autonomic neuropathy 
 Vinblastine (Velban)  Conventional dose  Myocardial infarction, Raynaud’s 

phenomenon 
 Busulfan (Busulfex)  Conventional oral 

daily dose 
 Endocardial fi brosis, pulmonary 
fi brosis, pulmonary hypertension, 
cardiac tamponade 

 Tyrosine kinase inhibitor 
(Imatinib) 

 Conventional dose  CHF 
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capillary lumens, which engenders thrombus 
formation. 

 Infl ammatory pathways are thought to be 
important in the pathogenesis of atherosclerosis, 
ischemic stroke, and myocardial infarction [ 56 ]. 
Exposure to radiation can activate the pathways 
leading to infl ammation [ 57 ]; chronic infl amma-
tion increases the risk of developing atheroscle-
rosis and can impair the vasculature of the heart 
which damages the cardiomyocytes and leads to 
fi brosis [ 58 ]. Radiation can also lead to the pro-
duction of ROS, which cause oxidative damage 
to cardiomyocytes [ 59 ]. 

 Historically, thickening of the pericardium was a 
signifi cant risk for patients exposed to radiotherapy 
[ 60 ]. Pericardial adipose tissue was replaced with 
collagen and fi brin. Similar to the myocardium, 
small blood vessels with increased permeability 
propagate in the pericardium. Ischemia and fi brosis 
occurs due to the damage of the vascular system. 
Dysfunction of the lymphatic and venous systems 
of the heart then leads to buildup of extracellular 
fl uids [ 50 ]. Thickening of the pericardium has 
become less prevalent with modern day techniques. 

 Radiation may cause fi brosis in valves with or 
without calcifi cation [ 60 ,  61 ]. The pathogenesis 
of valvular damage is not completely understood. 
The valves of the heart are avascular, and there-
fore the mechanism cannot be attributed to 
microvascular damage. Studies have found that 
the prevalence and severity of damage are higher 
in valves on the left side of the heart than valves 
found on the right [ 61 ,  62 ]. 

 Even with few risk factors other than radio-
therapy, many patients develop subsequent 
CAD. The left anterior descending and right 
coronary arteries are the most commonly 
affected vessels. However, with a mean radia-
tion dose of 42 ± 7 Gy, McEniery et al. demon-
strated 8 out of 15 patients developed at least a 
50 % stenosis of the left main coronary artery 
[ 63 ]. This could be a result of the older tech-
nique of anterior- weighted irradiation (due to 
lower energies that necessitated high superfi cial 
doses in order to deposit suffi cient dose at 
depth). Proximal narrowing of the vessel occurs 
and frequently includes the coronary ostia [ 60 , 
 61 ,  63 – 65 ]. The exact mechanism of radiation-
associated CAD is unknown and, histologically, 
may be similar to atherosclerotic-induced 
CAD. However, radiotherapy- associated CAD 
appears to have increased media and adventitial 
destruction as well as more loss of smooth mus-
cle cells [ 66 ].   

10.3      Clinical Manifestations 

10.3.1      Anthracycline-Induced 
Cardiomyopathy 

 Anthracyclines are one of the most well-known 
classes of chemotherapeutic agents associated 
with cardiovascular toxicity. Therapy involving 
anthracyclines has three categories of cardiotox-
icity identifi ed by the time signs or symptoms 

   Table 10.2    Characteristics of different types of anthracycline cardiotoxicity   

 Characteristic  Acute cardiotoxicity 
 Early-onset chronic 
progressive cardiotoxicity 

 Late-onset chronic 
progressive cardiotoxicity 

 Onset  Within the fi rst week of 
anthracycline treatment 

 <1 year after the completion 
of anthracycline treatment 

 ≥1 year after the completion 
of anthracycline treatment 

 Risk factor 
dependence 

 Unknown  Yes  Yes 

 Clinical features in 
adults 

 Transient depression of 
myocardial contractility 

 Dilated cardiomyopathy  Dilated cardiomyopathy 

 Clinical features in 
children 

 Transient depression of 
myocardial contractility; 
myocardial necrosis (cTnT 
elevation); arrhythmia 

 Restrictive cardiomyopathy 
and/or dilated 
cardiomyopathy; arrhythmia 

 Restrictive cardiomyopathy 
and/or dilated 
cardiomyopathy; arrhythmia 

 Course  Usually reversible on 
discontinuation of 
anthracycline 

 Can be progressive  Can be progressive 
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become apparent and how quickly CHF symp-
toms worsen. The categories include acute, early 
onset, and late onset (Table  10.2 ). Late-onset car-
diotoxicity occurs any time after the fi rst year fol-
lowing treatment and is the focus of this chapter.

   Chronic CHF, decreased exercise therapy, and 
LV dysfunction are all potential indicators of these 
three cardiotoxicity categories [ 67 ]. Signs of acute 
cardiotoxicity can span from small abnormalities 
in electrocardiographic or echocardiographic 
readings to severe CHF. QTc interval prolongation 
has been noted in the acute phase following doxo-
rubicin administration, but no adverse sequelae 
are attributed to this [ 68 ]. Acute changes are gen-
erally transient and are indicated by systolic dys-
function of the LV observed by echocardiography 
in less than 1 % of patients [ 16 ,  69 ,  70 ]. Although 
most patients recover from acute changes, those 
who received a high cumulative dose may experi-
ence permanent damage. Children who experi-
ence LV dysfunction during or immediately after 
anthracycline therapy are at the highest risk for 
chronic, progressive cardiac abnormalities [ 3 ]. 

 Early-onset cardiotoxicity is characterized by 
LV dysfunction, electrophysiologic changes, 
decreased exercise capacity, and clinical CHF [ 16 , 
 67 ,  69 – 74 ]. Late-onset LV dysfunction is more 
common among survivors of childhood cancer 
[ 16 ,  75 ]. Late LV dysfunction has been found to 
occur as far as two decades following completion 
of treatment. This type of cardiac deterioration 
most likely stems from damage induced by treat-
ment that was not severe enough to cause observ-
able symptoms during therapy. Progressive LV 
dilation, LV wall thinning, and decreased LV con-
tractility develop from cardiomyocyte death and/or 
damage [ 76 ]. In order to maintain cardiac output 
and LV systolic function, the LV dilates, leading to 
thinning of the ventricular walls. These changes in 
structure place more stress on the walls of the LV, 
further compromising its systolic performance. 
Eventually, dilation of the LV is unable to meet the 
additional stress and metabolic demands placed on 
the heart, leading to CHF. Additional stressors on 
the heart that can exacerbate underlying dysfunc-
tion include acute viral infection [ 77 ], growth hor-
mone therapy [ 78 ], pregnancy, and physical strain 
such as lifting weights [ 77 ,  79 ,  80 ]. 

 Abnormalities have been found to increase over 
time and are often monitored in echocardiographic 
measurements, such as LV fractional shortening 
(LVFS), LV end diastolic dimension, LV afterload, 
LV contractility, and LV diastolic fi lling phase indi-
ces including strain [ 21 ,  80 ,  81 ]. Electrocardiograms 
(ECG) and exercise stress tests can also detect car-
diac abnormalities [ 21 ]. Lipshultz et al. found that 
a majority of survivors of ALL had abnormal LV 
afterload indicative of reduced LV contractility 
after a median of 6 years of follow-up [ 21 ]. The 
fi ndings are suggestive of progressive rather than 
static cardiotoxicity because 24 of 34 patients had 
increased LV afterload values on their last study 
when compared to earlier measurements. 

10.3.1.1      Drug-Related Risk Factors 
 Higher cumulative dose of anthracyclines is a 
well-known risk factor for LV dysfunction 
(Table  10.3 ) [ 21 ,  81 ]. In a study of 6,493 patients 
who received varying cumulative doses of anthra-
cyclines, the prevalence of CHF was 0.15 % with 
doses of 400 mg/m 2  or less, while it was 7 % 
among those who had cumulative doses of 
550 mg/m 2  or more [ 82 ]. Also, those who 
received the higher cumulative dose of anthracy-
cline had a relative risk greater than fi ve of clini-
cally apparent cardiotoxicity [ 83 ]. In 1991, 
Lipshultz et al. found that high cumulative dose 
of anthracycline was the strongest predictor of 
cardiotoxicity in a cohort of 115 ALL survivors 
who received doxorubicin [ 21 ]. Another cohort 
was constructed by Steinherz et al. who demon-
strated decreased cardiac function using echocar-
diography over time in patients who had received 
anthracyclines 4–20 years prior [ 80 ]. Similarly, 
data from the National Wilms’ Tumor Study 
Group found that cumulative dose of doxorubicin 
increased the patient’s relative risk of CHF by a 
factor of 3.3 for every 100 mg/m 2  of doxorubicin 
[ 84 ]. Though increases in dose of doxorubicin 
lead to increased cardiotoxicity, the relationship 
is not linear (Fig.  10.1 ). Notably, LV dysfunction 
is still reported in patients with total dose less 
than 300 mg/m 2  [ 85 ,  86 ]. As alluded to above, the 
dose of a cardiotoxic agent is only one determi-
nant in overall cardiac risk assessment, and no 
dose of anthracycline is absolutely safe [ 87 ].
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    Echocardiographic measures of cardiac strain 
were measured in a cohort of pediatric oncology 
patients treated with a single dose of anthracy-
cline as compared to another that received at 
least 228 mg/m 2  or more [ 21 ]. Children who 
received a single dose had less impaired LV 
function than those who received more. In this 
population, LVFS and LV contractility were sig-
nifi cantly reduced, refl ecting cardiac dysfunc-
tion. Left ventricular afterload, which is a direct 
function of blood pressure, LV dimension, and 
inversely related to LV wall thickness, was 
greatly elevated in those who received more 
anthracycline. This was attributed to a reduced 
LV wall thickness. LV contractility was also 
decreased.  

10.3.1.2      Drug Delivery 
 Rate of administration has been suggested as 
another possible segregating factor in determin-
ing anthracycline toxicity (Table  10.3 ). Some 
studies found that children who received higher 
anthracycline dose rates experienced cardiotox-
icity independent of cumulative dose [ 88 ]. 
Additionally, in adult protocols, continuous 
infusion of anthracyclines was associated with 

reduced cardiotoxicity [ 89 ]. Despite the lack of 
evidence on effi cacy in the pediatric population, 
many pediatric protocols incorporated continu-
ous infusion based on adult study fi ndings [ 90 –
 92 ]. However, evidence to date does not support 
a cardioprotective difference between continu-
ous infusions as compared to bolus doses in 
children. While it was thought that prolonged 
exposure might reduce the peak dose and help 
prevent anthracycline-induced cardiomyopathy, 
this appears not to be so according to echocar-
diographic measures published in 2002 [ 91 ]. 
Left ventricular structure and function were not 
signifi cantly different between the two groups 
who received doxorubicin either as a bolus or as 
a continuous infusion. Multiple echocardio-
graphic measurements were used in this study 
to evaluate LV function, and in both cohorts 
equivalent levels of LV dysfunction were 
observed. Continued follow-up of this cohort 
had similar fi ndings after 8 years [ 92 ]. 
Subclinical cardiotoxicity after moderate doses 
of anthracycline was not mitigated by 6-hour 
infusions in another study [ 93 ], which also sug-
gests that rate of infusion is not an important 
parameter in determining risk.  

10.3.1.3      Liposomal Anthracyclines 
 Clinical trials with doxorubicin began in the 
1960s but not until the 1990s was its liposomal 
form used [ 94 ]. By encapsulating doxorubicin 
within a liposome, the volume of distribution is 
decreased, thus decreasing toxicity while pre-
serving effi cacy (Table  10.3 ) [ 95 ]. Liposomes 
also appear to localize their encapsulated drug 
directly at tumor sites by having an affi nity for 
leaky tumor vasculature [ 95 ]. 

 No difference in efficacy was noted in 
patients with metastatic breast cancer when 
comparing pegylated liposomal to conven-
tional doxorubicin, but the incidence of car-
diotoxicity decreased from 19 to 4 % 
( p  < 0.001) [ 96 ]. The process of pegylating 
involves attaching polyethylene glycol to the 
molecule to further decrease  immunogenicity 
and clearance while enhancing therapeutic 
effects. Additionally, two studies provided 
evidence that pegylated doxorubicin appears 
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  Fig. 10.1    Dose-response relationship between cumula-
tive anthracycline exposure and risk of cardiomyopathy. 
Patients with no exposure to anthracyclines served as the 
reference group. Magnitude of risk is expressed as odds 
ratio, which was obtained using conditional logistic 
regression adjusting for age at diagnosis, sex, and chest 
radiation (Reprinted with permission from the publisher 
Blanco et al. [ 247 ]       
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to accumulate in myocardial cells in a reduced 
amount when compared to doxorubicin [ 97 , 
 98 ]. Further evidence of decreased cardiotox-
icity is provided when comparing serial left 
ventricular ejection fraction (LVEF) measure-
ments as cardiomyopathy is decreased at 
cumulative doses above 500 mg/m 2  [ 98 ]. 
There are no randomized studies of pegylated 
doxorubicin in children.  

10.3.1.4      Novel Anthracycline 
Analogues 

 Epirubicin, an epimer of doxorubicin, exhibits 
less cumulative dose cardiotoxicity than doxo-
rubicin. Epirubicin was associated with cardio-
toxicity in 3 % of patients at a cumulative dose 
of 900 mg/m 2  and 10 % at 1,000 mg/m 2 . 
Doxorubicin had a 5 % incidence at 500 mg/m 2  
and 15 % at greater than 600 mg/m 2 , almost 

     Table 10.3    Risk factors for cardiotoxicity   

 Risk factor  Comment  References 

 Cumulative anthracycline dose  Cumulative doses >500 mg/m 2  are 
associated with signifi cantly elevated 
long-term risk 

 [ 3 ,  21 ,  70 ,  81 ] 

 Time after therapy  Incidence of clinically important 
cardiotoxicity increases progressively after 
therapy 

 [ 3 ,  21 ,  81 ,  90 ] 

 Rate of anthracycline administration  Prolonged administration to minimize 
circulating dose may decrease toxicity; 
results are mixed 

 [ 90 ,  91 ] 

 Individual anthracycline dose  Higher individual doses are associated with 
increased late cardiotoxicity, even when 
cumulative doses are limited; no dose is 
risk-free 

 [ 3 ,  81 ,  90 ] 

 Type of anthracycline  Liposomal encapsulated preparations may 
reduce cardiotoxicity. Data on 
anthracycline analogues and differences in 
cardiotoxicity are confl icting 

 [ 70 ,  89 ] 

 Radiation therapy  Cumulative radiation dose >30 Gy; as little 
as 5 Gy increases the risk; before, after, or 
concomitant with anthracycline treatment 

 [ 67 ,  69 ,  90 ] 

 Concomitant therapy  Trastuzumab, cyclophosphamide, 
bleomycin, vincristine, amsacrine, and 
mitoxantrone, among others, may increase 
susceptibility or toxicity 

 [ 69 ,  70 ] 

 Preexisting cardiac risk factors  Hypertension; ischemic, myocardial, and 
valvular heart disease; prior cardiotoxic 
treatment 

 [ 71 ] 

 Personal health habits  Smoking, alcohol consumption, energy 
drinks, stimulants, prescription and illicit 
drugs 

 [ 90 ] 

 Comorbidities  Diabetes, obesity, renal dysfunction, 
pulmonary disease, endocrinopathies, 
electrolyte and metabolic abnormalities, 
sepsis, infection, pregnancy, viruses, elite 
athletic participation, low vitamin D levels 

 [ 71 ,  90 ] 

 Age  Both young and advanced age at treatment 
are associated with elevated risk 

 [ 21 ,  81 ,  90 ] 

 Sex  Females are at greater risk than males  [ 81 ] 
 Complementary therapies  More information needs to be collected to 

assess risk 
 [ 90 ] 

 Additional factors  Trisomy 21; African-American ancestry  [ 70 ] 
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double that of epirubicin [ 99 ]. One study found 
similar effi cacy rates when comparing non-
pegylated liposomal doxorubicin and epirubicin 
in 160 patients [ 100 ]. 

 However, several studies suggest epirubicin 
may cause subclinical cardiac injury [ 71 ]. While 
no CHF was noted for patients receiving epirubi-
cin at a cumulative dose of 400–500 mg/m 2 , the 
LVEF was decreased signifi cantly in one third of 
patients at a dose of 450 mg/m 2  [ 101 ]. While 
clinical cardiotoxicity is decreased in the short 
term, long-term follow-up is necessary to ade-
quately assess epirubicin toxicity. 

 Idarubicin is an analogue of doxorubicin that 
has been shown to exhibit decreased cardiotox-
icity when compared to doxorubicin. While pro-
viding a decrease in cardiomyopathy (5 % at its 
target dose of 150–290 mg/m 2 ) [ 102 ], subclini-
cal cardiac effects were observed at lower cumu-
lative doses (150 mg/m 2 ) [ 102 ]. Similar to 
epirubicin, idarubicin appears to provide less 
clinical cardiotoxicity but subclinical effects 
remain. 

 Mitoxantrone is part of the anthracenedione 
family but is structurally similar to anthracycline. 
This class has antiviral, antibacterial, immuno-
modulatory, and antitumor properties. While 
mitoxantrone has been shown to be effective in 
treating various malignancies, the risk of CHF 
remains elevated compared to other antineoplas-
tic therapies. The risk of CHF at the upper limit 
of dosing (140 mg/m 2 ) is 2.6 % (Table  10.1 ) 
[ 103 ]. However, in evaluating subclinical cardiac 
function, a decrease in LVEF to less than 50 % 
was seen in 2 % of patients [ 103 ]. 

 Monoclonal antibodies against vascular endo-
thelial growth factor, such as bevacizumab and 
trastuzumab, are used to treat a variety of solid 
tumors. These antibodies affect myocardial 
homeostasis and can lead to changes in cardio-
myocytes function and metabolism [ 104 ]. One 
randomized controlled study found that when 
combined with anthracycline treatment, bevaci-
zumab was associated with heart failure in 3.8 % 
of these adult patients [ 105 ]. It is unknown 
whether bevacizumab enhances cardiomyopathy 
in children.   

10.3.2      Radiation Exposure 
and Cardiac Toxicity 

 Radiation-induced CVD is a major cause of mor-
bidity and mortality in pediatric patients receiv-
ing mediastinal radiation. Complications can be 
both acute and chronic and include pericarditis, 
CAD, cardiomyopathy, valvular defects, veno- 
occlusive disease, and conduction abnormalities. 
Methods to prevent these complications include 
assessing patient risk factors and adjusting dose 
and size of the radiation portal. Doses greater 
than 40 Gy have been associated with increased 
cardiac mortality [ 106 ]. 

 The onset of radiation-induced cardiotoxicity 
typically is 10 or more years following comple-
tion of therapy. Thickening of the pericardium 
due to high doses of mediastinal radiation has 
become rare with modern day practices. 
Complications such as restrictive cardiomyopa-
thy and myocardial infarction are more prevalent 
in children treated with radiation. Nonetheless, 
the cohort of survivors who received high-dose 
mediastinal radiation is aging, and data suggest 
that they will be experiencing the complications 
outlined herein. Unlike others who have cardiac 
disease, the clinical symptoms of myocardial 
infarctions can be harder to detect or even nonex-
istent in this population [ 107 ]. 

 Also, radiotherapy is associated with diastolic 
dysfunction and anthracyclines with systolic dys-
function. One study evaluated cardiac status of 48 
long-term survivors of Hodgkin lymphoma treated 
with mantle irradiation [ 108 ]. At a median follow-
up of 14 years, LV systolic dysfunction was found 
in fi ve (10 %) of the survivors, although three of 
these fi ve had also been treated with anthracy-
clines. On the other hand, 18 (37 %) had LV mea-
surements indicating diastolic dysfunction. 

 Valvular dysfunction is an increasingly com-
mon fi nding in these patients. In the same study 
previously mentioned, Adams et al. found at least 
one heart valve abnormality in 20 (43 %) of the 
survivors [ 108 ]. Other studies have found similar 
echocardiographic fi ndings [ 109 – 112 ]. Valvular 
heart disease may be progressive and can contrib-
ute to CHF [ 62 ]. 
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10.3.2.1      Dose Reduction 
 Historically, radiation doses of 30–40 Gy were 
used in pediatric Hodgkin lymphoma and were 
associated with subsequent cardiotoxicity. 
Current radiation exposure is at or below doses of 
25 Gy [ 113 ], much less than the aforementioned 
40 Gy causing clinical cardiotoxicity. Further 
studies of cardiotoxic events at this level are nec-
essary, and follow-up of the patients who received 
the much higher doses of radiotherapy should be 
closely pursued. 

 Reduction of the volume of radiation received 
by the patient has been achieved through the uti-
lization of involved-fi eld radiotherapy as opposed 
to mantle radiotherapy. This technique reduced 
the relative risk of cardiac-related death from 5.3 
to 1.4 in patients treated for Hodgkin lymphoma 
[ 114 ]. Similar reductions of predicted risk have 
been reported by others [ 115 ,  116 ]. Subcarinal 
blocking of the LV has also been found to reduce 
the incidence of pericarditis [ 117 ]. Further reduc-
tions in radiation volume are now being tested 
and include involved site and involved node radi-
ation therapy; both approaches will decrease the 
dose to the heart [ 118 ].  

10.3.2.2      Targeted Therapy 
 Three-dimensional conformal radiation therapy 
and proton therapy are currently being studied for 
their ability to reduce dose of radiation received 
by cardiac structures. Three-dimensional confor-
mal radiation therapy uses CT imaging to gather 
tissue density and depth information which 
assists in the calculation of dose distribution, 
with the radiation fi elds delivering this dose from 
multiple angles. Proton therapy uses charged par-
ticles as opposed to high-energy photons to 
deliver therapeutic radiation. These charged par-
ticles have reduced exit dose as they leave normal 
tissue, which may confer reduced toxicity. 
Further research is required to determine the 
capability of these contemporary techniques in 
reducing radiation exposure to cardiac 
structures. 

 Respiratory maneuvers during radiation, such 
as quiet breathing or breath holding, may decrease 
radiation to the heart and, thus, cardiotoxicity. In 
one study of breast cancer patients, deep 

 inspiration was performed, which displaces the 
heart caudally. In 21 % of patients, the heart was 
displaced out of the radiation fi eld [ 119 ].    

10.4      Detection and Screening 

10.4.1      Cardiac Considerations 

 Assessment of multiple studies has shown that 
childhood cancer survivors are at increased risk 
of CVD compared to the general population as 
early as 1 year after treatment [ 120 ] and for at 
least 45 years after initial diagnosis [ 121 ,  122 ]. 
Studies comparing long-term survivors to their 
siblings have shown higher rates of CHF, myo-
cardial infarction, valvular disease [ 123 ], and 
subclinical dysfunction [ 124 ]. Death from car-
diac disease is the third leading cause of death in 
long-term survivors [ 120 ,  121 ,  125 ]. Long-term 
survivors of childhood cancer who received 
potentially cardiotoxic therapies should undergo 
regular, repeated evaluations of cardiac status, 
even if the patient is asymptomatic. Although 
screening regimens have been suggested for 
patients treated with doxorubicin and/or irradia-
tion [ 49 ,  126 – 129 ], no specifi c regimen for child-
hood cancer survivors has ever been tested for 
effi cacy and cost-effectiveness. Nevertheless, 
serial evaluation recognizes 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, and (3) can-
cer 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 cardiac stress such as beginning 
a new exercise program, starting growth hormone 
therapy, becoming pregnant, or undergoing anes-
thesia. It has been shown that growth hormone 
defi ciency is seen after radiation to the 
hypothalamic- pituitary axis, which many long- 
term survivors have received. The LV wall, which 
has been shown to be thinned after anthracycline 
and radiation treatment (Fig.  10.2 ), is increased 
in diameter after growth hormone therapy is 
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started. However, this change only lasts as long 
as growth hormone replacement therapy is con-
tinued [ 130 ]. Clearly, those patients who have 
had an abnormal fi nding or study, let alone 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 
fi nd 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 irradia-
tion [ 21 ].  

 Longer follow-up is important since it is 
known that both the prevalence and severity of 
LV abnormalities increase over time (Fig.  10.3 ) 
[ 81 ,  131 ]. Lipshultz et al. demonstrated an 
increased incidence of LV dysfunction when 
increasing the length of follow-up of 120 patients 
[ 81 ]. Acute LV dysfunction can be treated with 
anticongestive therapy and usually shows an ini-
tial improvement, but a progressive decline is 
expected even with appropriate long-term medi-
cations. In following pediatric cancer survivors at 
6 years after anthracycline administration, it was 
found that 65 % had silent cardiac dysfunction 
[ 21 ,  69 ,  81 ]. Pregnancy, infection, cocaine use, 
and demanding exercise regimens may not be the 
only stressors that precipitate CHF. Although one 

study found no cases of peripartum cardiomyop-
athy in following 53 survivors at a mean follow-
 up of 20 years [ 132 ], the study is not adequately 
powered. Further research on a larger scale 
should be conducted to investigate stressors and 
their effects on the heart. Clinically signifi cant 
cardiotoxicity such as CHF or cardiac rhythm- 
related symptoms can initially appear either dur-
ing the third trimester of pregnancy or during the 
fi rst few months postpartum and may be attribut-
able to intravascular volume increases during 
pregnancy or to other pregnancy-associated 
changes. Pregnancy should be considered to be a 
cardiac stressor for survivors and follow-up as 
high-risk patients is recommended. Screening 
protocols should include close serial monitoring 
with involvement of a multidisciplinary team 
approach. There is need for continued cardiac 
monitoring, even in asymptomatic patients, par-
ticularly during stressful circumstances [ 133 ].  

 Cardiac evaluation of the survivor should fi rst 
begin with a thorough annual history and physi-
cal examination [ 126 ]. Self-reported symptoms 
without specifi c questioning do not necessarily 
correlate well with cardiovascular abnormalities 
detected by specialized testing; it is essential that 
information be determined by specifi c, quantita-
tive parameters (e.g., “Can you walk up two 
fl ights of stairs without becoming short of 
breath?”). Changes in exercise tolerance, dys-
pnea on exertion, palpitations, and syncope 
should all be evaluated by specifi c screening 
modalities because they may be the manifesta-
tions of the late anthracycline-related cardiotox-
icity (CHF and arrhythmias). Worrisome fi ndings 
on physical examination include tachypnea, 
tachycardia, gallops, rales, hepatomegaly, periph-
eral edema, and diminished peripheral pulse vol-
ume and perfusion, any of which is suggestive of 
cardiac abnormalities. 

 The history should not only evaluate risk from 
therapy but also traditional CVD risk factors such 
as hypertension, tobacco abuse, diabetes, family 
history of early CVD, gender, and age. Landy 
et al. using the traditional scoring systems for 
CVD risk (the Pathobiological Determinants of 
Atherosclerosis in Youth (PDAY) and the 
Framingham Risk Calculator (FRC)) found that 
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  Fig. 10.2    Marginal (Kaplan-Meier) and (C-E) cause-
specifi c (competing risk) cumulative incidence of cardiac 
events (CEs) in childhood cancer survivors. Marginal 
cumulative incidence for all CEs, stratifi ed according to 
potential cardiotoxic (CTX) therapy or no CTX therapy, 
log-rank  p  < 0.001 (Reprinted with permission from the 
publisher Wouters et al. [ 89 ])       
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long-term survivors had a similar risk profi le to 
their siblings. While a higher proportion of survi-
vors had PDAY odds ratios and FRC risk ratio(s) 
greater than 4, this was not statistically signifi cant 
possibly suggesting that the increased risk of CVD 
is truly due to therapeutic cardiotoxicity [ 128 ]. 

10.4.1.1      Assessment of Coronary 
Artery Disease 

 All childhood cancer survivors should be 
screened regularly for CAD risk factors. While 
those treated with mantle radiation are probably 
most at risk for CAD, survivors treated with 
anthracyclines and high-dose cyclophosphamide 
may also have damaged hearts that can ill afford 
further compromise from myocardial ischemia or 
infarction. Patients who received brain irradia-
tion, especially those with proven growth 
 hormone defi ciency or other hypothalamic-pitu-
itary axis dysfunction, may also be at higher risk, 
compared with other survivors. Risk factor for 
CAD, such as family history, hypertension, 
tobacco abuse, hyperlipidemia [ 134 ], obesity, 
diabetes mellitus, and a sedentary lifestyle, 
should be evaluated at each long-term visit. 
Counseling to reduce such risk factors is 
extremely important. Signs and symptoms of 
pericarditis, cardiomyopathy, valvular disease, 
arrhythmia, and CAD should all raise concern. 

 As in other children, chest pain is usually due 
to costochondritis (Tietze’s syndrome) in young 
survivors and is characterized by point tender-
ness, discomfort with inspiration, and response to 
nonsteroidal analgesics. 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 acutely. In a study of 
294 survivors of Hodgkin disease who received 
mediastinal radiation of 35 Gy, 18.4 % (54 of 
294) had abnormal stress testing, and on invasive 
coronary angiography, 22 had coronary stenoses 
of more than 50 % of the luminal diameter [ 135 ]. 
Although the possibility of myocardial ischemia 
is strongly suggested by crushing pain (espe-
cially with exercise), diaphoresis, dyspnea, and 
nausea, the absence of these symptoms does not 
necessarily exclude ischemia because chest irra-

diation may cause individuals to feel cardiac pain 
abnormally [ 136 ]. Complaints of chest pain, even 
in young survivors treated with mediastinal irra-
diation, require additional evaluation. 

   Noninvasive Coronary Artery Imaging 
 In 2008, the American Heart Association pub-
lished a scientifi c statement regarding noninva-
sive coronary artery imaging comparing 
magnetic resonance angiography and multide-
tector CT angiography [ 137 ]. With regard to 
detection of coronary atherosclerosis, studies of 
magnetic resonance angiography at multiple 
centers show a sensitivity ranging from 65 to 
93 % and specifi city of 42–100 %. A meta-anal-
ysis of 64-slice CT angiography found 6 studies 
with sensitivity of 93 % and specifi city of 96 % 
and found 19 studies with a sensitivity of 86 % 
and specifi city of 96 %. Each of these two 
modalities has its benefi ts and limitations. CT 
angiography has higher spatial resolution with a 
shorter examination time and wider availability 
when compared to magnetic resonance angiogra-
phy, while magnetic resonance angiography has 
no exposure to ionizing radiation or iodinated 
contrast. The summary recommendations state 
that neither modality should be used for screen-
ing asymptomatic patients, but both have poten-
tial benefi t for symptomatic patients with 
intermediate coronary risk by standard criteria. 
Patients with high pretest likelihood for stenosis 
should undergo invasive angiography as opposed 
to CT angiography due to likelihood of need for 
intervention [ 137 ].  

   Invasive Procedures 
 In all survivors treated with potentially cardio-
toxic therapies, angiography and cardiac cathe-
terization are appropriate for evaluating 
symptomatic disease (angina and CHF, respec-
tively). They are not appropriate for routine 
serial screening in the asymptomatic survivor. 
According to some experts, however, these pro-
cedures should be performed if any clinically 
signifi cant cardiac lesion is found due to the fact 
that CAD can be asymptomatic and is often 
present in those who received mediastinal irra-
diation [ 138 ].   
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10.4.1.2      Assessment 
of Cardiomyopathy 
and Congestive Heart Failure 

   Imaging 
 The most common screening methods for 
anthracycline- associated cardiomyopathy are 
echocardiograms, radionuclide ventriculogra-
phy – also commonly referred to as radionuclide 
angiography (RNA) – and ECGs. These methods 
are also useful for screening for radiation- 
associated cardiotoxicity with subtle differences. 
Echocardiography and RNA are both excellent 
methods of measuring LV systolic function, but 
echocardiography has the advantage over RNA 
of being noninvasive. Echocardiography also has 
the advantage of being able to evaluate heart 
structures such as the pericardium and valves. 
Unfortunately, it can be technically diffi cult in 
adults due to body habitus and bone density. 

 Fractional shortening and ejection fraction are 
reliable echocardiographic measures of LV sys-
tolic function. Fractional shortening is the per-
centage of change in LV dimension between 
systole and diastole. Both measurements, 

 however, are dependent on loading conditions, 
which may vary considerably, particularly during 
chemotherapy [ 139 ,  140 ]. Load-independent 
measures of cardiomyocyte health and myocar-
dial function can be provided by measurements 
of wall stress and contractility, i.e., the relation-
ship between wall stress and the heart rate cor-
rected velocity of circumferential fi ber shortening 
[ 140 ]. Additionally, anatomic measurements 
such as posterior wall thickness and LV dimen-
sion are useful. Current monitoring recommen-
dations include obtaining echocardiograms of 
these measurements at regular intervals after 
therapy [ 126 ,  129 ]. Several studies show abnor-
mal LVFS in long-term survivors versus controls 
[ 24 ,  141 ,  142 ]. The recommended monitoring 
intervals depend on cumulative anthracyclines 
dose, other therapies received, the detection of 
abnormalities, any symptoms the patient may 
experience, and coexistent stressors such as 
growth or participation in competitive athletics. 

 Echocardiographic modalities such as strain 
and strain rate are used to measure regional myo-
cardial wall motion as well as LV systolic and dia-
stolic function. Adult studies on breast cancer 
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patients have found that strain rate imaging allowed 
for earlier and better detection of subtle changes in 
preclinical cardiac function such as longitudinal 
LV function [ 74 ,  143 – 145 ]. Although studies have 
found high positive predictive value for longitudi-
nal strain, this measure depends partially on the 
prevalence of the condition being studied. 
Although positive predictive value gives the prob-
ability that a positive screening test will correctly 
identify an outcome of interest, it does not validate 
a test as cost- effective or practical. Further research 
is required to elucidate the validity of strain and 
strain rate as surrogate measures of LV function in 
childhood cancer survivors [ 146 ]. 

 Radionuclide ventriculography determines an 
ejection fraction that is arguably more accurate 
than that derived from echocardiography by cal-
culating the change in radioactivity at end diastole 
to that at end systole. However, this measure is 
load-dependent, and no load-independent mea-
sure of cardiomyocyte health exists for this 
modality. Although it has been recommended as a 
baseline study to be repeated every 5 years in 
anthracycline-treated children (in addition to 
more frequent echocardiography [ 109 ,  126 ,  127 ]), 
further studies are necessary to determine 
whether RNA is of clinical value for the entire 
cohort of asymptomatic patients. It is clearly use-
ful for those in whom a good echocardiogram 
cannot be obtained, which is frequently the case 
in adults. However, it should be noted that the 
LVFS on echocardiography and the ejection frac-
tion on RNA are not directly convertible. 

 Myocardial performance index is a ratio of 
isovolumic contraction and relaxation times to 
ejection time and is a newer form of evaluation of 
cardiac dysfunction using Doppler echocardiog-
raphy. Changes in myocardial performance index 
can occur before changes in the echocardio-
graphic measures of LV function suggesting that 
myocardial performance index may also be a use-
ful tool in evaluation of early asymptomatic car-
diac dysfunction [ 147 ,  148 ]. 

 A signifi cant difference in anthracyclines and 
radiation-associated cardiomyopathy is the type 
of cardiac dysfunction caused. Although other-
wise quite different from other types of dilated 
cardiomyopathy [ 13 ], anthracycline-associated 

 cardiomyopathy resembles dilated cardiomyopa-
thy because it primarily causes diastolic dysfunc-
tion. Lipshultz et al. found that survivors of 
childhood ALL treated with anthracyclines ini-
tially developed dilated cardiomyopathy as evi-
denced by reduced shortening fractions and 
contractility with LV dilation [ 3 ]. As time pro-
gressed, they developed signs of restrictive cardio-
myopathy such as smaller LV dimensions and 
decreased wall thickness [ 73 ] (Fig.  10.4 ). 
Radiation damage differs from that of anthracy-
clines as it causes restrictive cardiomyopathy, 
which primarily leads to diastolic dysfunction 
(i.e., problems with fi lling the heart). Both 
 conditions, however, can cause CHF in the long 
term. Therefore, it is important to screen for both 
with the hope that early intervention can delay or 
prevent CHF. The problem is that measuring dia-
stolic function noninvasively can only be done 
through imprecise echocardiographic techniques. 
In addition to measuring LV wall stress, LVFS, 
and LV wall thickness, measuring LV mass and 
LV chamber size is recommended, which, if 
abnormal, may suggest restrictive cardiomyopa-
thy. Measuring the ratio of peak early fi lling to 
peak late fi lling of the LV (E/A ratio) and other 
indirect echocardiographic indicators of diastolic 
function is also recommended. Brouwer et al. 
showed increasing rates of diastolic dysfunction 
in a cohort of long-term survivors of bone tumors 
treated with doxorubicin when evaluated at 9 and 
14 years posttreatment [ 149 ]. Echocardiography 
is also useful for following valvular and pericar-
dial status. Recommendations for frequency of 
monitoring of cardiac function are based on age at 
time of treatment, anthracycline dosage, and 
whether combined modalities of therapy are used 
[ 126 ,  129 ]. Lifetime health care cost of echocar-
diographic screening using Children’s Oncology 
Group guidelines is approximately $500 million 
for 100,000 anthracycline-exposed survivors 
(2010 US dollars) or $5,000 per patient and was 
predicted to extend quality-adjusted life years by 
1.8 months and to delay CHF by 8.4 months [ 150 ].   

   Biomarkers 
 Blood cardiac biomarkers are garnering interest 
for the detection of cardiac dysfunction during 
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and after therapy, including in long-term  survivors. 
These blood cardiac biomarkers include cardiac 
troponin T (cTnT) and N-terminal pro-B- type 
natriuretic peptide (NT-pro-BNP). Lipshultz et al. 
demonstrated that during and immediately after 
therapy with doxorubicin with or without dexra-
zoxane, both cTnT and NT-pro-BNP are elevated 
in some patients. Dexrazoxane seems to offer 
protection as a smaller percentage of patients had 
elevations of either biomarker at all points in the 
study (Fig.  10.5a, b ) [ 17 ]. A study of 122 survivors 
showed no elevations in cTnT. However, 13 % of 
these patients had abnormal NT-pro-BNP, which 
correlated with cumulative anthracycline doses. 
Only 3 % and 7 %, respectively, had a LVFS less 
than 29 % and LVEF less than 55 % suggesting 

that NT-pro- BNP may provide earlier detection of 
cardiac dysfunction, but at this time study size is 
a signifi cant limitation to development of recom-
mendations [ 151 ].    

10.4.1.3      Assessment 
of Dysrhythmias/Conduction 
Abnormalities 

 Electrical conduction abnormalities and rhythm 
disturbances may remain silent until fatal. Serial 
screening ECGs may identify potentially fatal 
arrhythmias such as prolonged corrected QT inter-
val, atrioventricular conduction delay, ventricular 
ectopy, low voltage, second-degree AV block, 
complete heart block, ST elevation (or depres-
sion), and T wave changes. Recommendations 

Normalal

1.5
DCM RCMNormal

LV contractility (stress–velocity index)

End
of Dox

–1.5

0 2 3 4 5 6 7 8

Time since dingnosis (year)

Z
 s

co
re

 (
S

D
)

9 10 11 12 13 141 15

0.5

–0.5

  Fig. 10.4    Z-scores of cardiac measurements from 115 
long-term survivors of acute lymphoblastic leukemia 
treated with doxorubicin, by time since diagnosis (years). 
The  solid line  is the overall group mean in this model. The 

 dashed lines  are the  upper  and  lower  95 % CIs from the 
predicted mean 2 SEs of the mean. Left ventricular ( LV ) 
contractility (stress-velocity index) (Reprinted with per-
mission from the publisher Lipshultz [ 3 ])       

 

10 Cardiovascular Effects of Cancer Therapy



182

from the CVD Task Force of the Children’s 
Oncology Group include a baseline ECG at the 
completion of therapy and, for those with pro-
longed corrected QT interval, counseling on 
avoidance of potentially dangerous medications 
(i.e., tricyclic antidepressants, antifungals, and 
macrolides) [ 126 ]. 

 No study conclusively establishes what 
screening tool and with what frequency it 
should be used. Steinherz et al. recommended 
performing 24-h ECG every 5 years in long-
term survivors who had received anthracyclines, 
and this proposal is commonly followed. No 
large study has been done that conclusively 
demonstrates with what frequency screening 
should be undertaken, although the importance 
in doing so is clear.  

10.4.1.4     Cardiometabolic Screening 
 Heart-healthy lifestyles should be encouraged in 
long-term survivors of cancers treated with car-
diotoxic therapies even if the patient is asymptom-
atic [ 152 ]. Those who have received anthracyclines, 
high-dose cyclophosphamide and cardiac radia-
tion are at highest risk of CHF, and cardiac mor-
tality occurs at increased rates within the fi rst 
decades after cardiotoxic  treatments [ 153 ]. 
Protocols for screening those who have survived 
cardiotoxic therapy have not been tested for effi -
cacy, but a wide scope of monitoring should be 
considered, including assessment of both modifi -
able and non-modifi able risk factors. Relevant 
screening methods include detailed treatment his-
tory, assessment of independent cardiovascular 
risk factors, and detailed review of systems [ 126 ]. 
As the heart endures continued stress, it may not 
be able to meet the demand. Moreover, cardiac 
disease may itself be progressive in the setting of 
cardiotoxic therapies [ 154 ]. The Children’s 
Oncology Group consensus statement of 2008 
recommends that risk factors should be identifi ed 
and therapies tailored to the details of the cardio-
toxic regimen [ 126 ]. When lifestyle changes 
require an increase in cardiac demand, whether in 
the form of a physically demanding job or new 
exercise regimen, screening tests may need to be 
performed. Moreover, screening is important 
because symptoms do not consistently correlate 
with cardiac performance as measured by echo-
cardiographic variables such as LV function [ 133 ]. 
Screening to assess for cardiac dysfunction should 
be undertaken regularly and aimed at addressing 
problems earlier rather than later.  

10.4.1.5     Exercise Stress Testing 
 Echocardiography and ECG exercise testing 
reveal cardiac injury that is not discernible in 
resting studies [ 155 – 158 ]. Although more 
research is required to determine the appropriate 
use of such studies in chemotherapeutic- or 
radiation- associated CVD [ 49 ], it is likely that 
these tests will be of good predictive value, espe-
cially since anthracycline-treated and/or cardiac- 
irradiated patients appear to decompensate at 
times of cardiac stress. Cardiopulmonary exer-
cise stress testing also provides the opportunity to 
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measure maximum oxygen consumption, a key 
prognostic indicator in patients with cardiomy-
opathy [ 159 ]. It is surprisingly low in long-term 
survivors of childhood cancer treated with anthra-
cyclines and/or mediastinal radiotherapy [ 108 ]; 
long-term survivors without evidence of subclini-
cal cardiac dysfunction using traditional echocar-
diographic measures had much lower oxygen 
consumption than sibling controls [ 160 ]. 

 Screening tests for measuring the indirect 
effects on the cardiovascular system should also 
be performed periodically. In particular, pulmo-
nary and thyroid function tests should be per-
formed for those at risk due to bleomycin or chest 
irradiation.  

10.4.1.6     Post-radiation 
 After chest radiation, early-onset CAD, cardio-
myopathy, conduction abnormalities, and peri-
carditis are believed to be secondary to varying 
degrees of fi brosis. Fibrotic changes of blood 
vessels were historically considered to be the 
mechanism of injury that led to the multiple car-
diac pathologies associated with mediastinal 
radiation [ 113 ]. Although vascular damage 
occurs, the radiation’s deleterious effects are not 
limited to these structures. Valvular, vascular, 
and myocardial layers are affected, and not only 
the treatments but also the screening modalities 
refl ect the wide range of damage incurred by 
mediastinal radiation. 

   Early-Onset Coronary Artery Disease 
 Coronary artery disease is an increasingly com-
mon cause of morbidity and mortality in those 
who receive radiation therapy. Estimates of CAD 
prevalence suggest that it may be one of the most 
common complications from mediastinal radia-
tion. In 1992, Boivin et al. demonstrated increased 
mortality associated with CAD compared to con-
trols at only 10 years of follow-up [ 161 ]. Hancock 
et al. found that survivors of childhood cancer 
who received radiation therapy experienced 
excess mortality due to myocardial infarction 
[ 114 ,  162 ]. The anterior course of the left anterior 
descending artery has been found to be more sus-
ceptible to radiation-induced damage than other 
arteries in limited studies [ 163 ,  164 ], but the cor-

onary ostia are also susceptible [ 165 ]. The right 
coronary and left main arteries adjacent to their 
origins at the aorta appear to be damaged with 
increasing doses of radiation. The course of this 
damage is still unclear. Theories postulate capil-
lary destruction, epicardial artery damage, and 
even infl ammatory marker upregulation as pos-
sible etiologies [ 106 ]. While the mechanism 
remains unclear, the outcome is apparent. 

 Treatment of CAD in those who have received 
chest radiation is not different from those who 
have not. However, should percutaneous coro-
nary interventions fail to be a revascularization 
option, surgical procedures will be complicated 
by fi brosis in multiple areas of the mediastinum. 
The left internal mammary artery, which is com-
monly used in coronary artery bypass grafting, is 
more prone to radiation damage given its native 
anatomical position. Emerging research suggests 
that delaying radiation and decreasing its dose 
have minimized CAD prevalence, but even with 
that improvement, surveillance must be per-
formed [ 113 ].  

   Valvular Dysfunction 
 Valvular heart disease is a known complication of 
mediastinal radiation, and its prevalence is higher 
than initially thought. Given the avascular nature 
of cardiac valves, it was suspected that dysfunc-
tion would be minimal and would not interfere as 
signifi cantly with overall function compared with 
other injuries. However, Wethal et al. found ini-
tial valve insuffi ciency in Hodgkin lymphoma 
survivors exposed to mediastinal radiotherapy. 
Later, stenosis may appear [ 166 ]. Left-sided 
heart valves have a higher predilection toward 
dysfunction after mediastinal radiation. It is sus-
pected to be due to the relatively anterior posi-
tioning of the heart valves, which is also 
considered to be the reason for destruction of the 
left anterior descending and left internal mam-
mary arteries [ 167 ]. Heidenreich et al. published 
data suggesting that valve insuffi ciency was more 
common and that stenosis was rare [ 168 ]. 
Although it is possible the follow-up time 
accounted for this observation, data remain con-
fl icting regarding the natural history of the valve 
deterioration. Carlson et al. published a case 
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series that suggests that right-sided heart valvular 
dysfunction may be more common than previ-
ously thought and can be evaluated for with echo-
cardiography in much the same way as left-sided 
valve dysfunction [ 62 ]. An autopsy series was 
performed in 1996 that demonstrated diffuse 
heart valvular fi brosis in almost half of patients 
who received mediastinal radiation [ 61 ]. Of the 
affected heart valves, 79 % were left sided. 

 Another complication of heart valvular dys-
function involves the increased susceptibility to 
infection. Recently updated guidelines on antibi-
otic use for patients with heart disease suggest 
that patients who have been exposed to mediasti-
nal radiation do not require antibiotics for dental 
procedures [ 169 ]. However, at autopsy, almost 
one half of patients had signifi cant heart valvular 
disease in a non-repaired form, which is a poten-
tial indication for antibiotic prophylaxis [ 169 ]. 
Further data must be collected to determine if this 
patient population should use antibiotics before 
receiving dental care. 

 Regardless of the affected heart valve, therapy 
for heart valve dysfunction has traditionally been 
surgical repair with a median sternotomy. With 
the advent of percutaneous interventions, this 
patient population may have an alternative to a 
surgical procedure marred by possible infection, 
technical diffi culties, and prolonged 
hospitalization.  

   Conduction Abnormalities 
 A high prevalence of conduction abnormalities 
following mediastinal radiation has not been 
proven in a large clinical trial, but fascicular 
blocks and complete heart block are reported in 
the immediate post-radiation phase [ 53 ,  170 ]. 
Some hearts act as if the nervous system has 
failed altogether with tachycardia mimicking 
denervation seen in transplantation [ 108 ]. 
Multiple histologic samples have demonstrated 
neurodegeneration, although supporting data is 
limited [ 171 ].  

   Pericarditis 
 Both acute and delayed pericarditis are sequelae 
of mediastinal radiation. Increased infl ammation 
coupled to necrosis of tissue likely leads to acute 

pericarditis although the prevalence of this is 
lower than previously suspected. Hancock et al. 
demonstrated that only 8 of 635 patients experi-
enced acute pericarditis and presented with pleu-
ritic chest pain, ST-segment changes, silent 
pleural effusions, or even as a friction rub on 
exam [ 162 ]. The patients were treated with anti- 
infl ammatory medications and recovered. 
Delayed pericarditis may present from months to 
decades after radiation exposure, but usually 
within 1 year. It is commonly seen as a pericar-
dial effusion on imaging. As a diagnosis of exclu-
sion, multiple other causes should be ruled out. 
Development of constrictive pericarditis was 
observed in approximately 7 % of patients who 
received mediastinal radiation as reported in 
1974 [ 172 ], but this may overestimate its preva-
lence in the modern clinical era. Treatment is 
undertaken rapidly to prevent progression to con-
strictive pericarditis.    

10.4.2      Noncardiac Considerations 

10.4.2.1     Patient-Related Risk Factors 
 Younger age at treatment is a risk factor for 
anthracycline-induced cardiac dysfunction [ 3 , 
 173 ]. Children less than age 4 years at time of 
exposure were at signifi cantly increased risk for 
development of LV dysfunction [ 21 ]. In a study 
examining the effects of 244–550 mg/m 2  of doxo-
rubicin in adult and pediatric survivors of ALL or 
osteosarcoma, Lipshultz et al. found a younger 
age of diagnosis to be an independent risk factor 
for LV dysfunction [ 81 ]. Concomitant radiation is 
also shown to be associated with echocardio-
graphically determined LV dysfunction [ 120 ]. 
While therapy often cannot be delayed due to the 
acute demands of the oncologic process, the data 
are convincing that for comparable doses of 
anthracycline, the younger the age at administra-
tion, the worse the LV function over time. 

 Females appear to be more sensitive to compa-
rable doses of doxorubicin with increased LV dys-
function [ 174 ]. The lipophilic properties of 
anthracyclines may lead to prolonged exposure in 
individuals with more adipose tissue [ 81 ]. 
Doxorubicin does not distribute well into fat tissue 
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and is metabolized more slowly in the obese [ 175 ]. 
Equivalent doses of anthracyclines may lead to 
higher dose exposures in the hearts of females 
since they typically have more body fat than males 
of the same body surface area. The association 
between cardiac dysfunction and female sex was 
stronger in children older than age 12 years, when 
hormones begin to produce larger differences in 
fat distribution. Regardless of the mechanism of 
toxicity, it is known that females have increased 
sensitivity to similar doses of anthracycline and 
that the difference appears to be more pronounced 
in females older than 12 years of age. 

 Genetic predisposition is a possible factor in 
determining the risk of anthracycline cardiotoxic-
ity [ 176 – 178 ]. Polymorphisms potentially alter 
membrane permeability, antioxidant capacity, 
and metabolism possibly predisposing the patient 
to cardiac complications. An iron-overload 
genetic disorder known as hereditary hemochro-
matosis is of particular interest. As mentioned 
earlier, anthracycline-induced cardiotoxicity is 
believed to be in part due to interaction with iron. 
It is theorized that patients with iron-overload and 
defi cient Hfe gene polymorphisms are associated 
clinically with hemochromatosis and increased 
serum iron levels. Patients with Hfe gene poly-
morphisms and increased serum iron levels are 
more susceptible to anthracycline- induced car-
diotoxicity [ 179 ]. Animal studies have found that 
Hfe defi ciency led to mitochondrial degradation 
and increased mortality when compared to wild-
type controls [ 180 ]. Findings of greater suscepti-
bility to cardiac damage in individuals with 
trisomy 21 and black race further support the con-
cept of genetic predisposition [ 70 ,  83 ]. 

 Preexisting conditions also contribute to car-
diotoxicity. Underlying pathophysiology should 
be considered. For instance, those with trisomy 
21 are at increased risk of LV dysfunction inde-
pendent of the iatrogenic effects from the thera-
pies received for leukemia, another condition to 
which this population has a predisposition.  

10.4.2.2     Obesity 
 Obesity has been identifi ed as an important car-
diac risk factor [ 169 ]. With increased weight 
comes a litany of other conditions that impair the 

myocardium and its vascular supply [ 181 ,  182 ]. 
The cardiometabolic syndrome has become 
increasing prevalent among people of all ages 
[ 183 ,  184 ]. Patients who have received cardio-
toxic regimens from both chemotherapy and 
radiation are at increased risk of developing mul-
tisystem dysregulation [ 185 ]. Data from a small 
study suggest that not only does increased dose 
of cardiotoxic therapy portend an increased 
chance of obesity but also other cardiovascular 
risk factors such as hyperlipidemia [ 186 ]. The 
increased risk of obesity in pediatric cancer sur-
vivors was established in prior studies such as 
one taken from the NHANES database, which 
identifi es waist circumference and body mass 
index (BMI) and then calculates total cardiovas-
cular risk factors. This ultimately demonstrates 
that as many as 17–19 % of otherwise healthy 
adolescents in the United States are at risk for 
cardiovascular complications [ 187 ]. While this 
obesity may be iatrogenic in origin, when it is 
modifi able, it should be addressed promptly to 
minimize cardiovascular damage. 

 Studies of pediatric cancer survivors have 
demonstrated that the CAD displayed is similar 
regarding the affected vessels and overall pathol-
ogy as compared to the general population [ 106 ]. 
Given this, obesity should be considered as an 
equally important modifi able risk factor. 

 Multiple measures of obesity have been vali-
dated, and adiposity is accurately measured with 
dual-energy X-ray absorptiometry [ 188 ]. Not only 
is information obtained regarding adiposity but also 
about osteoporosis, which can be a side effect of 
chemotherapy and radiation [ 189 ,  190 ]. An increase 
in BMI is a surrogate for obesity and when abnor-
mally increased is accepted as a cardiac risk factor 
[ 191 ]. Multiple measures of obesity have been 
shown to correlate with worsened outcomes [ 192 ]. 
Irrespective of the manner used to assess obesity, 
pediatric cancer survivors are at increased risk of 
early CAD and impaired LV function, so weight 
control is important to overall cardiac health.  

10.4.2.3     Diabetes Mellitus 
 Diabetes mellitus is a family of clinical condi-
tions characterized by hyperglycemia and associ-
ated with multiple negative health outcomes. 
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When the level of hyperglycemia is not so severe 
as to diagnose diabetes mellitus but is not normal 
(with normal being defi ned as having a fasting 
blood glucose less than 100 mg/dl and a blood 
hemoglobin A1c measurement less than 5.5 %), a 
condition known as impaired glucose tolerance 
(defi ned as having a 2-h glucose level of 140–
199 mg/dl on the 75-g oral glucose tolerance test) 
exists. It is known to be a harbinger of diabetes 
mellitus [ 193 ]. It is widely accepted that impaired 
glucose tolerance, colloquially known as pre- 
diabetes, is reversible. In this way, early identifi -
cation represents objective risk reduction. 

 Irrespective of the cause, both micro- and 
macrovascular complications ensue at increasing 
rates as time from diagnosis and magnitude of 
hyperglycemia increases. Prevention of diabetes 
mellitus is best, but early diagnosis so that proper 
management may be undertaken is equally 
important. Renal failure, cardiovascular acci-
dents, and myocardial ischemia are devastating 
sequelae that occur even with optimal control but 
can be delayed with treatments.  

10.4.2.4     Hypertension 
 Hypertension is a well-established cardiac risk 
factor [ 169 ]. While data have not conclusively 
been established in this patient population, given 
that the CAD profi les are similar with the general 
adult population, it is reasonable to consider 
hypertension as an important risk factor [ 106 ]. A 
study of long-term cancer survivors suggests that 
there is an increased incidence of hypertension in 
this cohort as compared to age-matched controls, 
while in another study of 92 survivors, hyperten-
sion trended toward being increased ( p  = 0.05) 
[ 24 ,  194 ]. These studies suggest that there are 
many comorbid conditions in survivors and that 
there is a decreased overall quality of life reported 
[ 195 ]. Many antihypertensive medications are 
available with different mechanisms of action, 
and when other comorbidities are taken into 
account, an appropriate medication profi le can 
usually be administered. 

 Modifi able risk factors are paramount to car-
diovascular health. For survivors of pediatric 
cancers, macrovascular complications occur at an 
earlier age, so minimization of other risk factors 

must be undertaken [ 60 ,  61 ]. In general, risky 
behaviors such as smoking and illicit drug use are 
to rates in the general population [ 194 ], so educa-
tion should be given to minimize such lifestyle 
choices. As emphasized in another chapter, pres-
ervation of good mental health should be empha-
sized since it is correlated with fewer risky 
behaviors [ 194 ]. As noted above, obesity is a risk 
factor and may result from endocrine dysfunction 
or pharmacotherapy, but it may also stem from 
lifestyle choices. Alcohol consumption and 
smoking also contribute to microvascular destruc-
tion and independently are known risk factors for 
macrovascular negative outcomes. In the post-
treatment phase of cardiovascular care, screening 
for modifi able risk factors is imperative.    

10.5      Management of Established 
Problems 

 As signs and symptoms of CHF become evident, 
therapy clearly becomes compulsory. Many 
anthracycline- and mediastinal radiotherapy- 
treated long-term survivors with late CHF may 
develop restrictive cardiomyopathy. This may 
result in patients who are more ill than they 
appear to be, which furthers the need for inter-
ventions to be undertaken in a timely manner. 
When the symptoms are less clear but evidence 
of abnormal LV afterload, contractility, and/or 
LVFS remains, the determination of whether or 
not to implement therapy and, if so, what type 
becomes more problematic. For instance, ACE 
inhibitors appear to decrease the heart’s normal 
growth while also causing dry cough unrelated to 
infection [ 196 ]. In the modern era, not only are 
medications available for treatment but also other 
interventions including transplantation [ 197 , 
 198 ]. The durability of these interventions varies 
from one case to the next, and the iatrogenic 
effects may, in some instances, be more burden-
some than the benefi t they offer [ 13 ]. With ACE 
inhibitors, for instance, the diminished cardiac 
growth potential associated with their use may be 
too heavy of a cost to the growing myocardium 
and may lead to diminished maximal cardiac 
capacity. In the present day, use of cardiovascular 
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medications and interventions that have been 
validated for use in other populations is common-
place in children. The type of cardiomyopathy 
seen in pediatric cancer survivors does not neces-
sarily mimic that seen in ischemic, idiopathic, or 
postinfectious forms so the use of such pharma-
cotherapies is not supported by evidence-based 
data [ 108 ]. Outlined below are many of the com-
mon therapeutic options for pediatric long-term 
cancer survivors with cardiomyopathy with evi-
dence obtained predominantly from adult 
populations. 

10.5.1      Pharmacologic Management 

 Therapeutic goals in the treatment of cardiomy-
opathy include prevention of progression of 
CVD, and this is often aimed at increasing car-
diac output by reducing LV afterload and improv-
ing LV contractility. Beta-blockers and ACE 
inhibitors are cornerstones to this. 

 ACE inhibitors reduce LV afterload by pre-
venting the conversion of angiotensin I to the 
vasocontricting agent, angiotensin II. These med-
ications disrupt the hormonal cascade that per-
petuates heart failure and also reduce afterload. 
While ACE inhibitors have been shown to 
decrease the incidence of CHF and improve sur-
vival in patients with ventricular dysfunction, 
their use in the cancer setting is not as clear. One 
large study attempted to use ACE inhibitors to 
slow progression of cardiac dysfunction [ 199 ]. 
While ACE inhibitor-treated patients demon-
strated initial improvement in LV dimension, 
afterload, and LVFS, a 10-year follow-up 
revealed no differences between the patients who 
received an ACE inhibitor and those who did not 
[ 71 ,  200 ]. Another study of adult patients with 
elevated troponin I levels receiving chemother-
apy revealed improvement in LVEF when treated 
early with enalapril [ 201 ], but no long-term fol-
low- up was performed. A prospective study of 18 
doxorubicin-treated, long-term survivors of 
childhood cancer taking enalapril demonstrated 
improvement that lasted up to 10 years [ 202 ], but 
the results appear to be transient because a 
decline in function was noted in all patients. 

Mechanistically, anthracycline-induced cardio-
myopathy appears to be more restrictive, which 
may explain why ACE inhibitors do not appear to 
have as much of a benefi t as compared its use in 
other populations [ 71 ]. Of note, ACE inhibitors 
are known to cause cough as a side effect, and the 
angiotensin receptor blockers are used in their 
place sometimes; these agents are both terato-
genic, and females in their childbearing years 
must be counseled about their side effect 
profi les. 

 Medications that antagonistically bind to beta- 
adrenergic receptors in the myocardium and 
thereby have negative chronotropic and inotropic 
effects are often termed beta-blockers. Decreased 
mortality is noted in patients of various classifi -
cation of CHF [ 203 – 209 ]. Multiple studies have 
shown the varying degrees of benefi t associated 
with beta-blockers with improvements in LVEF 
noted, and this also is seen in patients who 
received doxorubicin [ 209 ,  210 ]. A small study 
was performed on 25 patients prospectively to 
determine if beta-blockers could dampen the 
decrease in LVEF, and the placebo group had sig-
nifi cant worsening as compared to the study 
group [ 211 ]. More studies are needed in this 
patient population to investigate the effects of 
beta-blockers since their benefi t is not ubiquitous 
within this drug class [ 212 – 214 ]. For example, 
one trial demonstrated that metoprolol tartrate is 
inferior to carvedilol when examining mortality 
[ 209 ]. Also, one must check for contraindications 
before starting therapy or escalating dose such as 
cardiogenic shock or advanced heart block, but 
the medication class is generally well tolerated 
even in those with reactive airway disease [ 215 ]. 

 Other medication classes also exist for the 
treatment of heart failure. None of the following 
treatment modalities have been studied specifi -
cally in survivors of pediatric cancer. Aldosterone 
antagonists have been found to reduce mortality 
in CHF patients with New York Heart Association 
stage III or IV symptoms [ 216 ]. Aldosterone 
antagonist use in those with moderate to severe 
CHF symptoms is considered a class 1B recom-
mendation for treatment in those with preserved 
renal function and without hyperkalemia who 
can be serially monitored [ 191 ]. Loop diuretics 
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such as furosemide and bumetanide are indicated 
in treatment of symptomatic fl uid retention. 
Thiazide diuretics such as hydrochlorothiazide, 
chlorthalidone, and metolazone in general have 
longer half-lives and are dosed daily for treat-
ment of fl uid overload. Potassium-sparing diuret-
ics such as triamterene and amiloride are useful 
in patients who have persistent hypokalemia. 
These agents are mainstays of treatment in heart 
failure patients. The combination of hydralazine 
and oral nitrates, when used in concert with other 
appropriate therapies, has been shown to reduce 
mortality in certain population subsets [ 217 , 
 218 ]. Digoxin stimulates the parasympathetic 
fi bers innervating the heart, and its use is associ-
ated with fewer hospitalizations related to 
CHF. However, its use has been shown to have no 
effect on mortality [ 219 ]. The routine use of aspi-
rin is a debated subject. While it is helpful in 
CAD, which many pediatric cancer survivors 
have earlier in life, it may be harmful in its block-
ade of prostaglandins, further worsening hemo-
dynamics. On a case-by-case basis, the 
determination regarding aspirin use may be 
made. Other types of medication that might be 
considered include antimicrobials prior to dental 
procedures. Given that valvulopathies and other 
iatrogenic cardiac dysfunction are at signifi cantly 
increased rates among pediatric cancer survivors, 
it is worth considering antimicrobials to prevent 
infective endocarditis, which is a life-threatening 
infection independently, let alone in the setting of 
cardiomyopathy. No studies have been performed 
to date to evaluate this.  

10.5.2      Cardioprotective Agents 

 The proposed mechanism of doxorubicin toxicity 
is related to iron binding to doxorubicin and form-
ing a complex that results in free radical forma-
tion. This mechanism is further supported in one 
study, performed by Miranda et al. which looked 
at rats with a gene modifi ed to increase iron stored 
in organs similar to hereditary hemochromatosis 
[ 180 ]. Cardiotoxicity was increased in these rats 
with increased iron stores when compared to con-
trols. Dexrazoxane decreases superhydroxide free 

radical formation by binding to intracellular iron 
and inhibiting the conversion of superoxide 
anions and hydrogen peroxide [ 220 ]. Therefore, 
dexrazoxane is thought to reduce oxidative stress 
in the particularly sensitive cardiomyocytes. In 
addition, preclinical studies show impaired mito-
chondrial function and ability to replicate in 
patients treated with doxorubicin. Lipshultz et al. 
showed increased mitochondrial replication when 
dexrazoxane was added to doxorubicin therapy 
[ 221 ]. The main side effects of dexrazoxane 
include myelosuppression and local venous 
infl ammation. The suggested ratio of dexrazox-
ane to doxorubicin is 10:1 to 20:1 [ 71 ]. 

 Studies have shown dexrazoxane along with 
doxorubicin can decrease acute cardiotoxicity 
and CHF versus controls [ 222 ]. In a study of 534 
women with advanced breast cancer, dexrazox-
ane was shown to prevent marked deterioration 
of LVEF and the development of CHF [ 223 ]. 
Only 1 of 16 clinical studies showed dexrazoxane 
may decrease effi cacy, necessitating a larger dose 
of doxorubicin. 

 Lipshultz et al. performed a study that looked 
at pediatric patients with ALL treated with doxo-
rubicin and dexrazoxane. The control patients, as 
compared to those receiving dexrazoxane, were 
found to have elevated cTnT levels, but without 
signifi cant decrease in cardiac function. Similarly, 
as compared to the control group not receiving 
dexrazoxane, there was no difference in LVFS, 
incidence of CHF, or incidence of event-free sur-
vival (Fig.  10.6 ) [ 224 ,  225 ].  

 The 2009 American Society of Clinical 
Oncology guidelines did not change their 2002 
recommendations. Currently, recommendations 
are for dexrazoxane to not be routinely used dur-
ing initial doxorubicin therapy. However, they do 
recommend using dexrazoxane in metastatic 
breast cancer patients who have received more 
than 300 mg/m 2  as a cumulative dose and who 
would benefi t from further doxorubicin treatment. 
These recommendations have expanded to include 
consideration of adding dexrazoxane in other 
adult malignancies when the cumulative dose of 
doxorubicin exceeds 300 mg/m 2 . However, they 
fail to provide recommendations for pediatric 
malignancies secondary to insuffi cient data [ 226 ]. 
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 Much of our knowledge of the effi cacy of ami-
fostine comes from animal models. The proposed 
mechanism includes decreasing free plasma lev-
els of free radicals by forming disulfi des. In addi-
tion, amifostine also appears to have direct 
protective effects on DNA stability [ 227 ]. 
Pretreatment with amifostine has been shown, in 
rats, to decrease lipid peroxidation and increase 
protective enzymes including glutathione, which 
would prevent myocardium destruction. 

 In vivo studies in rats reveal improvement in 
cardiac function when amifostine is used along 
with doxorubicin [ 228 ]. In another study of 28 
pediatric patients with osteosarcoma, there was no 
signifi cant difference in response rate when using 
doxorubicin and amifostine versus placebo [ 229 ]. 
However, while neither group had any CHF symp-
toms reported, two patients in the placebo group 
versus zero patients in the amifostine group devel-
oped subclinical CHF [ 229 ]. This study’s power 
may be too low to fully appreciate a signifi cant 
difference. There is no clear consensus as to 
whether or not amifostine improves cardiac out-
come in patients treated with doxorubicin. The 
American Society of Clinical Oncology does not 
recommend amifostine for use with doxorubicin 
to prevent cardiotoxicity, but larger studies may 
be warranted.  

10.5.3      Nutritional Supplements 

 Proposed mechanisms for anthracycline toxicity 
include inhibiting the mitochondrial enzymes, 
succinic oxidase and NADH oxidase, both of 
which are dependent on coenzyme Q (CoQ). As 
expected, an increase in plasma CoQ was noted 
in patients undergoing treatment with doxorubi-
cin [ 230 ]. CoQ is an integral part of mitochon-
drial membranes and acts as a powerful 
antioxidant [ 231 ]. As one would expect, the con-
centration of CoQ increases where mitochondria 
are more numerous. For example, the concentra-
tion of CoQ in the heart is 20 times that found in 
skeletal muscle [ 232 ]. 

 In clinical studies, pretreatment with CoQ 
appeared to decrease acute toxicity. In one study, 
seven patients receiving doxorubicin without 
being pretreated with CoQ displayed impairment 
of cardiac function including increase in heart 
rate and decreases in LVEF, stroke index, and 
cardiac index [ 231 ]. Another study noted myo-
cardial depression, QRS depression, and QT pro-
longation with doxorubicin but no such changes 
in patients pretreated with CoQ [ 233 ]. 

 Unfortunately, much of the information 
involving cardioprotection with selenium is in 
the form of murine studies. The proposed mecha-
nism of protection involves increasing the activ-
ity of glutathione peroxidase, which offers 
protection against free radical-induced damage 
[ 234 ]. In a 2006 study, researchers found that 
selenium supplementation in rats increased total 
antioxidant activity, glutathione concentration, 
and glutathione peroxidase and catalase activity, 
thus leading to decreased generation of reactive 
oxygen metabolites [ 234 ]. However, no decrease 
in mortality was found [ 235 ].  

10.5.4      Non-pharmacologic 
Management 

 While the approach to symptomatic 
chemotherapy- induced cardiomyopathy is aimed 
at symptom relief and prevention of disease pro-
gression, not all of the measures used are phar-
macologic. The use of implantable cardiac 
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  Fig. 10.6    Event-free survival. All patients randomly 
assigned treatment ( n  = 205) were eligible for assessment 
of event-free survival, but by convention, events of induc-
tion failure and induction death have been recorded at 
0 years (Reprinted with permission from the publisher 
Lipshultz et al. [ 90 ])       
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defi brillators, cardiac resynchronization therapy, 
ventricular assist devices, and transplantation has 
made management of CHF more versatile. As 
with medical therapy, an adequate workup should 
be undertaken to fi nd reversible causes of cardiac 
dysfunction. No large study has examined the use 
of these devices in survivors of pediatric 
cancers. 

 Evidence suggests that prophylactic implant-
able cardiac defi brillators in patients with an 
LVEF less than or equal to 30 % can decrease 
mortality from 31 to 22 % at 4 years after device 
insertion [ 236 ]. Current guidelines advocate for 
the use of implantable cardiac defi brillators as 
secondary prevention to prolong survival in 
patients with current or prior CHF symptom with 
a reduced LVEF and a history of cardiac arrest, 
ventricular fi brillation, or unstable ventricular 
tachycardia [ 191 ]. 

 Cardiac resynchronization therapy has been 
shown to improve quality of life, functional status, 
and exercise capacity with over 4,000 patients 
enrolled in randomized clinical trials [ 237 ]. All- 
cause mortality decreased by 40 % among those 
who had cardiac resynchronization therapy com-
pared to those who did not [ 238 ]. Current guide-
lines recommend for the use of cardiac 
resynchronization therapy in patients with a LVEF 
less than or equal to 35 %, sinus rhythm, class III–
IV New York Heart Association symptoms despite 
optimal medical therapy who have electrical dys-
synchrony (QRS duration greater than 120 ms) 
unless otherwise contraindicated [ 191 ]. 

 Ventricular assist devices are placed both as 
bridging and destination therapy as they aug-
ment cardiac output. One study demonstrates 
effi cacy of ventricular assist devices in patients 
up to 18 months after insertion [ 239 ]. These 
devices are often used to bridge to cardiac trans-
plantation, a complex therapy marred by a lack 
of donor organs, high costs of posttransplanta-
tion care, and side effects of antirejection medi-
cations. Cancer survivors require no signifi cant 
modifi cation to the immunosuppressive regimen, 
and their 2-year survival rate is similar to that 
of other recipients [ 240 ]. Pediatric cancer survi-
vors are subjected to the same rigorous screen-
ing  methods as others with absolute and relative 

contraindications being reviewed. Having ade-
quate health status to undergo such interventions 
is important and may not be possible depend-
ing on the types of chemical and radiotherapy 
that the pediatric cancer survivors have been 
administered.  

10.5.5      Continuous Infusion 

 Because dose-dependent toxicity is evident with 
doxorubicin, continuous infusions were thought 
to decrease toxicity by decreasing peak drug lev-
els. However, randomized prospective study 
noted that children with high-risk ALL receiving 
48-h infusions with a cumulative dose of 360 mg/
m 2  did not demonstrate improvement over bolus 
dosing [ 91 ,  92 ]. Use of different dosing models 
that contrast bolus and continuous dosing for 
other malignancies did not demonstrate continu-
ous infusions as superior [ 241 ,  242 ]. Therefore, 
in addition to the technical diffi culties with infu-
sion pumps and constant monitoring, our data 
suggest that at least for children with high-risk 
ALL, the standard of care for anthracycline treat-
ment includes bolus dosing rather than continu-
ous infusion.   

    Conclusions 

 Although there is no defi nitive data on the 
best preventative cardiac treatment and mon-
itoring strategy, the developing area of car-
dio-oncology is beginning to provide 
clinicians with a guide to identifying adverse 
cardiac effects of anticancer therapy and bal-
ancing these issues with the therapy’s highly 
benefi cial effect on cancer [ 69 ,  243 – 245 ]. 
There must also be caution toward interpret-
ing expert opinion as established guidelines 
to clinical practice. It is paramount that car-
diac treatment and monitoring strategies are 
based on data-derived certainty. Effi cient 
follow- up care is crucial to the survival of 
childhood cancer survivors. Progress contin-
ues to be made toward the common chal-
lenges in transition of care to adult services 
such as program funding and volume of sub-
specialty referral [ 246 ].     
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  Pulmonary toxicity is common after cancer therapy 
and can result from all therapeutic modalities. The 
consequential decrease in lung function ranges in 
severity from subclinical to life- threatening or even 
fatal and can manifest in the acute setting or many 
years after completion of therapy. Radiation effects 
are due to direct insult to the pulmonary paren-
chyma and, for younger children, impaired thoracic 
musculoskeletal development. Radiation pneumo-
nitis can occur in the acute/subacute setting, as well 
as fi brosis with comprised gas exchange as a late 
effect of direct lung irradiation; thoracic wall mal-
formation can cause restriction of function as a 
chronic sequela. The pulmonary effects of cytotoxic 
drugs usually present as acute effects, but there is 
the potential for signifi cant late morbidity and mor-
tality. Of course, surgical interventions can also 
cause both acute and/or late pulmonary effects as 
well, depending on the specifi c procedure. Although 
treatment approaches for the management of pedi-
atric cancers are continually adapted to provide 
optimal therapy while minimizing toxicities, to a 
varying degree all therapies have the potential for 
both acute and late pulmonary toxicity. Of note, the 
cumulative incidence of pulmonary complications 
rises with increasing time since diagnosis, which 
suggests that adult survivors of childhood cancer 
require lifelong monitoring and management of 
potential new-onset pulmonary morbidity as they 
age. Knowledge of cytotoxic therapies 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 

 An understanding of the pathophysiology of lung 
toxicity due to cancer therapies requires an 
understanding of the development of the lungs. 

 Lung development is a complex process [ 105 ] 
that begins on day 26 of gestation and continues 
for at least several years postnatal. During the 
embryonic period, the primitive lung bud arises 
from the foregut, elongates caudally, and 
branches to form the major airways. The 
pseudoglandular phase follows; the process of 

branching continues and the smaller airways are 
formed. Fetal breathing movements are identifi ed 
as early as 8 weeks, and by the end of this phase, 
the two lobes of the left lung and three lobes of 
the right lung can be identifi ed. Cartilage and 
smooth muscle cells are present, and about half 
of the epithelial cell types that will eventually 
comprise the mature lung are identifi able. The 
airway branching is completed, the interstitial tis-
sue decreases, and prospective gas exchange 
regions begin to appear during the canalicular 
phase. A differentiation process occurs in the 
cuboidal epithelial cells, and Type I and II pneu-
mocytes appear. Type I pneumocytes are the 
functional exchange unit of the lung, while Type 
II pneumocytes produce surfactant, a phospho-
lipid substance that serves to decrease surface 
tension within the Type I cell and prevent it from 
collapsing. Vascularization of the lung occurs 
throughout development, and, at this point, the 
capillaries can be found in close proximity to the 
pneumocytes. The saccular phase of develop-
ment extends from 24 weeks through 38 weeks 
gestation. During this time, there is continued 
thinning of the connective tissue between the 
potential air spaces, further maturation of the 
Type II pneumocytes, and increased surfactant 
production. Primitive alveoli, lined by both Type 
I and Type II pneumocytes, can now be identifi ed 
as pouches in the walls of the saccules and respi-
ratory bronchioles (Table  11.1 ).

   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 identifi able as smooth- 
walled ducts and saccules with thickened septa. 
Infl ation 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 avail-
able for gas exchange. Completion of the vascu-
larization process during this time results in 
single capillary networks associated with each 
area of gas exchange [ 118 ,  150 ]. After birth, 
minor structural changes continue to occur. The 
alveolar surfaces become more complex, and the 
alveoli become more numerous with the increase 
in body size. 
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 The most rapid phase of pulmonary growth 
occurs within the fi rst few years of life, followed 
at 4–6 years of age by a slow growth phase. 
According to autopsy studies [ 99 ], the maximum 
numbers of alveoli are achieved by approxi-
mately 8 years of age. After this point it is 
believed that alveolar surface volume increases 
without an increase in alveolar number [ 149 ]. 
However, recent studies have suggested that for-
mation of new alveoli may continue into adoles-
cence [ 99 ]. In regard to musculoskeletal 
development, radiographic measurement of lung 
diameters demonstrates linear growth during 
childhood and a spurt at puberty [ 142 ].  

11.1.2     Pathophysiologic Changes 
Induced by Cytotoxic 
Therapy 

 Primary lung malignancies are very rare in chil-
dren; however, the lung is a common site for 
metastases, sometimes even years after the com-
pletion of defi nitive therapy. Therapy-related pul-
monary toxicity is due to either local therapies 
(radiation or surgery) directed at the lung paren-
chyma and chest wall or chemotherapy that is 
administered systemically but likewise  negatively 

affects these organs and structures. Of course, 
many patients receive multimodality treatment 
that potentially compounds acute and late 
toxicity. 

 The pathogenesis of pulmonary toxicity sec-
ondary to cytotoxic therapy 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 radia-
tion itself, (2) damage infl icted by free radical 
generation, (3) allergic response to the cytotoxic 
agent, and (4) subsequent injury induced by the 
infl ammatory response to the primary damage 
itself. Pulmonary fi brosis, which mediates many 
of the long-term effects, can arise from collagen 
deposits that occur after cellular damage. In addi-
tion, the breakdown of actual lung tissue can trig-
ger an infl ammatory reaction that activates 
increased production of elastin by actin- 
expressing smooth muscle cells. This also results 
in pulmonary fi brosis. While there are several 
postulated means of injury to the pulmonary tis-
sue, the common fi nding in all is diffuse alveolar 
damage. The cytotoxic changes start as endothe-
lial blebs in the alveolar capillaries and lead to 
capillary leak syndrome. These are then associ-
ated 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 understand-
ing the molecular and cellular events after radia-
tion lung injury, leading to clinically and 
histologically recognizable changes. The process 
appears to be dynamic and to involve proinfl am-
matory cytokines, profi brotic cytokines, chemo-
kines, and adhesion molecules in modulating and 
recruiting immune cells to the sites of radiation 
lung injury [ 24 ]. Long-term effects on the lungs 
are the result of this complex process. 

11.1.2.1     Pathophysiology 
of Chemotherapy- Induced 
Disease 

 Drug-related pulmonary disease may be the 
result of toxicity, allergy, or idiosyncrasy [ 39 ]. 
Toxicity, with a dose–response, has been shown 
for bleomycin, chlorambucil, and the nitro-
soureas. Pulmonary damage, likely mediated 

   Table 11.1    Prenatal and Early Childhood lung 
development   

 Stage  Weeks  Major developments 

 Embryonic  4–9  Formation of major 
airways 

 Pseudoglandular  5–17  Formation of 
bronchial tree and 
portions of respiratory 
parenchyma 
 Birth of the acinus 

 Canalicular  16–27  Last generations of 
the lung periphery 
formed 
 Epithelial 
differentiation 
 Air–blood barrier 
formed 

 Saccular  24–38  Expansion of air 
spaces 
 Surfactant detectable 
in amniotic fl uid 

 Alveolar  36–3 years  Secondary septation 
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through allergic mechanisms, is caused by cyclo-
phosphamide, methotrexate, procarbazine, and 
bleomycin. Pulmonary disease has also been 
associated with mitomycin, cytosine arabinoside, 
the vinca alkaloids, and alkylating agents. 

 Bleomycin may be the most commonly recog-
nized cause of pulmonary toxicity; the pathogene-
sis of bleomycin injury has been studied extensively 
[ 29 ,  58 ,  71 ]. Lung injury following low-dose bleo-
mycin may be idiosyncratic, possibly attributable 
to genetically impaired drug metabolism. Having 
inherently low levels of bleomycin hydrolase [ 76 ], 
an enzyme that inactivates bleomycin, the lung is 
particularly vulnerable to bleomycin injury. Mouse 
data demonstrate that strain sensitivity to bleomy-
cin is related to different levels of bleomycin 
hydrolase activity [ 62 ]. Hence, individual varia-
tions in bleomycin sensitivity may be explained at 
least in part by genetically determined levels of 
bleomycin hydrolase activity. Free radical forma-
tion and oxidative damage also play a role in 
bleomycin- induced lung injury. Fibrosis after bleo-
mycin therapy develops under the infl uence of 
immune processes that include activation of effec-
tor cells, including alveolar macrophages, and 
release of cytokines. Tumor necrosis factor may 
play a pivotal role [ 82 ,  106 ]. Pathology demon-
strates 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 fi brosis. 
The fi brosis noted after nitrosourea therapy dem-
onstrates less infl ammation than bleomycin- 
induced fi brosis, but consistency in Type I 
depletion and Type II hyperplasia with excess col-
lagen deposition. The formation of free radicals 
and lipid peroxidation of phospholipid mem-
branes may also be the mechanism by which 
cyclophosphamide and mitomycin damage the 
capillary endothelium [ 28 ]. Permeability 
increases, resulting in interstitial edema. Hyaline 
membranes form as plasma proteins, and fl uid 
enters the alveoli through the denuded epithelium. 
Type I pneumocytes swell, become necrotic, and 
are replaced by cuboidal cells. Proliferation of 
fi broblasts then occurs. This process may evolve 

slowly, with fi brosis increasing over a period of 
years. Interstitial pneumonitis (either the desqua-
mative type that appears to be an earlier stage or 
the usual type with fi brinous exudation, hyaline 
membranes, and interstitial fi brosis) is also seen 
with alkylating agents. This pneumonitis may 
lead to the development of chronic pulmonary 
fi brosis that is characterized by the enhanced pro-
duction and deposition of collagen and other 
matrix components. Pulmonary veno- occlusive 
disease, with vasculitis and intimal fi brosis result-
ing in pulmonary hypertension, has been reported 
after either bleomycin or mitomycin [ 34 ].  

11.1.2.2     Pathophysiology of Radiation-
Induced Disease 

 Similar histopathologic changes and resultant 
physiologic abnormalities are found in the lung 
following radiotherapy and chemotherapy. 
Subclinical injuries resulting from radiation to 
the lung are most likely present in all patients, 
even after very small doses of radiation. Studies 
of the immunological regulation of infl ammation 
after radiation in animals have revealed a  complex 
interaction between local tissues, resident cells, 
and circulating immune cells, mediated through 
chemokines, adhesion molecules, infl ammatory 
cytokines, and fi brotic cytokines. Chemokine 
monocyte chemotactic protein-1 (MCP1) [ 66 ], 
adhesion molecules (intercellular adhesion mol-
ecule-1 [ICAM-1]) [ 56 ,  69 ], and interferon-
inducible protein-10 (IP-10) [ 66 ] appear to be 
involved in initiating radiation lung injury [ 24 , 
 54 ,  56 ,  66 ,  124 ,  128 ,  148 ]. Afterward, there 
appears to be a cascade of proinfl ammatory cyto-
kines and fi brotic cytokines (Fig.  11.1 ) [ 129 ].  

 In the fi rst few days to weeks after irradiation, 
ultrastructural alterations in the capillary endo-
thelial lining become evident. The cells become 
pleomorphic and vacuolated and may slough, 
thereby producing areas of denuded basement 
membrane and occlusion of the capillary lumen 
by debris and thrombi [ 51 ,  79 ,  86 ,  116 ]. There is 
exudation of proteinaceous material into the alve-
oli, leading to impairment of gas exchange. 
Studies have shown that radiation-induced lung 
injury is characterized by alveolar infi ltrates of 
mononuclear cells, primarily CD4+ T cells and 
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macrophages/monocytes (mononuclear alveoli-
tis), and that there is a relative scarcity of 
 neutrophils [ 40 ,  43 ], a common marker for infec-
tious processes. Lavage fl uids obtained from 
bronchoscopy have confi rmed this fi nding in 
patients with active pneumonitis [ 84 ,  98 ,  124 ]. In 
a few weeks the interstitial edema organizes into 
collagen fi brils, which eventually leads to thick-
ening 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 radiation pneumonitis. 

 Although no specifi c lesion is entirely charac-
teristic of pneumonitis, current evidence suggests 
that damage to the Type II pneumocyte and to the 
endothelial cell is closely linked to the pneu-
monitic process [ 21 ,  113 ,  151 ,  152 ]. The type II 
pneumocyte, which produces surfactant and 
maintains patent alveoli, has been well studied. 

After radiation 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 [ 111 ,  112 ]. Changes in the surfactant sys-
tem that lead to alterations in alveolar surface ten-
sion and low compliance are most likely a direct 
result of the radiation [ 113 ,  130 ,  131 ], although it 
has been postulated that the changes indirectly 
result from exudation of plasma proteins [ 52 ]. 
Endothelial cell damage results in changes in per-
fusion and permeability of the vessel wall. 
Endothelial 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 progres-
sive fi brosis of the alveolar septa, which become 
thickened by bundles of elastic fi bers. The alveoli 
collapse and are obliterated by connective tissue. 
The mechanisms of chronic injury may be related 
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to the effects of radiation on the pulmonary vascu-
lature (endothelial cells) or somatic cells. The 
nature of the triggering event in the pathogenesis 
of radiation-related lung fi brosis is complex. The 
classic hypothesis that fi brosis is a connective tis-
sue replacement process following parenchymal 
cell death has been challenged, and the exact 
mechanisms of early injuries leading to the late 
effects are not entirely understood. Cytokine- 
mediated multicellular interactions that initiate 
and sustain the fi brogenic process take place 
within hours to days after radiation in animal 
research models. Experimental data suggest that 
the progression of the initial lung injury to the 
pneumonitic phase may be the result of a cytokine 
and cellular interaction, which subsequently regu-
lates the fi brotic phase of the presentation [ 24 , 
 127 – 129 ]. In addition, it has been recently hypoth-
esized that chronic hypoxia, and the perpetual 
injury to normal tissue through reactive oxygen 
species, may also be a contributing mechanism to 
chronic and progressive fi brosis [ 158 ]. Studies in 
animals have confi rmed the protective effect of 
fractionated radiation therapy, which is several 
small doses of radiation as compared to a compa-
rable dose delivered in a single large treatment, 
indicating a signifi cant degree of recovery of lung 
tissue between fractions [ 141 ,  160 ].  

11.1.2.3     Categorization of Pulmonary 
Disease 

 Lung disease may be categorized as follows: inter-
stitial, obstructive, restrictive, or a combination. 
Most long-term toxicity is the result of interstitial 
disease, which involves infl ammation and fi brosis 
of the alveolar walls and changes in the capillary 
endothelium and alveolar epithelial lining cells, as 
described below. The histologic hallmarks of 
interstitial lung disease are proliferation of fi bro-
blasts and excessive deposition of collagen [ 135 ]. 
Interstitial lung disease also may impact the small 
airways. As alveolar–capillary membrane destruc-
tion is an integral part of interstitial disease, pul-
monary function tests demonstrate a decrease in 
the measured diffusing capacity [ 135 ]. 

 Pulmonary disease after chemotherapy or 
radiation therapy may also have an obstructive 

component. Obstructive diseases result from 
airway narrowing. This may be due to broncho-
spasm, mucus, or luminal narrowing as a result 
of edema and infl ammation or scarring [ 97 ]. 
Airway narrowing due to disease can be 
detected as a decrease in expiratory airfl ow. 
Pulmonary function tests demonstrate a 
decrease in the ratio of the volume exhaled in 
1 s (FEV1) to the total exhaled forced vital 
capacity (FVC). 

 Restrictive lung diseases occur as a result of 
alterations in the elasticity of the pulmonary sys-
tem [ 42 ], which may be due to parenchymal dis-
ease originating in the lung or from structural 
anomalies of the chest wall. In the healthy lung, 
collagen and elastin fi bers contribute to the for-
mation of an organized web, which has a signifi -
cant ability to stretch and recoil [ 42 ]. Disruption 
of this organization from infl ammation and fi bro-
sis occurs as a result of injury and response to 
cytotoxic therapy, thereby decreasing the elastic-
ity of the lung and resulting in restrictive disease. 
Additionally, in the child, cytotoxic therapy may 
impair the proliferation and maturation of alve-
oli, leading to inadequate alveoli number and 
lung growth and resulting in chronic respiratory 
insuffi ciency. 

 Restrictive lung disease may also occur as a 
result of growth impairment of the lung or mus-
culoskeletal structures, which is predominantly a 
consequence of radiation therapy. Inhibition of 
growth of the thoracic cage (i.e., muscle, carti-
lage, and bone) can limit chest wall compliance, 
with resultant restrictive problems. Naturally, 
younger children are more vulnerable to chronic 
respiratory damage from impairment of the nor-
mal growth and development of the lungs and the 
thoracic cage. 

 In restrictive respiratory disease, pulmonary 
function testing demonstrates an increased FEV1/
FVC ratio with an increased maximal expiratory 
airfl ow. With more advanced restrictive disease, 
total lung capacity, vital capacity, and lung vol-
umes are decreased, with evidence of uneven dis-
tribution of ventilation [ 97 ]. Please refer to 
Sect.  11.3.1  for a detailed discussion of pulmo-
nary function tests.    
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11.2     Clinical Manifestations 

11.2.1     Long-Term Effect in Pediatric 
Population 

 Potential pulmonary complications of therapy 
leading 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 diagnosis, such as pulmonary 
fi brosis. This self-report study demonstrated that 
long-term survivors described a statistically sig-
nifi cant increased relative risk of lung fi brosis, 
recurrent pneumonia, chronic cough, pleurisy, 
use of supplemental oxygen, abnormal chest 
wall, exercise-induced SOB, bronchitis, recur-
rent sinus infection, and tonsillitis for all time 
periods, including during therapy, from the com-
pletion of therapy to 5 years off therapy and 
>5 years after therapy. Signifi cant associations 
existed between the development of fi brosis and 
treatment with radiation therapy and between the 
use of supplemental oxygen, recurrent pneumo-
nia, chronic cough, and pleurisy and treatment 
with radiation therapy and/or multiple chemo-
therapy agents [ 92 ]. In regard to mortality, a large 
retrospective study of greater than 20,000 5-year 
survivors of childhood cancer reported a signifi -
cant excess rate of deaths largely due to treatment- 
related causes rather than progression or 
recurrence of the primary disease; furthermore, 
pulmonary causes accounted for excess mortality 
risk (standard mortality ratio, 8.8) second only to 
death from secondary malignancy (standard mor-
tality ratio, 15.2) [ 7 ]. 

 Pulmonary toxicity is frequently reported in 
survivors of Hodgkin lymphoma, but it also com-
plicates the cure of survivors of germ cell tumors, 
rhabdomyosarcoma, neuroblastoma, bone tumors, 
and acute lymphoblastic leukemia (ALL) [ 16 ,  55 , 
 61 ,  67 ,  72 ,  94 ,  101 ,  102 ]. Although many of the 
patients that have been studied received radiation 
therapy, the intensifi ed use of chemotherapy 
accounts for some or all of the toxicity in subsets 
of survivors. In fact, pulmonary complications are 

a major cause of morbidity and mortality follow-
ing hematopoietic stem cell transplant [ 145 ], 
which is now an established treatment approach 
for many pediatric malignancies. 

 Studies with long-term follow-up suggest that 
the cumulative incidence of pulmonary compli-
cations increases with increasing time since treat-
ment [ 63 ]. This appears to be far in excess of 
decreases in lung function with normal aging, 
suggesting that the effects of early lung injury 
from cancer therapy compound expected 
decreases and that survivors should be monitored 
indefi nitely for new-onset pulmonary morbidity 
as they age.  

11.2.2     Radiotherapy: Clinical 
Presentations 

 Pneumonitis and pulmonary fi brosis are the two 
most important consequences of irradiation of 
the lung. Pulmonary fi brosis occurs in almost 
100 % of patients receiving high doses of radia-
tion, but it may not be of clinical signifi cance if 
the volume is small. The clinically signifi cant 
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 insuffi ciency and 
acute respiratory distress syndrome (ARDS). 
Other presentations include bronchospasm, pleu-
ral effusion, bronchiolitis obliterans, pulmonary 
veno-occlusive disease, sarcoidosis, pulmonary 
alveolar proteinosis, pneumothorax, and pulmo-
nary hemorrhage. 

 When radiation therapy is the only modality 
used, radiation pneumonitis follows the comple-
tion of the defi nitive course of treatment. Cough, 
pink sputum, dyspnea, and pleuritis are common 
complaints during the subacute pneumonitic 
phase, which generally occurs 1–3 months after 
completion of radiation. When chemotherapy is 
administered in conjunction with radiation, as in 
total body irradiation (TBI) and BMT- 
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conditioning regimens, reactions can occur 
 during treatment. The fi brotic phase of radiation 
injury starts 3–6 months after completion of radi-
ation and is progressive. The clinical manifesta-
tions of fi brosis 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 
usually occurs 1–3 months after the completion 
of radiation. It is well described in the adult lit-
erature after the treatment of lung cancer [ 5 ,  6 , 
 122 ], 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 clinical risk factors. 
The factors that infl uence 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 
function, gender, low pre-treatment blood oxy-
gen, and high C-reactive protein [ 49 ,  59 ,  64 ,  74 , 
 123 ,  125 ,  136 ]. 

 Symptoms of subacute pneumonitis syndrome 
include low-grade fever and nonspecifi c respira-
tory symptoms such as congestion, cough, and full-
ness in the chest. In more severe cases, dyspnea, 
pleuritic chest pain, and nonproductive cough may 
be present. Later, small amounts of sputum, some-
times bloodstained, may be produced. Physical 
signs in the chest are usually absent, although a 
pleural friction rub or pleural fl uid may be detected. 
Evidence of alveolar infi ltrates 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 volume loss in the 
affected portion of the lung. 

 CT studies of the lung have been used to eval-
uate lung density in this situation. Because of its 
sensitivity to increased lung density, CT has been 
favored for radiographic detection of pulmonary 
damage in humans [ 81 ,  85 ,  155 ]. CT fi ndings 

demonstrate a well-defi ned, dose–response rela-
tionship [ 85 ]. Four patterns of radiation-induced 
changes have been defi ned in lung on CT: homog-
enous (slight increase in radiodensity), patchy 
consolidation, discrete consolidation, and solid 
consolidation [ 81 ]. These patterns, correspond-
ing to both pneumonitic and fi brotic phases, have 
varying timetables and may appear weeks to 
years after radiotherapy.  

11.2.2.2     Radiation Fibrosis 
 In contrast to the acute reaction, clinically appar-
ent chronic effects of cytotoxic therapy may be 
observed from a few months to years following 
treatment, even though histologic and biochemi-
cal changes are evident sooner. Pulmonary fi bro-
sis develops insidiously in the previously 
irradiated fi eld and stabilizes after 1–2 years. 

 The clinical symptomatology related to the 
radiographic changes is proportional to the 
extent of the lung parenchyma involved and 
 preexisting pulmonary reserve. After thoracic 
 radiation, restrictive changes gradually develop 
and progress with time [ 51 ]. Gas exchange 
abnormalities occur approximately at the same 
time as the changes in lung volumes. These 
abnormalities consist of a fall in diffusion capac-
ity, mild arterial hypoxemia that may manifest 
only with exercise, and a low or normal PaCO 2  
level. The changes appear to be consistent with a 
parenchymal lung defect and ventilation–perfu-
sion inequality that results in a component of 
effective shunt [ 52 ]. Radionuclide evaluations 
have demonstrated that underperfusion, rather 
than underventilation, is the cause of these 
inequalities, refl ecting radiation injury to the 
microvasculature [ 119 ,  120 ,  157 ]. Larger doses 
of irradiation cause reductions in lung compli-
ance that start at the time of pneumonitis and 
persist thereafter [ 117 ]. The compliance of the 
chest wall is usually much less affected in adults 
and adolescents than in young children, in whom 
interference with growth of both lung and chest 
wall leads to marked reductions in mean total 
lung volumes and diffusion capacity (DLCO) 
[ 165 ]. Whole-lung irradiation in doses of 
11–14 Gy has resulted in restrictive changes in 
the lungs of children treated for various 
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 malignancies [ 10 ,  83 ,  93 ]. Consequently, RT in 
younger children, particularly those younger 
than 3 years old, results in increased chronic tox-
icity [ 93 ]. One to 2 years after radiation, clinical 
symptoms stabilize and are often minimal if 
fi brosis is limited to less than 50 % of one lung 
[ 134 ]. A mild deterioration in pulmonary func-
tion may be demonstrated as fi brosis develops. 
There is a reduction in maximum breathing 
capacity that is particularly evident in patients 
with bilateral radiation fi brosis. Tidal volume 
usually decreases, and breathing frequency tends 
to increase, resulting in an overall moderate 
increase in minute ventilation [ 139 ]. Most stud-
ies have found these changes to persist indefi -
nitely, with little recovery unless there are 
concurrent improvements in pulmonary function 
with lung tumor response [ 41 ,  45 ,  50 ]. Functional 
compensation by adjacent lung regions [ 100 ] 
limits the effect of radiation on pulmonary func-
tion 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 fi brosis are 
seen in most patients who have received lung irra-
diation, even if they do not develop acute pneu-
monitis. Chest radiographs have linear streaking, 
radiating from the area of previous pneumonitis 
and sometimes extending outside the irradiated 
region, with concomitant regional contraction, 
pleural thickening, and tenting of the diaphragm. 
The hilum or mediastinum may be retracted with 
a densely contracted lung segment, resulting in 
compensatory hyperinfl ation of the adjacent or 
contralateral lung tissue. This is usually seen 
12 months to 2 years after radiation. When chronic 
fi brosis occurs in the absence of an earlier clini-
cally evident pneumonitic phase [ 113 ,  126 ,  140 ], 
chest radiography generally reveals scarring that 
corresponds to the shape of the radiation portal. 
Eventually, dense fi brosis can develop, especially 
in the area of a previous tumor [ 127 ]. CT is cur-
rently favored to image regions subjected to RT 
[ 81 ,  85 ,  155 ]. Magnetic resonance imaging (MRI) 
is being explored and may have promise in accu-
rately distinguishing radiation fi brosis from recur-
rent tumor. Although radiation tolerance doses 

may be exceeded, not all patients will develop 
complications, given that the sensitivity to radia-
tion varies from patient to patient.  

11.2.2.3     Radiation Tolerance Doses 
and Tolerance Volumes 

 Radiation-associated sequelae are dependent on 
radiation dose and fractionation, as well as vol-
ume of lung exposed. With high doses exceeding 
clinical thresholds (8.0–12.0 Gy, single dose), 
pulmonary reactions clinically express them-
selves as a pneumonitic process 1–3 months after 
the completion of thoracic irradiation. Lethality 
can occur if both lungs are irradiated to high 
doses (approximately 8–10 Gy, single dose, or 
greater than 20–25 Gy in a fractionated schedule) 
or if threshold doses of drugs are exceeded. 
Recovery from pneumonitis usually occurs, how-
ever, and is followed almost immediately by the 
second phase, which is progressive fi brosis. The 
clinical pathologic course is biphasic and again 
dependent upon the dose and volume of lung 
exposed. Lower doses of lung irradiation 
(approximately 7 Gy, single dose, or 15–18 Gy in 
a fractionated schedule) produce subclinical 
pathologic effects that can be expressed by added 
insult, such as infection or drugs. 

  Single Dose, Whole Lung Volume     Total body 
irradiation (TBI) in the setting of bone marrow 
transplantation (BMT) and half-body irradia-
tion (HBI) initially used single doses of 8.0–
10.0 Gy, without lung correction factors for 
lung density [ 44 ,  45 ,  47 ,  50 – 53 ,  57 ,  58 ,  68 ,  69 , 
 71 ]. Death resulting from interstitial pneumoni-
tis was often attributed to secondary opportu-
nistic infection after BMT for leukemia. 
Pulmonary failure 1–3 months later was mis-
taken for lymphangitic carcinomatosis after 
HBI. At autopsy, radiation pneumonopathy 
became evident. Studies of fatal pneumonitis 
following TBI and HBI conducted by Keane 
et al. [ 71 ] and Fryer et al. [ 44 ] provided precise 
dose–response curves for injury, both with and 
without lung inhomogeneity correction. The 
threshold dose for fatal pneumonitis was 7.0 Gy 
with the TD5 (tolerance dose for 5 % probabil-
ity of death) at 8.2 Gy, the TD50 at 9.3 Gy, and 
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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.  

  Fractionated Dose, Whole Lung Volume     The 
tolerance of the whole lung to fractionated doses 
of radiation is well described, particularly in 
Wilms’ tumor patients [ 10 ,  15 ,  83 ,  93 ,  115 ,  165 ]. 
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 fi brosis and 
volume loss [ 96 ]. After 20 Gy, mean total lung 
volumes and DLCO are reduced to 60 % of pre-
dicted values [ 165 ]. Even within the dose range 
currently used for whole lung irradiation (11–
14 Gy), restrictive changes occur [ 10 ,  83 ,  93 ].  

  Whole Lung Volume, Dose Rate     Dose rate has 
a profound impact on lung damage, with a 
decrease in the incidence of injury from 90 % to 
50 % with decrease in dose rate from 0.5 to 
0.1 Gy per minute [ 44 ,  71 ].  

  Fractionated Dose, Partial Lung Volume     
Clinical tolerance of partial lung volumes to frac-
tionated radiation is not well quantifi ed. There 
are, however, some relevant data from Mah and 
colleagues [ 85 ]. They showed that, using an 
increase in lung density within the irradiated vol-
ume on CT in the posttreatment period as an end-
point, each 5 % increase in effective dose was 
associated with a 12 % increase in the incidence 
of pneumonitis. Doses above 30 Gy over a period 
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 estimating radiation injury prompted 
the collaborative work by a task force to address 
the normal tissue tolerance in the standard, frac-
tionated radiation setting. Information was 
obtained from a diverse group of patients affl icted 
with various diseases of the thoracic region, but 
mostly from patients with Hodgkin’s disease, 
lung cancer, or a disease requiring large- volume 

irradiation (hemibody or total body radiation) 
[ 37 ]. The doses agreed on by the physicians in 
the taskforce are shown in Table  11.2 . It is impor-
tant to note that these values were defi ned for 
adult, not pediatric, patients.

    More recently, as part of the Quantitative 
Analysis of Normal Tissue Effects in the Clinic 
(QUANTEC) effort, a logistic regression fi tted to 
radiation pneumonitis vs mean lung dose was 
created from data from all published studies, 
again, predominantly involving adult patients, of 
a signifi cant size that had extractable complica-
tion rates binned by mean dose (Fig.  11.2 ). The 
authors note that some of the variation around the 
fi tted curve is possibly explained by differences 
in patient selection, as well as differences in the 
grade of RP reported in the various studies; 
 however, there is a relatively small 68 % confi -
dence interval (stippled lines). Of importance is 
the gradual increase in dose–response, which 
suggests that there is no absolute “safe” mean 
lung dose below which pneumonitis is certain not 
to develop.  

 An international effort similar to the above 
QUANTEC analysis is currently underway spe-
cifi c to the pediatric population.   

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 
commonly an acute phenomenon, occurring 
 during or shortly after the chemotherapeutic 
agent(s) is administered [ 28 ]. 

    Table 11.2    Lung tolerance dose (TD) in fractionated 
radiotherapy   

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

 1/3  4,500 cGy  6,500 cGy 
 2/3  3,000 cGy  4,000 cGy 
 3/3 (whole lung)  1,750 cGy  2,450 cGy 

   a The probability of 5 % complication within 5 years of 
treatment 
  b The probability of 50 % complication within 5 years of 
treatment  

S. Dhakal et al.



211

11.2.3.1     Patterns of Toxicity 
 Three typical patterns of pulmonary toxicity have 
been described: acute hypersensitivity (or infl am-
matory interstitial pneumonitis), noncardiogenic 
pulmonary edema, and pneumonitis or fi brosis. 

 Hypersensitivity reactions are rare but can be 
induced by such agents as methotrexate, procarba-
zine, bleomycin, BCNU, and paclitaxel. Cough, 
dyspnea, low-grade fever, eosinophilia, “crackles” 
on exam, and interstitial or alveolar infi ltrates are 
noted. These reactions occur during therapy and 
usually resolve with discontinuation of the offend-
ing drug and, potentially, corticosteroid use. 

 Noncardiogenic pulmonary edema, character-
ized by endothelial infl ammation and vascular 

leak, may arise upon initiation of treatment with 
methotrexate, cytosine arabinoside, ifosfamide, 
cyclophosphamide, and interleukin-2 [ 28 ,  77 , 
 146 ]. All-trans retinoic acid (ATRA) syndrome, a 
potentially fatal cytokine release syndrome, 
occurs in 23–28 % of patients receiving 
ATRA. Pulmonary edema has also been described 
in patients treated with bleomycin who are 
exposed to supplemental oxygen. These acute 
reactions generally have a good prognosis. 
Hypersensitivity reactions and noncardiogenic 
pulmonary edema are unlikely to result in late- 
onset pulmonary toxicity. 

 Drug-induced pneumonitis or fi brosis has a 
similar clinical presentation to that described after 
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  Fig. 11.2    Rate of radiation 
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partial lung radiotherapy ( RT ) 
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permission from Marks et al. 
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RT. Bleomycin, the nitrosoureas, and cyclophos-
phamide are most commonly the etiologic agents, 
although methotrexate and vinca  alkaloids have 
also been implicated [ 28 ]. This syndrome is par-
ticularly worrisome because symptoms may not 
be detectable until months after a critical cumula-
tive dose has already been reached or exceeded. 
In addition, persistent subclinical fi ndings may 
indicate a potential for late decompensation.  

11.2.3.2     Specifi c Agents 

  Bleomycin     The incidence of bleomycin pulmo-
nary toxicity is 6–10 %, with a mortality of 
1–2 %. One study in children with rhabdomyo-
sarcoma exposed to bleomycin demonstrated an 
incidence of toxicity of 70 % based on decreased 
DLCO [ 67 ]. A risk factor for bleomycin-induced 
pulmonary toxicity is the cumulative dose with a 
10 % risk at doses of 400–500 IU/m 2  [ 14 ,  132 ] 
although injury may occur at doses as low as 
20 IU/m 2 . The elderly [ 14 ] and children or ado-
lescents [ 44 ] may be more sensitive, especially 
when bleomycin is administered in conjunction 
with RT. Of children treated for Hodgkin’s dis-
ease with 70–120 IU/m 2  of bleomycin [ 44 ], 9 % 
had grade 3 or 4 pulmonary toxicity, according to 
DLCO. Three patients (5 %) had clinical symp-
tomatology, and one patient died. Only one 
patient had received RT. Although pediatric trials 
now use a signifi cantly 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 insuffi ciency [ 114 , 
 143 ]. Other chemotherapeutic agents such as cis-
platin, cyclophosphamide, doxorubicin, metho-
trexate, and vincristine [ 8 ,  121 ] may also increase 
risk. Exposure to high levels of oxygen or to pul-
monary infection, especially within a year of 
treatment, is associated with a risk for immediate 
progressive respiratory failure [ 47 ]. Risks associ-
ated with surgery after treatment with bleomycin 
may be due to fl uid overload [ 35 ]. 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 is mediated via the increased 
numbers of neutrophils [ 30 ].  

 Patients with acute bleomycin toxicity most 
commonly 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 fi ne nodular infi ltrates. In advanced 
cases, widespread infi ltrates are seen, occasion-
ally with lobar consolidation [ 132 ]; however, the 
consolidation may involve only the upper lobes. 
Large nodules may mimic metastatic cancer [ 89 ]. 
Loss of lung volume may occur. Pulmonary func-
tion testing reveals a restrictive ventilatory defect 
with hypoxia, hypocapnia, and chronic respira-
tory alkalosis due to impaired diffusion and 
hyperventilation [ 154 ]. The DLCO is thought by 
some to be the most sensitive screening tool for 
bleomycin toxicity [ 154 ]. In patients who develop 
mild toxicity, discontinuation of bleomycin may 
lead to a reversal of the abnormalities [ 32 ], but 
some patients will have persistent radiographic or 
pulmonary function abnormalities [ 9 ,  107 ,  164 ]. 

  Nitrosoureas     The risk of nitrosourea pulmo-
nary toxicity is age and dose dependent with 
patients who have received higher doses of 
nitrosoureas (e.g., greater than 1,500 mg/m 2  in 
adults and 750 mg/m 2  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 ther-
apy also increases risk, as does underlying pul-
monary abnormality, such as chronic obstructive 
pulmonary disease, although this is rarely a fac-
tor in children. Bone marrow transplant patients 
may develop pulmonary fi brosis with BCNU as 
one of the contributing etiologies [ 103 ]. As part 
of a preparative regimen including etoposide 
and melphalan, BCNU at 600 mg/m 2  was asso-
ciated with unacceptable pulmonary toxicity, 
but doses of 450 mg/m 2  were tolerated in the 
acute period [ 2 ]. Chemotherapy prior to bone 
marrow transplant may induce infl ammatory 
changes that render the lung more susceptible to 
further, potentially irreversible, injury with 
high-dose therapy [ 12 ]. Although pulmonary 
fi brosis has been most commonly associated 
with BCNU, it has been described after other 
nitrosoureas as well [ 13 ,  33 ]. Bibasilar rales 
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with a bibasilar reticular pattern may be seen on 
chest radiograph, and restrictive ventilatory 
defects are seen as well. Abnormalities may be 
restricted to the upper lobes. A decreased diffu-
sion capacity may precede all other signs [ 137 ]. 
Discontinuation of therapy may alter the course 
of BCNU-induced pulmonary disease. However, 
once pulmonary infi ltrates are noted, the disease 
may be irreversible [ 162 ]. In a documented 
study, 47 % of survivors of childhood brain 
tumors treated with BCNU and radiation died of 
lung fi brosis, 12 % within 3 years of treatment, 
and the remainder 6–17 years posttreatment. 
Additional patients were known to have pulmo-
nary fi brosis 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, while the median age of survivors 
was 10 years. In fact, all patients treated under 
the age of 5 years had died [ 104 ].  

  Cyclophosphamide     Fibrosis after treatment 
with cyclophosphamide is rare, with a reported 
incidence less than 1 %. However, one study [ 72 ] 
found that 4 of 15 children treated with high-dose 
cyclophosphamide without mediastinal RT had 
signifi cantly decreased forced vital capacities; 
2 of these children also had a decreased FEV1. In 
addition, one of the children had pulmonary 
fi brosis and a chest wall deformity. Two children 
who received more than 50 g/m 2  of cyclophos-
phamide had delayed (greater than 7 years) fatal 
pulmonary fi brosis, with severe restrictive lung 
disease. Severely decreased anteroposterior chest 
dimensions in these patients were attributed to 
inability of the lung to grow in accordance 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 with administration of 
corticosteroids, the course may be one of pro-
gressive fi brosis nonetheless.  

  Hematopoietic Stem Cell Transplant 
(HSCT)     Patients who are treated with HSCT 
are at risk of pulmonary toxicity because of mul-
tiple potential factors, such as preexisting pulmo-

nary dysfunction; the preparative conditioning 
regimen, which may include cyclophosphamide, 
busulfan, carmustine, and total body irradiation 
(TBI); and the presence of graft-vs-host disease 
[ 21 ,  78 ,  134 ,  162 ]. Although most transplant sur-
vivors are not clinically compromised, restrictive 
lung disease may occur. Obstructive disease is 
less common, as is the recently described late- 
onset pulmonary syndrome, which includes the 
spectrum of restrictive and obstructive disease. 
Bronchiolitis obliterans, with or without organiz-
ing pneumonia, diffuse alveolar damage, and 
interstitial pneumonia, may occur as a compo-
nent of this syndrome, generally 6–12 months 
after transplant. Cough, dyspnea, or wheezing 
may occur with either normal chest radiograph or 
diffuse or patchy infi ltrates; however, most 
patients are symptom-free [ 78 ,  162 ]. Cerveri 
et al. [ 21 ] evaluated pulmonary function tests in 
survivors of pediatric HSCT at baseline and at 
3–6, 12, and 24 months after transplant. Before 
transplant, at 3–6 months after transplant, and at 
24 months after transplant, 44 %, 85 %, and 62 % 
of children, respectively, had abnormal pulmo-
nary function tests. A restrictive abnormality was 
most common at 3–6 months after transplant.  

  Other Agents     Acute pulmonary effects have 
occurred with cytosine arabinoside (noncardio-
genic pulmonary edema) [ 3 ,  57 ] and vinca alka-
loids in association with mitomycin 
(bronchospasm or interstitial pneumonitis) [ 29 , 
 53 ], but delayed pulmonary toxicity has not been 
described. Hypersensitivity reactions to the anti-
metabolites (methotrexate, mercaptopurine, and 
azathioprine) may cause either a desquamative 
interstitial pneumonitis or an eosinophilic pneu-
monitis [ 77 ,  155 ,  159 ]. Recovery usually occurs 
within 10–45 days after methotrexate-induced 
pulmonary toxicity [ 144 ].  

 However, long-term follow-up of 26 child-
hood leukemia survivors revealed that 17 
(65 %) patients had one or more abnormalities 
of vital capacity, total lung capacity, reserve 
volume, or diffusion capacity [ 138 ]. All chil-
dren with these defi ciencies were diagnosed 
and treated before age 8. The fi ndings have also 
been attributed to an impairment of lung 
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growth, which normally proceeds exponentially 
by cell division during the fi rst 8 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 transplant [ 102 ]. 

 Busulfan can result in late pulmonary fi brosis, 
with no consistently identifi ed risk factors. 
Unlike many other agents, the risk does not 
appear to be dose related. The clinical and patho-
logic picture is like that of bleomycin-induced 
fi brosis. The mortality from busulfan fi brosis is 
high [ 1 ]. Although reports of pulmonary toxicity 
with other agents are rare, pneumonitis and fi bro-
sis should be considered in the differential of 
patients presenting with respiratory symptoms. 
New agents may also present a risk for late pul-
monary toxicity. See Table  11.2  [ 1 ,  90 ].   

11.2.4     Thoracic Surgery 

 Lung resections are performed in children for a 
number of reasons, including congenital malfor-
mations, infections, bronchiectasis, and meta-
static malignancies. Interestingly, the majority 
of children who undergo lung resection do well 
with mild sequelae, if any, in adulthood [ 80 ]. 
A large study of 230 patients who were evalu-
ated on average 33 years after pneumonectomy 
provides interesting data on the long-term com-
pensatory potential and possible mechanisms of 
recovery in young children and adults following 
surgery [ 75 ]. The study found that children who 
underwent surgery before the age of 5 years had 
ventilatory capacity close to what would be pre-
dicted for two lungs, which the authors argue 
suggests that compensatory growth by way of 
hyperplasia might have been the most important 
adaptive mechanism in this group. Perhaps more 
surprisingly, even in the patients who underwent 
surgery between the ages of 6 and 20 years, a 
signifi cant difference was still found as com-
pared to the group of patients operated on at an 
older age, which indicates that in this period 
compensatory growth, possibly simple hypertro-
phy, still played an important but gradually 
decreasing role. 

 Unfortunately, few studies have investigated 
pulmonary toxicity specifi cally in the context of 
pediatric cancer therapy.  

11.2.5     Treatment and Clinical or 
Environmental Interactions 

11.2.5.1     Chemotherapy: 
Chemotherapy Interactions 

 In considering the risk of pulmonary toxicity 
from chemotherapy, the potential for chemother-
apy – chemotherapy interactions – must be taken 
into account. Toxicity is seen at much lower 
doses than expected with drug combinations such 
as nitrosoureas and cyclophosphamide [ 147 ], 
bleomycin and cisplatin, or vincristine, doxorubi-
cin, and cyclophosphamide [ 8 ,  77 ,  121 ]. Vinca 
alkaloids appear to cause pulmonary toxicity 
only in the presence of mitomycin [ 29 ,  77 ].  

11.2.5.2     Radiation and Chemotherapy 
Combinations: Interaction 
and Tolerance 

 Many antineoplastic agents potentiate the dam-
aging effects of radiation on the lung. Phillips 
[ 116 ] and Wara [ 160 ] demonstrated that dactino-
mycin administration lowered the radiation dose 
threshold for pneumonitis. Testing the effects of 
commonly used chemotherapeutic agents, 
Phillips and colleagues [ 116 ] reported that the 
administration of dactinomycin, cyclophospha-
mide, 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 irradiation. 
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 [ 20 ] found pulmonary 
toxicity in 19 % of patients, and it was fatal in 
10 %. This toxicity appears to be maximal when 
bleomycin is given concurrently with radiation 
[ 36 ]. Although 500 IU of bleomycin without RT 
can be lethal in 1–2 % of patients, as little as 
30 IU can be fatal when given with RT. The 
effects of RT are also potentiated by doxorubi-
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cin. In addition to the enhanced toxicity observed 
in skin, intestines, and heart, the lung also 
appears to be very sensitive to this combination 
[ 18 ,  22 ]. Of 24 patients with lung cancer treated 
with low-dose doxorubicin and RT, 13 devel-
oped pneumonitis [ 156 ].  

11.2.5.3     Other Interactions 
 Although not as well defi ned, surgical interven-
tions and other factors, such as repeat or chronic 
infections and toxic environment exposures such 
as cigarette smoke, can decrease the threshold for 
development of late pulmonary effects from 
therapy.    

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. Clinical fi ndings, radiologic studies, 
and pulmonary function tests can be nonspecifi c; 
however, these factors represent measurable end-
points to quantify toxicity. 

11.3.1      Measurable Endpoints 

  Symptoms     Fever, cough, and shortness of 
breath are the most common symptoms of 
radiation- induced pneumonopathy. Temperature, 
respiratory rate, oxyhemoglobin saturation, fre-
quency of cough, and the nature of sputum pro-
duced should all be recorded. Varying degrees of 
dyspnea, as well as orthopnea, can be present 
depending on the severity of pulmonary damage. 
To standardize grading in the literature, the grad-
ing criteria in Common Terminology Criteria for 
Adverse Events (CTCAE), published by the 
National Cancer Institute and National Institute 
of Health [ 27 ], have been expanded to be useful 
for the long-term survivor.  

  Signs     The principal signs of both acute and 
delayed pneumonopathy are the increase in respi-

ratory rate, dullness to percussion of the chest, 
auscultation of crackles, and, in severe cases, 
cyanosis.  

  Radiography     Plain anteroposterior (AP) and 
lateral chest fi lms are useful when the disease 
involves a large volume of lung. The acute pneu-
monitic phase manifests as a fl uffy infi ltrate, and 
the late fi brotic phase can follow the intermediate 
phase of contraction. However, routine chest 
radiography has a low level of reliability in 
detecting small volumes of pneumonopathy, par-
ticularly if they are located close to the chest 
wall. Chest radiography also lacks the ability to 
quantify the volume of affected lung vs the total 
lung volume.  

 When chronic fi brosis occurs, chest radiogra-
phy generally reveals scarring that corresponds to 
the shape of the radiation portal. CT scans have 
the capability of presenting three-dimensional 
images and calculating three-dimensional 
 volumes of functional lung in a defi ned range of 
Hounsfi eld units. One can also detect small infi l-
trates that may be adjacent to the chest wall, for 
example, in the case of tangential fi eld RT, where 
infi ltrates are calculated as a percentage of the 
total lung volume. Mah [ 85 ] has shown a quanti-
tative relationship between the volume of abnor-
mality on CT and RT dose (converted to a single 
dose equivalent). Radiographic changes after 
chemotherapy are often bibasilar fi brosis. 
Fibrosis confi ned to the upper lobes has also been 
described after treatment with BCNU [ 110 ] and 
bleomycin [ 88 ]. 

  Pulmonary Function Tests (PFTs)     Pulmonary 
function testing (PFT) is a broad term that encom-
passes a variety of techniques and tests. The 
 indications for pulmonary function testing 
include (a) documenting the presence of obstruc-
tive or restrictive abnormalities in the course of 
establishing a diagnosis, (b) monitoring the 
course of a known pulmonary disease (e.g., cystic 
fi brosis, asthma, etc.), (c) monitoring for pulmo-
nary toxicity of treatment (e.g., amiodarone, radi-
ation, chemotherapy), (d) monitoring response to 
therapy, and (e) describing normal and abnormal 
lung growth.  
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 The values measured in the laboratory are 
usually normalized with the use of reference 
equations, most commonly utilizing the sub-
ject’s height and gender and sometimes modify-
ing for ethnicity and age. With these equations, a 
predicted value can be calculated for each 
parameter, and the measured fl ows can be 
reported as a percentage of the predicted value or 
as a standardized deviation score (Z-score). It 
should be noted that comparing test results 
between pulmonary function laboratories must 
be done with caution if different reference equa-
tions are used. 

 Ideally, patients can serve as their own control 
for the effects of chemotherapy or radiotherapy if 
measurements are obtained prior to treatment. 
Abnormal PFTs prior to treatment may also alert 
the practitioner to patients at higher risk for pul-
monary toxicity. Indeed, abnormal lung function 
has been shown to predict early pulmonary com-
plications [ 70 ] and higher mortality following 
stem cell transplantation in both adults [ 109 ] and 
children [ 48 ]. In addition, PFT abnormalities 
may be present in the absence of clinical symp-
toms and may herald the development of clinical 
disease. 

11.3.1.1    Spirometry 
 Spirometry is the measurement of airfl ow during 
a maximally forced exhalation. The subject 
breathes through a mouthpiece connected to a 
pneumotachometer while wearing noseclips. 
After inhalation to total lung capacity, the subject 
is coached to exhale rapidly and forcefully until 
the lungs have emptied. The test does require the 
ability to cooperate with the technician. This is 
commonly expected after age 6, although chil-
dren as young as 4 have been able to perform spi-
rometry with practice and normative data does 
exist even for very young children [ 11 ]. 

 The test is informative because airfl ow rates 
are inversely proportional to the fourth power of 
the radius of the airway; therefore, even mini-
mally obstructed airways result in greatly reduced 
airfl ow rates. Indeed, the hallmark of obstructive 
lung diseases (such as asthma, obliterative bron-
chiolitis, and chronic GVHD [ 108 ]) is reduced 
airfl ows. Properly performed tests are very repro-

ducible within subjects, making them useful for 
assessing response to treatment over time. 

 Several parameters can be calculated from 
these maneuvers. First, the total exhaled volume 
is termed the forced vital capacity (FVC). The 
volume exhaled in the fi rst second is termed 
the FEV 1 . The airfl ow rate between 25 % of 
the exhaled volume and 75 % of the exhaled vol-
ume is termed the FEF 25–75 % . The pattern of these 
parameters can suggest an obstructive defect or a 
restrictive defect. Specifi cally, a reduced FEV 1  
and FEV 1 /FVC ratio may suggest an obstructive 
defect, while a reduced FVC and normal FEV 1 /
FVC ratio may suggest a restrictive defect. 
However, measurement of lung volumes is 
required to accurately diagnose restrictive dis-
ease. To complicate matters, some patients can 
have both obstructive and restrictive defects. 

 If an obstructive defect is documented, revers-
ibility can also be assessed utilizing spirometry. 
Following administration of the bronchodilator 
(e.g., albuterol), testing is repeated after 15–20 min. 
Commonly, a 12 % increase in the FEV 1  is consid-
ered indicative of a signifi cant response.  

11.3.1.2    Lung Volumes 
 Disease states that affect lung growth would be 
expected to alter lung volume in addition to 
airway caliber. These diseases include pulmo-
nary hypoplasia or space-occupying lesions 
(e.g., lymphoma), bronchopulmonary dyspla-
sia, and, specifi cally to children and young 
adults, conditions that alter the growth of the 
rib cage (thoracic dystrophies and radiation to 
the chest wall). 

 Restrictive lung disease is defi ned by the pres-
ence of reduced lung volume, which can be mea-
sured utilizing a dilution technique and, more 
commonly, plethysmography (Fig.  11.3 ). Both 
techniques are typically used to measure resting 
lung volume or functional residual capacity 
(FRC). A lung capacity is the sum of two or more 
lung volumes; in the case of FRC, it is the sum of 
residual volume (RV, the amount of gas remain-
ing in the lung after a maximal exhalation) and 
expiratory reserve volume (ERV, the amount of 
gas exhaled from resting lung volume until the 
lung is empty). In combination with spirometry, 
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other lung volumes and capacities can be calcu-
lated: total lung capacity (TLC) = RV + FVC.  

 Plethysmography utilizes the principle of 
Boyle’s Law, i.e., in a closed system, pressure 
and volume change inversely when temperature 
is constant. With the subject sitting in a fi xed vol-
ume chamber (“body box”) and breathing on a 
mouthpiece, a shutter is closed in the inspiratory 
limb of the breathing circuit. The subject makes 
continued respiratory efforts, resulting in small 
changes in the volume of the lung and corre-
sponding inverse volume changes in the box. 
Pressures in the box and at the mouth are mea-
sured, and this allows for calculation of the lung 
volume at which the panting efforts began. The 
subject usually begins the maneuvers at the end 
of a breath, and this “resting” lung volume is 
termed FRC. Younger children may have diffi -
culty with the maneuver. 

 The pattern of lung volumes can also assist in 
diagnosis. Typically, patients with obstructive 
diseases (including obliterative bronchiolitis) 
will have an increased RV, especially as a fraction 
of total lung capacity (RV/TLC). The TLC may 
be normal or elevated. In contrast, low lung vol-
umes are the hallmark of restrictive lung disease, 
and these patients will have a reduced TLC 
and RV.  

11.3.1.3    Diffusing Capacity 
 The diffusing capacity for carbon monoxide 
(D L CO) is an integrative measurement that 
describes the transfer of carbon monoxide (as a 
surrogate for oxygen) from the alveolus into the 
red blood cell. This transfer is proportional to 
the surface area of the alveolar/capillary mem-
brane and the pressure gradient for oxygen 
between the alveolus and the blood and inversely 
proportional to the thickness of the alveolar–capil-
lary membrane. The measurement depends on the 
fact that CO is more soluble in blood than in lung 
tissue because it binds much more rapidly and 
tightly to hemoglobin in the blood. Thus, the par-
tial pressure of CO in the blood remains very low, 
which maintains a diffusion gradient for the gas. 

 In the single-breath technique for measurement 
of D L CO, the patient exhales completely to residual 
volume and inhales to total lung capacity a gas mix-
ture 0.3 % carbon monoxide and an inert gas (usu-
ally helium or methane). The  subject holds their 
breath for 10 s during which CO diffuses into the 
blood. The uptake of CO (in ml/min) is divided by 
the partial pressure gradient for CO (between alveo-
lus and pulmonary capillary) to calculate D L CO (ml/
mmHg/min). Alveolar ventilation is calculated from 
the inspired and expired concentrations of the inert 
gas, and this is used to calculate a dilutional factor 
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for the inspired CO concentration and to normalize 
the D L CO according to lung volume in which the 
CO is diluted (D L CO/VA in ml/mmHg/min/L). The 
measurement should be adjusted for the patient’s 
hemoglobin and, if present in signifi cant amounts, 
carboxyhemoglobin. The measurement assumes 
a negligible concentration of carboxyhemoglobin, 
which may not be true in the presence of hemoly-
sis [ 100 ]. Younger children, and subjects with sig-
nifi cant restriction or dyspnea, may have diffi culty 
cooperating with this testing. In these patients, oxy-
hemoglobin desaturation with activity or exercise 
would be suggestive of diffusion impairment. 

 Diseases that decrease the surface area for dif-
fusion (emphysema, pulmonary emboli, resec-
tion of lung tissue) or diseases that increase the 
thickness of the alveolar–capillary membrane 
(fi brosis, pulmonary edema, proteinosis) would 
both decrease the diffusing capacity of the lung. 
Increased D L CO is much less common but can be 
seen in patients with alveolar hemorrhage (hemo-
globin in the airspace appears to make uptake of 
CO very high), polycythemia, or during exercise 
(via recruitment of more pulmonary capillaries). 
This test may be useful in evaluating patients 
with diffuse lung diseases or assessment of 
patients with pulmonary vascular obstruction.  

11.3.1.4    Musculoskeletal Strength 
 The respiratory muscles (including the diaphragm, 
intercostals muscles, and others) contract intermit-
tently 24 h per day to perform the work of ventila-
tion. Many diseases can affect the strength of these 
muscles, putting patients at risk for hypoventila-
tion, impaired airway clearance of secretions, and 
respiratory insuffi ciency. These conditions include 
primary muscular disorders, conditions affecting 
nerve transmission to the muscles (neuropathies, 
including vincristine toxicity), malnutrition, and 
stretch of the muscles beyond their optimal length–
tension relationship (which can occur in hyperin-
fl ation). Additionally, bone development is 
critically important. As noted previously, radiation 
to the chest wall and certain systemic agents can 
likewise affect pulmonary function. 

 Typically, maximal expiratory pressure (MEP, 
P E max) is measured by having the subject inhale 
maximally to TLC and blow out as hard as 

 possible into a mouthpiece connected to a pres-
sure transducer and with an occluded distal end. 
Similarly, maximal inspiratory pressure (MIP, 
P I max) is measured by having the subject exhale 
completely to RV and inhale rapidly against the 
occluded tube. Usually several repeated maneu-
vers are required to elicit the maximal effort.  

11.3.1.5    Pulmonary Function Tests 
in Infants 

 Most of the tests described above have been 
adapted to infants, with the obvious challenge 
being that maximal efforts cannot be elicited vol-
untarily. Infants and toddlers are usually sedated 
and placed supine with a mask over mouth and 
nose to measure airfl ow and pressure at the 
mouth. These techniques require specialized 
equipment and expertise not available in all pul-
monary function laboratories. 

 The raised volume rapid thoracic compression 
technique is one method that has been used to 
generate maximal expiratory fl ow by applying a 
positive pressure externally to the chest. This 
involves a plastic jacket that encircles the chest 
and abdomen of the sedated, supine infant and a 
face mask over the mouth and nose to measure 
fl ow. The infant’s lung is fi rst infl ated to a prede-
termined pressure (typically 30 cm H 2 O), result-
ing in an end-inspiratory lung volume close to 
total lung capacity. From this raised lung volume, 
the jacket encompassing the chest is rapidly 
infl ated from a pressure reservoir, generating a 
full expiratory fl ow–volume curve. 

 Another technique, which is less commonly 
available, is the forced defl ation technique. This 
involves using a negative pressure (vacuum) to 
defl ate the lungs after an infl ation to total lung 
capacity. This technique is only used in anesthe-
tized, intubated patients. It is a relatively quick 
and reproducible test that can be accomplished at 
the time of other operative procedures (central 
line placement, bone marrow aspiration, etc.). 

 Lung volumes can also be measured by ple-
thysmographic methods. The infant is placed 
within a rigid, airtight, plexiglass plethysmo-
graph. The infant breathes through a face mask 
connected to an airway pressure gauge and a 
pneumotach to measure fl ow and volume. 
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A  shutter within the face mask can briefl y occlude 
the infant’s airway; continued respiratory efforts 
alternately compress and rarify the gas within the 
lung, and Boyle’s Law is used to calculate FRC 
as it is in older children. 

 Tests to measure diffusing capacity have been 
adapted to infants [ 19 ], although no commer-
cially available equipment is available for this 
purpose. This is unfortunate, as these measures 
might be the most sensitive tests to detect early, 
primarily interstitial, pulmonary toxicity that 
would precede development of restrictive 
disease. 

  Nuclear Medicine Tests     To evaluate therapy- 
induced pneumonopathy, qualitative and quanti-
tative radionuclide studies, consisting of 
perfusion studies, ventilation studies, gallium 
scans, and quantitative ventilation/perfusion 
scintigraphy, have been utilized in some institu-
tions. These nuclear studies have been primarily 
for research interests and have not been routinely 
applied to the clinical management of patients.  

  Laboratory Tests of Serum or Blood     Erythrocyte 
sedimentation rate (ESR) has been evaluated as a 
potential early marker of pulmonary toxicity 
from bleomycin [ 60 ]. The nonspecifi c nature of 
this value may make clinical application diffi cult, 
as increases in ESR would also be expected in 
infection or recurrent disease. Despite the identi-
fi cation of these clinical contributing factors, 
research has tended to focus on the development 
of a reliable and simple diagnostic laboratory test 
that could predict the risk of post-radiation pneu-
monitis and, in particular, could be administered 
prior to the start of therapy.  

 There is a need for early biochemical markers 
of normal tissue damage that would predict late 
effects and that would allow the radiation oncolo-
gist and medical oncologist to determine whether 
their treatment is exceeding normal tissue toler-
ance [ 126 ]. If biochemical markers of tissue 
damage could be detected in the subclinical 
phase, prior to the accumulation of  signifi cant 
injury, one could terminate therapy or institute 
treatment to prevent or attenuate later lesions. An 
ideal marker would be a simple, reproducible, 

biochemical test. In the recent years, some circu-
lating cytokine markers have been independently 
found to be potential predictors of radiation 
pneumonitis. These include proinfl ammatory 
cytokines interleukin-1α (IL-1α) and interleukin-
 6 (IL-6) [ 25 ,  26 ], fi brotic cytokine-transforming 
growth factor β (TGF-β) [ 4 ], and ICAM [ 65 ]. 
Chen and colleagues tested the ability of IL-1α 
and IL-6 measurements to predict radiation pneu-
monitis [ 23 ]. The predictive power of IL-1α and 
IL-6 appeared to be strongest for the blood sam-
ples collected prior to radiotherapy than during 
RT. While both infl ammatory cytokines can serve 
as diagnostic testing tools, IL-6 was found to be a 
more powerful predictor than IL-1α of radiation 
pneumonitis. The specifi city and positive predic-
tive value of IL-6 were as high as 80 % for the 
blood samples  collected prior to RT. The applica-
tion 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 
substances into the circulation could refl ect and 
may also predict the degree of RT and chemo-
therapy injury to the lung. These include the 
surfactant apoprotein, procollagen type 3 angio-
tensin-converting enzyme, blood plasminogen- 
activating factor, and prostacyclin. These various 
substances have been correlated with either 
acute or delayed radiation-induced pneumo-
nopathy. Signifi cant 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 atten-
tion should be paid to drug doses and cumulative 
drug–dose restrictions. When RT is given, vol-
umes and doses should be minimized and given 
in accordance with accepted tolerance. During 
drug therapy, monitoring of symptoms and signs, 
PFTs, and chest radiographs can aid in detecting 
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problems early, and the causative agent can be 
withdrawn. After bleomycin withdrawal, early 
stages of bleomycin-induced pneumonitis have 
clinically and radiographically reversed [ 89 ]. 

11.4.1     Precautions for Minimizing 
Potential Complications 

 Assessing baseline pulmonary function prior to 
therapy is important and especially so for patients 
with underlying pulmonary pathology such as 
lung disease of prematurity, chronic obstructive 
pulmonary disease, and idiopathic lung fi brosis. 
The detection of abnormalities may allow for bet-
ter anticipatory guidance and counseling. 
Counseling on the risks of smoking and environ-
mental tobacco smoke exposure is imperative for 
these patients, even in the absence of symptoms or 
abnormalities on evaluation. Patients should also 
be aware of the potential risks of general anesthe-
sia and notify physicians of their treatment history 
if they are to undergo anesthesia. For those with 
compromised lung condition, therapy should be 
tailored to minimize injury from cytotoxic agents 
and radiation damage. When following survivors 
of cancer, vigilant evaluation of symptoms of 
respiratory compromise is necessary and should be 
anticipated when thoracic RT or drugs with known 
pulmonary toxicity have been used. Depending on 
the fi ndings and other circumstances, lung biopsy 
may be considered to confi rm fi brosis or exclude 
the recurrence of cancer. Chronic cough, dyspnea, 
or change in exercise should be further evaluated 
with chest radiography and PFTs. This is also 
imperative in patients scheduled for general anes-
thesia. In the absence of symptoms, chest radio-
graphs and lung function testing are recommended 
every 2–5 years. The number of potential pulmo-
nary toxic agents, the cumulative doses, and the 
radiation dose and fi eld size are all factors to be 
considered in setting follow-up intervals.  

11.4.2     Preventative Therapy 

 The diffi cult issue in screening is that there is no 
defi nitive therapy. Before therapy, the prophylac-

tic administration of steroids has no proven ben-
efi t and may present potential risks. A study of 
inhaled fl uticasone propionate, however, demon-
strated some potential benefi t with reduction of 
acute pneumonitis in patients treated for breast 
cancer [ 91 ]. Confi rmation of this benefi t and 
whether like interventions can reduce long-term 
pulmonary sequelae requires further study. The 
role of amifostine as a radioprotector in prevent-
ing lung toxicity has been investigated. 
Amifostine is a sulfhydryl compound that was 
originally developed as an agent to protect 
against ionizing radiation in the event of nuclear 
war [ 31 ,  133 ]. It was also found to protect nor-
mal tissues from toxicities of radiotherapy for 
head and neck tumors [ 17 ], alkylating agents, 
and cisplatin [ 161 ,  166 ]. Recent clinical studies 
have shown a reduction in pneumonitis using 
amifostine in chemoradiation treatments for lung 
cancer [ 5 ,  73 ]; however, further investigation is 
required until its use becomes standard clinical 
practice. 

 There is a lack of studies quantifying the 
impact of smoking after exposure to chemother-
apy and radiation therapy, but it very likely 
increases the risk of lung damage. In the 
Childhood Cancer Survivors Study (CCSS), sur-
vivors 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 [ 39 ]. Smokers who responded 
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 survi-
vors [ 38 ,  153 ]. Similarly, parents and caregivers 
of children with cancer should be encouraged to 
avoid exposing their children to environmental 
tobacco smoke. 

 Viral respiratory infections can cause signifi cant 
morbidity in patients with established lung disease. 
Hand hygiene can help decrease the spread of viral 
pathogens, and infl uenza vaccination should be 
encouraged in non- immunosuppressed patients. 
Passive immunoprophylaxis against respiratory 
syncytial virus (with palivizumab) is also available 
for young children at high risk of pulmonary com-
plications with this infection.  
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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 
treatment can be relieved markedly and rapidly 
by corticosteroids in half of affected patients [ 95 , 
 163 ,  164 ]; however, prevention or reversal of the 
fi brotic phase does not occur. Supportive care 
with bronchodilators, expectorants, antibiotics, 
bed rest, and oxygen can be benefi cial for relief 
of symptoms in pneumonitis and fi brosis. In 
cases of radiation or chemotherapy-induced 
pneumonitis in which corticosteroids have been 
used, it is important to withdraw steroids very 
slowly to avoid reactivation. Patients with very 
signifi cant restriction (vital capacity <30 % pre-
dicted) or diffusion impairment are at increased 
risk for hypoxemia and may require supplemen-
tal oxygen. In addition, they may demonstrate 
evidence of hypoventilation and in some cases 
may benefi t from noninvasive ventilation.   

11.5     Future Studies 

 We have come to appreciate the complexity of 
interstitial pneumonitis from cancer therapy, now 
seen as a process involving an active communica-
tion and interaction between resident cell types 
of the lung parenchyma and circulatory immune 
and infl ammatory cells. There is increasing evi-
dence of immune cells augmenting pneumonitis 
through complex autocrine, paracrine, and sys-
temic regulatory mechanisms critically orches-
trated by cytokines [ 24 ,  129 ]. 

 Further investigation of the molecular mecha-
nisms involved in pneumonitis and fi brosis will 
allow for timely intervention and proper protec-
tion. Interferons and other cytokines that oppose 
or inhibit fi brosis-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 chemo-
therapy, including lung injury. It is essential, of 
course, that they do not disturb the effi cacy of the 

treatment. Improvement of radiotherapy target-
ing and normal tissue sparing, such as three- 
dimensional conformal radiotherapy and 
intensity-modulated radiotherapy (IMRT), will 
minimize radiation to nontarget normal lung tis-
sue. Novel interventions, such as mechanisms to 
increase the level of bleomycin hydrolase in sus-
ceptible patients or viral-mediated transfer of a 
bleomycin resistance gene, may hold promise for 
future applications in clinical treatment. What 
may prove to be the most important is the recog-
nition 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 profi le.     
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12.1           Introduction 

       Radiation and specifi c chemotherapeutic agents 
often produce acute transient gastrointestinal 
(GI) or hepatic toxicity, but latent and persistent 
adverse events are less commonly reported. 
However, these relatively uncommon late gastro-
intestinal and hepatic complications are poten-
tially life threatening and capable of severely 
compromising quality of life. Although the most 
common malignancies that can be complicated 
by GI and hepatic injury are abdominal sarcomas 
(rhabdomyosarcoma and other soft tissue sarco-
mas), a limited number of reports describe GI 
complications in pediatric patients with genito-
urinary solid tumors or in those with lymphoma 
who underwent staging laparotomy [ 1 – 6 ]. 
Children at risk for GI complications following 
treatment for childhood cancer represent a minor-
ity as indicated by data from the Childhood 
Cancer Survivor Study (CCSS) in which 12 % of 
participating survivors had an abdominal primary 
tumor and 30 % had sustained abdominal surgery 
and/or radiation treatment to fi elds exposing 
 gastrointestinal organs [ 7 ]. The severity of GI 
tract and hepatic toxicity among at-risk survivors 
is related to the specifi c treatment modality and 
intensity employed and to the time since therapy 
exposure; multimodal therapy confers additive 
risks. Other comorbid conditions, for example, 
transfusion-acquired hepatitis or graft-versus- 
host disease (GVHD), may enhance risk [ 8 – 12 ]. 
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Many reports describe complications resulting 
from now outdated treatment modalities. While 
there is a paucity of literature about long-term 
gastrointestinal outcomes, the CCSS estimates a 
cumulative incidence of any self-reported GI 
condition of 38 % at 20 years from the childhood 
cancer diagnosis [ 7 ]. Compared to siblings, sur-
vivors reported an increased number of late com-
plications of the upper and lower GI tract and of 
the liver. The relative risk (RR) of any GI compli-
cation was 1.7, and there was a substantial risk of 
survivors reporting two or more liver problems 
(RR 12.2, 95 % CI 4.8–30.7) [ 7 ]. Long-term out-
comes after venoocclusive 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 to clinically sig-
nifi cant liver disease in aging childhood cancer 
survivors [ 13 – 16 ]. This chapter summarizes 
complications involving the GI tract and hepato-
biliary system observed following treatment for 
childhood cancer in the context of normal organ 
pathophysiology. These sequelae may develop 
after a variety of therapeutic interventions, for 
example, radiation, chemotherapy, surgery, or 
bone marrow transplantation, or from supportive 
therapies such as blood product transfusion. 
Guidelines for after completion of therapy moni-
toring of predisposed childhood cancer survivors 
and recommendations for health protective risk 
reducing counseling will also be provided.  

12.2     Upper and Lower 
Gastrointestinal Tract 

12.2.1     Pathophysiology 

12.2.1.1     Normal Anatomy 
and Physiology 

 The upper GI tract extends from the oropharynx 
to the ileocecal valve and includes the esophagus, 
stomach, and small intestine. The esophagus is a 
distensible tube lined by an inner mucosa of 
squamous epithelium that is surrounded by a sub-
mucosa, a muscularis externa composed of both 
striated and smooth muscles, and an outermost 

connective tissue layer. The neurovascular supply 
and mucous glands, which are located primarily 
in the submucosa, open into the lumen of the 
esophagus. The lower esophageal sphincter pre-
vents esophageal injury from refl ux 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 car-
dia, 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 epithe-
lium that is surrounded by a submucosa and an 
outer muscularis 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 absorption of vitamin B 12  by the 
small intestine. 

 The small intestine contains mucosal, submu-
cosal, 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 that increase the absorptive and 
digestive surface area. The columnar cells form-
ing the villi are arranged in microvilli that form 
the brush border of the small intestine luminal 
surface. The digestive enzymes, disaccharidases 
and peptidases, are located on the surface of the 
microvilli. Several ligaments fi x the duodenum 
into a C-shaped confi guration in the retroperito-
neum. The superior mesenteric artery (SMA) 
arises from the aorta at the level of L1 vertebral 
body and is normally encased in the mesenteric 
fat pad, with the duodenum traversing the fat pad 
space between the SMA and the aorta. The head 
of the pancreas lies in the concavity. Suspended 
by the 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 contamina-
tion of the small bowel. 

 Originating in the right lower quadrant, the 
colon ascends to the hepatic fl exure, traverses the 
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abdomen to the splenic fl exure, and then descends 
in a tortuous fashion to the anus. The splenic fl ex-
ure and rectosigmoid region are two “watershed” 
areas of arterial blood fl ow to the colon predis-
posed to ischemic injury. Similar to the small 
bowel, the colon is lined with columnar epithe-
lium, but there are no villi. Transport of electro-
lytes 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 
radiation and a variety of chemotherapeutic 
agents and is characterized by recovery without 
sequelae in the majority of individuals. The most 
common gastrointestinal tract complications 
observed in long-term childhood cancer survi-
vors typically result from chronic mucosal 
infl ammation that interferes with absorption and 
digestion of nutrients (enteritis) or predisposes to 
scarring (fi brosis) of intra-abdominal tissues. 
Persistent or chronic GI effects are most often 
observed in long-term survivors treated with 
radiation [ 17 ], although specifi c chemotherapeu-
tic 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 malabsorption asso-
ciated with chronic enteritis. 

 Complications related to fi brosis are the most 
commonly observed late GI effect in childhood 
cancer survivors. Fibrosis may involve any site 
within the GI tract as well as extraintestinal struc-
tures. Pathologically, fi brosis developing within 
the wall of the upper GI tract may produce thick-
ening of the serosa, muscularis, and submucosa 
(Fig.  12.1 ) leading to an increased risk of stric-
ture formation. Because of its rapid cell turnover, 
the submucosa is especially prone to the develop-
ment of fi brosis. Fibrosis of extraintestinal tis-
sues predisposes to formation of adhesions [ 1 , 
 18 ]. Enteritis, or infl ammation of the mucosa or 

lamina propria, ulceration, and villous atrophy 
may occur in association with or independent of 
fi brosis (Fig.  12.1 ). Focal vascular changes asso-
ciated with chronic ischemia in the submucosa 
and mesentery may be responsible for these 
lesions. Chronic GVHD involving the GI tract of 
survivors treated with bone marrow transplanta-
tion is characterized by mononuclear infi ltration 
of the lamina propria, mucosal ulceration, and 
reepithelialization [ 19 ]. Less commonly observed 
GI tract sequelae are related to the anatomic revi-
sions undertaken during intra-abdominal exoner-
ation and bowel resections, GI tract dysmotility 
associated with neuronal toxicity, and esophageal 
varices from portal hypertension. Secondary 
malignancies of the GI tract have been observed 
with increasing frequency in aging long-term 
childhood cancer survivors. The risk of gastroin-
testinal SMNs was 4.6-fold higher in the CCSS 
than in the general population, and the standard-
ized incidence ratio for colorectal cancer specifi -
cally was 4.2 (95 % CI, 3.8–6.3). Adenocarcinoma 
is the predominant histology [ 20 – 22 ]. Radiation 
has been implicated as the primary contributor to 
GI tract carcinogenesis. Alkylating agent chemo-
therapies, specifi cally procarbazine and platinum 
drugs, appear to enhance this risk [ 20 – 23 ]. The 
reader should refer to Chap.   19     for a more 
detailed description of the second malignancy 
after childhood cancer.    

12.2.2     Clinical Manifestations 

 Clinical signs and symptoms of GI tract toxic-
ity are related to the specifi c tissues involved 
and to the severity of injury. Mild injury to GI 
tract tissues may be asymptomatic and noted as 
an incidental fi nding at the time of a diagnostic 
imaging procedure, surgery, or autopsy. More 
severe injury produces chronic or persistent 
symptoms associated with infl ammation and 
fi brosis of specifi c tissues. Upper GI symptoms 
are most common, with a cumulative incidence 
of 26 %, and lower GI complications are 
reported with an incidence of 15 % [ 7 ]. 
Common constitutional symptoms referable to 
the GI tract include dysphagia, odynophagia, 
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indigestion/heartburn, vomiting, abdominal 
pain (which may be focal or generalized), colic, 
constipation/obstipation, diarrhea, and GI 
bleeding with or without anemia. The clinical 
sequelae of fi brosis include partial or complete 
bowel obstruction from strictures or adhesions. 
Chronic enteritis and bowel resection may 
result in malabsorption, bowel ulceration/per-
foration, or fi stula formation. 

 Nonspecifi c symptoms of anorexia, fatigue, 
and wasting may also be observed. Individuals 
with chronic hyperchloremic metabolic acido-
sis resulting from excess GI bicarbonate loss 
may present with obtundation and confusion. 
This complication is rare, but can develop fol-
lowing ureterosigmoidostomy or ileal or jejunal 
loop procedures. A young child with upper GI 
tract obstruction and refl ux may present with 

  Fig. 12.1     Top , delayed radiation injury in the wall of the 
ileum, approximately 10 years after exposure to undeter-
mined (kilorad) dose of external radiation for adjacent 
intra-abdominal neoplasm (hematoxylin and eosin stain, 
×21). Note chronic ulceration ( left third ) and extensive 
fi brosis of submucosa and subserosa. Villous atrophy is 
slight in this case (From Fajardo [ 18 ]).  Bottom , histologic 

picture of the small bowel at the time of obstruction, dem-
onstrating severe villous blunting, distended lymphatics, 
and an abnormally dense mucosal round cell infi ltrate. 
The normal columnar epithelium is lost, with only low 
cuboidal cells present. Villi are shortened (hematoxylin 
and eosin stain, ×10) (From Donaldson et al. [ 1 ])       
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aspiration pneumonia. Older age at diagnosis, 
intensifi ed therapy, abdominal radiation, and 
abdominal surgery increase the risk of certain 
GI complications [ 7 ]. 

12.2.2.1     Radiation 
 Radiation injury of the GI tract has been the most 
extensively studied cause of fi brosis and enteritis. 
According to data from cohorts of adults treated 
with radiation for abdominopelvic tumors, radia-
tion complications typically develop within 
5 years after treatment in individuals who experi-
enced acute GI toxicity [ 24 ]. However, primary 
presentations of strictures or infl ammatory 
lesions may occur as late as 20 years after radia-
tion [ 17 ,  25 ]. The risk of radiation injury to the 
GI tract is related to the cumulative radiation 
dose, daily fraction dose, and extent of treatment 
volume [ 26 ,  27 ]. Fixed loops of the duodenum 
and terminal ileum are more prone to radiation 
injury than the esophagus or other intestinal sites 
[ 6 ,  25 ]. The incidence of small bowel fi brosis is 
about 5 % after 40–50 Gy and rises to 40 % when 
doses exceed 60 Gy [ 26 ,  28 ]. Chronic GI tract 
injury is uncommon after treatment doses below 
42 Gy given over 4–4.5 weeks. 

 Limited studies are available describing the 
chronic effects of GI radiation therapy in children 
[ 17 ]. Many of the data on the risk of bowel adhe-
sions and obstruction in this population are con-
founded by the fact that most of the cancer 
survivors had prior abdominal surgery as a risk 
factor for late gastrointestinal effects [ 17 ]. 
Donaldson et al. comprehensively evaluated 
intestinal symptoms in 44 children with Wilms 
tumor, teratoma, or lymphoma (including 
Hodgkin lymphoma) treated with whole abdomi-
nal (10–40 Gy) and involved fi eld (25–40 Gy) 
radiation [ 1 ]. Additional interventions predispos-
ing to GI tract toxicity in the group included 
abdominal laparotomy in 43(98 %) and chemo-
therapy in 25 (57 %). Late small bowel obstruc-
tion was observed in 36 % of patients surviving 
19 months to 7 years, which was uniformly pre-
ceded by small bowel toxicity during therapy. 
Infants and children younger than 2 years 
appeared to experience more acute and chronic 
GI toxicity following intensive radiation or com-

bined modality therapy compared to older 
children. 

 Several reports document GI toxicity in long- 
term survivors of genitourinary rhabdomyosar-
coma [ 2 ,  3 ,  29 ]. Investigators from the Intergroup 
Rhabdomyosarcoma Study evaluated late effects 
in long-term survivors of paratesticular and blad-
der/prostate rhabdomyosarcoma [ 5 ]. Radiation- 
related complications occurred in approximately 
10 % of patients and included intraperitoneal 
adhesions with bowel obstruction, chronic diar-
rhea, and stricture or enteric fi stula formation. 
Similar fi ndings were observed in another small 
cohort of survivors of paratesticular rhabdomyo-
sarcoma treated at a single institution [ 29 ]. 
A report on long-term survivors of germ cell 
tumors reported up to 25 % had gastrointestinal 
dysfunction in patients who had received 
25–30 Gy to the abdomen and pelvis. The late 
effects included chronic diarrhea or constipation, 
stool incontinence, bowel obstruction, rectal pro-
lapse, strictures, or fi stula formation [ 30 ]. The 
small number of patients and GI events reported 
in these studies precluded correlation of host and 
treatment factors predicting GI toxicity. 

 Radiation can enhance the risk of late postsur-
gical small bowel obstruction in long-term child-
hood survivors, but this complication has been 
rarely observed with contemporary techniques 
and doses. Donaldson reported only one case of 
late bowel obstruction in 79 surgically staged 
pediatric patients with Hodgkin lymphoma 
treated with radiation (35–44 Gy) [ 31 ]. Similarly, 
high-dose radiation used in earlier protocols for 
Hodgkin lymphoma in adolescents and young 
adults has been associated with a 1 % incidence 
of late onset nonspecifi c abdominal pain attribut-
able to retroperitoneal fi brosis involving the geni-
tourinary tract rather than the GI tract [ 32 ]. 
However, children irradiated at lower doses for 
Wilms tumor less commonly develop chronic 
small bowel obstruction [ 17 ]. 

 Thoracic radiation, particularly when admin-
istered to young children at high cumulative 
doses (40 Gy or more), predisposes to the devel-
opment of esophageal strictures [ 4 ,  33 ]. The fre-
quency of stricture formation after mediastinal 
radiation has ranged from 17 % to 42 % in older 
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series [ 34 – 36 ]. This complication is uncom-
monly observed following contemporary treat-
ment for pediatric tumors which have reduced or 
eliminated radiation in many frontline therapies. 
Acute radiation esophagitis developing during 
radiation administration is likely the nidus for 
stricture formation or tracheoesophageal fi stulas; 
fungal esophagitis may also enhance the risk of 
this complication [ 33 ,  37 ]. Subacute or chronic 
candidal esophagitis may predispose to stricture 
formation that usually involves the upper third of 
the esophagus [ 37 ,  38 ] (Figure  12.2 ). Strictures 
developing in individuals with chronic candidal 
esophagitis have been seen in association with 
intramucosal pseudodiverticulitis, an infl amma-
tory disorder characterized by digitation of excre-
tory ducts of the submucosal glands. Another 
characteristic histopathology includes the devel-
opment of mucosal bridges that may result in 
webs. Similarly, the administration of radiation- 
enhancing chemotherapeutic agents like doxoru-
bicin may augment the risk of stricture formation 
by inducing recurrent episodes of esophagitis 
through a “recall” phenomenon [ 39 – 41 ]. This 
premise concurs with the increased frequency of 
strictures observed in patients treated with com-
bined modality therapy including radiation and 
radiomimetic chemotherapy.  

12.2.2.2     Chemotherapy 
 In general, chemotherapy plays a less promi-
nent role in the development of chronic enteri-
tis. Multiple chemotherapeutic agents produce 
acute GI toxicity and typically manifest as 
mucositis; complete resolution of symptoms 
after completion of therapy is the usual clini-
cal course. Anthracyclines and dactinomycin 
have potent radiomimetic effects that enhance 
acute GI toxicity and likely contribute to late 
onset radiation- related GI toxicity [ 40 – 42 ]. 
Rapid chemotherapy-induced tumor lysis has 
been associated with intestinal necrosis and 
fistula formation [ 43 ]. Both alkylating agents 
and anthracyclines were associated with dose-
dependent risk of upper GI and liver complica-
tions in the CCSS cohort. Vincristine exposure 
is associated with late liver and lower GI com-
plications [ 7 ].  

12.2.2.3     Surgery 
 Abdominal surgery is associated with a lifelong 
risk of developing adhesive and obstructive com-
plications involving the GI tract. Numerous pedi-
atric studies describe adhesive or obstructive 
complications that most commonly develop 
within the acute or subacute postoperative period 
[ 44 – 46 ]. In contrast, information about very late 
onset adhesive and obstructive complications in 
childhood cancer survivors are more likely to be 
found in manuscripts describing global long-term 
outcome after pediatric sarcomas, in which the 

  Fig. 12.2    Barium study showing distal esophageal stric-
ture in a 5-year-old girl previously treated for ALL. The 
 distal location of the stricture and its endoscopic appearance 
suggest that gastroesophageal refl ux and chronic esophagitis 
may have played a role in the pathogenesis of the stricture 
(Courtesy of Dr. S. Kocoshis)       
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incidence of complications related to adhesions 
and obstructions is approximately 10 % [ 3 ,  5 , 
 29 ]. Notably, in addition to laparotomy, risk fac-
tors for postoperative complications included 
intensive combination chemotherapy including 
radiomimetic agents and radiation therapy. 
Investigators from the National Wilms Tumor 
Study Group observed small bowel obstruction in 
7 % of patients; however, the incidence of late 
onset obstruction (more than 1 year from lapa-
rotomy) occurred in fewer than 2 % of patients, 
with events rarely reported more than 5 years 
postoperatively [ 44 ]. Jockovich et al. evaluated 
long-term complications of laparotomy in a 
cohort of 133 pediatric and adult patients who 
had undergone staging laparotomy with splenec-
tomy before treatment of Hodgkin lymphoma 
[ 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 obstruc-
tion, which occurred in 9.8 % and required surgi-
cal intervention in 6.8 %. Patients younger than 
15 years of age at the time of laparotomy had a 
higher risk of small bowel obstruction compared 
to older patients, perhaps related to the increased 
intensity of the pediatric surgical staging proto-
cols. An increased frequency of obstructive com-
plications is also anticipated in survivors who 
have undergone multiple laparotomies for stag-
ing and assessment of tumor response [ 31 ,  42 ]. 

 Rarely, a temporary or permanent enteros-
tomy is required for the management of cancer- 
related GI toxicity, for example, after resection of 
ischemic bowel, for a refractory GI tract stricture 
or fi stula, or for chronic fecal incontinence. 
Affected survivors must cope with physical and 
psychological issues related to stoma mainte-
nance. Finally, excess gastrointestinal bicarbon-
ate loss associated with ureterosigmoidostomy or 
ileal or jejunal loop procedures predisposes to 
hyperchloremic metabolic acidosis [ 47 ]. These 
individuals are also at increased risk of develop-
ing adenocarcinoma of the large bowel [ 48 ].  

12.2.2.4     Hematopoietic Stem Cell 
Transplant (HSCT) 

 The incidence and severity of delayed GI tract 
toxicity following allogeneic hematopoietic stem 

cell transplantation are related to the cumulative 
radiation dose used in the conditioning regimen, 
the presence 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 pre-
dispose to accelerated tooth decay and periodon-
tal disease [ 49 ]. Esophageal stricture formation is 
the most common form of delayed GI toxicity 
and may require dilation procedures to maintain 
satisfactory oral intake [ 50 ,  51 ]. Affected tissues 
show characteristic weblike intraluminal mem-
branes that form strictures; some patients also 
demonstrate perimuscular fi brosis similar to that 
seen in scleroderma [ 50 ,  51 ]. GVHD of the small 
bowel may result in chronic diarrhea from malab-
sorption (Fig.  12.3 ). Steatorrhea and diarrhea 
may also signal the presence of bacterial over-
growth 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 specifi c GI pathology and 
provide appropriate therapeutic interventions.    

12.2.3     Detection and Screening 

 Assessment of cancer-related GI tract sequelae 
should begin with a thorough history with close 
attention to symptoms referable to GI tract 
pathology including dysphagia, odynophagia, 
vomiting, chronic abdominal pain, chronic con-
stipation or diarrhea, hematochezia, or melena 
(Tables  12.1  and  12.2 ). Anorexia, intolerance to 
certain foods, fatigue, and impaired weight gain 
or growth may be secondary nonspecifi c com-
plaints. Physical examination should assess 
nutritional status, which can be inferred by 
height and weight, and abdominal fi ndings sug-
gesting GI pathology like distension and pain. 
Although not routinely used in pediatric assess-
ments, a digital rectal exam and fecal occult 
blood test should be performed on children pre-
senting with signs and symptoms of GI tract 
pathology.
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    Aside from screening levels of vitamin B 12  and 
folate, laboratory studies are largely obtained to 
assess secondary effects of GI tract pathology. 
Anemia and microcytosis may refl ect iron defi -
ciency from GI tract blood loss or from malabsorp-
tion. Macrocytic anemia may result from vitamin 
B 12  or folate defi ciency associated with chronic 

malabsorption or resection of the terminal ileum. 
Albumin and serum protein are useful to assess 
protein stores in patients with chronic diarrhea or 
fi stulas and should be monitored periodically in 
individuals with chronic malabsorption. A hemo-
globin and hematocrit provides useful information 
in patients who present with hematochezia, but 

  Fig. 12.3    Colonic mucosa in graft-versus-host disease. 
Glands show architectural disruption with infi ltration of 
lymphocytes accompanied by epithelial cell necrosis and 

dropout. Hematoxylin and eosin stain, 20× original mag-
nifi cation (Courtesy of Dr. J. Jenkins)        
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 further radiographic and endoscopic evaluation is 
typically needed to identify the site and specifi c 
pathological lesion. Gastroenterology or surgical 
consultation may be required to establish the diag-
nosis or provide remedial interventions. 

 In the absence of abdominopelvic radiation 
fi elds, the preferred screening evaluations for GI 
tract malignancies are the same as for the 
asymptomatic general population: beginning at 
age 50, patients should initiate screening with 
tests that can detect cancer (e.g., guaiac-based 
fecal occult blood test, immunochemical fecal 
occult blood test, or stool for exfoliated DNA) 
and advanced lesions (e.g., fl exible sigmoidos-
copy, colonoscopy, double-contrast barium 
enema, computed tomography colonography) 
(Table  12.3 ) [ 52 ]. Several studies have described 
an excess risk of gastrointestinal malignancies 
in childhood cancer survivors treated with 
abdominal/pelvic radiation [ 20 – 22 ]. Since the 
median reported age of onset and time since pri-
mary cancer of this complication is 33 years age 
(range 9.7–59 years) and 23 years (range 
2–49 years), respectively, it seems prudent to 
consider an earlier onset of screening colonos-
copy in at-risk childhood cancer survivors or in 
survivors with risk who are symptomatic. The 
current Children’s Oncology Group Guideline 

recommends monitoring for occult colorectal 
malignancies to begin 10 years after radiation or 
at age 35 years (whichever occurs last) in 
asymptomatic survivors (Table  12.3 ) [ 53 ]. 
While the effi cacy of this approach has not been 
validated in longitudinal trials, this represents a 
conservative strategy that would increase the 
likelihood of early detection of an occult GI 
malignancy of the lower GI tract.

   There are currently no screening recommen-
dations for upper GI complications. However, 
reports of Barrett esophagus [ 54 ] and the recog-
nized incidence of SMN in the esophagus, stom-
ach, and hepatobiliary tree should motivate 
prompt evaluation of symptomatic survivors with 
this condition [ 20 ,  22 ].  

12.2.4     Management of Established 
Problems 

 Optimal management of cancer-related GI com-
plications requires cooperation between the sur-
vivor’s primary physician, gastroenterologist, 
and surgeon. Conditions requiring intervention 
most often result from primary or secondary con-
sequences of chronic infl ammation or fi brosis of 
GI tissues. Esophagitis and gastritis are usually 

    Table 12.1    Chemotherapy-associated gastrointestinal and hepatic late effects   

 Therapeutic agent  Potential late effects  Modifying factors  Health screening and management 

 Dactinomycin  No known late effects 
 Dactinomycin has 
been associated with 
acute venoocclusive 
disease, from which 
the majority of 
patients recover 
without sequelae 

 Treatment: abdominal 
radiation 

 History and physical exam annually 
 Laboratory: 
 ALT, AST, bilirubin, baseline at entry 
into long-term follow-up, then as 
clinically indicated 
 Screen for viral hepatitis in patients 
with persistently abnormal liver 
function 
 Hepatitis A and B immunizations for 
patients lacking immunity 
 Gastroenterology/hepatology 
consultation as clinically indicated 

 Mercaptopurine  Hepatic dysfunction a   Medical conditions: viral 
hepatitis, VOD, 
thiopurine 
S-methyltransferase, 
defi ciency, iron overload 

 Thioguanine  Sinusoidal obstruction 
syndrome/VOD b  

 Methotrexate  Hepatic dysfunction a   Treatment: abdominal 
radiation 
 Medical conditions: viral 
hepatitis 

   a Acute toxicities including elevations in liver transaminase (ALT, AST) predominate from which the majority of patients 
recover without sequelae 
  b VOD – venoocclusive disease of the liver, now termed sinusoidal obstruction syndrome  
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managed by dietary modifi cation and a variety of 
pharmacologic agents, including H 2  antagonists 
and proton pump inhibitors, which eliminate or 
reduce acid production by the parietal cells. 
Prokinetic agents are also helpful if acid refl ux is 
contributing to chronic esophagitis. Adjunctive 
agents like Carafate, which binds to the proteins 

of denuded mucosa, may also be used as a physi-
cal barrier to mucosal irritation. 

 Upper GI tract strictures are best evaluated by 
barium swallow (Fig.  12.2 ) followed by endos-
copy. Repeated endoscopy and dilation proce-
dures may be required for long-term management 
of esophageal strictures. Concurrent evaluation 

     Table 12.2    Radiation-associated gastrointestinal and hepatic late effects   

 Treatment fi elds  Potential late effects  Modifying factors  Health screening and management 

 Spinal (cervical, 
thoracic, whole) 
 Chest (mediastinal, 
mantle, whole 
lung) 
 Abdomen (upper 
quadrant, fl ank, 
whole) 
 Total body 
irradiation 
 Total lymphoid 
irradiation 

 Esophageal stricture  Treatment: higher radiation 
dose, radiomimetic 
chemotherapy (e.g., 
doxorubicin, actinomycin) 
 Medical conditions: 
gastroesophageal refl ux 
disease, severe/chronic 
candidal esophagitis, 
chronic graft-versus-host 
disease 

 History and physical exam annually 
 Gastroenterology consultation as 
clinically indicated 

 All abdominal 
(upper quadrant, 
fl ank, whole) and 
pelvic 
 Spinal (thoracic, 
lumbar, sacral, 
whole) 
 Total body 
irradiation 
 Total lymphoid 
irradiation 

 Bowel obstruction  Treatment: higher radiation 
dose to bowel, especially 
dose  > 45 Gy, abdominal 
surgery 

 History and physical exam annually 
 KUB and surgical consultation as 
clinically indicated 

 Chronic enterocolitis 
 Fistula, strictures 

 Treatment: higher radiation 
dose to bowel, especially 
dose  >  45 Gy, abdominal 
surgery 

 History and physical exam annually 
 Laboratory: serum protein, albumin 
annually in patients with chronic diarrhea 
or fi stula 
 Gastroenterology and surgical 
consultation as clinically indicated 

 Cholelithiasis  Treatment: abdominal 
radiation, abdominal 
surgery, ileal conduit, total 
parenteral nutrition, 
hematopoietic stem cell 
transplant for marrow failure 
syndrome 
 Medical conditions: obesity 

 History and physical exam annually 
 Gallbladder ultrasound and surgical 
consultation as clinically indicated 

 Gastrointestinal and 
hepatobiliary 
malignancy 

 Treatment: higher radiation 
dose to bowel, especially 
dose  > 30 Gy, higher daily 
fraction dose, alkylating 
agent chemotherapy 

 History and physical exam annually 
 Oncology and surgical consultation as 
clinically indicated 
 See Table  12.3  for colorectal cancer 
screening guidelines 

 Whole abdomen 
 Hepatic 
 Total body 
irradiation 

 Hepatic fi brosis 
 Cirrhosis 

 Treatment: radiation dose 
 > 40 Gy to at least 1/3 of 
liver volume or 20–30 Gy to 
entire liver 
 Medical conditions: chronic 
hepatitis, iron overload 
 Health behaviors: alcohol 
use 

 History and physical exam annually 
 Laboratory: ALT, AST, bilirubin baseline 
at entry into long-term follow-up 
 Screen for viral hepatitis in patients with 
persistently abnormal liver function 
 Hepatitis A and B immunizations for 
patients lacking immunity 
 Gastroenterology/hepatology consultation 
as clinically indicated 
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and treatment of peptic esophagitis is important 
to reduce the risk of further mucosal injury. 
Surgical procedures that reduce or prevent refl ux 
may also be undertaken to minimize the risk of 
recurrent stricture formation. Patients who have 
unrevealing barium swallow study or upper 
endoscopy may have dysphagia resulting from 
abnormal motility associated with neuronal 
injury; this can be identifi ed through manometric 
studies. Chronic constipation and obstipation 
may be predisposed by more severe motility 
abnormalities. Aggressive treatment with laxa-
tives and enemas is required for individuals who 
develop stool impaction. Regular treatment with 

stool softeners and peristaltic stimulants reduces 
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 defi ciency. 
In cases with malabsorption, contrast studies are 
used to determine the site of pathology and small 
bowel biopsies to defi ne the histologic features. 
Individual tests of absorption, including the 
 d -xylose absorption test, lactose breath hydro-
gen test, 72-h fecal fat determinations, serum B 12  
and folate levels, measurement of stool pH and 
reducing substances, and the Schilling test, are 

     Table 12.3    Colorectal cancer (CRC) screening in childhood cancer survivors   

 CRC risk groups  Risk group defi nition  Recommended surveillance 

 Average risk related to cancer 
treatment 

 Survivor without high-risk cancer 
treatment exposures, familial or 
hereditary risk, or history of 
infl ammatory bowel disease 

 Beginning at age 50 years a : 
 Annual high-sensitivity guaiac-based 
fecal occult blood test or 
immunochemical fecal occult blood test 
combined with one of the following: 
 Flexible sigmoidoscopy every 5 years or 
 Colonoscopy every 10 years or 
 Double-contrast barium enema every 
5 years or 
 Computed tomography colonography 
every 5 years 

 High risk related to family history 
or genetic syndrome 

 Family history of CRC or 
adenomatous polyps in fi rst-degree 
relative before age 60 or in 2 or 
more fi rst-degree relatives at any 
age 
 Known or suspected presence of 
familial adenomatous polyposis 
(FAP) or hereditary nonpolyposis 
colorectal cancer (HNPCC) 

 Early and heightened surveillance with 
colonoscopy based on specifi c 
condition b : 
 Beginning at age 40 or 10 years before 
the youngest case of fi rst-degree relative 
with CRC or adenomatous polyps 
 Beginning at age 10–12 years for FAP 
 Beginning at age 20–25 years or 
10 years before the youngest case in the 
family for HNPCC 

 High risk related to infl ammatory 
bowel disease 

 History of chronic ulcerative colitis 
or Crohn’s disease 

 Early and heightened surveillance with 
colonoscopy every 1–2 years: 
 Beginning 8 years after the onset of 
pancolitis or 12–15 years after the onset 
of left-sided colitis 

 High risk related to cancer 
treatment 

 Treatment with radiation fi elds 
involving the colon and rectum: all 
abdominal (e.g., upper quadrant, 
fl ank, whole) and pelvic fi elds, 
spinal (thoracic, lumbar, sacral, 
whole), total body irradiation, c  total 
lymphoid irradiation 

 Beginning at age 35 years or 10 years 
postradiation therapy (whichever occurs 
last) c : 
 Colonoscopy every 5 years 

   a Adapted from the American Cancer Society (ACS) guidelines 
  b    Adapted from the Children’s Oncology Group Guidelines (  www.survivorshipguidelines.org    ) 
  c Risk related to total body irradiation alone is not established; therefore, screening in this group should be determined 
on individual basis  
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used to defi ne the defect. Bacterial contamina-
tion of the small bowel may also predispose to 
malabsorption; strictures and blind loops may 
also contribute to this complication. Intubation 
and quantitative bacterial cultures of the small 
bowel may be required to confi rm the diagnosis, 
especially in the absence of the ileocecal valve 
or in the presence of small bowel stasis. Bacterial 
overgrowth responds to appropriate antimicro-
bial therapy like tetracycline or metronidazole. 
Chronic diarrhea associated with bile salt malab-
sorption after ileal resection may improve with 
cholestyramine. Refractory malabsorption asso-
ciated 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, evaluation and treatment of chronic GI 
blood loss associated with chronic enterocolitis or 
proctitis usually requires more extensive evalua-
tion by subspecialists to localize the site of bleed-
ing. Following contrast diagnostic imaging studies, 
endoscopic evaluation is used to confi rm infl am-
mation, ulceration, or less commonly malignancy. 
Biopsy will determine the etiology of mucosal 
lesions. Only rarely are more aggressive interven-
tions, for example, enterolysis, tagged red blood 
cell study, or exploratory laparotomy, needed to 
localize the site of GI tract bleeding. 

 Patients presenting with signs and symptoms 
of bowel obstruction should be promptly evalu-
ated with abdominal radiographs, decompression 
(if clinically indicated), and the appropriate con-
trast imaging. Chronic or refractory intestinal 
obstruction associated with strictures or adhe-
sions may eventually require surgical interven-
tion for defi nitive correction.   

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 con-
sists of right and left lobes joined posteroinferi-
orly at the porta hepatis. The gallbladder lies 
under the visceral surface of the liver. The hepatic 

lobule, which contains a central vein that is a 
tributary of the hepatic vein, is the basic ultra-
structural 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 sinu-
soids. Hepatic sinusoids are lined with reticulo-
endothelial or Kupffer 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 lob-
ules. The left and right hepatic ducts fuse at the 
porta hepatis 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 synthe-
sis of enzymes, albumin, coagulation proteins, 
urea, and steroids such as cholesterol and pri-
mary bile acids, conjugation of bilirubin, detoxi-
fi cation of drugs, and storage of fat-soluble 
vitamins. Hepatocytes are also responsible for 
gluconeogenesis and glycolysis. The Kupffer 
cells, which engage in phagocytosis and secrete 
cytokines, play a role in immune regulation.  

12.3.1.2     Changes Induced by 
Cytotoxic Therapy 

 Fibrosis, which is generally periportal and con-
centric (Fig.  12.4 ), is the most frequently 
described long-term complication of antineoplas-
tic therapy observed in the liver [ 56 ]. Hepatic 
fi brosis may be associated with fatty infi ltration, 
focal necrosis, nodular regeneration or cirrhosis, 
and portal hypertension. Chronic hepatitis, 
regardless of its etiology, is characterized by 
portal- periportal lymphoplasmacytic infi ltration 
with varying degrees of fi brosis and piecemeal 
necrosis. The histopathology of sinusoidal 
obstruction syndrome (SOS) [formerly termed 
venoocclusive disease, VOD] demonstrates endo-
thelial injury, fi brin deposition, and microthrombi 
in hepatic sinusoids; if progressive, fi brous oblit-
eration of central veins, centrilobular necrosis, 
and hepatic outfl ow obstruction ensue. GVHD is 
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associated with hepatocellular necroinfl amma-
tory changes suggestive of chronic active hepati-
tis, a paucity of interlobular bile ducts, and 
intrahepatic cholestasis (Fig.  12.5 ) [ 14 ,  19 ]. Cell- 
mediated immune dysregulation is implicated in 
the pathophysiology of chronic GVHD in most 
studies. However, fi ndings of deposits of immu-
noglobulin and complement along the dermal- 
epidermal junction in 85 % of individuals with 
chronic GVHD suggest that humoral mechanism 
may play a role as well [ 57 ]. Hepatocellular car-
cinoma has been rarely reported in patients 
treated with chemotherapy and radiation therapy 
for Wilms tumor and in long-term survivors of 
childhood leukemia with chronic hepatitis C 
infection [ 58 – 60 ].     

12.3.2     Clinical Manifestations 

 Liver injury related to treatment for child-
hood cancer is most often subclinical and may 
develop without a history of prior acute toxicity. 
Asymptomatic abnormalities of serum transami-
nases (alanine aminotransferase and aspartate 
aminotransferase) are most commonly observed. 

In the setting of chronic GVHD, alkaline phos-
phatase 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 like pruritus, fatigue, 
and weight loss. In contrast, hepatic sinusoidal 
obstruction syndrome (or venoocclusive disease) 
is characterized by the acute onset of jaundice, 
right upper quadrant pain, hepatomegaly, asci-
tes, liver dysfunction, and thrombocytopenia. 
The clinical course of sinusoidal obstruction 
syndrome varies from mild and reversible to 
life threatening with progressive hepatic fail-
ure. The impact of acute sinusoidal obstruction 
syndrome on long-term hepatic function has not 
been established. Chronic progressive hepatic 
fi brosis associated with cirrhosis may cause 
portal hypertension and resulting sequelae like 
hypersplenism and variceal bleeding. If cirrho-
sis leads to liver decompensation, clinical signs 
and symptoms of hepatic synthetic dysfunction 
appear including ascites and coagulopathy. As 
hepatic failure ensues, affected individuals man-
ifest progressive metabolic derangements and 
encephalopathy. 

  Fig. 12.4    Chronic methotrexate liver damage. There is fatty change together with chronic portal infl ammation and fi brosis. 
Hematoxylin and eosin stain, ×180. Reprinted with the kind permission of Dr. R.S. Patrick and Chapman Hall, Ltd.)       
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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. 
Radiation-induced liver disease (RILD) typically 
presents in the fi rst 12 weeks after completion of 
radiation and histologically demonstrates endo-
thelial cell injury [ 61 ]. Persistent or late onset 
radiation hepatopathy after contemporary treat-
ment is uncommon in the absence of other predis-
posing conditions, for example, viral hepatitis. 
The low frequency of hepatopathy after contem-
porary radiation  suggests that the liver has the 
potential for  complete resolution of acute hepatic 
injury, but this has not been confi rmed in prospec-
tive studies in pediatrics. 

 In a Dutch cohort of long-term survivors of 
childhood cancer, radiotherapy involving the liver 
was an independent risk for increased ALT and 
GGT levels at a median of 12 years from therapy 
[ 62 ]. RILD has been studied in children with 
Wilms tumor, neuroblastoma, and rhabdomyosar-

coma [ 42 ,  55 ,  63 – 66 ]. The risk of injury increases 
with radiation dose, hepatic volume, younger age 
at treatment, prior partial hepatectomy, and con-
comitant receipt of radiomimetic chemotherapy 
like dactinomycin or doxorubicin. Extrapolating 
from adult data, the whole liver generally has 
good tolerance to radiation doses up to 30–35 Gy, 
delivered using conventional fractionation. 
Survivors who received  > 40 Gy to at least one 
third liver volume,  > 30 Gy to the whole abdomen, 
or an upper abdominal fi eld involving the entire 
liver are at greatest risk for hepatic dysfunction 
[ 61 ]. However, smaller volumes of the liver may 
be safely irradiated to higher doses, accounting 
for the radiosensitizing effects of specifi c chemo-
therapies. While contemporary three-dimensional 
planning permits more accurate delivery of high-
dose radiation to liver tumors with a promise of 
normal liver sparing, long-term liver function out-
comes are not yet available. 

 Among survivors of HSCT, 75 % of children 
receiving 7–12 Gy total body irradiation (TBI) 

  Fig. 12.5    Hepatic portal triad in graft-versus-host dis-
ease. Bile ducts show epithelial damage in the form of 
irregular cellular and nuclear size and spacing around the 
duct lumen with some epithelial cells completely missing. 

Epithelial cell cytoplasm is vacuolated and shows variable 
eosinophilia. In this example a paucity of lymphocytes is 
noted. Hematoxylin and eosin stain, 60× original magnifi -
cation (Courtesy of Dr. J. Jenkins)       
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develop liver dysfunction and up to 25 % show 
signs of hepatic venoocclusive disease acutely. 
The relationship of acute injury to long-term liver 
toxicity is unclear as many HSCT patients do not 
survive severe acute liver toxicity. Given the 
many contributing factors to liver disease in 
transplant survivors, the contribution of TBI spe-
cifi cally is confounded.  

12.3.2.2    Chemotherapy 
 Several chemotherapeutic agents used in the 
treatment of pediatric malignancies are associ-
ated with acute or subacute hepatotoxicity [ 67 –
 69 ]. Unless there is an exacerbating condition 
like chronic hepatitis or GVHD, most children 
usually recover completely from acute hepatic 
injury related to chemotherapy [ 70 – 72 ]. 

 The clinical features of acute methotrexate- 
induced hepatotoxicity are well described [ 73 ] and 
the transient elevations of serum transaminases, 
alkaline phosphatase, or lactate dehydrogenase; 
biochemical changes do not correlate with the 
severity or persistence of hepatic injury [ 74 – 77 ]. 
The incidence of long-term chemotherapy- 
associated hepatotoxicity appears to be low. 
Estimating prevalence is also confounded by var-
ied means of defi ning hepatic dysfunction, ranging 
from various cutoffs on liver enzymes to inclusion 
of measure synthetic function [ 71 ]. The risk of 
fi brosis or cirrhosis after daily oral methotrexate is 
more than twofold the incidence observed after 
intermittent parenteral administration (less than 
5 %) [ 78 ,  79 ]. As a consequence, this method of 
administering methotrexate has not been used in 
leukemia therapy for over 30 years. Studies evalu-
ating hepatic histology in children treated with 
methotrexate demonstrated mild structural 
changes and a low incidence of portal fi brosis [ 74 –
 76 ]. Delayed hepatotoxicity is not reported in 
osteosarcoma survivors, who receive shorter dura-
tion high-dose methotrexate, despite their elevated 
transaminases during therapy. These fi ndings sug-
gest that methotrexate-induced fi brosis regresses 
or stabilizes after discontinuation of the agent and 
rarely produces end-stage liver disease [ 76 ,  77 ]. 

 The antimetabolites, 6-thioguanine and 
6- mercaptopurine, are associated with subacute 
hepatocellular and cholestatic injury [ 80 ]. 

Genetic polymorphisms leading to defi ciency in 
the enzyme thiopurine S-methyltransferase 
(TPMT) are associated with a rare complication 
of venoocclusive disease in children with leuke-
mia on 6-thioguanine [ 81 ,  82 ]. While the major-
ity of children with this complication recover 
clinically, a subset has progressive fi brosis and 
evolution to portal hypertension. Late liver dys-
function manifests as persistent hepatospleno-
megaly and thrombocytopenia [ 81 ,  83 – 85 ]. 

 The tyrosine kinase inhibitors and other tar-
geted biologic agents (i.e., gemtuzumab ozo-
gamicin, imatinib) have been associated with 
acute hepatic dysfunction; long-term data on 
liver outcomes in survivors is not yet available.  

12.3.2.3     Hepatic Sinusoidal 
Obstruction Syndrome 

 Hepatic radiation and a variety of chemotherapeu-
tic agents have been implicated in the causation of 
sinusoidal obstruction syndrome [SOS, formerly 
termed venoocclusive disease (VOD)]. Initially, 
SOS was attributed to the concomitant administra-
tion of hepatic radiation and radiosensitizing drugs 
like dactinomycin and doxorubicin [ 64 ,  86 ]. 
Subsequent investigations demonstrated that treat-
ment with dactinomycin and vincristine chemo-
therapy alone could produce SOS [ 66 ,  87 ,  88 ]. In 
fact, several chemotherapeutic agents used in con-
ventional dosing regimens have been associated 
with the development of SOS including dactino-
mycin, cytosine arabinoside, dacarbazine, 6-mer-
captopurine, and 6-thioguanine. Myeloablative 
chemotherapy used in conditioning regimens 
before hematopoietic stem cell transplantation 
may also cause SOS. The most common agents in 
these cases are cyclophosphamide, carmustine, 
and busulfan. Whatever the cause, the clinical 
course described in most chemotherapy series is 
consistent with full recovery for the majority of 
children. In contrast, transplant- associated SOS 
has a high acute mortality, and information is lack-
ing about long-term outcomes in that group.  

12.3.2.4     Hematopoietic Stem Cell 
Transplant (HSCT) 

 Liver disease in long-term survivors of child-
hood cancer treated with bone marrow trans-
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plantation may result from chronic GVHD, 
chronic infection, sinusoidal obstruction syn-
drome, nodular regenerative hyperplasia from 
cytoreductive therapy, iron overload, or drug-
related liver injury [ 14 ,  89 ]. Chronic GVHD is 
the most frequent late complication after alloge-
neic hematopoietic stem cell transplantation 
[ 90 ]. Approximately 80 % of individuals with 
chronic GVHD have liver involvement [ 91 ,  92 ]. 
Drug toxicity from immunosuppressive agents, 
antibiotics, antifungal and antiviral drugs, seda-
tives, antiemetics, and antipyretics may exacer-
bate chronic GVHD [ 14 ,  90 ]. Chronic infections, 
most commonly hepatitis C, may also accelerate 
the course of liver injury and result in cirrhosis 
(Fig.  12.6 ) [ 8 ,  16 ]. Siderosis, noted in approxi-
mately 90 % of long-term survivors of HSCT, 
may exacerbate the course of viral hepatitis [ 14 , 
 93 ]. Reports documenting deaths from cirrhosis 
and hepatic failure suggest that chronic liver 
disease may predispose to early mortality in 
long-term survivors treated with allogeneic 
HSCT [ 8 ,  94 ].   

12.3.2.5     Transfusion-Acquired 
Chronic Hepatitis 

 Childhood cancer survivors transfused before the 
introduction of effective screening measures for 
hepatitis B and C represent a signifi cant popula-
tion at risk for transfusion-acquired infectious 
hepatitis. Hepatitis B screening was implemented 
in 1971 in the United States. Hepatitis C screening 
by the fi rst-generation enzyme immunoassay 
(EIA) was initiated in 1990; a more sensitive sec-
ond-generation EIA became available in 1992. 
Transfusion-acquired viral hepatitis remains a sig-
nifi cant risk in long-term survivors who received 
transfusions before donor screening was available. 
Although hepatitis B is characterized by an aggres-
sive acute clinical course and a low rate of chronic 
infection ( < 10 %), the more mild and often asymp-
tomatic acute infection with hepatitis C is associ-
ated with a high risk of chronic infection 
(approximates 80 %) (Fig.  12.6 ) [ 95 ]. Regardless 
of the etiology, survivors with chronic hepatitis 
experience signifi cant morbidity and mortality 
related to cirrhosis, end-stage liver disease, and 

  Fig. 12.6    Regenerative liver nodule and portal triad in 
hepatitis C disease. Narrow bands of connective tissue 
separate small nodules of regenerative liver which shows 
fatty metamorphosis of some individual hepatocytes. The 

portal triad contains a dense lymphocytic infi ltrate that in 
some cases may contain germinal centers. Hematoxylin 
and eosin stain, 20× original magnifi cation (Courtesy of 
Dr. J. Jenkins)       
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hepatocellular carcinoma [ 10 ,  15 ,  58 ,  96 ,  97 ]. 
Coinfection with hepatitis B and C appears to 
accelerate the progression of liver disease as does 
the immunosuppression or hepatotoxicity associ-
ated with allogeneic HSCT [ 58 ,  74 ,  97 ,  98 ]. 

 The prevalence of transfusion-related HCV 
infection (positive EIA or PCR) has ranged from 
5 % to almost 50 % depending on the geographic 
location of the center [ 10 ,  15 ,  96 ,  97 ]. Among 
these, chronic infection is common, as evidenced 
by PCR detection of viral RNA ranging from 
70 % to 100 % in cohorts studied [ 15 ,  99 – 101 ]. 
Most patients are asymptomatic, but laboratory 
evaluations of ALT are abnormal in 29–79 %. 
Chronically infected survivors of childhood can-
cer develop progressive fi brosis and cirrhosis at 
rates similar to adult cohorts with transfusion- 
acquired HCV cohorts or hemophiliacs coinfected 
with HIV and HBV [ 15 ,  102 – 104 ]. More aggres-
sive chronic infection has also been observed in 
survivors coinfected with hepatitis B, on concom-
itant immunosuppression, or with hematopoietic 
stem cell transplantation- associated hepatotoxic-
ity. Further longitudinal follow-up may more 
accurately defi ne the long- term sequelae of trans-
fusion-associated hepatitis C acquired during 
treatment of childhood cancer.  

12.3.2.6     Other Late Hepatobiliary 
Complications 

 Less commonly reported hepatobiliary complica-
tions include cholelithiasis, focal nodular hyper-
plasia (FNH), nodular regenerative hyperplasia, 
and hepatic microvesicular fatty change and sid-
erosis. The CCSS noted an almost twofold excess 
risk of gallbladder disease among survivors com-
pared to sibs (1.9 95 % 1.7–2.2) [ 7 ]. 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) without underlying 
chronic hemolytic anemia or preexisting history 
of gallstones before treatment compared to rates 
observed in the general population [ 105 ]. The 
cumulative risk of cholelithiasis was 0.42 % at 
10 years and 1.03 % at 18 years after diagnosis. 
Treatment factors associated with an increased 
risk of cholelithiasis included a history of ileal 

conduit (RR 61.6; 27.9–135.9), parenteral nutri-
tion (RR 23.0; 9.8–54.1), abdominal surgery (RR 
15.1; 7.1–32.2), and abdominal radiation (RR 
7.4; 3.2–17.0). HSCT has also been associated 
with cholelithiasis [ 106 ]. The frequency of con-
ventional predisposing factors like family his-
tory, obesity, oral contraceptive use, and 
pregnancy was not higher among study patients 
compared to rates observed in the general 
population. 

 Focal nodular hyperplasia (FNH) is often an 
incidental fi nding on imaging in childhood can-
cer survivors. Reports of FNH indicate presenta-
tion at 5–14 years from initial cancer diagnosis. 
FNH in childhood cancer survivors sometimes 
differs from that in the general population in pre-
senting with multifocal smaller lesions, lacking 
the characteristic central scar [ 107 ,  108 ]. Recent 
reports of FNH include survivors of neuroblas-
toma and survivors with hepatic radiation expo-
sure [ 109 – 112 ]. The pathogenesis of FNH is 
poorly understood, but is thought to be a reaction 
to a localized vascular anomaly. Others have 
speculated that FNH results from vascular inju-
ries such as thrombosis, intimal hyperplasia, high 
sinusoidal pressures, or increased fl ow [ 113 , 
 114 ]. High doses of alkylating agents (e.g., busul-
fan or melphalan), sinusoidal obstruction syn-
drome, and hepatic radiation may produce 
vascular injury and the subsequent localized cir-
culatory disturbances. While FNH can mimic 
relapse of primary tumor or a subsequent malig-
nant neoplasm, providers and survivors should be 
educated that FNH lesions rarely need interven-
tion. The lesion is usually characterized noninva-
sively with specifi city by MRI (Fig.  12.7 ) [ 115 ]. 
FNH is associated with infrequent complications 
and the absence of malignant transformation; 
hence, only close follow-up is recommended 
[ 108 ,  111 ,  116 ,  117 ].  

 Nodular regenerative hyperplasia (NRH) is a 
rare condition characterized by the development 
of multiple monoacinar regenerative hepatic nod-
ules. The presence of mild fi brosis distinguishes 
NRH from FNH and cirrhosis. Like FNH, the 
pathogenesis of NRH is not well established, but 
may represent a nonspecifi c tissue adaptation to 
heterogeneous hepatic blood fl ow [ 118 ]. NRH 
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has rarely been observed in survivors of child-
hood cancer treated with chemotherapy, with or 
without liver radiotherapy [ 119 ,  120 ]. Biopsy 
may be required to distinguish NRH from 
malignancy. 

 In a study of childhood leukemia, Finnish 
investigators described the results of liver biopsy 
in 27 patients who had recently completed inten-
sifi ed therapy for acute lymphoblastic leukemia. 
Fatty infi ltration was detected in 93 % and sider-
osis in 70 % of patients; 52 % exhibited both his-
tologic abnormalities [ 120 ,  121 ]. Fibrosis 
developed in 11 % and was associated with 
higher levels of serum LDL cholesterol. 

Prospective studies are needed to show whether 
acute post-therapy liver fatty change after child-
hood leukemia contributes to the development of 
steatohepatitis or the metabolic syndrome char-
acterized by obesity, glucose intolerance, and 
dyslipidemia and 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 and history of health behaviors 
(Tables  12.1 ,  12.2 , and  12.4 ) [ 69 ]. Physical fi nd-
ings suggesting liver dysfunction, e.g., spider 
angioma, palmar erythema, hepatomegaly, sple-
nomegaly, icterus, or ascites, may be observed 
in individuals with long-standing liver dysfunc-
tion associated with signifi cant hepatic fi brosis. 
Patients transfused with any blood product 
before implementation of blood donor testing 
for hepatitis B (1972) or C (1993) should been 
screened for viral hepatitis; PCR can establish 
the diagnosis of chronic infection (Table  12.4 ). 
COG Guidelines recommend screening based 
on year of diagnosis rather than transfusion his-
tory since transfusion status may be diffi cult to 
ascertain [ 122 ].

   Since most childhood cancer survivors with 
hepatic dysfunction are asymptomatic, baseline 
screening of liver function with ALT, AST, and 
bilirubin should be performed beginning at 
2 years after completion of therapy. Serum fer-
ritin should also be checked in survivors of 
HSCT. Persistent liver dysfunction should 
prompt referral for GI/hepatic evaluation with 
liver biopsy. Individuals with abnormal screen-
ing or established chronic liver disease should 
undergo annual evaluations of hepatic synthetic 
function with a prothrombin time and albumin. 
Anemia and thrombocytopenia may be associ-
ated with complications related to portal hyper-
tension including hypersplenism and variceal 
bleeding. Esophagogastroduodenoscopy is rec-
ommended to screen for varices in individuals 
with chronic liver dysfunction. A yearly serum 

a

b

  Fig. 12.7    Focal nodular hyperplasia (FNH) in an 
18-year-old patient treated with surgery, chemotherapy, 
21.6 Gy to the left upper abdominal cavity, and autolo-
gous stem cell transplant for neuroblastoma at age 2 years. 
( a ) Axial T2-weighted magnetic resonance imaging 
(MRI) with fat saturation shows the hyperintense mass in 
the left lobe of the liver. ( b ) On delayed phase imaging 
(obtained 30 min following the hepatobiliary MR contrast 
agent, gadoxetic acid disodium (Gd-EOB-DTPA)), the 
lesion retains contrast which is a specifi c sign for liver 
FNH (Courtesy of Dr. L. Golding)       
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alpha fetoprotein level and hepatic ultrasound 
should be obtained in patients with established 
cirrhosis to monitor for neoplastic complica-
tions (e.g., adenoma or hepatocellular 
carcinoma).  

12.3.4     Management 

 Therapy is not available to reverse hepatic fi bro-
sis induced by antineoplastic therapy or chronic 
viral infection. Enhancing health literacy to mini-
mize further hepatic injury is therefore critical 
for childhood cancer survivors, most of whom 
were exposed to hepatotoxic therapy. Mulder 
et al. found that higher BMI z-score and alcohol 
intake of >14 units per week were independent 
risks for persistent elevation of transaminases 
and/or GGT [ 62 ]. Standard recommendations 
should include abstinence or minimal alcohol 
use, particularly the avoidance of binge drinking. 
Avoidance of obesity is recommended, as it is a 
known risk factor for nonalcoholic steatohepati-
tis (NASH). Immunization against hepatitis A 

and B should be encouraged in patients who have 
not established immunity to these hepatotropic 
viruses (Tables  12.2  and  12.4 ). Careful attention 
of survivors and providers should be directed to 
prescription and nonprescription drugs and 
herbal and supplement use that may exacerbate 
liver injury (  http://www.hepfi .org/living    ). 
Survivors should also receive counseling about 
precautions to reduce viral transmission to house-
hold and sexual contacts. Patients with persistent 
liver dysfunction associated with chronic viral 
hepatitis may benefi t from antiviral therapy. 
Consultation with GI/hepatology subspecialists 
will facilitate access to optimal antiviral thera-
pies. Treatment is standardly preceded by a liver 
biopsy to defi ne the etiology and histopathologi-
cal features of the liver injury. 

 Treatment of established fi brosis is largely 
symptomatic. Patients with cirrhosis may 
remain asymptomatic for many years. Portal 
hypertension and GI bleeding from varices may 
herald the onset of decompensated cirrhosis. 
Treatment with beta-blockers may signifi cantly 
reduce the incidence of variceal bleeding [ 123 , 

     Table 12.4    Transfusion-associated hepatic late effects   

 Cancer treatment period  Late effect  Health screening and management a  

 Diagnosis prior to 1972 b   Chronic hepatitis B infection  Hepatitis B surface antigen (HBsAg) 
 Hepatitis B core antibody (anti-HBc or 
HBcAb) 
 Gastroenterology or hepatic consultation 
for antiviral therapy 

 Diagnosis prior to 1993 b   Chronic hepatitis C infection  Hepatitis C antibody 
 Hepatitis C PCR (to establish chronic 
disease in patients with positive hepatitis C 
antibody or in immunosuppressed patient 
with negative hepatitis C antibody) 
 Gastroenterology or hepatic consultation 
for antiviral therapy 

 High-volume transfusion history (e.g., 
hematopoietic stem cell transplant 
recipient) during any period 

 Iron overload  AST, ALT, bilirubin, ferritin baseline at 
entry into long-term follow-up, then as 
clinically indicated 
 MRI or liver biopsy for liver iron 
quantifi cation for those with persistently 
abnormal liver function 
 Phlebotomy or chelation therapy 

   a All patients with risk by means of exposure to hepatotoxins should be counseled with regard to receiving the hepatitis 
A and B vaccine 
  b The Children’s Oncology Group Guidelines recommend screening based on year of diagnosis rather than transfusion 
history since a high proportion of survivors and non-oncology providers are unaware of transfusion status  
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 124 ]. Eventually, hepatic failure is manifest as 
jaundice, hepatic encephalopathy, hypoprotein-
emia, progressive ascites, and coagulopathy. 
Supportive care in end-stage liver disease 
includes a low- protein diet with lactulose and 
neomycin to minimize urea production, blood 
and plasma products to replete albumin and 
coagulation proteins, salt restriction and diuret-
ics to prevent ascites formation, and sclerother-
apy or vascular shunting to reduce portal 
pressure and prohibit variceal bleeding. Liver 
transplantation is the only defi nite and lifesav-
ing treatment for patients with presenting 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 pro-
duces 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 six to seven million 
by 20 weeks of gestation and then rapidly declin-
ing to one to two 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, ovulation, the follicles disappear 
entirely at menopause. 

 At initiation of puberty, there is a surge in 
the production of gonadotropin-releasing hor-
mone (GnRH) by the hypothalamus. GnRH then 
stimulates release of the gonadotropins by the 
pituitary gland: follicle-stimulating hormone 
(FSH), responsible for follicular maturation, and 
luteinizing hormone (LH), responsible for ovar-
ian 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, 
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 estradiol, and 17-hydroxyprogesterone, as well 
as the endometrial changes required for implan-
tation of a fetus. In the absence of fertilization, 
there is no chorionic gonadotropin from a con-
ceptus; the corpus luteum becomes exhausted and 
progesterone and estrogen falls. At this time, FSH 
increases and the endometrium sloughs, result-
ing in menstruation. The normal premenopausal 
ovary contains degenerating ova and follicles in 
varying stages of maturity. Another ovarian hor-
mone now being investigated in the fi eld of repro-
ductive endocrinology is anti- Mullerian hormone 
(AMH) thought to be the most sensitive indicator 
of ovarian reserve [ 2 ]. 

 Ovarian hormones also have critical physio-
logic effects on other organs and bodily pro-
cesses, including the stimulation of libido, the 
maturation and function of the breasts and vagina, 
bone mineralization, and the integrity of the car-
diovascular system. With depletion of oocytes by 
radiotherapy, chemotherapy, or normal senes-
cence, the ovaries undergo atresia. As a result, 
menstruation and estrogen production cease, and 
menopause ensues.  

13.1.2     Organ Damage Induced by 
Cytotoxic Therapy 

 Radiotherapy and chemotherapy each may 
cause transitory or permanent effects on hor-
monal function, reproductive capacity, and sex-
ual function. Primary ovarian failure, impaired 
development of secondary sexual characteris-
tics, menstrual irregularities, including oligo-
menorrhea and amenorrhea, or premature 
menopause may occur. The menopausal state, 
when it occurs prematurely, is associated with 
the same physical symptoms as are seen with 
normal aging, including hot fl ashes, loss of 
libido, and osteoporosis [ 3 ,  4 ]. Such effects are 
not simply physically bothersome to survivors, 
but adversely impact their quality of life [ 5 ]. 
The specifi c effects are dependent on the ovar-
ian 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 ovar-
ian follicles, impaired follicular maturation, cortical 
fi brosis 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 postpubertal females [ 6 ]. The dose of 
radiation that will ablate ovarian function depends 
on the patient’s age and, by implication, stage of 
sexual development, but overall modeling suggests 
that the dose of radiation required to destroy 50 % of 
immature oocytes is <2 Gy [ 7 ]. 

 Several investigators have provided informa-
tion regarding the dose of radiotherapy that 
results in sterility in women of varying ages. 
Wallace and colleagues reported on 19 adult 
females treated in childhood with whole abdom-
inal radiotherapy to a total dose of 30 Gy. Using 
the assumption that the number of oocytes within 
the ovary declines exponentially by atresia from 
approximately 2,000,000 at birth to approxi-
mately 2,000 at menopause, they were able to 
estimate that the LD50 (radiation causing abla-
tion in 50 % of patients) for the human oocyte is 
not greater than 4 Gy [ 8 ]. 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 12–15 Gy in women under 
40 years of age, whereas women over 40 years of 
age required only 4–7 Gy for the same clinical 
effect. Permanent sterility occurred in 60 % of 
females 15–40 years of age receiving 5–6 Gy 
[ 9 ]. 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 3.2–10 Gy [ 10 ]. Whole 
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abdomen doses of 20–30 Gy are associated with 
primary or premature secondary ovarian failure 
in young females [ 8 ,  11 ].

13.1.4        Cytotoxic Effects 
of Chemotherapy 

 The effects of chemotherapy on ovarian func-
tion 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 pro-
nounced in postpubertal as compared with pre-
pubertal females, due to the fact that postpubertal 
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. Conversely, younger females can 
tolerate higher doses of alkylating agents with-
out impairment of fertility, compared with adult 
females [ 12 – 17 ].   

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 illus-
trated by Stillman’s study of 182 girls treated at 
less than 17 years of age with 12–15 Gy of 
abdominal radiotherapy. 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 treatment vol-
ume (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 
treatment volume had ovarian failure. Covariate 
and multivariate revealed that the location of the 
ovaries relative to radiation treatment fi elds was 
the only risk factor for ovarian failure [ 18 ]. 

 In considering the risk of ovarian failure 
related to radiotherapy, other fi elds than the abdo-
men and pelvis must be considered. Direct or 
scattered irradiation from the spinal component 
of craniospinal radiotherapy may also produce 
ovarian damage [ 8 ,  19 ]. With the expanded use of 
hematopoietic stem cell transplantation in pediat-
ric oncology, it is important to recall that total 
body irradiation (TBI) utilized in the condition-
ing regimen is commonly associated with pri-
mary ovarian failure or premature menopause, 
with prevalence rates as high as 90–100 %. 
Fraction size is of importance as well as the age 
of the patient at the time of radiotherapy 
[ 20 – 24 ].  

   Table 13.1    Effect of fractionated ovarian X-irradiation 
on ovarian function in women of reproductive age irradi-
ated for malignant or nonmalignant disease   

 Minimum 
ovarian dose 
(GY)  Effect 

 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 

  Modifi ed from [ 7 ] 
 No attempt has been made to allow for variation in mode 
of fractionation  
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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 cyclo-
phosphamide and other alkylating agents than with 
adolescents, with prepubertal females tolerating 
cumulative cyclophosphamide doses as high as 
25 g/m 2  [ 13 ,  25 ]. In examining protocols with com-
mon chemotherapy, 86 % of women >24–30 years 
have been shown to have ovarian failure, compared 
with 28–31 % of younger women [ 3 ,  25 ]. 

 It is clear that the sterilizing effects of all alkyl-
ating agents are not equal. Mechlorethamine and 
procarbazine together are perhaps the most dam-
aging of the alkylating agents. These chemother-
apy agents were used in the past together for the 
treatment of Hodgkin lymphoma, often in combi-
nation with radiotherapy, resulting in impaired 
fertility, among other adverse long-term effects 
[ 26 ]. Newer risk-adapted protocols for Hodgkin 
lymphoma have been developed to avoid mech-
lorethamine or procarbazine and to limit cumula-
tive doses of other gonadotoxic alkylating agents, 
without negatively impacting the effi cacy of the 
chemotherapy regimens [ 27 – 30 ]. 

 Newer studies have also been designed to col-
lect long-term follow-up data, and investigators 
are starting to collect data on the impact of these 
changes. 

 In recent years, ifosfamide, a congener of 
cyclophosphamide, has been used for a variety of 
solid tumors and lymphoma. The effects of ifos-
famide on reproductive function are only begin-
ning to be evaluated. A case report of successful 
pregnancies in two young women treated with 
high-dose ifosfamide and cyclophosphamide at 
Memorial Sloan Kettering was reported in 2001 
[ 31 ]. In 2008, a small case series, which included 
13 females treated for sarcoma with ifosfamide 
as the only alkylating agent, there was no primary 
ovarian failure reported. However, AMH levels 
were lower than an age-matched reference group, 
suggesting risk for early menopause [ 32 ]. 

 Due to improved survivorship from child-
hood cancer noted as early as the 1970s–1980s, 

large cohorts of female survivors have reached 
the third and fourth decades of life, where the 
risk for infertility and premature menopause 
has been examined. In this era of treatment for 
these cohorts, the use of both radiotherapy and 
chemotherapy together was common, and thus 
it is not possible to fully separate the effects of 
the two modalities of therapy. 

 Two large studies of these survivors demon-
strated elevated risks for infertility and premature 
menopause [ 11 ,  33 ]. A study of 2,498 female sur-
vivors, treated between 1945 and 1975, showed a 
7 % defi cit in fertility, compared 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 fac-
tors included radiotherapy alone (RR = 3.7), 
alkylating agents alone (RR = 9.2), or a combina-
tion of both (RR = 27). By age 31, 42 % of these 
women had reached menopause, compared with 
5 % of siblings [ 11 ]. 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 
defi cit of 23 %, compared with those treated with 
surgery. As with the previous study, the risk of 
infertility and premature menopause increased 
with increasing dose of abdominopelvic radio-
therapy and amount of alkylating agent [ 33 ]. 

 Several studies have been conducted within 
the Childhood Cancer Survivor Study (CCSS), a 
cohort of survivors treated between 1970 and 
1987. In an analysis of 3,390 female survivors, 
acute ovarian failure was self-reported in 215 
(6.3 %). Risk factors in multivariate analysis 
included increased dose of ovarian radiation, 
exposure to cyclophosphamide in those 
13–20 years of age, and any exposure to procar-
bazine [ 34 ]. Premature menopause was also 
noted in 8 % of participants studied compared to 
0.8 % in a sibling cohort. Risk factors for prema-
ture menopause were higher-attained age, 
increased dose of radiotherapy to the ovaries, 
increased alkylating agent exposure as deter-
mined by the alkylating agent score, and a diag-
nosis of Hodgkin lymphoma [ 35 ]. In another 
CCSS analysis of 5,149 female participants and 
1,441 female siblings, the relative risk for survi-
vors ever being pregnant was 0.81 compared to 
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the siblings. Risk factors in multivariate analysis 
included ovarian/uterine radiation dose of >5 Gy, 
hypothalamic/pituitary dose of ≥30 Gy, and 
alkylating agent dose score of 3 or 4 [ 36 ]. 

 Similar to what has been done with conven-
tional chemoradiotherapy protocols, transplant 
conditioning protocols without TBI are being 
utilized to avoid some of the associated adverse 
long-term sequelae. The use of high-dose cyclo-
phosphamide without TBI or other alkylating 
agents is associated with a lower risk of ovarian 
failure than conditioning regimens 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 men-
struation posttransplantation [ 37 ]. However, 
many transplant protocols use high doses of 
alkylating agents together, most commonly 
busulfan and cyclophosphamide, which are 
associated with similar degrees of ovarian fail-
ure in females as protocols containing TBI [ 38 ].  

13.2.3     Effects of Radiotherapy 
and Chemotherapy 
on Reproductive Outcomes 

 Many survivors of childhood cancer previously 
treated with cytotoxic therapy will remain fer-
tile, and, therefore, pregnancy outcomes and 
the risk of cancer or genetic disease in offspring 
must be addressed. Young women who have been 
exposed to radiotherapy below the diaphragm 
are also at risk of impaired uterine develop-
ment, 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 fi eld, total 
dose, and fractionation schedule. Female long-
term survivors treated with total body irradia-
tion and marrow transplantation are at risk for 
impaired uterine growth and blood fl ow, 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 development 
and measure only 40 % of normal adult size, the 

 ultimate uterine volume correlating with the age 
at which radiotherapy was received [ 7 ,  20 ]. 

 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 higher in women treated with cranio-
spinal radiotherapy and 1.7- fold higher in those 
treated with pelvic radiotherapy. Chemotherapy 
exposure alone did not increase the risk of miscar-
riage. Compared with siblings, however, survivors 
were less likely to have live births and more likely 
to have medical abortions and low-birth-weight 
babies [ 39 ]. In an updated analysis of this cohort, it 
was noted that offspring of women who receive 
uterine radiation doses of >5 Gy were more likely to 
be small for gestational age [ 35 ]. In another analysis 
from the CCSS, Signorello also found that uterine 
and ovarian radiation doses of >10 Gy increased 
risk of stillbirth or neonatal death, and furthermore, 
for girls treated prior to menarche, uterine or ovar-
ian doses as low as 1.0–2.49 Gy increased the risk 
of stillbirth or neonatal death [ 40 ]. 

 In a Danish population-based cohort, in analy-
sis of 34,000 pregnancies, which included 1,479 
pregnancies of childhood cancer survivors, there 
were no signifi cant differences noted in the pro-
portions of live births, stillbirths, or all kinds of 
abortions combined between survivors and 
women without cancer. However, survivors had a 
23 % increased risk for spontaneous abortion, 
with ovarian and uterine radiotherapy as the 
major signifi cant risk factor [ 41 ]. 

 In a Finish population-based cohort, in an 
analysis of 3,501 and 16,908 children of female 
cancer patients and siblings, respectively, the risk 
of stillbirth or early neonatal death was not sig-
nifi cantly increased among offspring of cancer 
survivors as compared to offspring of siblings 
[ 42 ]. In a case-cohort study conducted involving 
472 Danish survivors of childhood and adoles-
cent cancer and their 1,037 pregnancies, no sta-
tistically signifi cant associations were found 
between genetic disease in children and parental 
treatment with alkylating drugs or preconception 
radiation doses to the testes in male and ovaries 
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in female cancer survivors. A statistically signifi -
cant association between abdominopelvic irradi-
ation and malformations, stillbirths, and neonatal 
deaths was not seen in the children of female sur-
vivors overall or in the children of mothers 
receiving high uterine doses [ 43 ]. 

 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 
(<2,500 g), and premature delivery (<36 weeks) 
were more frequent among women who had 
received fl ank radiotherapy, in a dose-dependent 
manner [ 44 ]. 

 Preservation of fertility and successful preg-
nancies may occur following HSCT. Sanders and 
colleagues evaluated pregnancy outcomes in a 
group of females treated with bone marrow trans-
plant. Among 116 treated before puberty and 23 
treated after the onset of puberty who retained 
ovarian function, 32 (28 %) and 9 (30 %), respec-
tively, became pregnant. Of the 32 pregnancies in 
those treated with TBI, 16 resulted in early termi-
nation, compared with a 21 % prevalence of early 
termination in those treated with cyclophospha-
mide alone. There were no pregnancies among 
the women treated with busulfan and cyclophos-
phamide [ 37 ]. 

 For childhood cancer survivors who have off-
spring, there is the concern about congenital 
anomalies, genetic disease, or risk of cancer in 
the offspring. In the report from the National 
Wilms Tumor Group, congenital anomalies were 
marginally increased in the offspring of females 
who had received fl ank radiotherapy [ 44 ]. 
However, this risk was not observed in a study of 
247 offspring of 148 cancer survivors treated at a 
single institution [ 45 ] or in several larger cohort 
studies. In a study that compared a group of 2,198 
offspring from adult survivors treated for child-
hood 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. There was no associa-
tion of type of childhood cancer treatment used 
and the occurrence of genetic disease in the off-

spring [ 46 ]. In the CCSS, among the 1,915 female 
survivors who reported 4,029 pregnancies, there 
was no increased risk of offspring with simple 
malformations, cytogenetic syndromes, single- 
gene defects, or congenital malformations [ 35 ]. 
In a subsequent analysis from the CCSS, among 
children of 1,627 female cancer survivors, there 
was no increased risk for congenital anomalies 
and no increase conferred from ovarian radiation 
or alkylating exposure [ 47 ]. 

 Similar results were reported in a study of 
5,847 offspring of survivors of childhood cancers 
treated in fi ve Scandinavian countries. In the 
absence of a hereditary cancer syndrome (such as 
hereditary retinoblastoma), there was no 
increased risk of cancer [ 48 ]. In an updated anal-
ysis from Finland among 26,331 children of 
pediatric and young adult cancer survivors and 
58,155 children of siblings, there was no 
increased risk of cancer in the offspring of the 
cancer survivors in the absence of a known can-
cer predisposition syndrome [ 49 ]. 

 Further follow-ups are needed to determine 
whether patterns of cancer or genetic disease in 
offspring change with changes in cancer treat-
ments, further elapsed time, and studies of greater 
numbers of offspring.   

13.3     Detection and Screening 

 All prepubertal females who are treated with 
potentially gonadal toxic radiotherapy or chemo-
therapy should be rigorously assessed for appro-
priate progression through puberty. The average 
age for menarche is 12.7 years ± 1.0 year [ 50 ]. An 
evaluation should include a complete history, a 
physical examination that includes an assessment 
of sexual development and pubertal milestones 
(Tables  13.2  and  13.3 ) and selected laboratory 
studies (Table  13.4 ), as summarized in Table  13.5 . 
Reduced ovarian volume and low inhibin B and 
anti-Mullerian hormone concentrations in survi-
vors with regular menses may be markers of incip-
ient ovarian failure [ 2 ,  7 ]. In conjunction with the 
evaluation of gonadal effects, attention must be 
paid to growth. Cranial radiotherapy confers sig-
nifi cant risk for growth hormone defi ciency. Once 
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patients have reached full sexual maturity, linear 
growth will stop. Linear and sexual development 
must, therefore, be monitored simultaneously (see 
the chapter on “Neuroendocrine Late Effects” for 
further details). Patients who received radiother-
apy to the central nervous system or the neck are 
also at risk for thyroid dysfunction that can nega-
tively impact gonadal function and linear growth. 
Even after successful progression through puberty, 
it is important to monitor the frequency and char-
acteristics of menstrual periods, due to risk for 
premature menopause. Females with ovarian fail-
ure, either primary or secondary, should undergo 
assessments for impaired bone mineral density. 
Calcium intake, weight-bearing exercise, a history 

of fractures, and a family history of osteopenia/
osteoporosis should be evaluated. The determi-
nation of bone mineral density, using dual-
energy X-ray absorptiometry (DXA) scan, and 
comparison of results with the well- established 
adult normative values, is indicated for all adult 
females. Screening in children is less defi ned. 
Several different measurement techniques and 
standards have been applied, but none has been 
well validated in large pediatric populations 
(much less in pediatric oncology patients). 
However, some monitoring is indicated, and 
trends over time may be of greater value than a 
single DXA scan. The Children’s Oncology 
Group has published guidelines (  www.survivor-
shipguidelines.org    ) [ 51 ] that are helping in deter-
mining surveillance for adverse long-term 
ovarian or ovarian-associated outcomes, as 
reviewed by Metzger and colleagues [ 52 ].

      Pediatric endocrinologists and reproductive 
endocrinologists/gynecologists are essential 
 consultants in the monitoring, prevention, and 
management of ovarian late effects in childhood 
cancer survivors.  

   Table 13.2    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 to the 
general contour of the breast 

 12.9 ± 1.2 

   Table 13.3    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 or only 
slightly curled, appearing chiefl y along the 
labia 

 11.2 ± 1.1 

 III. Hair is considerably darker, coarser, and 
more curled. Hair spreads sparsely over 
pubic junction 

 11.9 ± 1.1 

 IV. Hair is now adult in type but area 
covered by it is still considerably smaller 
than in most adults. There is no spread to 
medial surface of the thighs 

 12.6 ± 1.1 

   Table 13.4    Laboratory assessment for ovarian function   

 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, or total body 
radiotherapy 

 Assessment also 
of whether the 
following are 
present: delayed 
puberty, irregular 
menses or 
amenorrhea, 
clinical signs or 
symptoms of 
estrogen 
defi ciency 

 Free T4, 
TSH 

 Neck, cranial, or total 
body radiotherapy 

 Yearly 
 Assessment also 
of presence of 
signs or 
symptoms of 
thyroid 
dysfunction 

  Also see Sect.  13.2   
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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. 
There are, however, many instances where cyto-
toxic and gonadal toxic chemotherapy and radio-
therapy 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 direct irradiation during 
abdominal or pelvic radiotherapy, an oophoro-
pexy may be performed if it is possible to move 
the ovaries to a location that can be safely 
shielded without jeopardizing the patient for 
tumor recurrence. Typically, with abdominal 
radiotherapy for Hodgkin lymphoma that targets 
lymph nodes, the ovaries are moved to a midline 

position in front of or behind the uterus. For pel-
vic 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 using his-
toric radiation techniques, though current 
approaches with intensity modulation allow 
ovarian sparing. However, if such techniques are 
not possible, then the ovaries should be marked 
by the surgeon with clips that can later by identi-
fi ed by a simulator fi lm. Central pelvic blocking 
at the time of “inverted Y” fi eld will prevent 
direct irradiation, although scatter dose and 
transmitted dose will be inevitable. Medial or 
lateral transposition of the ovaries results in 
ovarian doses of 8–10 % and 4–5 %, respec-
tively, of the pelvic dose [ 53 ]. For most patients, 
this will be compatible 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) ago-
nists may protect the ovarian germinal epithe-
lium 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 
[ 54 ,  55 ] reported a signifi cant benefi t in the con-
comitant use of GnRH agonist treatment with 
cytotoxic chemotherapy. Pereya and colleagues 
evaluated the role of GnRH analogs with respect 
to the prevention of early-onset ovarian insuffi -
ciency following chemotherapy in adolescent 
females. Their study compared prepubertal 
females treated with GnRH analogs prior to che-
motherapy 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 [ 56 ]. However, as reviewed 
in the literature, and in two randomized prospec-
tive studies, it is not clear that there is a benefi t, 
and thus, this is currently not considered a stan-
dard of care [ 57 – 60 ]. 

   Table 13.5    Pertinent history and physical examination   

 History  Physical examination 

 Doses and types of 
chemotherapy agents 
received 

 Height, weight, and height 
velocity 

 Doses and fi elds of 
radiotherapy 

 Complete examination of all 
organ systems, with 
particular attention to 
pubertal status and thyroid 
gland 

 Surgical history, 
especially for patients 
with CNS and GU 
tumors 

 Gynecologic examination in 
postpubertal females 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 
defi ciency (hot fl ashes, 
dry skin, leg cramps, 
reduced libido) 
 Parental heights 
 Family history of 
infertility, pregnancy, 
labor complications, 
assisted fertilization 

D.L. Friedman



261

 Progress in reproductive endocrinology has 
resulted in the availability of several potential 
options for preserving or permitting fertility in 
females about to receive potentially toxic chemo-
therapy or radiotherapy. In pre- and postpubertal 
females, cryopreservation of ovarian cortical tis-
sue and enzymatically extracted follicles, with 
the in vitro maturation of prenatal follicles, is of 
potential clinical use. There is now feasibility of 
doing this at time of diagnosis in young females 
diagnosed with cancer, and thus, this is an area of 
ongoing important research [ 61 – 68 ]. Another 
option available to the postpubertal female is the 
stimulation of ovaries with exogenous gonado-
tropins and the retrieval of mature oocytes for 
cryopreservation and later in vitro fertilization. 
These interventions, however, may not be readily 
available to the pediatric and adolescent patient, 
and the necessary delay in cancer therapy for 
ovarian stimulation may then be impractical. 
Oocyte cryopreservation may be useful in the 
survivorship population where there is concern 
over decreasing ovarian reserve. 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 hemato-
logic or gonadal tumors would be at greatest risk 
for this eventuality. However, success rates are 
increasing with newer technologies and further 
research is ongoing [ 68 ]. Standards for best prac-
tice in the cryopreservation of gonadal tissue 
remain to be defi ned. Should offspring result as a 
consequence of these assisted fertility techniques, 
it would be imperative to evaluate the risk of 
chromosomal and other congenital disorders, 
which have been reported following assisted 
reproductive techniques [ 69 ,  70 ]. 

 A critical component to prevention is health 
counseling for females at risk. For females 
treated during the prepubertal period, parents 
should be counseled regarding the risk of pri-
mary ovarian failure. Normal gonadal develop-
ment should be reviewed with recommendations 
for monitoring of growth and development. 
Reproductive counseling should be made cau-
tiously and preferably, in conjunction with a spe-
cialist in reproductive endocrinology. The effects 
on the female gonadal system from radiotherapy 

and chemotherapy may demonstrate signifi cant 
interindividual variation, even with identical 
exposures at identical ages. Postpubertal females 
who have normal 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 treat-
able if addressed. Risks for osteopenia and osteo-
porosis also must be addressed. Appropriate 
calcium intake, avoidance of substances that 
interfere with bone deposition 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 thera-
pies during the prepubertal period and who are 
not progressing appropriately through puberty 
should be promptly referred to a pediatric endo-
crinologist 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. Gonadotropins, gonadotropin 
agonists or antagonists, progesterone, and growth 
hormone may also be part of the treatment 
regimen.  

13.4.3     Management of Infertility 

 Postpubertal 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 reproduc-
tive decisions.  
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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 
obstetricians and perinatologists. Patients treated 
with abdominopelvic radiotherapy are at risk for 
spontaneous abortion, premature labor and delivery, 
and, compared with controls, small for gestational 
stage neonates. Those treated with anthracyclines at 
doses >300 mg/m 2  or at lower doses, when com-
bined with thoracic radiotherapy, or those women 
treated with high doses of thoracic radiotherapy 
(>35 Gy) without anthracyclines, may be at risk for 
cardiac complications, which may manifest during 
pregnancy (especially 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 fi brosis or decreased diffusing 
capacity, and this may result in complications dur-
ing pregnancy and delivery (see the chapters on 
“Heart and Lung Late Effects” for further details).  

13.4.5     Management of Premature 
Menopause 

 Female survivors who develop premature meno-
pause should be referred to a gynecologist for 
management and consideration for hormone 
replacement 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 weighing the risks and ben-
efi ts of various hormonal replacement strategies.   

    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, radio-
therapy doses, techniques, volumes and fi elds, 
and the age and pubertal status of the female. 
There is also considerable individual variation, 
the reasons for which remain largely unknown. 
Problems may include primary ovarian failure, 
reduced libido, pregnancy complications, and 
premature menopause. Preventive strategies 
remain limited. Avoidance or reduction in the 
dose of gonadal toxic therapies should be 
attempted where possible. Where this is not pos-
sible, advances in reproductive medicine may 
ultimately allow for ovarian cryopreservation and 
similar techniques. Survivors should receive 
health counseling about risks, annual physical 
examinations with attention paid to endocrine 
and reproductive function, close monitoring of 
gonadal function, and referral to pediatric endo-
crinologists, reproductive endocrinologists, 
gynecologists, and perinatologists as indicated. 
In survivors who do become pregnant, the major-
ity will have favorable pregnancy outcomes with 
healthy offspring, and it does not appear that the 
offspring will have an increased risk of cancer (in 
the absence of a known heritable syndrome or 
congenital anomalies). 

 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 
effects, and where possible, therapies have been 
altered to limit these effects. This period has also 
resulted in the increased use of more dose- 
intensive chemotherapy regimens and greater use 
of myeloablative hematopoietic stem cell trans-
plants. Survivorship has increased and, as a 
result, there are now large cohorts of adult young 
women treated with more contemporary therapy 
who will require close follow-up of their gonadal 
status. It is only with continued follow-up that we 
will be able to fully appreciate the impact of rela-
tively recent changes in therapy. Challenges still 
face young females being treated for cancer today 
with respect to gonadal function. Therefore, it is 
incumbent upon pediatric oncologists and repro-
ductive specialists to develop better preventive 
strategies. In addition, there is more to be learned 
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about the interindividual differences in gonadal 
effects that are seen, despite very similar treat-
ment exposures. The role of genetic predisposi-
tion 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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       The testes are extremely sensitive to chemother-
apy, radiation, and surgical interventions. Cancer 
therapy can interfere with reproductive ability 
and libido in men. The differential sensitivity of 
spermatozoa-producing Sertoli cells, however, 
compared to the testosterone-producing Leydig 
cells allows for greater effects on the reproduc-
tive capacity of men than effects on their sexual 
function. In this chapter, we review the patho-
physiology of the testes and clinical manifesta-
tions of the testicular injury in response to 
gonadotoxic therapies. Furthermore, we will out-
line methods for screening males for gonadotox-
icity and suggest potential fertility preservation 
methods that can be used in certain instances. 

14.1     Pathophysiology 

14.1.1     Overview of Normal Gonadal 
Development 

 Although the chromosomal and genetic sex of an 
embryo is determined at fertilization, male and 
female morphological sexual characteristics do 
not differ until the seventh week of gestation 
[ 49 ]. This initial period of early genital develop-
ment is referred to as the indifferent stage of sex-
ual development. During the fi fth 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. Fingerlike epithelial cords then 
grow into the underlying mesenchyme. The indif-
ferent gonad now consists of an outer cortex and 
inner medulla [ 49 ]. During the sixth week, the 
primordial germ cells enter the underlying 
 mesenchyme and incorporate into the primary 
sex cords. In embryos with an XY sex chromo-
some complex, testis-organizing factor (H-Y 
antigen) regulated by the Y chromosome deter-
mines testicular differentiation; the medulla dif-
ferentiates into a testis and the cortex regresses. 
The gonads can be recognized as testes 7–9 weeks 
postfertilization [ 49 ]. 

 The fi rst stage of testis differentiation is the 
formation of testicular cords consisting of Sertoli 
precursor cells packed tightly around germ cells. 
The diploid germ cells 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 
[ 77 ]. After the eighth week of fetal life, the 
Leydig cell of the fetal testis secretes testoster-
one. Luteinizing hormone (LH) release is sup-
pressed, and masculinization of the external 
genitalia and urogenital sinus of the fetus results. 
By the third month, the penis and prostate form 
[ 14 ]. Normal testes descend by the seventh month 
of gestation.  

14.1.2     Anatomy of Normal Testis 

 The adult testis is an oblong, approximately 
4.5 cm long organ weighing 34–45 g [ 76 ]. The 
testis is composed of three principal cell types: 
germ cells that develop into sperm, Sertoli cells 
that support and nurture developing germ cells 
and are also the site of production of the glyco-
protein hormone inhibin, and Leydig cells that 
are responsible for testosterone synthesis [ 70 ]. 
Seminiferous tubules, the sites of spermatogen-
esis, 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 high concentrations of 

testosterone necessary for normal spermatogene-
sis and male secondary sexual characteristics [ 70 ]. 

 The seminiferous tubules are embedded in a 
connective tissue matrix containing interspersed 
Leydig cells, blood vessels, and lymphatics and 
are surrounded by a basement membrane (tunica 
propria) upon which the seminiferous epithelium 
rests. Spermatogenesis takes place in the seminif-
erous epithelium. The least differentiated germ 
cells, the spermatogonia, divide to form sper-
matocytes that immediately undergo meiosis. 
The haploid spermatids that are formed develop 
into fl agellate motile spermatozoa. This process 
requires up to 74 days [ 73 ]. Since spermatozoa 
are continuously produced in adult men, a con-
stant supply of germ cell precursors is necessary. 
The newly formed spermatozoa are transported 
through the lumen of the seminiferous tubules 
into the epididymis where they are stored.  

14.1.3     Hypothalamic-Pituitary- 
Testicular Axis 

 The primary regulators of testicular function are 
the anterior pituitary hormones, luteinizing hor-
mone (LH) and follicle-stimulating hormone 
(FSH), both of which are released in response to 
the hypothalamic 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 [ 49 ]. 
LH regulates Leydig cell function by binding to 
specifi c 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 [ 49 ]. 
Testosterone is transported from Leydig cells to 
the seminiferous tubules, where it acts to enhance 
spermatogenesis. Testosterone is also a prohor-
mone for two different and metabolically active 
hormones, dihydrotestosterone (DHT) and estra-
diol. DHT mediates male sexual differentiation 
and virilization, whereas estradiol mediates bone 
maturation, mineralization, and epiphyseal fusion 
[ 72 ]. Testosterone controls pituitary LH secretion 
by a negative feedback mechanism; LH levels 
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will rise when the Leydig cells are unable to pro-
duce testosterone. 

 Sertoli cells are the only cell type of the testis 
that possess FSH receptors [ 70 ]. FSH is delivered 
to the interstitial area of the testis by way of the 
arterial system. It then passes through the base-
ment membrane of the seminiferous tubule to 
reach the Sertoli cells that line this membrane. 
FSH binds to the FSH receptors of the Sertoli cell 
and then mediates the synthesis of a variety of 
proteins and enzymes including the inhibins. 
Inhibin is a major feedback regulator of FSH and 
may thus be useful as a marker of spermatogen-
esis [ 66 ,  80 ]. The production of androgen trans-
port 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 spermio-
genesis. Thereafter, spermatogenesis will pro-
ceed continuously as long as an adequate and 
uninterrupted supply of testosterone is available. 
The lack of negative feedback from germinal epi-
thelium results in an elevated FSH level.  

14.1.4     Normal Developmental 
Stages 

 A neonatal surge in testosterone secretion is 
caused by high LH and FSH concentrations that 
occur during the fi rst 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 relatively quies-
cent [ 70 ]. At the onset of puberty, pulsatile secre-
tion of LH (and to a lesser extent, FSH) occurs 
during sleep that is associated with increased 
nighttime plasma concentrations of testosterone. 
As puberty progresses, the increased pulsatile 
release of gonadotropins and the high concentra-
tions of testosterone are maintained throughout 
the day and night [ 70 ]. 

 In a normal male, the fi rst sign of puberty is 
enlargement of the testis to larger than 2.5 cm [ 77 ]. 
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 nor-
mal puberty. The range of onset of normal male 
puberty extends from 9 to 14 years of age. Boys 
complete pubertal development in 2–4.5 years 
(mean 3.2 years) [ 77 ]. The development of the 
external genitalia and pubic hair has been described 
in stages by Marshall and Tanner (Table  14.1 ) 
[ 47 ]. The fi rst appearance of spermatozoa in early 
morning urinary specimens (spermarche) occurs 
at a mean age of 13.4 years, at gonadal stages 3 
and 4 simultaneous with the pubertal growth spurt.

14.2         Cytotoxic Effects of Therapy 

14.2.1     Cytotoxic Effects 
of Chemotherapy 

 Testicular dysfunction is among the most com-
mon long-term side effects of chemotherapy in 
men. The germinal epithelium is particularly sus-
ceptible to injury by cytotoxic drugs secondary to 
a high mitotic rate [ 30 ]. Leydig cells in contrast 
appear relatively resistant to the effects of che-
motherapy [ 79 ]. In 1948, azoospermia after an 
alkylating agent (nitrogen mustard) was described 
in 27 of 30 men treated for lymphoma [ 75 ]. 
Subsequently, it has become apparent that all 
alkylating agents are gonadotoxic [ 26 ,  46 ,  55 ]. 
Antimetabolite therapy in general (e.g., metho-
trexate, mercaptopurine) does not have an adverse 
impact on male fertility. Cisplatin-based regi-
mens result in temporary impairment of sper-
matogenesis in all patients but with recovery in a 
signifi cant percentage [ 23 ]. The agents most 
commonly gonadotoxic in males are listed in 
Table  14.2 .

   Initial reports, based upon histological studies 
and normal basal FSH levels from small numbers 
of patients, suggested that the immature testis 
was relatively resistant to chemotherapy. More 
recently, however, it has become apparent that 
both the prepubertal and pubertal testes are vul-
nerable to cytotoxic drugs [ 6 ,  30 ]. Impairment of 
spermatogenesis may be irreversible in the 
months to years following chemotherapy. 
However, late recovery of spermatogenesis up to 
14 years following chemotherapy has been 
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reported [ 30 ]. In summary, testicular damage is 
agent-specifi c and dose-related. 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 [ 48 ]. In contrast to the germinal 
epithelium, Leydig cells appear relatively resis-
tant to the effects of chemotherapy [ 68 ]. However, 
a few studies have demonstrated a reduction in 
testosterone concentrations following treatment 
with gonadotoxic agents, and there is evidence to 
suggest that the Leydig cell impairment follow-
ing chemotherapy may be relevant clinically.  

14.2.2     Cytotoxic Effects of Testicular 
Irradiation 

 Soon after the discovery of X-rays by Roentgen, 
investigators noted that spermatogenesis is exqui-
sitely sensitive to radiation [ 60 ]. The testes are 
directly irradiated in rare situations such as tes-
ticular involvement of acute lymphoblastic leu-
kemia (ALL). Although the testes are usually not 
directly in the radiation fi eld, they can still receive 
irradiation via body scatter. Scatter occurs when 
X-rays interact with tissues near the target of 
interest, resulting in secondary X-rays that then 
hit the target [ 37 ]. The amount of scattered radia-
tion is a function of the proximity of the radiation 
fi eld to the target, the fi eld size and shape, the 
X-ray energy, and the depth of the target. Of 
these, distance from the fi eld edge is the most 
important factor. Scatter dose to the testes 
becomes a real issue when treating a fi eld that 
extends into the pelvis as in some cases of 
Hodgkin’s disease or soft tissue sarcoma of the 
thigh. Small children, because of their short trunk 
length, can be at greater risk from scattered radia-
tion than larger individuals. 

 The germinal epithelium is most sensitive to 
radiation effects and some effect on spermato-
genesis will be seen at doses of 10 cGy 
(Table  14.3 ) [ 3 ]. Permanent sterilization may be 
seen with doses as low as 100 cGy [ 3 ]. Speiser 
et al. reviewed experimental data in mammals 
that indicated that the total radiation dose required 
to induce permanent azoospermia was lower if a 

   Table 14.1    Genital development stages [ 47 ]   

 Stage  Description 

 Mean age 
at onset 
(year) 
range 
95 % 

 1  Preadolescent. Testes, scrotum, and 
penis are about same size and 
proportion as in early childhood. 
No pubic hair 

 2  Scrotum and testes have enlarged; 
change in texture and some 
reddening of the scrotal skin. 
Testicular length >2 cm <3.2 cm. 
Sparse growth of long, slightly 
pigmented downy pubic hair, 
straight or only slightly curled 
appearing chiefl y at base of penis 

 11.6 
 9.5–13.8 

 3  Growth of penis has occurred, at 
fi rst mainly in length but some 
increase in breadth; further growth 
of testes and scrotum. Testicular 
length >3.3 cm <4.0 cm. Pubic hair 
is considerably darker, coarser, and 
curlier and spreads sparsely 

 12.9 
 10.8–14.9 

 4  Penis further enlarged in length and 
breadth with development of glans. 
Testes and scrotum are further 
enlarged. Scrotal skin has 
darkened. Testicular length >4.1 cm 
<4.9 cm. Pubic hair is now adult in 
type, but the area it covers is still 
smaller than most adults. There is 
no spread to medial surface of the 
thighs 

 13.8 
 11.7–15.8 

 5  Genitalia are adult in size and 
shape. No further enlargement 
takes place after stage 5 is reached. 
Testicular length >5 cm. Pubic hair 
is adult in quantity and type, 
distributed as an inverse triangle. 
The spread is to the medial surface 
of the thighs 

 14.9 
 12.7–17.1 

   Table 14.2    Gonadotoxic chemotherapeutic agents and 
associated cumulative doses that impact male fertility   

 Gonadotoxic agents  Cumulative doses 

 Cyclophosphamide  7 g/m 2  
 Ifosfamide  42–60 g/m 2  
 Nitrosoureas, e.g., BCNU and 
CCNU 

 1 g/m 2  and 500 mg/
m 2  

 Chlorambucil  1.4 g/m 2  
 Melphalan  140 mg/m 2  
 Busulfan  600 mg/m 2  
 Procarbazine  4 g/m 2  
 Cisplatin  500 mg/m 2  
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fractionated regimen was used than if a single 
dose was given [ 74 ]. The details of these experi-
ments cannot be extrapolated to humans because 

there are signifi cant differences in germ cell 
radiosensitivity between different species. 
However, the general conclusion that fraction-
ated radiation is more effective than single doses 
in destroying germ cells appears to be true in 
humans as well. The explanation given for this is 
that at any given time, some percentage of the 
spermatogonia are relatively radioresistant 
because they are not proliferating. A single large 
dose of radiation may not kill these cells. 
However, when fractionated radiation is deliv-
ered, there is a chance that these cells will enter 
the proliferating compartment and be susceptible 
to radiation-induced killing. Therefore, the most 
effi cient regimen for spermatogonial killing 
would be one in which each fraction is maxi-
mally effi cient in causing death in proliferating 
spermatogonia but in which there are a suffi cient 
number of fractions such that all the spermatogo-
nia are eventually irradiated when they are 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 [ 30 ]. The data 
available indicates that chemical changes in 
Leydig cell function are observable following 
direct testicular irradiation with the effect more 
pronounced with 2,400 cGy than with 1,200 cGy 
[ 71 ]. The severity of the effect is more marked 
the younger the patient at the time of radiother-
apy [ 9 ]. In general, progression through puberty 
and testosterone production proceeds normally in 
males subjected to radiation therapy.   

14.3     Clinical Manifestations 

14.3.1     Effects of Chemotherapy 

 The extent and reversibility of cytotoxic damage 
generally depends on the agent and cumulative 
dose received, although signifi cant individual 
variation has been observed consistently. The 
effects of alkylating agents on testicular function 
have been studied extensively. 

 Cyclophosphamide, either alone or in combi-
nation with other agents, is known to damage the 
germinal epithelium. Meta-analysis of 30 studies 

    Table 14.3    Impairment of spermatogenesis and Leydig 
cell function after fractionated radiotherapy [ 3 ]   

 Testicular 
dose (cGy) 

 Effect on 
spermatogenesis 

 Effect on Leydig 
cell function 

 <10  No effect  No effect 
 10–30  Temporary 

oligospermia 
 No effect 

 30–50  Temporary 
azoospermia at 
4–12 months after 
radiation. 100 % 
recovery by 
48 months 

 No effect 

 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. 
Recovery begins at 
11–20 months 

 Transient rise in 
LH 
 No change in 
testosterone 

 200–300  100 % azoospermia 
beginning at 
1–2 months. May 
lead to permanent 
azoospermia. If 
recovery takes 
place, it may take 
years 

 Transient rise in 
LH 
 No change in 
testosterone 

 1,200  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 

 2,400  Permanent 
azoospermia 

 Elevated LH. Many 
patients, but not all, 
will have decreased 
testosterone. 
Replacement 
therapy needed to 
ensure pubertal 
changes in most 
boys 
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that examined gonadal function following vari-
ous chemotherapy regimens noted that gonadal 
dysfunction correlated with total cumulative dose 
of cyclophosphamide; more than 300 mg/kg was 
associated with >80 % risk of gonadal dysfunc-
tion [ 61 ]. A study of men treated for pediatric 
solid tumors reported permanent azoospermia in 
90 % of men treated with cyclophosphamide 
doses >7.5 g/m 2  [ 78 ]. Other studies have also 
found that 7.5–9 g/m 2  of cyclophosphamide is 
associated with a signifi cant risk of testicular 
injury [ 4 ,  36 ]. 

 Although tumor cytotoxicity data indicates 
that 1.1 g/m 2  cyclophosphamide is approximately 
equivalent to 3.8 g/m 2  ifosfamide [ 13 ], the rela-
tive gonadotoxic effect is not well known. In a 
recent series of male childhood survivors of 
osteosarcoma with a median age of 9 years (range 
4–17 years) from completion of therapy, the inci-
dence of azoospermia related to ifosfamide ther-
apy (median 42 g/m 2 ) versus no ifosfamide was 
statistically signifi cant ( P  = 0.005). Six patients 
were normospermic: fi ve received no ifosfamide 
and one received low-dose ifosfamide (24 g/m 2 ). 
Fifteen of the 19 azoospermic patients received 
ifosfamide. Infertility in the others may have 
been related to cisplatin (560–630 mg/m 2 ). One 
patient had oligospermia [ 45 ]. Recent studies 
support that doses of ifosfamide in excess of 
60 mg/m 2  are associated with a signifi cant risk of 
infertility in male patients [ 34 ,  84 ]. 

 Hodgkin’s disease (HD) patients treated with 
six or more courses of mechlorethamine, vincris-
tine, procarbazine, and prednisone (MOPP) have 
also demonstrated permanent azoospermia attrib-
utable to both of the alkylating agents: mechlor-
ethamine and procarbazine. Procarbazine appears 
to play a major role in this process. Hassel et al. 
studied testicular function after OPA/COMP 
(vincristine, prednisone, adriamycin/cyclophos-
phamide, vincristine, methotrexate, prednisone) 
chemotherapy without procarbazine in boys with 
HD. These patients showed no major testicular 
damage compared to boys who had received 
OPPA/COPP (includes procarbazine), again 
pointing out that procarbazine is a potent gonado-
toxic agent [ 25 ]. Treatment of Hodgkin’s disease 
with combination chemotherapy regimens such 

as ChlVPP (chlorambucil, vinblastine, procarba-
zine, and prednisolone) or COPP (cyclophospha-
mide, vincristine, procarbazine, and prednisolone) 
have also been reported in a number of studies to 
result in permanent azoospermia in 99–100 % of 
patients treated with six to eight courses of these 
regimens [ 12 ,  28 ,  46 ]. After ChlVPP, FSH and 
LH were elevated in 89 % and 24 % respectively, 
with azoospermia in all seven patients tested. 
Charak and coworkers found azoospermia in all 
92 patients following treatment with six or more 
cycles of COPP; 17 % of patients had been 
treated more than 10 years previously, suggesting 
that germinal epithelial failure is likely to be per-
manent [ 12 ]. CHOP (cyclophosphamide, doxo-
rubicin, vincristine, prednisolone) or CHOP-like 
regimens such as those which are used for non- 
Hodgkin’s lymphoma (NHL) are generally less 
gonadotoxic than those used for HD, presumably 
due to the absence of procarbazine in the treat-
ment for NHL (e.g., VAPEC-B, VACOP-B, 
MACOP) [ 51 ,  59 ]. Azoospermia occurring on 
therapy for NHL is likely to recover within the 
following year [ 58 ]. Efforts to reduce the risk of 
sterility after Hodgkin disease include the use of 
ABVD (adriamycin, bleomycin, vinblastine, 
dacarbazine – an effective combination that does 
not contain the alkylating agents chlorambucil or 
procarbazine) [ 40 ,  82 ] and other related regi-
mens. Viviani and coworkers showed that while 
recovery of spermatogenesis after MOPP was 
rare, all who experienced oligospermia after 
ABVD recovered completely by 18 months [ 82 ]. 
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 
tumors in childhood, may also cause gonadal 
damage in boys [ 1 ,  44 ,  66 ]. In nine children 
treated for medulloblastoma with craniospinal 
radiation and a nitrosourea (carmustine or lomus-
tine plus vincristine in four and procarbazine in 
three), there was clinical and biochemical evi-
dence of gonadal damage. Specifi cally, these 
children presented with elevated serum FSH and 
small testes for the stage of pubertal development 
(compared with eight children similarly treated 
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but without chemotherapy). The authors con-
cluded that nitrosoureas were responsible for the 
gonadal damage, with procarbazine also contrib-
uting in the three children who received this drug. 

 PVB (cisplatin, vinblastine, and bleomycin) is 
standard chemotherapy with minimal effects on 
long-term testicular function that is used in patients 
with germ cell tumors. Such patients, however, can 
be affected by ejaculatory failure caused by dam-
age to the thoracolumbar sympathetic plexus dur-
ing retroperitoneal lymph node dissection and by 
preexisting germ cell defects. Hansen et al. found 
that for patients treated with orchiectomy or orchi-
ectomy plus PVB, sperm production was similar 
1.5 years after treatment. Approximately half in 
each group had sperm counts below the normal 
control reference level [ 24 ]. Lampe et al. analyzed 
data on 170 patients with testicular germ cell can-
cers who underwent treatment with either cispla-
tin- or carboplatin- based chemotherapy [ 41 ]. 
A median of 30 months after completion of che-
motherapy, 54 (32 %) were azoospermic and 43 
(25 %) were oligospermic. The probability of 
recovery to a normal sperm count was higher in 
men: (a) with a normal pretreatment sperm count, 
(b) men who received carboplatin rather than cis-
platin-based therapy, and (c) men treated with less 
than fi ve cycles of chemotherapy. Recovery con-
tinued for more than 2 years, with the calculated 
chance of spermatogenesis at 2 years being 48 %, 
and a calculated chance of spermatogenesis at 
5 years being 80 % [ 31 ,  41 ]. 

 Heyn and colleagues described the late effects 
of therapy on testicular function in patients aged 
10 months to 19 years with paratesticular rhabdo-
myosarcoma as a result of cyclophosphamide, 
radiation, and retroperitoneal lymph node dissec-
tion. Tanner staging was normal in 45 patients for 
whom it was recorded. However, eight had loss of 
normal ejaculatory function. Elevated FSH values 
and/or azoospermia occurred in greater than half 
the patients where data was available. Testicular 
size was decreased in those who received cyclo-
phosphamide or testicular irradiation [ 27 ]. 

 The importance of alkylating agents in the 
induction of gonadal toxicity is noted by con-
trasting the above outcomes to those of children 
with acute lymphoblastic 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 [ 83 ]. 
Six men showed evidence of severe damage to 
the germ epithelium with azoospermia or ele-
vated FSH; all of these patients had received 
cyclophosphamide as part of their chemotherapy 
regimen [ 83 ]. In contrast to alkylating agents, the 
classic antimetabolites used in the treatment of 
childhood ALL are not associated with long-term 
gonadal toxicity [ 30 ]. Both vincristine and corti-
costeroids can cause immediate inhibition of 
spermatogenesis; however, following the cessa-
tion of these agents, spermatogenesis recovery 
occurs [ 39 ]. 

14.3.1.1     Treatment-Induced 
Leydig Cell Failure 
from Chemotherapy 

 Leydig cells are much less vulnerable to damage 
from cancer therapy than germ cells, likely due to 
their slow rate of turnover [ 68 ]. For example, 
chemotherapy-induced Leydig cell failure result-
ing in androgen insuffi ciency and requiring 
testosterone- replacement therapy is rare. 
However, studies suggest that Leydig cell dys-
function may be observed following treatment 
with alkylator-based regiments. Specifi cally, 
raised plasma concentrations of LH combined 
with low levels of testosterone are the hallmarks 
of Leydig cell dysfunction. When Leydig cell 
dysfunction occurs prior to or during puberty, 
affected individuals will experience delayed and/
or arrested pubertal maturation and lack of sec-
ondary sexual characteristics [ 70 ]. If the insult 
follows completion of normal pubertal develop-
ment, observed symptoms include loss of libido, 
erectile dysfunction, decreased bone density, and 
decreased muscle mass [ 70 ]. Measurements of 
testosterone and gonadotropin concentrations are 
therefore warranted following chemotherapy 
treatment. Males with a raised LH concentration 
in the presence of a low testosterone levels should 
be considered for androgen replacement therapy.   
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14.3.2     Effects of Radiation 

 The data for gonadal function following fraction-
ated radiotherapy in humans comes from patients 
with cancers who have been treated with either 
fi elds near the testes in which there is scatter dose 
or diseases such as testicular cancers or ALL in 
which the testes are thought to be at risk of har-
boring disease and irradiated directly. One of the 
potentially confounding issues is that some of 
these cancers may themselves be associated with 
decreased gonadal function independent of irra-
diation. For example, Hodgkin’s disease is well 
documented to cause oligospermia in some 
patients [ 29 ]. Patients with testicular tumors may 
have preexisting gonadal dysfunction [ 29 ]. In 
ALL, the leukemic cells may infi ltrate into the 
interstitium of the testis and conceivably affect 
Leydig cell function. 

 Ash summarized data from several older stud-
ies [ 21 ,  62 ,  74 ] 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 [ 3 ] 
(see Table  14.3 ). They found that oligospermia 
occurred at doses as low as 10 cGy and azoosper-
mia at 35 cGy, which was generally reversible. 
However, 200–300 cGy could result in azoosper-
mia that did not reverse even years after 
irradiation. 

 These results have been 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, in those patients who 
received <20 cGy, FSH levels stayed within the 
normal range [ 38 ]. Those receiving ≥20 cGy had 
a dose-dependent increase in serum FSH levels 
with a maximum difference seen at 6 months fol-
lowing radiation. In all patients the FSH normal-
ized within 12–24 months. Eight patients had 
normal pretreatment sperm counts. Most of these 
patients continued to have high sperm counts fol-
lowing irradiation although two developed tran-
sient oligospermia with complete recovery of 
sperm count by 18 months. Four patients, all of 
whom had received 23 cGy or less, went on to 
father children. Ortin et al. reported on children 
treated for Hodgkin’s disease [ 53 ]. Seven boys 

received pelvic radiation as part of their treat-
ment without any chemotherapy. Three of them 
fathered children. Three had azoospermia 
10–15 years after irradiation, and one had testicu-
lar atrophy diagnosed by biopsy a year after irra-
diation. 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 
tissue sarcomas (median age at diagnosis 
49 years; range 14–67) [ 69 ]. These patients were 
estimated to have received between 1 and 
2,500 cGy (median dose 80 cGy) of scatter dose 
to the testes. Patients who received 50 cGy or 
more to the testes 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, whereas in the former, 
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. exam-
ined gonadal function in 14 patients who were 
irradiated to the paraaortic and ipsilateral pelvic/
inguinal lymphatics with a “hockey stick” fi eld 
following orchiectomy for seminoma [ 22 ]. The 
scatter dose to the remaining testicle in these 14 
patients ranged from 32 to 114 cGy (median 
82 cGy). Ten patients, all of whom received 
≥70 cGy to the testes, developed azoospermia 
between 10 and 30 weeks following radiation. 
All patients except for two had recovery of sper-
matogenesis, and the recovery time from azo-
ospermia was dose-dependent. Centola et al. 
studying males with seminoma also showed that 
the recovery time from oligospermia/azoosper-
mia was dose-dependent [ 10 ]. 

 The previous data includes only patients who 
received incidental irradiation to the testes; how-
ever, there are situations in which children receive 
direct irradiation to the testes. Sklar et al. exam-
ined testicular function in 60 long-term survivors 
of childhood ALL [ 71 ]. All the patients had 
received identical chemotherapy; however, the 
RT fi elds varied signifi cantly: (1) craniospinal 
radiation and 1,200 cGy to the abdomen and tes-
tes ( n  = 11), (2) craniospinal RT with 1,800 or 
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2,400 cGy (estimated gonadal dose 36–360 cGy; 
 n  = 23), or (3) cranial RT with 1,800 or 2,400 cGy 
(negligible testicular dose;  n  = 26). Based on 
measurements of serum FSH and testicular vol-
ume, which commenced at either 12 years of age 
or 7 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 many of the patients were adolescents at 
the time of testing, when evaluation of germ cell 
function can be diffi cult, this study probably 
underestimated the incidence of this problem. 
Castillo et al. (1992) examined 15 boys with ALL 
given 1,200–2,400 cGy to the testes prior to 
puberty (median age 6.8 years; range 5–12 years), 
either as prophylaxis or for testicular relapse [ 9 ]. 
Semen analyses, performed at least 9 years fol-
lowing testicular irradiation, showed azoosper-
mia in seven out of seven cases. Six of these 
patients had received 1,200 cGy and one had 
received 1,500 cGy. 

14.3.2.1     Leydig Cell Function 
Following RT 

 Leydig cells in the testes are more resistant to 
radiation than germ cells. In the study cited previ-
ously 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 [ 38 ]. In the study 
of men treated for sarcomas by Shapiro et al. dis-
cussed above [ 69 ], maximal increases in LH lev-
els relative to baseline were seen at 6 months 
following radiation, but these elevations were 
statistically signifi cant 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 >200 cGy, the 
elevation in LH levels persisted until the last fol-
low- up, 30 months out. No statistically signifi -
cant 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 undergone orchiectomy for a uni-
lateral testicular cancer were subsequently found 
to have carcinoma in situ for which they received 
2,000 cGy in ten fractions to the remaining testis 

[ 20 ]. Eight of the men already had evidence of 
Leydig cell dysfunction even before they received 
radiation, a fi nding previously described in 
patients with testicular cancers [ 29 ,  65 ]. There 
was a statistically signifi cant increase in LH lev-
els and decrease in HCG-stimulated testosterone 
levels over the course of the study. 

 Petersen et al. followed 48 patients who 
received 1,400–2,000 cGy of radiation for carci-
noma in situ in a remaining testis following 
orchiectomy for testicular carcinoma [ 57 ]. Out of 
42 men for whom data was available, 18 received 
hormonal supplementation therapy because of 
symptoms of androgen insuffi ciency. All patients 
had serial hormone analyses and at least one tes-
ticular biopsy more than a year after irradiation. 
2,000 cGy led to a complete eradication 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 
following radiation comes primarily from studies 
following boys who received direct testicular 
irradiation for ALL. In the analysis by Sklar et al. 
(1990) mentioned previously, only 1 out of 53 
boys tested for gonadotropins had an increased 
LH levels, and only 2 out of 50 patients tested 
had a reduced testosterone level [ 71 ]. None of the 
boys in this study had received greater than 
1,200 cGy to the testes. In the study by Castillo 
et al., out of 15 boys who received testicular radi-
ation, only 2 showed evidence of Leydig cell fail-
ure, both of which had received 2,400 cGy [ 9 ]. 
The remaining 13 boys who had received 1,200–
1,500 cGy to the testes, all had normal pubertal 
development and normal testosterone levels 
basally and in response on to HCG stimulation. 
Another study examined 12 boys with ALL who 
received 2,400 cGy of testicular irradiation for 
either overt disease or prophylaxis [ 8 ]. Ten of the 
12 patients had evidence of impaired Leydig cell 
function by either low serum testosterone in 
response to HCG stimulation or elevated LH lev-
els basally and/or after LHRH stimulation. 
Similarly, Blatt et al. followed seven boys who 
received 2,400 cGy testicular irradiation for 
relapsed ALL [ 7 ]. All seven had elevated FSH 
levels. Four of these boys had documented 
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 bilateral testicular disease, and three of these 
showed delayed sexual maturation with low tes-
tosterone levels. 

 There are data that suggest that the prepuber-
tal testis is more susceptible to Leydig cell injury 
than the adult testis. Shalet et al. (1989) exam-
ined Leydig cell function in three groups of 
patients: (1) 16 adults who underwent unilateral 
orchiectomy for testicular teratoma and did not 
receive postoperative RT, (2) 49 adults who 
underwent orchiectomy for testicular seminoma 
and then received radiation during adulthood to 
the remaining testis (3,000 cGy in 20 fractions), 
and (3) 5 adults who had received scrotal irradia-
tion (2,750–3,000 cGy) between the ages of 1 
and 4 years for various pediatric malignancies 
[ 68 ]. 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. However, 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 testoster-
one 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 fi fth had a level of 
4.5 nmol/l. Likewise, Brauner et al. also found 
that younger children were more vulnerable than 
older ones to Leydig cell dysfunction following 
testicular radiation for ALL. Other studies have 
confi rmed that a signifi cant proportion of boys 
with ALL who are prepubertal at the time when 
they receive 2,400 cGy to the testes will develop 
overt Leydig cells failure and require androgen 
replacement therapy [ 42 ,  67 ]. 

 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 1,200 cGy is 
required to see an abnormal testosterone in the 
same percentage of men (see Fig.  14.1 ) [ 33 ]. The 
estimated doses needed to see these effects in 
50 % of men were correspondingly higher, 
1,400 cGy for LH and 3,300 cGy for testosterone. 

Consistent with the high tolerance of the Leydig 
cells to radiation injury, Sklar reported that two 
men who received more than 4,000 cGy to the 
testes in late adolescence still maintained normal 
testosterone levels as adults [ 70 ].   

14.3.2.2     Testicular Function 
Following Total Body 
Irradiation (TBI) 

 There are data on germ cell function following 
TBI as part of transplant conditioning. Sarafoglou 
et al. followed 17 boys who had received cyclo-
phosphamide and TBI (either 1,375 cGy or 
1,500 cGy in 125 cGy three per day fraction-
ation) prior to puberty as part of a transplantation 
regimen for leukemia [ 64 ]. Fourteen of 17 
patients (82 %) entered puberty spontaneously, 
with 13 having normal testosterone levels. Of the 
three that did not enter puberty spontaneously, 
one had received a 1,200 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. 

 Couto-Silva (2001) followed 29 boys who 
received TBI for different malignancies in asso-
ciation with a variety of chemotherapy regimens 
[ 15 ]. The TBI was given as a single 1,000 cGy 
fraction in 12 patients and in 200 cGy × 6 frac-
tions (1,200 cGy) in 17 patients. At the last fol-
low- up, 19/29 (66 %) had tubular failure 
associated with elevated FSH. Eight (28 %) also 
had Leydig cell failure. There was no relationship 
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  Fig. 14.1    This graph shows the percentage of patients with 
an abnormal testosterone value compared against the stated 
dose of radiation to the testes based on a review of the lit-
erature. A curve showing best fi t was extrapolated from the 
values by log-rank regression (Taken from Izard [ 33 ])       
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between the age at BMT and serum FSH, LH, or 
testosterone levels. 

 Bakker et al. followed 25 boys who were pre-
pubertal at the time of bone marrow transplanta-
tion for hematological malignancy [ 5 ]. 
Transplantation included cyclophosphamide and 
TBI (single doses of 500 cGy, 750 cGy or 
800 cGy or 1,200 cGy in six fractions). Nineteen 
boys who had not received additional testicular 
boost as part of their treatment all underwent 
puberty normally and achieved normal adult tes-
tosterone levels at some point following the onset 
of puberty. However, episodic elevations of LH 
were seen in ten of the patients, and in fi ve 
patients, these elevations were accompanied by 
decreased testosterone. Elevation of FSH was 
seen in all patients. 

 These reports and others [ 43 ,  52 ] 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 
[ 63 ], reporting the Seattle Marrow Transplant 
Team’s experience, found a higher incidence of 
pubertal developmental delay in boys undergoing 
transplantation for leukemia using cyclophospha-
mide and TBI (900–1,000 cGy in a single frac-
tion or 1,200–1,575 cGy in 200–225 cGy daily 
fractions over 6–7 days). There were 31 boys 
who were prepubertal at the time of transplanta-
tion and between the ages of 13 and 22 at the time 
of the study. Twenty-one out of 31 of these 
patients had delayed development of secondary 
sexual characteristics. Serum gonadotropins 
were obtained in 25 of the 31 boys and showed 
elevated LH levels in 10, normal levels in 12, and 
prepubertal levels in 3. It is not clear why this 
particular report showed such a high incidence of 
pubertal developmental delay compared to other 
studies, but it is possible that some of these boys 
had received prior testicular irradiation. 
Alternatively, the differences could be due to 
variations in exposure to alkylating agents or in 
total dose/fractionation schedule.  

14.3.2.3     Summary 
 The spermatogenic capacity of the testes can 
be suppressed by extraordinarily low doses of 

radiation. As little as 10–20 cGy of scattered 
radiation in a fractionated regimen can lead to 
transient oligospermia and elevated FSH lev-
els. Complete loss of sperm production 
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. Doses used for testicular ALL which 
are an order of magnitude larger than these 
doses (1,200–2,400 cGy) are expected to lead 
to permanent azoospermia in virtually 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 fractionated regimens 
delivering 200 cGy to the testes. However, clini-
cally relevant damage (failure of normal puber-
tal maturation; decreases in testosterone 
requiring replacement therapy) requires much 
higher doses, perhaps an order of magnitude 
greater. 1,200 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 2,400 cGy. The data between 1,200 
and 2,000 cGy are less clear cut with some stud-
ies showing normal sexual maturation in prepu-
bertal boys who received these doses [ 9 ,  64 ] but 
others showing decreases in testosterone levels 
and subsequent requirement for androgen sup-
plementation in a signifi cant percentage of boys 
and men treated to these doses [ 57 ,  63 ]. The rea-
son for the confl icting data regarding Leydig 
cell function at these intermediate doses proba-
bly has to do with the heterogeneity of patients 
in the various studies with differences in the 
underlying diseases, which might themselves 
affect Leydig cell function (i.e., testicular carci-
noma, testicular ALL), the age of the patients at 
the time of irradiation, the use of alkylating 
agents, especially in transplantation studies, and 
the frequency and timing of the subsequent lab-
oratory investigations to identify Leydig cell 
dysfunction.    
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14.4     Detection and Screening 

14.4.1     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 matu-
ration and function involves pubertal staging, 
plasma hormone analysis, and semen analysis. 
Pubertal staging provides clinical information 
about both of the testicular functions. The devel-
opment of normal secondary sexual characteris-
tics would suggest intact Leydig cell function 
with normal steroidogenesis, while testicular vol-
umes are an important indicator of spermatogen-
esis. Testicular volume of <12 ml, determined 
using the Prader orchidometer, is strongly sug-
gestive of impaired spermatogenesis. 

 Hormone analysis involves measurement of 
plasma FSH, LH, and sex steroids. However, in 
prepubertal children, this is an unreliable predic-
tor of gonadal damage since the prepubertal 
hypothalamic-pituitary-testicular axis is quies-
cent. In postpubertal boys, elevated LH and 
diminished testosterone levels would indicate 
Leydig cell dysfunction, while elevated FSH and 
diminished inhibin B would support germ cell 
failure. HCG may be given to confi rm the diag-
nosis of end-organ failure as a cause of hypogo-
nadism. 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 
none. GnRH may be administered to determine 
whether the primary defect is in the hypothala-
mus, in which case the pituitary and testicles 
themselves should respond normally to exoge-
nous GnRH, or in the pituitary itself, in which 
case there will be an inadequate response. An 
exaggerated response of FSH and LH to GnRH 
suggests a “failing” testis, so 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. 
Determination of elevated FSH along with small 

testicular size may offer the most practical 
approach for predicting subsequent testicular 
damage in boys with malignancies. 

 Recently, there has been an interest in esti-
mating the gonadal function of male cancer sur-
vivors directly by measuring the serum levels of 
the bioactive gonadal peptide hormone inhibin B 
using a newly developed enzyme-linked immu-
nosorbent assay [ 2 ,  81 ]. It is postulated that 
inhibin B is produced by the Sertoli cells and the 
germ cells of the testes and refl ects the degree of 
seminiferous tubular damage [ 35 ,  56 ,  66 ]. 
Furthermore, inhibin B exerts negative feedback 
regulation of pituitary production and FSH 
release [ 17 ]. In a study examining gonadal status 
of childhood brain tumor survivors, researchers 
found a signifi cant inverse correlation between 
basal FSH and inhibin B, and a signifi cant cor-
relation between inhibin B and total testicular 
volume [ 66 ]. 

 Following pubertal staging and hormone anal-
ysis, semen analysis is necessary to confi rm sper-
matogenesis (Table  14.4 ). The sample should be 
fresh and properly collected. This usually 
involves abstaining from sexual intercourse for 
and collecting the specimen by masturbation. 
Sperm count and quality can provide useful 
information about the likelihood of natural fertil-
ity or whether assisted reproduction may be 
required. Since recovery from damage to germi-
nal epithelium may occur 5–10 years (or even 
later) after therapy, these counts should be 
repeated from time to time as indicated.

14.5         Management of Established 
Problems 

14.5.1     Method to Minimize Testicular 
Radiation Dose 

 As discussed above, in most cases, the testicular 
dose from a radiation treatment is mostly due to 
internal scatter, not direct irradiation. Internal 
scatter is diffi cult to prevent, but methods have 
been developed to decrease this dose. Frass et al. 
reported on a gonadal shield that formed a cup 
around the testes to reduce the testicular dose 
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[ 19 ,  69 ]. They found that this led to a three- to 
tenfold reduction in the dose to the testes, depend-
ing on the distance from the proximal edge of the 
fi eld. In almost all cases, the measured dose to 
the testes was less than 1 % of the prescription 
dose. Therefore, for a patient receiving 5,000 cGy 
to a pelvic fi eld, the dose to the testes would be 
less than 50 cGy, which would most likely pre-
vent permanent azoospermia and almost certainly 
prevent a decline in testosterone levels.  

14.5.2     Prevention of Testicular 
Damage 

 The cytotoxic effect of chemotherapy on germi-
nal epithelia function launched a search for pos-
sible fertility preservation strategies in men 
undergoing therapy. Cryopreservation of sperm 
has become a standard practice and should be 
offered to all newly diagnosed postpubertal 
males at risk for potential infertility. Many 
improvements have been made in the techniques 
used to store sperm, and advances in assisted 
reproductive technology using intracytoplasmic 
sperm injection (ICSI) have increased the 
chance of successful pregnancies using banked 
sperm [ 18 ,  54 ]. 

 Ejaculatory azoospermia is not the same as 
testicular azoospermia [ 11 ]. Therefore, studies 
on the gonadotoxicity of chemotherapy have to 
be interpreted in the era of assisted reproductive 
technology in which it is possible to use testis 
sperm to conceive. The level of sperm necessary 
for sperm to exist in the testis is far less than that 
required for sperm in the ejaculate [ 11 ]. 
Therefore, with testis sperm extraction (TESE), 
followed by ICSI, it is now possible for patients 
who did not sperm bank, and have azoospermia 

on semen analysis, to be evaluated for TESE/
ICSI. A retrospective study by Damani et al. 
evaluated 23 men with ejaculatory azoospermia 
and a history of chemotherapy. They underwent 
TESE in search of usable sperm. Spermatozoa 
were found on TESE in 15 (65 %) of 23 men. The 
subsequent fertility rate was 65 % and pregnancy 
occurred in 31 % of cycles [ 16 ]. Men with post-
chemotherapy azoospermia must be fully evalu-
ated before they are considered sterile [ 32 ]. 

 Unfortunately, at this time, there are no feasi-
ble options for prepubertal male patients. There 
has been no demonstrated protective effect of 
using GnRH analogues with and without testos-
terone to suppress testicular function during che-
motherapy [ 53 ]. As pediatric oncologists, we 
must continue to attempt to reduce the gonado-
toxicity of our treatment regimens while main-
taining superior cure rates.      
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15.1      Introduction 

 This chapter addresses the long-term effects of 
the treatment of childhood cancer on the genito-
urinary (GU) tract, primarily focusing on the kid-
neys, ureters, bladder, urethra, prostate, vagina, 
and uterus. The effects on ovaries and testes are 
reviewed in Chaps.   13     and   14    . The most common 
pediatric cancers that occur in the GU tract 
include Wilms’ tumor, neuroblastoma, and rhab-
domyosarcoma. The median age of children 
affected with these tumors ranges from 3 years 
(Wilms’ tumor, neuroblastoma) to 6 years (rhab-
domyosarcoma). Growth and development of the 
GU tract in the following years may be compro-
mised by the cancer treatment, including surgery, 
radiation therapy (RT), or chemotherapy; see 
Table  15.1 . Recent changes in cancer therapy, 
including bone marrow transplantation, intraop-
erative radiation therapy, and high-dose rate 
brachytherapy, pose new risks that have not been 
clearly defi ned. Furthermore, GU organs may be 
incidentally damaged by therapies used to treat 
tumors in non-GU organs. 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 addition, radiation 
fi elds designed to treat the liver or pelvic bones 
usually include portions of the kidney or 
bladder.

mailto:nicole.larrier@duke.edu
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http://dx.doi.org/10.1007/978-3-319-16435-9_14


284

15.2        Pathophysiology 

15.2.1     Normal Organ Development 

 Normal fetal development of the GU structures 
begins with successive development of proneph-
ric, mesonephric, and metanephric tubules 
around the third, sixth, and twelfth weeks of ges-
tation in the embryo, 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 organs enlarge dur-
ing pubertal growth.  

15.2.2     Organ Damage 
and Developmental 
Problems 

 The multimodal treatment of cancers with sur-
gery, RT, and chemotherapy may cause structural 
or functional impairment of the GU organs and 
tissues. Table  15.1  summarizes late organ dam-
age to the GU system.  

15.2.3     Surgery 

 Removal of a paired structure, such as a kidney, 
is not usually associated with subsequent func-
tional impairment, unless the remaining organ 
has been damaged from either therapy or the 
tumor. (In fact, the remaining kidney may 
undergo compensatory hypertrophy [ 1 ].) 
Conversely, the removal of a nonpaired structure 
such as the bladder, prostate, or uterus can pro-
duce severe and life-long impairment, such as 
urinary incontinence or infertility. Urinary diver-
sion 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 
addition, ureterocolic diversion and bladder aug-
mentation have occasionally been associated 
with early development of colon cancer [ 4 ]. It is 
also seen with reconstruction of the neurogenic 
bladder. The hypothesis is that the irritation of 
urine on bowel mucosa can be carcinogenic. An 
interesting canine study showed hyperplasia at 
the anastomoses [ 5 ]. Continent diversion tech-
niques, using repeated catheterization of an 
indwelling ileal or colonic bladder, may provide 
better results [ 6 ]. Continent diversion is accom-
plished by creating a reservoir usually of bowel 

     Table 15.1    Summary of late organ damage   

 Organ  Surgery  Radiation therapy  Chemotherapy 

 Kidney  Late proteinuria possible with 
single kidney 
 Renal failure if bilateral 

 A single normal kidney usually 
provides good function 
 Bilateral injury can lead to renal 
dysfunction 

 Glomerular and tubular injury 
(cisplatin, ifosfamide) 

 Ureter  Urinary diversion may 
be necessary 

 Fibrosis rare: may occur after 
high-dose or intraoperative 
irradiation 

 Bladder  Dysfunction due to partial or total 
organ loss may occur 

 Fibrosis, focal ulceration 
possible 
 Loss of capacity if large 
fraction of kidney irradiated 

 Contracture and functional loss 
possible after hemorrhagic cystitis 
(cyclophosphamide, ifosfamide) 
 Secondary bladder cancer 
(cyclophosphamide, ifosfamide) 

 Urethra  Stricture requiring dilation possible 
 Vagina  Dysfunction with partial or total 

organ loss 
 Fibrosis, ulceration, fi stula, and 
maldevelopment possible 

 Uterus  Dysfunction due to partial or total 
organ loss may occur 

 Maldevelopment and fi brosis 
possible 

 Prostate  Dysfunction due to partial or total 
organ loss may occur 

 Loss of glandular function is 
possible 
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that the patient empties periodically via catheter-
ization throughout the day.  

15.2.4     Radiation Therapy 

 Organ injury following RT is generally classifi ed 
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 cysti-
tis and urethritis) or of the vagina and vulva 
(causing pruritus, discomfort, and candidal over-
growth). These symptoms usually occur after 
approximately 20 Gy of radiation. Since 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 3–4 weeks of radiation, but it 
can occur after 2 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 depen-
dent and due to progressive vascular and paren-
chymal cell damage, generally leading to 
scarring, fi brosis, and sometimes necrosis. 
Malignant tumors can be seen following irradia-
tion, generally occurring a minimum of 4–5 years 
following completion of radiation [ 7 ]. A discus-
sion of the late effects for each organ follows. 

15.2.4.1     Kidney 
 Irradiation appears to cause renal dysfunction 
secondary to tubular damage. Nephropathy gen-
erally occurs when doses in excess of 20–25 Gy 
are delivered to both kidneys [ 8 ]. When chemo-
therapeutic agents are used as well, lower doses 
(10–15 Gy) can cause signifi cant injury. In gen-
eral, if only a portion (less than one-half to one- 
third) of the kidney is irradiated, then higher 
doses may be tolerated without demonstrable 
functional defi cits. The sequelae may be more 
prominent and occur at lower doses in infants. 
Hyper-renin hypertension can also occur second-

ary to radiation-induced renal artery narrowing. 
This phenomenon has been noted most often in 
children (especially infants) and should be distin-
guished from other types of renal radiation- 
induced hypertension. Irradiation to the 
remaining kidney following nephrectomy may 
hinder the normal hypertrophic response.  

15.2.4.2     Bladder, Ureter, and Urethra 
 Radiation can induce infl ammation and fi brosis 
and cause dysfunction due to a reduction in blad-
der capacity and contractility. Although it is not 
certain, the underlying etiology seems to be 
radiation- induced vascular ischemia of the mus-
cular 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 doses 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, resulting 
in bleeding and stone formation [ 13 – 17 ]. It is 
believed that stone formation is associated with 
bacteriuria, which can occur after damage to the 
bladder. When the entire bladder is irradiated, 
doses of >50 Gy may result in severe contraction 
and secondary whole organ dysfunction. 
Consequently, both the radiation dose and vol-
ume of organ irradiated must be considered when 
assessing the risk of injury. Similarly, scarring 
and fi brosis can occur in the urethra and ureter, 
causing dysfunction of these structures [ 17 – 19 ]. 
Doses less than 50 Gy may slow or hamper the 
full development of the bladder, due to lesser 
degrees of fi brosis (Fig.  15.1 ).   

15.2.4.3     Prostate, Uterus, and Vagina 
 The exact pathophysiology of radiation-induced 
late effects is less well defi ned than for the kid-
neys and bladder. When irradiated to high doses 
in an adult, the vagina undergoes loss of the epi-
thelium and slow reepithelialization over a 2-year 
period. It is likely that the prominent late effects 
in the uterus and vagina are related to progressive 
fi brosis, leading to loss of function [ 20 ]. The 
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prostate may lose its secretory capacity, resulting 
in ejaculatory dysfunction.   

15.2.5     Chemotherapy 

 The major chemotherapeutic agents that cause 
damage to the GU tract are the platinum com-
pounds (cisplatin and carboplatin) and alkylating 
agents (cyclophosphamide and ifosfamide). The 
toxicity of the antimetabolite, methotrexate, is 
largely preventable and reversible [ 21 ]. 

15.2.5.1     Kidney 
 Cisplatin causes both glomerular and renal tubu-
lar damage, with wasting of divalent and mon-
ovalent cations (magnesium, calcium, and 
potassium). Cumulative doses as low as 450 mg/
m 2  are associated with some renal toxicity. 
Proximal tubular damage predominates, espe-
cially in a low chloride environment [ 22 ]. 
Elevated serum concentration of creatinine and 
decreased glomerular fi ltration rate (GFR) with 
azotemia also occur and are dose and age related. 

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 profi le 
than cisplatin. The replacement of cisplatin with 
carboplatin in standard regimens is being tested 
in adult studies, but in some instances, the tumor 
effi cacy is not equivalent. Carboplatin at doses 
used in stem cell transplantation has been associ-
ated with renal dysfunction [ 25 ]. At present, the 
routine use of amifostine to protect renal integrity 
and function is not indicated [ 26 ,  27 ]. Its routine 
use as a renal protector is being investigated in 
clinical trials; a COG study did not show this 
approach to be effective in germ cell tumors [ 28 ]. 

 The acute effects of ifosfamide, seen most 
commonly in young (<3-year-old) children or 
those with prior renal dysfunction or nephrectomy, 
include renal tubular damage with hyperphospha-
turia, glycosuria, and aminoaciduria, followed by 
the inability to acidify the urine – the so-called 
Fanconi syndrome [ 29 – 31 ]. 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, lead-
ing to diminished GFR, with increased serum cre-
atinine and azotemia. Median doses of 54 g/m 2  
have been reported to cause progressive glomeru-
lar toxicity [ 32 ], and chronic glomerular and tubu-
lar toxicity has been reported [ 32 ,  33 ]. Risk factors 
include total ifosfamide dose [ 33 ], prior cisplatin 
administration [ 30 ,  31 ], and age. Recovery of renal 
function is possible over time [ 34 ]. 

 Methotrexate toxicity is usually acute and 
reversible. The drug and its metabolites precipi-
tate in the renal tubules. Adequate hydration and 
leucovorin administration will prevent most renal 
damage. (Doses up to 12 g/m 2  can be given safely 
if the appropriate precautions are taken [ 35 ].)  

15.2.5.2     Bladder 
 Bladder damage, including hemorrhagic cysti-
tis, fi brosis, and occasional bladder shrinkage, 
can occur following chronic administration of 
alkylating agents such as cyclophosphamide 
[ 36 ] and ifosfamide [ 37 ]. The metabolic by-
products of these drugs include acrolein (of the 
same chemical class as the aniline dyes), which 

  Fig. 15.1    Stenosis ( arrow ) in ureter in a 13-year-old who 
received 41.4 Gy pelvic radiotherapy at age 2 for 
rhabdomyosarcoma       
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is excreted in the urine and irritates the bladder 
mucosa. This leads to exposure of submucosal 
blood vessels and subsequent bleeding [ 38 ]. 
Fortunately, drug- induced hemorrhagic cystitis 
and related fi brosis can nearly always be pre-
vented by increased hydration during drug 
administration and the concomitant administra-
tion of intravenous or oral mercaptoethane sul-
fonate (MESNA). MESNA serves as a chemical 
sponge that binds the metabolites, thereby inac-
tivating them and preventing their toxic action 
on the urothelium. Cyclophosphamide has also 
been associated with the induction of bladder 
tumors [ 39 ]. The interaction between RT and 
chemotherapy and their effects on hemorrhagic 
cystitis are discussed in Sect.  15.3 . 

 Radiation may interact with a number of che-
motherapeutic agents in an additive or synergistic 
fashion. 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 [ 40 ]. There is a 
signifi cant enhancement 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. Therefore, 
great care is necessary when evaluating patients 
who have received or will receive RT to fi elds 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 nephrectomy or a fused or ectopic kidney, 
where the functional renal tissue may have been 
purposefully or inadvertently irradiated. It is criti-
cal in these cases to have precise information on 
the defi nition of the radiation portals. 

 Conditioning regimens for bone marrow 
transplantation (BMT) often include chemother-
apy and total body irradiation. Data is emerging 
on late renal toxicity, such as hematuria and renal 
insuffi ciency [ 41 ,  42 ]. Renal biopsy reveals both 
parenchymal and vascular glomerular changes 
[ 43 ]. This data is from two published sources of 
the effects on ALL ( n  = 44) and neuroblastoma 
( n  = 15) patients. Most patients received twice 
daily radiation (interfraction time of 4–6 h) to 
total doses equaling 12–14 Gy. Another group 

has shown that many patients with hematologic 
malignancies already come into the BMT process 
with a decreased (but normal) GFR when com-
pared to those undergoing the transplant for non-
malignant diseases [ 43 ]. This is likely related to 
the intensive systemic therapy that they have 
already received. Approximately 1 year after 
transplant, there is a signifi cant decrease in GFR 
which stabilizes or slightly improves at over the 
ensuing 5 years. TBI-containing regimens show a 
greater decrease in the GFR. Hemorrhagic cysti-
tis after bone marrow transplantation may also be 
associated with BK polyomavirus [ 44 ].    

15.3      Clinical Manifestations 

 Table  15.2  summarizes the available data for the 
late genitourinary effects in childhood survivors 
of cancer. Each organ system is discussed below.

15.3.1       Kidney 

15.3.1.1     Surgery 
 Unilateral nephrectomy in childhood results in con-
tralateral hyperplasia [ 45 ,  46 ]. Normal kidney func-
tion is usually seen following resection of one of the 
two kidneys [ 47 ,  48 ]. Normal function can continue 
with as little as one-third of one kidney remaining. 
Radiation in moderate doses (14–15 Gy) to the 
remaining kidney may decrease the amount of hyper-
plasia that otherwise would have taken place [ 49 ,  50 ].  

15.3.1.2     Radiation 
 Acute radiation nephropathy is an extremely 
uncommon occurrence, requiring greater than 
30–40 Gy to the kidney. Subacute radiation 
nephropathy, characterized 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. 

 Signifi cant late renal dysfunction occurs fol-
lowing radiation doses >20 Gy [ 51 ]. In children, 
even lower doses (5–20 Gy) can cause renal dys-
function. If a signifi cant volume of the renal tis-
sue is left unirradiated, the damage may not be 
clinically signifi cant, although regional dysfunc-
tion within the irradiated portions of the kidney 
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can be demonstrated. However, if all or the 
majority of the patient’s renal tissue is irradiated, 
clinical renal dysfunction will result. 

 The more frequent use of three-dimensional 
and four-dimensional RT planning is prompting 
investigations into the volume-based analysis of 
clinical damage. The fi rst of these studies sug-
gests that over 2 years low-grade nephrotoxicity 
may be associated with the volume of kidney 
receiving 20 Gy or more [ 52 ]. The volume of 
kidney within the high-dose RT envelope may 
also be reduced by a better understanding of the 
individual motion of the organ using sophisti-
cated computed tomography during the treat-
ment planning and frequent (sometimes daily) 
verifi cation of the set up during the treatment 
course [ 53 ,  54 ].  

15.3.1.3     Chemotherapy 
 A variety of metabolic effects of chemotherapy 
on renal function have been noted. Long-term 
glomerular injury secondary to cisplatin may 
improve slowly over time [ 23 ]. However, tubular 
injury manifested by hypomagnesemia appears 
to persist. Chronic glomerular and tubular toxic-
ity from ifosfamide has been observed [ 30 ]. 
However, whether these are long-lasting is 
unclear [ 55 ]. There is controversy regarding 
whether the age of the child affects the impact or 
severity of toxicity.  

15.3.1.4     Aging Effects 
 The infl uence of aging on the expression of dam-
age 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 tis-
sue to accommodate the need for metabolic 
adjustments and excretion. The child may there-
fore outgrow the kidney and require management 
of renal failure.   

15.3.2     Bladder 

15.3.2.1     Surgery 
 Bacteriuria is more prevalent in patients with uri-
nary diversion than those with an intact bladder 

[ 2 ]. However, the clinical signifi cance of this is 
unclear. Neurogenic bladder has been reported in 
14 % of patients undergoing surgery and RT for 
pelvic germ cell tumors [ 51 ].  

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 inconti-
nence, urinary frequency, and nocturia. It should 
be noted that most of these patients also received 
cyclophosphamide.  

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 micro-
scopic or macroscopic, including clot passage, 
and can even result in signifi cant anemia. 
Urgency, increased frequency of urination, and 
diffi culty voiding can also occur. 
Cyclophosphamide appears to be associated with 
the development of transitional cell carcinoma of 
the bladder [ 39 ]. 

 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 
nonfunctional during the prepubescent years. 
Atrophy of the normal glandular tissue in the 
prostate can be seen following moderate or 
high doses of radiation [ 56 ]. Impaired growth 
of the seminal vesicles, with consequent 
decreased production of and storage capacity 
for seminal fl uid, may result in a diminished 
ejaculum volume. Since the normal ejaculate is 
a combination of fl uids derived from the 
gonads, seminal vesicles, and prostate, dys-
function of any of these structures theoretically 
can lead to abnormalities in ejaculation or the 
ejaculate volume.  
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15.3.4     Vagina 

 Fibrosis and diminished growth secondary to sur-
gical procedures or RT have been described [ 57 –
 59 ]. Vaginal mucositis can occur acutely during 
RT or following chemotherapy, notably with 
methotrexate, actinomycin-D, and doxorubicin. In 
patients who have received prior RT, the adminis-
tration of actinomycin-D or doxorubicin can result 
in a “radiation recall” reaction with vaginal muco-
sitis. Signifi cant fi brosis of the vagina can occur 
after high-dose RT, or after more modest doses of 
radiation, when combined with chemotherapy. 
These therapies interfere with normal develop-
ment of the vagina and therefore have a negative 
impact on sexual function. Both the size and fl ex-
ibility 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 [ 60 ]. Fistula formation (rec-
tovaginal, vesicovaginal, and urethrovaginal) is 
the end stage of this event [ 61 ].  

15.3.5     Uterus 

 Decreased uterine growth can be seen following 
exposure to 20 Gy of radiation [ 57 ,  62 – 64 ]. 
Scarring may be produced at higher doses. The 
resultant decreased uterine size may prevent the 
successful completion of pregnancy or result in 
low-birth-weight babies [ 62 ]. Decreased uterine 
blood fl ow 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 [ 61 ].  

15.3.6     Ureter 

 Limited data exist for ureteral damage in children 
[ 52 ,  65 ]. 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 fi eld. A higher incidence of 
ureteral injury is seen when the ureter is included 
in the fi eld during intraoperative RT [ 66 ].  

15.3.7     Urethra 

 There is no good data related to urethral injury 
and long-term sequelae of cancer therapy in chil-
dren. 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 manipulation 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 abnormalities can be 
investigated by several tests, including ultra-
sound, IVP, CT scan, and MRI. Retrograde stud-
ies 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 
hemorrhagic cystitis, cystoscopy may be useful 
to assess the degree of mucosal damage and to 
evaluate the etiology of the hematuria. Patients 
with late-onset hemorrhagic cystitis are at risk for 
transitional cell carcinomas of the bladder that 
may be accompanied by hematuria. An IVP or 
retrograde study of the upper tracts may be nec-
essary to identify other abnormalities that can 
cause bleeding. 

 For young girls who have had pelvic tumors, 
gynecologic 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 relaxation and to decrease 
motion. The uterus may be examined by ultra-
sound, CT and MRI; injection of contrast- 
enhancing dye is not generally necessary. Young 
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women who have diffi culty becoming pregnant 
need to be evaluated for hormonal dysregulation 
versus late structural (uterine) injury. 

 Young boys with pelvic tumors may also need 
imaging studies to evaluate the growth of their 
pelvic organs. The bladder and prostate are read-
ily visualized 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 glo-
merular or tubular function. Urinalysis is not very 
quantitative, but it is the cheapest, simplest, and 
most useful test along with the assessment of 
blood pressure for periodically reevaluating 
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 func-
tion. Creatinine clearance and radionuclide scan-
ning both provide quantitative measures of 
glomerular function. Tubular dysfunction may be 
identifi ed by quantitative tests of phosphate, 

bicarbonate, magnesium, potassium, glucose, 
amino acids, and beta-2 microglobulin. Injury to 
the bladder wall may be screened by urinalysis, 
looking for microscopic hematuria.  

15.4.3     Guidelines for Follow-Up 
of Asymptomatic Patients 

 A detailed annual history and physical examina-
tion are recommended (Table  15.3 ) for all 
patients. Patients who have received therapies 
with known renal toxicities may benefi t from 
simple screening tests (including hemoglobin or 
hematocrit, urinalysis, BUN, and creatinine), as 
well as from blood pressure monitoring [ 65 – 69 ]. 
A determination of the serum electrolyte concen-
trations and more defi nitive tests, such as creati-
nine clearance, may be indicated in selected 
cases.

   After nephrectomy, preservation of the resid-
ual 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 effi cacy in injury 
prevention. More likely, the appliance serves to 
remind the individual of vulnerability. Although 
urinary tract infection should be treated aggres-
sively in all patients, this is especially important 
in those with a single kidney or with renal 

   Table 15.3    Methods of evaluating organ function   

 Organ  History  Physical  Laboratory  Radiologic  Surgical 

 Kidney  Hematuria fatigue  Blood pressure  Blood pressure 
growth 
parameters 

 BUN, creatinine, creatinine 
clearance, urinalysis, 
serum and urine electrolytes, 
beta-2 microglobin, 
hemoglobin/hematocrit 

 Ureter  IVP, retrograde ureterograms 
 Bladder  Urinary frequency 

hematuria 
 Urinalysis  IVP, retrograde studies, 

ultrasound 
 Cystoscopy 
volumetrics 

 Urethra  Urinary stream 
Urinary frequency 
hematuria 

 Voiding cystogram 

 Prostate  Ejaculatory function  Ultrasound 
 Vagina  Painful intercourse 

dryness 
 Pelvic 
examination 

 Uterus  Abnormal menses 
diffi cult pregnancies 

 Pelvic 
examination 
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 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 steril-
ity. The role of chronic antimicrobial prophylaxis 
in patients with urinary diversion is controversial 
[ 68 ,  70 ]. Urinalysis is a good screening tool fol-
lowing therapy for assessing possible damage to 
the bladder wall [ 71 ].  

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 recom-
mended. A pediatric nephrologist may need to fol-
low such patients. Although little evidence is 
available that improvement in renal plasma fl ow 
or GFR occurs with time, tubular function does 
appear to undergo some recovery; therefore, 
efforts to support and treat the patient until such 
recovery occurs are appropriate. In the event of 
severe renal failure, the choice between dialysis 
and renal transplantation should rest with the 
patient, the family, the oncologist, and the nephrol-
ogist. Due to improved renal graft survival, using 
organs from living donors, this should be consid-
ered in the decision-making process. For children 
who have undergone irradiation to one kidney and 
who develop renal-vascular hypertension, unilat-
eral nephrectomy is potentially curative if no con-
tralateral renal changes have occurred. The 
medications for controlling hypertension and elec-
trolyte imbalances should also be prescribed.  

   Bladder 
 Hemorrhagic cystitis may require cystoscopy and 
cauterization of bleeding sites. Persistent or 
refractory 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 
[ 72 ]. Hyperbaric oxygen has become widely used 

in the adult population and may be considered 
[ 73 ]. Severe bleeding may necessitate partial or 
total cystectomy, with reconstruction.  

   Ureter and Urethra 
 Stricture of the urethra is usually relieved by dila-
tation. 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 
reconstruction with plastic surgery. Topical estro-
gen and vaginal dilators are described in the adult 
population, but their role has not been established 
in the pediatric group.  

   Rehabilitation 
 As the patient matures, rehabilitation efforts may 
well be needed both for physical and psychologi-
cal problems. For example, children undergoing 
urinary diversion will need education and psy-
chosocial support in dealing with their stoma and 
its proper hygiene. 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 oncologist, the surgeon and a 
psychologist is of paramount importance in 
defi ning the rehabilitative treatments and allay-
ing the patient’s anxiety about the future. Adult 
cancer survivors report signifi cant sexual dys-
function and decreased sexual activity [ 59 ]. 
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 psychological counseling. In addi-
tion, some survivors are not knowledgeable about 
the treatment that they received as a child [ 74 ]. 
Therefore, they may not recognize certain symp-
toms as late effects of cancer therapy.     

    Conclusion 

 This chapter described the risk, evaluation, 
and treatment of the late genitourinary effects 
of cancer therapy in children. Unfortunately, 
some studies do not provide systematic report-
ing of such effects. Effects on the kidney and 
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bladder have been described the most. The 
effects on the ureters, urethra, prostate, vagina 
and uterus are less well documented. 
Additionally, the data on psychological 
effects, especially related to sexual matters, in 
the pediatric population are diffi cult to fi nd. 
Newer reporting systems will hopefully pro-
vide a clearer sense of the problem. In the fi eld 
of radiation oncology, volume-based predic-
tors of injury are in their infancy with regard 
to pediatric patients. Biologic and genetic pre-
dictors for chemotherapy and radiation injury 
are also under investigation. 

 We have learned through following child-
hood cancer survivors over several decades 
that there is no substitute for a caring, knowl-
edgeable 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 knowledgeable 
about pediatric cancer patients; however, if 
this is not the case, the pediatric oncologist 
will need to provide information about the late 
effects of treatment to the patient’s other phy-
sicians. Good communication between the ini-
tial treatment team and follow-up clinic and 
consultants should lead to optimum care of the 
long-term survivor of childhood cancer.     
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16.1             Introduction 

    Multimodal therapy for childhood cancer resulted 
in improved survival [ 1 ]; however, many survivor 
do experience late effects affecting the musculo-
skeletal system. While the growth defi cits of 
radiation are well known, it is important to real-
ize that surgery and sometimes chemotherapy 
also affect the developing musculoskeletal sys-
tem. In general, the treatment of sarcomas leads 
to the most severe late effects because the under-
lying malignancy originates in a muscle or bone 
and often an extremity. Despite the advances in 
modern surgery, the removal of a muscle or bone 
has permanent consequences that completely 
alter a child’s life. Likewise, irradiation of devel-
oping bone and muscle yields permanent effects. 
Usually, the younger the child, the more severe 
are the late effects of therapy. It is important to 
understand the causes of and the rehabilitation 
for limb length discrepancies, amputation, scoli-
osis, and other complications of therapy. Therapy 
is often more successful if the consequences are 
properly anticipated and prevented, rather than 
waiting for defi cits to develop. 

 In addition to musculoskeletal late effects, 
therapy can cause permanent defi cits in the devel-
oping skin. At fi rst, these may not appear as dev-
astating as musculoskeletal issues, but they may 
be much more severe than appreciated by the 
treating physicians and other members of the 
treatment team. 
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 Along with physical consequences, it is neces-
sary to anticipate the psychological and social 
consequences of treatment so that the child can 
understand the changes in his or her life. Treating 
the child and curing the cancer is not enough; 
understanding and dealing with the long-term 
consequences of treatment are critical as well.  

16.2     Musculoskeletal 

16.2.1     Pathophysiology 

16.2.1.1     Normal Organ Development 
 The musculoskeletal system develops from the 
mesoderm, which forms series of tissue blocks 
called somites on each side of the neural tube 
during the third week of embryogenesis. Different 
regions of the somite differentiate into the der-
momyotome (dermal and muscle component) 
and sclerotome (forms the vertebral column) 
[ 64 ]. By the end of the fourth week of gestation, 
the sclerotome cells form a loose tissue called the 
mesenchyme, which then migrates and differenti-
ates into fi broblasts, chondroblasts, and osteo-
blasts [ 92 ]. These cells initially form cartilage 
that eventually evolves into a bone through a 
lengthy process of ossifi cation. Two main types 
of ossifi cation occur in different bones: intra-
membranous (e.g., skull) and endochondral (e.g., 
limb long bones) ossifi cation. Ossifi cation con-
tinues postnatally, through puberty until the mid-
dle of the third decade of life. 

 In the fl at bones of the skull and face, the mes-
enchyme develops directly into bone (membra-
nous ossifi cation); however, most of the 
remainder of the skeleton fi rst forms hyaline car-
tilage, which in turn ossifi es (endochondral ossi-
fi cation). Most of the ossifi cation in the long 
bones occurs during fetal life. 

 In the adult skeleton, there are about 200 dis-
tinct bones, which are divided into the axial and 
appendicular groups. The long bones of the limbs 
(e.g., femurs, tibias, humeri) are found in the 
appendicular skeleton and create a system of levers 
to confer the power of locomotion. The axial skel-
eton consists of the skull, the vertebrae, the ster-
num, and the ribs. The bones of the axial skeleton 

are fl at or irregularly shaped [ 93 ]. Each long bone 
has the following regions: shaft (diaphysis) with 
its medullary cavity and thickened ends called 
epiphysis, which extends from the growth plate to 
articular cartilage. The region between epiphysis 
and diaphysis is called the metaphysis (see 
Fig.  16.1 ). After initial ossifi cation in utero, longi-
tudinal 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 chondroblasts, which in turn form a layer of car-
tilage (Fig.  16.2 ). Small blood vessels invade the 
cartilage, increasing oxygen tension and stimulat-
ing the formation of osteoblasts. The osteoblasts 
create osteoid that calcifi es into bone [ 89 ,  90 ].   

  Fig. 16.1    Schematic of a growing long bone. The shaft of 
the bone is called the diaphysis and contains the medullary 
cavity, which is fi lled 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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 Most skeletal muscles also develop before 
birth, although some muscle formation contin-
ues until the end of the fi rst year of life. Cells 
from the myotome region of the dermomyo-
tomes become elongated spindle-shaped cells 
called myoblasts. These embryonic muscle cells 
fuse to form multinucleated muscle cells called 
muscle fi bers. The dermatome regions of the 
dermomyotomes give rise to the dermis of the 
skin [ 64 ]. No new muscle cells are created after 
that time; muscle tissue enlarges due to increases 
in the number of myofi laments within each fi ber, 
which result in an increase in the diameter of the 
individual muscle cells.  

16.2.1.2     Organ Damage Induced 
by Cytotoxic Therapy 

 The surgical removal of parts of muscles or bone 
can lead to severe functional defi cits; however, 
direct damage to the developing musculoskel-
etal system from cytotoxic therapy is most often 
caused by irradiation. The cells most sensitive to 
irradiation appear to be the growth plate chon-
drocytes [ 28 ,  79 ,  90 ]. Low total radiation doses 

reduce cell mitosis, promote premature terminal 
differentiation and apoptosis, and completely dis-
rupt the cytoarchitecture. Surviving chondroblast 
clones repopulate the physis (although not always 
completely) if the total dose is below 20 Gy. 
Above this level, little repopulation occurs. Bones 
show a high capacity for repair after damage and 
fracture. After the initial damage takes place, 
infl ammatory cells infuse from blood, secreting 
transforming growth factor β (TGF-β) to activate 
mesenchymal stem cells in the bone marrow, 
which can differentiate into  chondrocytes, adi-
pocytes, and stromal cells. Initially, a soft tissue 
callus ( procallus ) forms around the ends of the 
fractured bone, and osteoblasts begin to deposit 
immature woven bone. Although osteoblasts are 
damaged only by high doses of RT, radiation 
quickly increases vascularity of the bone, par-
ticularly in the metaphysis. This response in turn 
increases the resorption of bone, thereby increas-
ing its porosity and the demineralization of the 
immature metaphysis [ 67 ]. Mesenchymal cells 
in the procallus start to form hyaline cartilage, 
which will undergo endochondral ossifi cation 

  Fig. 16.2    A close-up of the 
region of the metaphysis and 
epiphysis. The proliferating 
cells (chondroblasts) are 
shown in the region of the 
physis (From [ 61 ])       
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and develop into a bony callus. Bone remodeling 
will eventually change woven bone into mature 
lamellar bone. 

 Recent evidence shows that the effect of radia-
tion is very specifi c and leads to a decrease in the 
messenger ribonucleic acid (mRNA) expression 
of parathyroid hormone-related peptide (PTHrP), 
which is an important stimulus for mitosis of 
chondrocytes. The mechanism that triggers the 
decrease of the mRNA appears to be an increase 
in cytosolic calcium. The introduction of ethylene-
glycotetraacetic acid (EGTA), a calcium chelator, 
inhibits the rise of cytosolic calcium and pre-
vents most of the radiation damage [ 72 ]. Several 
hormones have a clear infl uence on bone forma-
tion and remodeling, including growth hormone 
(GH), parathyroid hormone (PTH), calcitonin, 
thyroid hormones, androgens and estrogens, and 
cortisol. Vitamin D acts directly on osteoblasts 
to secrete interleukin 1 (IL-1), which stimulates 
osteoclasts to increase bone resorption. In animal 
experiments, pentoxifylline can also decrease the 
effect of radiation on growth plate chondrocytes 
by mediating a decrease in cytosolic calcium [ 73 ]. 

 The major risk factors for producing musculo-
skeletal late effects secondary to irradiation are 
as follows: (1) age at the time of treatment, (2) 
quality of radiation (dose per fraction and total 
dose), (3) volume irradiated, (4) growth potential 
of the treated site, (5) individual genetic and 
familial factors, and (6) coexisting therapy – 
 surgery or chemotherapy [ 24 ]. 

 There are too many variables to determine the 
effect of each variable individually. The current 
literature would imply that there is no threshold 
dose and that any dose of radiotherapy will affect 
the growth plate. Doses greater than 20 Gy will 
usually result in complete arrest. Nevertheless, the 
response to radiation is not an all-or-nothing phe-
nomena; the higher the total dose and the younger 
the age at treatment, the greater the ultimate defi cit 
[ 94 ]. This dose effect is probably because the 
epiphyseal plate appears to close more quickly 
with increasing levels of dose (Fig.  16.3a–c ).  

 Some authors report that permanent bone 
growth arrest can be observed after total doses as 
low as 12 Gy delivered to the growth plate [ 19 ]. 
Various degrees of deformities are also reported at 

lower dose levels (range, 20–35 Gy), without a 
defi nite dose threshold [ 60 ,  74 ]. Silber et al.  created 
a model to predict growth defi cits from spinal irra-
diation based on the vertebral bodies treated, the 
total dose at normal fractionation, and the age of 
the child [ 97 ]. From these data, signifi cant defi cits 
would not be expected below 20 Gy. Investigators 
at St. Jude Children’s Research Hospital (Memphis, 
TN) have attempted to use a random coeffi cient 
model for estimation of potential differences in 
volumetric bone growth in children with sarcoma 
treated with intensity-modulated radiation therapy 
(IMRT) and conformal radiation therapy (CRT) 
[ 45 ]. The model incorporated patient age, pretreat-
ment bone volume, integral dose >35 Gy, and time 
since completion of radiation therapy and predicted 
that patients older than 10 years would maintain 
98 % of normal growth, regardless of treatment 
method. Growth abnormalities are detected in 
almost all children treated with conventional frac-
tionation to doses ranging from 40 to 55 Gy for 
extremity sarcomas [ 36 ,  74 ]. 

 One of the goals of hyperfractionated radio-
therapy (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 Marcus and associates found that in the 
treatment of Ewing’s sarcoma, fractions of 
1.2 Gy twice daily to 50.4–63.2 Gy produce 
fewer musculoskeletal late effects than would be 
expected from similar doses using fractions of 
1.8–2.0 Gy once a day (Fig.  16.4 ) [ 11 ,  57 ].  

 Other factors infl uence late sequelae. 
Orthovoltage irradiation, dose for dose, causes 
more growth defi cits in the bone than megavolt-
age irradiation because of the increased bone 
absorption. Field size is also important: the larger 
the fi eld of irradiation, the more signifi cant the 
late effects [ 12 ]. 

 Similar dose levels apply to muscle develop-
ment as well. Doses <10 Gy cause virtually no 
detectable defect, and doses from 10 to 20 Gy 
produce some hypoplasia. Higher doses produce 
more signifi cant problems. 

 Although high single doses of radiation can 
cause necrosis of muscle cells, in clinical prac-
tice, such an event is extremely rare. More com-
monly, even with fractionated treatment, radiation 
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damages the small vessels in muscles, preventing 
the full development of the muscle due to relative 
ischemia. Higher doses can give rise to atypical 
fi broblasts, which lay down excessive fi brin in 
the tissues, causing fi brosis [ 114 ]. 

 There are sparse data on the pathophysiology 
of damage to growing muscle and bone by cyto-
toxic drugs, although in animal models the use of 
chemotherapy has caused a reduction in the shear 
strength of the physis [ 7 ,  104 ]. 

 Chemotherapeutics have been shown to retard 
the proliferation of growth plate chondrocytes in 

both in vitro and in vivo experiments [ 85 ]. 
Chemotherapy 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 [ 78 ]. 
Histologic examination of human growth plates 
after neoadjuvant chemotherapy and surgical exci-
sion has shown maintenance of the overall epiphy-
seal architecture, with growth arrest and then 
resumption of growth [ 7 ]. Most evidence would 
indicate that the defi cit is temporary or primarily 
caused by endocrine dysfunction [ 6 ,  14 ]. 

a

c

b

  Fig. 16.3    ( a–c ) A 3-month-old boy who was treated in 
1962 for a thoracic neuroblastoma using approximately 
20 Gy in 10 fractions to the mediastinum and much of the 

left chest. ( a ) An AP-PA technique with 2-MEV photons 
was used. ( b ,  c ) The patient 20 years later. Mild hypopla-
sia of the left chest is present       
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 Methotrexate is a chemotherapeutic agent 
known to be associated with growth stunting, 
osteoporosis, and fracture [ 63 ,  66 ,  70 ]. The 
underlying pathophysiology for osteopathy in 
pediatric cancer patients receiving methotrexate 
chemotherapy remains unclear; however, animal 
experiments support the evidence that methotrex-
ate interrupts bone resorption, inhibits bone turn-
over, and reduces recruitment of osteoblastic 
cells from proliferative precursor [ 29 ]. 

 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 fl ow 
through bones during treatment with steroids. 
Because the vasculature of the femoral and 
humeral heads is fragile, these structures are the 
most easily damaged by the decrease in blood 
fl ow, resulting in necrosis [ 25 ]. A class of drugs 
called bisphosphonates is used to treat patients 
with osteolytic metastasis, reducing skeletal 
complications by disruption of osteoclast- 
mediated bone resorption leading to decreased 
bone turnover. Some patients exposed to bisphos-
phonate therapy develop osteonecrosis [ 58 ,  113 ]. 
While the exact mechanism of osteonecrosis is 
still not known, the pathogenesis of localized 

vascular insuffi ciency may be attributable to 
release of cytokines; interactions with growth 
hormone and insulin-like growth factor are 
known to play a role in regulation of blood circu-
lation in bones, possibly from direct inhibition of 
endothelial cells. Metaphyseal sclerotic banding 
is another documented effect of periodic bisphos-
phonate treatment in growing children [ 110 ]. 

 There is emergence of evidence about risk of 
osteonecrosis in patients treated with antiangio-
genic drugs (bevacizumab), increasingly used in 
pediatric patients with newly diagnosed and 
recurrent malignancies. Rates of mandibular 
osteonecrosis have been increasingly observed in 
a combination of bevacizumab and bisphospho-
nates [ 13 ]. Recent evidence suggests that chil-
dren treated with bevacizumab can be at risk for 
the development of lytic lesions and frank osteo-
necrosis in long bones [ 30 ,  98 ]. 

 Retinoid acid derivative 13-cis-retinoic acid is 
used to treat minimal residual disease in patients 
with high-risk neuroblastoma. This agent is 
known to be associated with premature epiphy-
seal closure, and children were noticed to develop 
advanced bone age [ 40 ]. 

 A more serious complication is rhabdomyoly-
sis, a rare complication of cytarabine and other 
drugs, including cyclophosphamide, 5- azacytidine, 
interferon-α, and interleukin-2 [ 103 ]. It is thought 
that the ability of cytarabine to trigger the release 
of cytochrome-c from the mitochondria could 
lead to uncoupling of the oxidative phosphory-
lation with subsequent depletion of adenosine 
 triphosphate (ATP) reserves at the skeletal muscle, 
resulting in rhabdomyolysis. Whatever the cause, 
the syndrome is complicated by acute renal failure 
often requiring hemodialysis.   

16.2.2     Clinical Manifestations 

 Surgery, radiation therapy, and chemotherapy can 
all produce long-term sequelae in the developing 
musculoskeletal system; the effects of surgery 
and radiation 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 

  Fig. 16.4    This man was treated for Ewing’s sarcoma of 
the right humerus using 50.4 Gy in a fractionation scheme 
of 1.2 Gy twice daily when he was 14 years old. There 
was little noticeable difference in the muscle development 
in his upper arms until he started weight lifting. The left 
(untreated) arm responded, but the muscles in the radia-
tion fi eld did not increase as much in size or strength. In 
this picture, taken 11 years after treatment, the area of 
hypoplasia from the fi eld of irradiation can be clearly seen       
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to remember that the surgical removal of a por-
tion of the musculoskeletal system can result in 
the same physical and psychological late effects 
as damage to the same tissue from radiation ther-
apy or chemotherapy. The loss of a muscle group 
in the proximal lower extremity will cause weak-
ness and gait disturbances; the amputation of an 
entire extremity will require the abrupt need for 
extensive rehabilitation. Limb length discrepan-
cies often result from the unilateral surgical 
removal of one or more growth plates. The fact 
that the defi cit is planned does not imply that the 
late effects should be discounted. 

16.2.2.1     Bone 
 Some of the adverse effects of cancer therapy on 
growing bone are (1) bone density changes, (2) 
physical injuries, (3) pathologic fractures, and (4) 
avascular necrosis/osteonecrosis. 

   Bone Density Changes 
 Radiation therapy can produce osteopenia in 
children. More information is needed to eluci-
date all the parameters involved, but the risk is 
probably between 8 % and 23 % at doses above 
20 Gy, primarily seen in patients with cranial 
irradiation and could be attributed to growth hor-
mone defi cit. However, bone mineral loss up to 
7–8 % can be detectable after 30 weeks following 
20–25 Gy irradiation in rat femurs. The relation-
ship between osteopenia and pathologic fracture 
remains unclear [ 43 ].  

   Physeal Injury 
 The physical effects of radiation therapy are sec-
ondary to damage to the chondroblasts. This 
damage results in a slowing of, or arrested, physi-
cal growth, producing abnormal development of 
the involved bone, giving rise to (1) spinal abnor-
malities, (2) leg or arm length discrepancies, (3) 
angular deformities at joints, (4) slipped capito-
femoral epiphyses, and (5) osteocartilaginous 
exostoses.  

   Spinal Abnormalities 
 Spinal abnormalities most commonly include 
decreased stature or scoliosis, although lordosis 
or kyphosis can also occur [ 12 ,  67 ]. Except for 

decreased growth, severe spinal complications 
are less common after megavoltage RT, compared 
with the orthovoltage era, if the entire vertebral 
body is within the treatment fi eld [ 83 ]. Although 
curvature can occur, it is usually a result of teth-
ering that occurs with decreased muscle develop-
ment 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 completing 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 [ 91 ]. Following the development 
of these arrest lines, little or no further growth 
occurs. The higher the dose, the quicker the 
growth arrest occurs. Other changes may also 
be seen on radiographic examination. During the 
fi rst few months after irradiation, vertebral bod-
ies may have a more bulbous contour [ 49 ]. 
Scalloping of the physical cartilage plates may 
also be observed, and not infrequently, the fi nal 
appearance is that of rounded vertebral bodies 
with central beaking [ 91 ]. 

 Clinically, the deleterious effect of radiation 
on growing bone has been known for a long 
time. Neuhauser and associates reported on 24 
children who received orthovoltage irradiation 
to the spine during their treatment for Wilms’ 
tumor or neuroblastoma [ 67 ]. Doses below 
10 Gy (using orthovoltage irradiation) caused 
no detectable vertebral abnormality regardless of 
the age at treatment. Higher doses caused severe 
late effects in the spine. Mayfi eld and coworkers 
reported on 28 children with neuroblastoma who 
received irradiation to their spine [ 60 ]. Scoliosis 
was the most common sequela and occurred 
most severely at doses above 30 Gy with ortho-
voltage irradiation. Megavoltage irradiation 
appears to cause fewer severe orthopedic com-
plications. 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 ortho-
pedic abnormalities requiring intervention [ 82 ]. 
None of the 21 patients receiving megavoltage 
treatment developed such complications, even 
at doses of 4,000 cGy. Scoliosis was related to 
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a higher median dose (2,890 cGy) and a larger 
fi eld size (150 cm 2 ); this sequela did not result 
for patients receiving smaller doses to a smaller 
fi eld size (2,580 cGy–120 cm 2 ). Paulino et al. 
report a lower incidence of scoliosis with doses 
<2,400 cGy than with higher doses [ 77 ]. Both 
orthovoltage and megavoltage irradiation were 
used. Probert and Parker were the fi rst investiga-
tors to attempt to evaluate bone growth alterations 
secondary to megavoltage irradiation. They noted 
defi cits sitting height for patients who received 
radiation to the spine for medulloblastoma, leu-
kemia, and Hodgkin’s disease [ 79 ]. Doses greater 
than 35 Gy were found to produce a signifi cantly 
greater defi cit in sitting height, compared with 
doses less than 25 Gy. 

 Silber and coworkers, using data from 36 chil-
dren whose spine or pelvis was irradiated, have 
developed a mathematical model for predicting 
stature loss [ 97 ]. The model is based on the radia-
tion dose in Gy, the location of the therapy 
(including whether or not the capitofemoral 
epiphysis was treated), gender, and the ideal adult 
height. Figure  16.5  shows an example of the 
model, based on four different irradiation doses. 
The model agrees closely with a report by 
Hogeboom et al. who calculated the height defi cit 
after fl ank RT for Wilms’ tumor patients at different 

ages and doses of radiation therapy [ 41 ]. In both 
reports, even a dose of 10 Gy at age 2 produced a 
height defi cit of 2.3–2.4 cm by age 18 years. For 
infants less than 12 months of age receiving 
10 Gy or more, the estimated height defi cit was 
7.0 cm. Although chemotherapy did not appear to 
increase the effect of radiation therapy in 
Hogeboom’s study, there was a defi cit associated 
with doxorubicin that – although it could be 
explained, at least partially, by other factors – 
does not completely rule out a permanent doxo-
rubicin effect on bone growth.  

 Laminectomy is required in selected cases of 
children presenting with intraspinal or paraspinal 
tumors. Children undergoing laminectomy at a 
younger age are prone to development of kypho-
scoliosis [ 20 ,  42 ]. Deformity risk increases sig-
nifi cantly when postoperative radiotherapy is 
added [ 21 ,  48 ].  

   Limb Length Discrepancy/Angular 
Deformity 
 Irradiation of the extremities or hip usually pro-
duces more long-term symptomatic sequelae 
than irradiation of the spine, particularly when 
an epiphysis is treated. Radiographic changes 
fi rst reveal metaphyseal irregularities and epiph-
yseal widening. Later changes include sclerosis 
around the physis and eventually sclerosis and 
closure of the epiphyseal plate. Such prema-
ture closure can cause a discrepancy in ultimate 
length between the irradiated and unirradiated 
extremity. The degree of growth disturbance in 
long bones is dose and volume dependent; more-
over, patient age plays a very important role [ 35 ]. 
In addition, if the entire physis is not included in 
the radiation port, then juxta-articular angular 
deformities can result [ 84 ]. It is possible to pre-
dict the effects of radiation on growth based on 
age and growth pattern. Altogether, about 65 % 
of leg growth occurs at the knee, 37 % from the 
distal femoral physis, and 28 % from the proxi-
mal tibial physis. Only 15 % occurs at the proxi-
mal femoral growth plate and 20 % from the 
distal tibial plate [ 5 ,  36 ]. This estimate may not 
be completely accurate because it assumes that 
no growth occurs after irradiation of the growth 
plate, but in reality, growth continues for at least 
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  Fig. 16.5    An example of the model for expected stature 
loss after radiation therapy to the spine during childhood, 
as proposed by Silber and coworkers. A 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 [ 97 ], p. 309)       
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a short period of time. Additionally, untreated 
physis in the same extremity can partially com-
pensate for the affected one. Asymmetric dose 
delivery to the metaphysis can cause valgus and 
varus deformities [ 31 ]. 

 Surgery may also have a signifi cant effect on 
limb function. Limb preservation with expand-
able prosthesis has become a widely adopted 
method in the local management of bone malig-
nancies in children [ 2 ,  10 ]. Repeat procedures for 
prosthesis, either lengthening or replacement, is 
often required [ 26 ], which potentially adversely 
affects the physical and emotional well-being of 
children [ 39 ,  102 ]. Rotationplasty is another 
durable reconstructive procedure which is associ-
ated with signifi cant limb length discrepancy 
requiring prosthetics. Despite its complexity, 
children receiving this treatment appear to have 
reasonable physical and emotional resilience [ 32 , 
 34 ]. Amputation is the most radical surgical pro-
cedure associated with the loss of a signifi cant 
portion of the limb and can only be compensated 
with prosthetics. Despite signifi cant differences 
between limb sparing, rotationplasty, and ampu-
tation, data suggests that survivors have fairly 
comparable physical and emotional outcomes 
with either approach [ 44 ].  

   Craniofacial Deformities 
 Microcephaly, micrognathia, and other growth 
abnormalities are reported in children with reti-
noblastomas and rhabdomyosarcomas receiving 
external beam radiation to the craniofacial region 
[ 24 ,  62 ,  81 ]. 

 Surgical management of tumors in the head 
and neck of young children may be associated 
with even more substantial cosmetic and func-
tional disturbances. Given the anatomical chal-
lenges of these tumors, there is often concern 
about leaving microscopic or gross disease 
behind; thus, adjuvant radiotherapy is given [ 18 ]. 
This combined approach can result in more sig-
nifi cant dysfunctions due to worse fi brosis devel-
oping over time. Reconstructive surgeries can 
correct these problems to an extent, but long-term 
outcomes are still far from satisfactory [ 16 ]. 
Anthropometric and descriptive methods are 
commonly used for documenting the extent of 

deformities, but they are hard to quantify. Severe 
hypoplasia or asymmetry of tissues causing cos-
metic and functional problems may require 
reconstructive surgery.  

   Slipped Capitofemoral Epiphysis 
 Radiation therapy has been shown to increase 
the risk for slipped capital femoral epiphysis due 
to epiphyseal plate injury [ 9 ,  108 ,  112 ]. Patients 
with slipped capitofemoral epiphyses present 
with pain in the hip or knee (referred from the 
hip). The pain presents through either acute or 
chronic onset, since slippage of the capitofemo-
ral epiphysis often proceeds slowly. Wolf and 
associates fi rst reported cases of slipped capito-
femoral epiphysis as a result of childhood irra-
diation [ 112 ]. These occurred 1–6 years after 
therapy with doses of 28.5–54 Gy and usu-
ally after the onset of puberty when there is a 
change in the angle of the femoral shaft in rela-
tion to the femoral neck and head (a change that 
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 
twice the risk of bilateral involvement (20–50 %) 
if both proximal femurs were exposed to radia-
tion, and, furthermore, did not usually fi t the gen-
erally obese body habitus of the average patient 
presenting with the idiopathic variety. Paulino 
et al. reported on four infants (<6 months old) 
irradiated to the hip to doses of 20 Gy or higher 
for a neuroblastoma [ 75 ]. Two patients 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. 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 radia-
tion therapy. The threshold dose is thought to be 
around 25 Gy. 

 The use of chemotherapy has caused a reduc-
tion in the shear strength of the physis in an ani-
mal model [ 104 ]. Theoretically, chemotherapy 
would also appear to predispose patients to devel-
oping slipped capital femoral epiphysis, but this 
has not been studied in humans.  
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   Exostosis 
 Osteocartilaginous exostoses are benign out-
growths of the physis. They have been reported 
to occur in up to 18 % of children treated with 
radiation therapy [ 3 ], although the incidence in 
the megavoltage era is much lower. The etiology 
is unknown, but is thought to be due to an injury 
to the periphery of the growth plate. The lesion is 
a combination of a radiolucent cartilaginous cap 
with areas of ossifi cation and calcifi cation. It has 
a typical caulifl ower appearance and the base may 
be narrow or broad. On physical examination, 
a hard mass is palpable adjacent to a joint [ 94 ]. 
Lesions may continue to grow slowly throughout 
childhood, although by the third decade growth 
should cease. 

 There is a small incidence of malignant degen-
eration 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 
demineralization; radiographic examination will 
show cortical thinning and irregularities during 
this time. The irradiated segment of bone therefore 
acts as a stress concentrator and predisposes the 
bone to fracture [ 38 ]. This effect is particularly 
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. This 
effect also occurs if the cortex of the bone has 
been biopsied, particularly in the area of the femo-
ral neck [ 107 ]. Pathologic fractures usually occur 
within 3 years after treatment [ 38 ]. The most com-
mon 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 [ 107 ].  

   Avascular Necrosis/Osteoradionecrosis 
 Avascular necrosis (AVN) of the femoral head 
has been reported as a complication of hip irra-
diation in children who have received doses 
exceeding 30 Gy [ 53 ]. Older age (usually 
>10 years old) appears to increase the risk, indi-
cating that the rapidly growing and maturing 
bones of  adolescents are more susceptible to the 

development of AVN [ 59 ]. High cumulative cor-
ticosteroid doses administered during the therapy 
strongly predispose patients to AVN, and dexa-
methasone seems to be more toxic than pred-
nisone. AVN may be asymptomatic or result in 
joint swelling, pain, limited range of motion, and 
even joint damage and articular collapse. MRI 
is the best technique to detect early stages of 
AVN. The typical radiographic picture is shown 
in Fig.  16.6a–d .  

 Osteoradionecrosis (ORN) of the mandible is 
a rare complication of head-and-neck cancer 
therapy, and its incidence is quite variable in the 
literature, ranging from 0.9 % to 35 % [ 100 ,  105 ].   

16.2.2.2     Muscle 
 The most common late effect of developing mus-
cle tissues secondary to irradiation is diminished 
development of the muscle tissues (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 functional 
one. Nevertheless, it is a common problem. 
Macklis et al. reported that 13 of 14 long-term 
survivors of Wilms’ tumor treated with low-dose 
pulmonary irradiation had musculoskeletal hypo-
plasia [ 55 ]. Long-term survivors treated with 
head-and-neck radiation therapy are reported to 
have a 77–100 % incidence of mild to severe 
radiation damage of soft tissues and bones [ 76 , 
 80 ]. Radiotherapy for soft tissue sarcoma of the 
limb conventionally involves irradiation of the 
entire transverse cross section of the affected 
anatomical compartment [ 8 ]. Studies have shown 
that the functional outcome after radiotherapy to 
the limb is related to the radiotherapy volume and 
the size of the unirradiated corridor [ 4 ]. The total 
dose and dose per fraction of radiotherapy used 
are also a signifi cant factor in determining range 
of movement, muscle power, and limb function 
[ 50 ]. Posttreatment function is paramount in the 
management of soft tissue sarcoma. 

 With higher doses, these tissues can develop 
marked fi brosis, which can produce stiffness, a 
decrease in range of motion of a joint, and even 
pain [ 88 ]. In mild cases, stiffness or pain occurs 
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primarily in the early morning 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. 

 A specifi c type of fi brosis is trismus, which is 
an inability to fully open the mouth. When the 
masticator muscles and the temporomandibular 
joint are included in the irradiated fi eld, 
 musculoskeletal fi brosis can cause trismus and 
mandibular dysfunction. It has been reported in 
about 5–10 % of children treated for head-and-neck 

malignancies [ 71 ,  105 ]. Since doses are lower 
in RMS of the head and neck, trismus is less 
common in RMS than in nasopharyngeal 
carcinoma [ 76 ].   

16.2.3     Impact of Aging 

 In general, growth defi cits of the musculoskel-
etal system from irradiation are amplifi ed with 
increasing years after treatment. Obviously, 

a

c d

b

  Fig. 16.6    ( a–d ) A 14-year-old boy treated with preop-
erative irradiation (61 Gy) and chemotherapy for a syno-
vial cell sarcoma of the right iliopsoas muscle. ( a ) Tumor 
( arrows ) and normal femoral heads. ( b ) An MR scan 
6 months later showing a close-up of the right femoral 
head. The scalloped, non-enhancing lesion in the femo-
ral head is typical for an osteonecrosis. ( c ) A plain 

 radiograph 1 year later, showing healing of the femoral 
head ( b – d , see next page). ( d ) The early healing was not 
permanent, however, and a computed tomography scan 
13 years after treatment demonstrates collapse of the 
femoral head, chronic dislocation of the femoral head, 
and extensive degenerative changes. Severe scoliosis 
resulted as well       
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when all epiphyses are closed, further bone 
growth defi cits do not occur. However, other late 
effects of bone will continue to occur, and mus-
cular hypoplasia (and fi brosis) may become more 
signifi cant.  

16.2.4     Detection/Screening 

 A thorough history and physical examination is 
critical in the evaluation of musculoskeletal treat-
ment sequelae. It is necessary to know exactly 
when a deformity becomes 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, location of the radiation fi elds, radia-
tion doses used, and 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 musculoskel-
etal assessment should include serial measures 
of weight, height, and sitting height (crown to 
rump). These measurements should be plot-
ted on growth velocity charts to assess whether 
growth rate is within normal limits. Most nor-
mal children will grow a minimum of 5 cm per 
year between age 3 years and puberty. A patient 
in that age group who grows <5 cm per year, or 
whose serial heights on growth charts begin to 
fall into the lower percentiles, may be experienc-
ing growth failure [ 65 ]. 

 Any joints involved in the radiation fi elds, or 
affected by surgery, should be put through pas-
sive and active ranges of motion, and compari-
sons should be made with the contralateral side. 
Joint measurements 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 assess-
ments are indicated. Other joint problems that 
can occur include pain, crepitation, swelling, loss 
of mobility, and weakness [ 56 ]. 

 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 [ 65 ]. 

 The patient should be assessed for level of 
functioning and participation in normal daily 
activities, such as school and after-school activi-
ties. Normal growth and development parameters 
should be incorporated into this assessment, as 
developmental stages may infl uence the patient’s 
participation in some activities. Another infl u-
ence on the level of functioning or decreased par-
ticipation in activities could be the lack of 
adjustment to body image changes. 

 There is no current method of completely pre-
venting the development of late musculoskeletal 
effects from surgery or radiotherapy. The patient 
who has experienced an amputation or a signifi -
cant growth defi cit due to radiotherapy may or 
may not have incorporated this long-term effect 
into a new, positive body image. Many other fac-
tors contribute to general growth and develop-
ment, such as nutritional defi cits, other tissue 
damage, and hormonal infl uences. The examiner 
should not rush to attribute the entire problem to 
the cytotoxic treatment [ 65 ]. If the right assess-
ment is made, intervention can sometimes pre-
vent an asymptomatic or mildly symptomatic 
problem from becoming more clinically signifi -
cant. 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 
asymmetry, the position of any rib humps or rib 
fl are, and the type and degree of any gait abnor-
mality. 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 stand-
ing and sitting heights. The spinal shortening that 
occurs as a direct effect of irradiation is not cor-
rectable, but, except for an ultimate decrease in 
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height, does not usually cause major problems, 
unless spinal curvature develops. Anteroposterior 
and lateral fi lms of the entire spine should be used 
to screen for this. It is also important to be able to 
inform the patients of the height defi cit to be 
expected. Figure  16.5  shows a model of expected 
stature loss by age at treatment for three dose lev-
els for a hypothetical male patient receiving radia-
tion from T10–T11 to L4–5 [ 97 ]. 

 If the spine has been irradiated, standard 
radiographic images should be taken every 
1–2 years until skeletal maturity to detect early 
scoliosis or kyphoscoliosis (Fig.  16.7 ). After that, 
fi lms 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 pres-
ent before.  

 The most common method for measuring spi-
nal curvature is the Cobb technique. The two end 
vertebrae of the curvature, the ones most tilted 
from the horizontal on the upright fi lm, 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 perpendiculars from 
these lines is the angle of the curvature (see 
Fig.  16.8 ). It is extremely important to perform 
these measurements carefully. Since progression 
of any defect may be more important than the 
occurrence of the defect, the amount of curva-
ture, both sites should be measured.   

16.2.4.2     Limb Length Discrepancy 
 Limb length discrepancies are usually more sig-
nifi cant. Differences in length between upper 
extremities are not often a problem, but leg length 
discrepancies can cause signifi cant functional 
defi cits. It is therefore important to be able to pre-
dict the ultimate outcome when radiotherapy is 
chosen. To do so, knowledge of the future growth 
of all epiphyses is necessary. In the lower extrem-
ity, 65 % of future growth comes from the knee, 
37 % from the distal femoral physis, and 28 % 
from the proximal tibial physis. Only 15 % occurs 
at the proximal femoral plate and 20 % from the 
distal tibial plate [ 65 ]. Table  16.1  provides 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 com-
pletely accurate, 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 undressed 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 medial 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 pel-
vic obliquity does not infl uence this measurement. 
The apparent length informs the evaluating physi-
cian of the compensation by the patient for the 
limb length discrepancy. To detect developing leg 
length discrepancies, measurements should also 
be taken at least once a year to follow the extent of 
the evolving discrepancy. If there is a high chance 
of a signifi cant discrepancy developing, then fi lm 
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 carefully review the previous fi lms 
(not just the reports) before using surgery to cor-
rect the defect. To evaluate the radiographic dif-
ference, a single exposure is taken of both legs 
on a long fi lm, 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 [ 65 ] 
(Fig.  16.9b ).   

16.2.4.3     Other Bony Sequelae 
 Other bony sequelae are usually acutely symp-
tomatic. A slipped capitofemoral epiphysis 
causes pain and can be diagnosed using a 
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  Fig. 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 kyphoscoliosis 

occurred over the next 7 years. ( d ) A close-up of the spine 
9 years after therapy shows osteoporosis of vertebral bodies 
and wedge-shaped compression fractures       
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 radiograph of the involved hip (Fig.  16.10a, b ). 
A pathologic fracture also will be symptomatic 
and readily apparent on radiography.   

16.2.4.4     Muscle 
 To evaluate a defi cit in muscle development, 
measurements of the circumferences of the 
involved extremity 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 normal extremity 
should be taken as well for comparison.   

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 defi cits that 
develop, scoliosis and leg length discrepancies 
need intervention most often. 

 Scoliotic curve progression beyond 30° (or 
curves over 20° with rapid progression) generally 
requires bracing. Curves greater than 40°, partic-
ularly in skeletally immature patients, should be 
instrumented and fused [ 51 ]. 

 Table  16.2  shows the recommended treat-
ment for categories of leg length discrepancies 
[ 65 ]. 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 contra-
lateral epiphysiodesis, an operation creating a 
premature fusion of an epiphysis in the contralat-
eral limb to arrest growth. This prevents further 
exaggeration of the defi cit. Greater inequality 
(6–15 cm) requires more aggressive manage-
ment. Contralateral limb shortening or ipsilateral 
lengthening procedures are usually necessary to 
restore a functional gait. Differences of greater 
than 15–20 cm are diffi cult to manage.

   Other less common late effects may also need 
intervention. Partial epiphyseal plate injury results 
in juxta-articular angular deformities of long 
bones. These uncommon growth aberrations are 
diffi cult to treat and often require complete physi-
cal arrest and osteotomies for correction. Their 

  Fig. 16.8    The Cobb technique for measuring the angle of spi-
nal curvature. See text for a description (From Winter [ 111 ])       

   Table 16.1    Average growth (in cm) remaining for each lower extremity epiphysis by age and sex   

 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 

  Adapted from Anderson [ 5 ] Table V, p.11  
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infrequent occurrence 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 capitofemo-
ral epiphysis is a medical emergency requiring 
immediate referral to an orthopedic surgeon. 
Correcting the problem requires an in situ pin 
fi xation to prevent a slipped capitofemoral epiph-
ysis in the other leg if it also has been irradi-
ated. Prophylactic pinning of the capitofemoral 
epiphysis in the other leg should be considered 
as well. Severe slips (greater than 60°) may 
require a proximal femoral osteotomy and osteo-
plasty [ 9 ]. Total hip replacement may be needed 
at times, although every attempt 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 fi eld, 
more common if the irradiated bone was biopsied 
or involved with tumor, rarely heal without inter-
nal fi xation [ 38 ,  54 ]. Fractures through irradiated 
bone are a challenging problem and often require 

long periods of treatment and multiple proce-
dures to obtain union. The concomitant radiation 
changes in the surrounding soft tissue that 
 envelope the bone further complicate the man-
agement of these fractures. These compromised 
tissues greatly increase the risk of postoperative 
infection. Rigid internal fi xation is mandatory, 
and bone grafts should be utilized liberally 
(Fig.  16.11a–c ). Vascularized bone grafts are the 
gold standard for obtaining union in patients 
whose fractures have failed to unite after other 
procedures [ 99 ] (Fig.  16.12a, b ). In the event of 
severe wound complication and nonunion, an 
amputation should be considered.   

 Muscular atrophy is usually a cosmetic prob-
lem for which there is no treatment. Even patients 
who strenuously pursue weight lifting or similar 
activities to build muscle strength fi nd that the 
irradiated area rarely responds. However, appro-
priate exercise will prevent contractures and fur-
ther decreases in muscle strength, as well as 
prevents the loss of the range of motion of joints. 

 Radiation-induced fi brosis (RIF) has 
been reported to respond to a combination of 

TRUE
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LENGTH

APPARENT
LEG

LENGTH

a b

  Fig. 16.9    ( a ,  b ) Measurement of leg length discrepancy. 
See text for details. ( a ) Clinical measurement (From 
Mosely [ 65 ]). ( b ) Leg length scanogram of a 12-year-old 

girl initially treated at age 6 for Ewing’s sarcoma of her 
right femur. The scanogram is more accurate than a clini-
cal measurement       
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 pentoxifylline and tocopherol (vitamin E). In a 
series of 43 patients with 50 distinct zones of 
signifi cant RIF who were given 400 mg of pent-
oxifylline 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 treatment to 6.9 at 12 months [ 22 ].  

16.2.5.2    Rehabilitation 
 In most cases, late effects from cytotoxic therapy 
involve both the muscles and the bones of an ana-
tomic region. While it is preferable to prevent 
major problems, this cannot always be done, and 

a

b

  Fig. 16.10    ( a ,  b ) A 4-year-old 
boy treated for a lymphoma of 
the testicle. ( a ) At age 9, a 
routine follow-up radiograph 
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 
developed (From Wolf [ 112 ], 
p. 783)       

   Table 16.2    Recommended treatment for categories of 
leg length discrepancies   

 Leg length discrepancy  Treatment 

 0–2 cm  None required 
 2–6 cm  Shoe lift, epiphysiodesis 
 6–15 cm  Leg lengthening 
 >15 cm  Prosthetic fi tting 

  From Mosely [ 65 ], p. 784, list on p 795  
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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 exer-
cises should progress slowly to weight bearing, 
then muscle-strengthening exercises. The battle 
with sequelae may be lifelong, and a proper exer-
cise program will combat the progression of 
damage and may even help retrieve functionality 
previously lost. Nevertheless, caution should be 
used in recommending vigorous exercise regi-
mens for patients 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 [ 69 ] observed that one’s body image is 
composed of fl uctuating physical, psychological, 
and social aspects. A positive adjustment to 
changes in body image requires discarding the 
previously held perception 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 promot-
ing acceptance of treatment-related body image 
changes must be individualized to each situa-
tion [ 69 ]. The initial approach should begin 
with facilitating open, honest communication 
within the family about their previous experi-
ences, 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 family in positive coping with body 
image changes [ 69 ]. The guidelines included are 
as follows:

a b c

  Fig. 16.11    ( a ) AP radiograph of a 15-year-old girl treated 
with radiation therapy to her right femur at age 12 years. 
Shortly after this fi lm was taken, she developed a fatigue 
fracture of the femur. ( b ) Internal fi xation is required for 
pathologic fractures after radiation therapy, and she 
underwent intramedullary rodding of the fracture. Despite 
the rodding, a nonunion occurred, as shown in this radio-

graph 2 years after the fracture. ( c ) The internal fi xation 
was revised with the application of an autograph from her 
iliac crest to the nonunion site. As shown on this radio-
graph, there is consolidation of the graph and bridging 
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       

 

R.B. Marcus Jr. and N. Esiashvili



315

    1.    Assessing the level of knowledge and 
adaptation: 
     (a)      Encouraging patient and family verbal-

ization of fears, concerns, and questions   
   (b)      Providing anticipatory guidance for the 

expected physical changes       
   2.    Promoting family unity and coping skills: 

     (a)      Assisting parents, siblings, signifi cant 
friends, and school personnel in creat-
ing a supportive environment   

   (b)      Providing education and emotional 
support to the signifi cant others in the 
patient’s life       

   3.    Reaffi rming adaptive behaviors: 
     (a)      Promoting participation in the “normal” 

activities of the peer group to meet 
developmental and psychosocial needs   

   (b)      Advocating school attendance and 
participation       

a b
  Fig. 16.12    ( a ,  b ) Another 
method of repairing a 
pathologic fracture from 
radiation therapy is the 
application of a vascularized 
fi bula graft. ( a ) Anterior-
posterior view of the femur 
shows an intramedullary rod 
stabilizing the fracture and 
the fi bula graft; the rod has 
been placed medially along 
the femur and is held 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 fi bular 
vessels. ( b ) Radiograph of 
the donor site from the 
ipsilateral leg       

  Fig. 16.13    An 18-month-old boy was treated postopera-
tively with 50 Gy in 25 fractions for a primary rhabdo-
myosarcoma of the left calf. His leg is shown 16 years 
after treatment. The muscles are extremely hypoplastic, 
and the distal leg is shortened and alopecic. An epiphysio-
desis was performed on the other leg to prevent the occur-
rence of too large a limb length discrepancy       
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   4.    Changing maladaptive behaviors: 
     (a)      Supporting the initiative and indepen-

dence 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, adjust-
ments will need to be made continuously. 
Alteration in body image is a fl uid process, and 
assisting the patient with coping during the vari-
ous stages of life may be necessary. 

 Another ongoing process is meeting the edu-
cational needs of the patient and family. Patients 
who were diagnosed at a young age should be 
educated and reeducated at age-appropriate lev-
els about their diseases, treatments, and actual, as 
well as potential, late effects [ 17 ]. The musculo-
skeletal physical examination is a good opportu-
nity to explain what the examiner is looking for 
and why. Patients who have not evidenced mus-
culoskeletal late effects within a short time after 
treatment may still be at risk for the remainder of 
their lives. Awareness of potential problem 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 [ 61 ]:

    1.    Nutritional infl uences on musculoskeletal 
growth and nutritional counseling   

   2.    The importance of avoiding excessive weight 
gain   

   3.    Participation in noncontact sports/refraining 
from contact sports   

   4.    Realistic expectations about functional abili-
ties and growth patterns   

   5.    General health education, especially cancer 
prevention   

   6.    The importance of lifelong surveillance care 
by knowledgeable healthcare professionals    

  The patient who is biologically cured of can-
cer must still live with the aftereffects of the dis-
ease and its treatment. A thorough assessment of 
the many factors affecting each patient’s growth 

and development, 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 

16.3.1     Pathophysiology 

16.3.1.1     Brief Overview of Normal 
Organ Development 

   Skin 
 The skin develops from two sources: the super-
fi cial layer ( epidermis ) from the surface ecto-
derm and the deep layer ( dermis ) from the 
mesoderm. Early in development, the fetus is 
covered with a single layer of ectodermal cells. 
In the beginning of the second month through 
the fourth month, the following four layers of 
the epidermis form: (1) the basal layer, which 
is responsible for the production of new cells 
and is known as the  germinative layer ; (2) a 
thick,  spinous layer , consisting of large poly-
hedral cells; (3) the  granular layer , the cells of 
which contain small keratohyalin granules; and 
(4) 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 fi rst 3 months, cells of neural 
crest origin invade the epidermis. These cells 
( melanocytes ) synthesize 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 epidermal proliferations penetrating the 
underlying dermis. Nerve endings and blood ves-
sels develop with the hair papillae, and cells from 
outbuddings of the follicle walls form the  seba-
ceous glands,  which degenerate, thereby forming 
a fatlike substance that is secreted into the hair 
follicle and then to the skin.   
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16.3.1.2     Organ Damage Induced by 
Cytotoxic Therapy 

   Skin 
 Both radiation therapy and chemotherapy can 
cause acute and late effects on the skin and sub-
cutaneous tissues. Radiation damage to the skin 
is primarily owing to effects on the germinative 
layer of the epidermis. Even low doses quickly 
diminish mitotic activity, so that cell replacement 
is nearly zero. The cells of the basal layer become 
swollen and vacuolated, with nuclear pleomor-
phism and binucleation. The epidermis becomes 
thin, with fl attening of the papillae. Epidermal 
cell maturation no longer occurs, causing incom-
plete keratinization of the superfi cial cells and, 
thus, producing desquamation. The desquama-
tion is caused by intracellular edema with 
enhancement of the intercellular bridges. With 
high enough doses, the epidermis may slough, 
exposing the dermal surface, which becomes 
coated with a layer of fi brin. After treatment, 
reepithelialization occurs, although the effective-
ness 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 fi rst causes signs of 
acute infl ammation: edema and a lymphocytic 
infi ltrate. High doses produce nuclear swelling 
and unequal nuclear divisions of the fi broblasts. 
Because the papilla of the hair follicle is easily 
damaged, radiation quickly stops mitotic activity, 
and the hair root eventually 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 radiation. Sebaceous 
glands are more easily destroyed, partially because 
the normal life cycle includes cell death to produce 
sebum, and, thus, there is a need for continual 
replacement through cellular proliferation. 

 Late dermal reactions are caused by the devel-
opment of subendothelial fi brous hyperplasia in 

the blood vessels, which causes telangiectasia and 
a decreased blood supply to the dermis resulting 
in increased fi broblastic activity. The skin then 
takes on a woody texture called fi brosis [ 4 ]. 

 The skin changes resulting from radiation 
therapy are related to the total dose and fraction-
ation of the radiation employed. There are differ-
ences between acute and late effects, however. 
Acute effects are dependent primarily upon the 
total dose and the overall time in which the radia-
tion is delivered from the beginning to the end of 
the treatment course. The higher the total dose 
and the shorter the overall time, the more signifi -
cant are the acute effects. Late effects are heav-
ily dependent on the dose per fraction and the 
total dose. Doses greater than 2 Gy per fraction 
cause an increase in late effects to the skin and 
subcutaneous tissues. Most “curative” fraction-
ation schemes include doses per fraction of less 
than 2 Gy. This is particularly true when treating 
children, in whom late effects are of even more 
concern. 

 Modern megavoltage irradiation is “skin spar-
ing,” which means that the full buildup of irradia-
tion 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 the 1960s 
or 1970s (depending upon the institution), 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 capabilities of high-energy beams 
and the use of multiple fi elds to converge on the 
tumor, thus further limiting the dose to the skin in 
each treatment fi eld, 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 receives 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 
factors include a tangential arrangement of the 
radiation beams employed, a bolus (tissue- 
equivalent material) on the skin, or lead blocks 
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and a blocking tray used to shape the radiation 
fi elds that are too close to the patient. 

 A number of chemotherapy-induced skin 
changes occur, since antineoplastic drugs inter-
fere with nucleic acid formation, ribosomal func-
tion, and other components of protein synthesis. 
Rapidly dividing tissues are the most sensitive; 
the skin damage is, therefore, primarily to the 
germinative layer, the hair follicles, and the mela-
nocytes. 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 [ 15 ].    

16.3.2     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 fi rst sign of a skin reac-
tion is faint erythema around the hair follicles. If 
the radiation is conventionally fractionated (less 
than 2 Gy per fraction), a dose of 20 Gy will usu-
ally produce erythema. Higher doses cause a pro-
gression 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 fi eld. Dry desquamation 
occurs (at 30 Gy), then moist desquamation fol-
lows (occurring at about 40 Gy), leaving the der-
mis bare with a layer of fi brin covering it. After 
treatment, these effects heal, usually within 
1–2 weeks. 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 present on the skin during 
treatment will enhance the skin reaction to 
radiation. 

 Doses of even a few Gy will cause temporary 
alopecia. Recovery takes 8–12 weeks after the 
end of treatment; the hair starts regrowing at that 
point and usually grows at a normal rate thereaf-
ter. The hair can return a different texture or 

color; the same phenomenon occurs after chemo-
therapy. Doses of 40 Gy and above to the hair fol-
licles will cause permanent alopecia. High doses 
of radiation may cause a skin necrosis and 
destruction of tissue in the area treated, although 
these responses are extremely rare now with 
megavoltage therapy. 

 The fi rst noticeable late effect consists of very 
slowly progressing atrophy, starting in the fi rst 
few months after radiotherapy. The skin also 
loses its elasticity. If the injury is severe, telangi-
ectasia (a spidery pattern of small blood vessels 
easily visible beneath the surface) will occur. In 
the dermis, fi brosis develops, with contraction 
and scarring in the fi eld 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 reported, 
although this is rare [ 109 ]. Related skin struc-
tures, such as the breast bud, will not develop 
normally nor secrete normally. This means that 
breast development may be hypoplastic or not 
occur at all. 

 Radiation effectively accelerates skin aging. 
Therefore, as the irradiated person grows older, 
the skin prematurely develops changes consistent 
with aging. It becomes drier, less fl exible, and it 
may develop “aging” spots or other discolor-
ations. 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 [ 33 ]. 

 Another potential late sequela of treatment is 
the risk of the development of a secondary skin 
cancer, usually a basal cell carcinoma [ 33 ,  86 ]. 
Basal cell carcinomas are observed in patients 
with no evidence of chronic skin changes second-
ary to radiotherapy [ 33 ]. The exact risk of a sec-
ondary basal cell carcinoma is small; in one 
series, the calculated excess risk was 0.31/104 
patient-years per Gy [ 86 ]. 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 
implicated in the development of malignant 
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 melanoma later in life. In a study utilizing data 
from Nordic National Cancer Registries, as well 
as eight centers in France and Great Britain, it 
was found that between 1960 and 1987, children 
receiving greater than 15 Gy had a risk of devel-
oping melanoma 13 times as great as the risk in 
nonirradiated children. The risk was in the radia-
tion therapy fi eld [ 37 ]. 

 There are at least three skin reactions to che-
motherapy: (1) changes related to cytotoxicity, (2) 
pigment alterations, and (3) rashes and eruptions. 
Cytotoxic changes related to nucleic acid synthe-
sis, ribosomal function, etc., rarely appear after 
chemotherapy alone. However, “radiation recall” 
may be owing to cytotoxic changes in the skin. 
This phenomenon consists of erythema, blister-
ing, and, sometimes, moist desquamation in an 
area previously irradiated. It usually occurs a few 
weeks to a few months after radiotherapy subse-
quent to a course of chemotherapy containing 
doxorubicin HCl or dactinomycin (or, occasion-
ally, 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, dactinomy-
cin, 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 revers-
ible. 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 sometimes be permanent 
[ 95 ]. In addition, permanent alopecia of the scalp 
and other hair-bearing regions has been noted 
after a busulfan-/cyclophosphamide- conditioning 
regimen for bone marrow transplantation. Over 
30 % of patients receiving busulfan as part of a 
chemotherapy- alone conditioning regimen expe-
rience some degree of permanent alopecia [ 106 ]. 
The presence of chronic graft-versus-host disease 
increases the risk. 

 Drugs reported to cause pigment changes 
are shown in Table  16.3 . While some, including 
doxorubicin, have been postulated to have a direct 
effect on melanocytes [ 23 ], the mechanism essen-
tially remains undefi ned. Generalized hyperpig-
mentation from bleomycin therapy is probably the 
most common of these abnormalities, but other 
drugs such as busulfan, cyclophosphamide, dacti-
nomycin, 5-fl uorouracil, hydroxyurea, and meth-
otrexate can also do this on occasion [ 23 ]. This 
generalized hyperpigmentation 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 fi rst at the 
base of the nails and then moves distally [ 68 ,  96 ]. 
Although usually these changes reverse when the 
drug is withdrawn, nail hyperpigmentation can 
be permanent [ 96 ]. 

 The drug 5-fl uorouracil and high doses of 
methotrexate, dactinomycin, and doxorubicin 
can cause skin eruptions, including urticaria – a 
generalized erythematous rash. They can also 
cause hyperpigmented, brawny, indurated 
plaques, particularly of the hands and feet, as 
well as nodularity of the hands and feet [ 15 ,  27 ]. 
These effects are temporary. 

   Table 16.3    Pigment changes from chemotherapy   

 Abnormality  Associated drugs 

 Generalized 
hyperpigmentation 

 5-Fluorouracil, busulfan 

 Localized 
hyperpigmentation 

 Adriamycin, 
cyclophosphamide, and 
other alkylating agents, 
bleomycin, mithramycin, 
dactinomycin, various 
hormones 

 Hyperpigmentation of 
nails 

 Adriamycin, 
cyclophosphamide, 
nitrogen mustard, 
5-fl uorouracil, 
methotrexate, nitrosoureas, 
DTIC, others 

 Linear hyperpigmentation  Most cytotoxics (along 
veins), bleomycin (on 
trunk and extremities 
separate from venous 
channels) 

  From Nixon et al. [ 68 ]  
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 Children receiving chemotherapy have been 
reported to develop increased numbers of benign 
melanocytic nevi after treatment [ 46 ].  

16.3.3     Detection/Screening 

 It is usually not diffi cult to predict the extent of 
the acute changes during treatment based on the 
radiotherapy dose and fractionation schedule and 
based on the chemotherapy regimen. 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 fi rst. Careful physical examinations are 
necessary to detect any cutaneous late effects. 
These examinations should be performed by a 
physician who is knowledgeable of the treatment 
received. Areas of pigmentation changes, dry-
ness, atrophy, telangiectasia, contraction, and 
scarring should be noted and carefully recorded. 
If chemotherapy has been given, then skin color-
ation should be checked as well, along with the 
status of the nail beds. 

 While a reversal of skin changes secondary to 
irradiation 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 expo-
sure is anticipated, a strong sunscreen (SPF 15 or 
above) must be used on the treated region. 

 Most chemotherapy-related skin changes 
require no specifi c 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 normal, careful assessments are 
required [ 46 ,  101 ].  

16.3.4     Management of Established 
Problems 

16.3.4.1     Management 
and Rehabilitation 

 Although the acute effects of irradiation are less 
common 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 [ 52 ]. Because of the lack of sebaceous secre-
tions after treatment, it may be helpful to use Vaseline 
or a moisturizing cream for patient comfort. 

 Temporary alopecia from radiotherapy or che-
motherapy needs no particular treatment and will 
resolve in time. Permanent alopecia from radia-
tion therapy cannot be reversed, but hair trans-
plants 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 [ 47 ]. Hair transplantation has 
also been reported to be effective following per-
manent busulfan-induced alopecia, as occurs 
during bone marrow transplantation. Although 
allotransplantation is usually unsatisfactory, it 
will work if the hair grafts are harvested from the 
same patient that provided the donor marrow [ 87 ].       
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      Breast Chapter 

           Tara     O.     Henderson      and     Lisa     Diller    

         Impairment of breast development, disruption of 
breast function, and breast cancers are all late con-
sequences that have been observed in survivors of 
childhood cancer. Normal breast development can 
be impaired by exposure to radiation, prior sur-
gery, and by decreased estrogen exposure associ-
ated with therapy-induced ovarian or hypothalamic 
disruption. Normal function of the breast as the 
lactation organ has not been well studied in survi-
vors. Most studies have focused on breast cancer 
risks in survivors of childhood cancer, with a par-
ticular concern for breast cancers after radiation to 
the chest. Recent work has focused on surveillance 
strategies, prophylaxis, and changes in primary 
cancer therapy that might reduce the risk of sec-
ondary breast cancer. Finally, understanding of the 
underlying genetic risk factors for secondary 
breast cancers may determine future strategies for 
prevention of breast malignancy after childhood 
cancer. In this chapter, we review normal breast 
development, risk factors for secondary breast 
cancer, surveillance, and prevention strategies, as 
well as what is known about management of breast 
hypoplasia and lactation impairment in survivors. 

17.1     Brief Overview of Normal 
Development 

 The mammary glands consist of a branching 
network of ducts ending in buds, which dur-
ing puberty evolve into increasing numbers of 
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alveolar lobules. During pregnancy and lacta-
tion, these lobules become secretory. In human 
embryonic development, the fi rst sign of mam-
mary glands are 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 hind limb by the seventh week of gesta-
tion. 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 fi rst 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 [ 1 ]. At birth, the 
breast of both the male and female is identical. 
At puberty the female breast bud enlarges, fol-
lowed by development of the mammary glands 
and, subsequently, deposition of fat. The nipple 
and areola enlarge as well [ 2 ]. These develop-
mental changes are determined by circulating 
levels of female pituitary and gonadotropic hor-
mones; specifi cally, estrogen generates ductal 
growth, progesterone stimulates alveolar lob-
ules, prolactin stimulates the alveoli to produce 
milk products, and oxytocin then stimulates the 
letdown and release of milk [ 3 ].  

17.2     Breast Hypoplasia After 
Childhood Cancer 

17.2.1     Breast Hypoplasia 
Due to Radiation Exposure 

 In the growing breast, the most sensitive structure 
is the breast bud. As little as 10 Gy to the breast bud 
will cause breast hypoplasia (underdevelopment); 
doses above 20 Gy may ablate development alto-
gether [ 4 ]. In patients treated with pulmonary irra-
diation for Wilms’ tumor, four out of ten females 
had hypoplastic breast development, including two 
who received less than 20 Gy [ 5 ].  

17.2.2     Breast Hypoplasia as a 
Consequence of Ovarian 
Failure 

 A consequence of premature ovarian failure 
prior to or in the midst of puberty due to expo-
sure to alkylator chemotherapy, radiation involv-
ing the pelvis and/or surgery requiring removal 
of the ovaries, is the failure of breast develop-
ment. Survivors with primary ovarian failure 
will not go through puberty without hormone 
replacement therapy (HRT). Decisions around 
timing and dosage of HRT need to be individual-
ized for the patient, considering chronological 
age, stage of secondary sexual characteristics, as 
well as psychological issues, such as desire to 
match peers with respect to pubertal develop-
ment [ 6 ]. It should also be recognized that there 
is a fi ne balance which needs to be achieved 
when prescribing estrogen replacement in girls 
with premature ovarian failure – while at low 
doses it stimulates longitudinal growth, at higher 
doses it can result in premature epiphyseal clo-
sure and ultimately reduction in adult height. 
Thus, initiation of HRT should take into account 
maximizing longitudinal growth. In the absence 
of any breast development, it has been recom-
mended by age 12 years; girls with known ovar-
ian failure should start low- dose estrogen to 
stimulate breast development [ 6 ]. After about 
6–18 months of this initial therapy, based on the 
amount of breast development prior to initiating 
HRT and the desired rate of progressing through 
puberty, the estrogen dose should be increased. 
Once breast development is complete (usually 
after 12–24 months of the higher-dose estrogen 
treatment), cyclic dosed progestins [such as 
combined estrogen-progestin products, such as 
oral contraceptive pills (OCPs), or transvaginal 
or transdermal formulations] can be incorpo-
rated to the HRT in order to maintain the health 
of the endometrium. Progesterone does not play 
a signifi cant role in breast development and early 
puberty. In order to mimic “typical” puberty, it is 
considered most appropriate to begin HRT with 
estrogen monotherapy.  
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17.2.3     Breast Hypoplasia Detection 

 In females who were exposed to over 10 Gy to 
the breast (including chest, whole-lung, mediasti-
nal, axilla, mini-mantle, mantle, extended man-
tle, total-body irradiation), in particular those 
who were treated when they were prepubertal, 
yearly breast exams should be performed to iden-
tify failure of breast development [ 7 ].  

17.2.4     Breast Hypoplasia 
Management 

 Breast hypoplasia may be corrected by breast 
augmentation. Upon completion of growth and 
puberty, females may be referred for surgical 
consultation for breast reconstruction. Optimally, 
surgeons should be familiar with hypoplasia in 
survivors as healing may be impaired in previ-
ously irradiated areas. Providers should consider 
the survivors’ emotional and psychological status 
when determining this referral [ 7 ]. A downside 
of the procedure is that breast augmentation may 
make breast cancer surveillance more diffi cult, 
though studies to date suggest that breast cancer 
stage at diagnosis and subsequent outcomes are 
similar in women with and without previous 
breast augmentation [ 8 ].   

17.3     Lactation After Childhood 
Cancer 

 The functioning of the mammary glands is depen-
dent on an interplay of neuroendocrine factors, as 
well as health of breast tissue, skin, and glands. 
Prolactin, produced in the anterior pituitary, is nec-
essary for milk production, and oxytocin, produced 
in the posterior pituitary, controls milk letdown and 
ejection. Disruption in the hypothalamic-pituitary 
axis known to result from cancer therapies, such as 
cranial radiation for central nervous system tumors 
or leukemia, may result in dysfunctional lactation 
[ 9 ]. Other therapies that can interfere with the nor-
mal anatomy of the breast can also interfere with 

the ability to successfully lactate. For example, 
chest radiation or surgeries resulting in hypopla-
sia or asymmetry can result in decreased ability to 
successfully lactate. McCullough and colleagues 
reported a cross-sectional survey study of 81 sur-
vivors of childhood and young adult Hodgkin 
lymphoma, who received chest radiotherapy at 
a median dose of 41 Gy (range: 27–46 Gy), and 
found 57 out of 94 (61 %) breast-feeding attempts 
were reported as successful as compared to 74 of 
94 (79 %) attempts in sibling controls [ 10 ]. While 
these fi ndings were encouraging, the researchers 
did note that lactation compromise was a previ-
ously unreported late effect of Hodgkin lymphoma 
therapy. 

17.3.1     Lactation Issues Detection 
and Surveillance 

 In patients who were exposed to radiation of the 
hypothalamic-pituitary axis, patients should be 
counseled about potential lactation dysfunction. 
Yearly screening with LH, FSH, prolactin, GH, 
TSH, and T4 may indicate that lactation dysfunc-
tion may be an issue. In females who received 
radiation to the breast, particularly in those who 
received over 40 Gy radiation, providers should 
counsel them that there is an increased risk of 
lactation failure upon childbearing. However, 
providers should stress to survivors the health 
benefi ts of breast-feeding in order not to dissuade 
them from attempting breast-feeding.  

17.3.2     Lactation Issues Management 

 For women with hypothalamic-pituitary axis 
damage, hormone replacement in the case of 
central hypothyroidism or central GNRH fail-
ure may correct inability to lactate. For women 
exposed to chest radiation, there is not a known 
treatment for women unable to lactate. Like 
the general population, these women should be 
counseled to follow up with their obstetrician, 
pediatrician, and/or a lactation consultant in the 
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event there is a correctable latch issue or other 
correctable issue not related to the previous 
cancer therapy.   

17.4     Breast Cancer After 
Childhood Cancer 

 Adult survivors of childhood cancer are at an 
increased risk of breast cancer due to a com-
plex interplay of constitutional factors, expo-
sures through treatment with chemotherapy and 
radiation, and genetic predisposition [ 11 – 14 ]. 
Given the signifi cant morbidities and mortality 
 associated with a breast cancer diagnosis, espe-
cially given survivors’ previous disease and treat-
ment exposures, it is imperative that health-care 
providers understand the risks, the biology and 
genetics, the recommended surveillance guide-
lines for early detection, and potential preven-
tion strategies available for care of survivors at 
increased risk for breast cancer. 

17.4.1     Risk of Breast Cancer 
in Childhood Cancer Survivors 

 Women who were treated with chest radiation 
therapy for a childhood, adolescent, or young adult 
malignancy are at signifi cantly increased risk of 
developing breast cancer at a young age [ 11 ,  13 ,  14 ]. 

Hodgkin lymphoma survivors treated with high-
dose mantle radiation (over 40 Gy) carry the high-
est risk of developing breast cancer, though risk is 
quite high in those who received 30–35 Gy [ 13 , 
 14 ]. However, the risk is also signifi cantly elevated 
in women who received moderate-dose radiation 
for other childhood and young adult malignancies, 
such as Wilms’ tumor, non-Hodgkin lymphoma, 
neuroblastoma, and sarcomas [ 12 ,  13 ]. In light of 
the improved cure rates for pediatric and young 
adult cancers over the past several decades, it is 
estimated that there are currently 50,000–55,000 
women in the United States at high risk for breast 
cancer due to earlier treatment with moderate- to 
high-dose chest radiation (≥20 Gy) [ 15 – 17 ]. 

 A systematic review [ 18 ] of studies focused on 
breast cancer in women treated with chest radia-
tion for a pediatric or young adult cancer showed 
signifi cant increased risk of breast cancer, with 
standardized incidence ratios (SIR) ranging from 
13.3 to 55.5 and the absolute excess risks ranging 
from 18.6 to 79.0 per 10,000 person- years [ 12 , 
 19 – 23 ]. Risk increased as early as 8 years follow-
ing chest radiation and did not plateau with 
increasing length of follow-up [ 12 ,  19 ,  24 – 26 ]. 
The cumulative incidence of breast cancer by 
40–45 years of age was 13–20 % (12–26 % by 
25–30 years of follow-up) [ 12 ,  19 ,  23 ,  26 ] (see 
Fig.  17.1 ). This incidence is similar to that in 
women with a BRCA gene mutation, where the 
cumulative incidence ranges from 10 % to 19 % 
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  Fig. 17.1    Cumulative 
incidence of breast cancer in 
HL survivors (From Bhatia 
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by age 40 [ 27 – 29 ]. In comparison, the cumulative 
incidence of invasive breast cancer is 1 % by age 
45 in the general population [ 18 ].  

 Radiation dose modifi es the risk of breast can-
cer in this population. Travis and colleagues esti-
mated that among women diagnosed with 
Hodgkin lymphoma at age 15 years and coun-
seled for screening at the age of 25, 9.2 % of 
those treated with 20–39 Gy and 11.1 % of those 
treated with ≥40 Gy would develop breast cancer 

by age 45 [ 30 ]. Inskip and colleagues examined 
the women with breast cancer in the North 
American cohort, the Childhood Cancer Survivor 
Study (CCSS), and found a linear radiation dose- 
response (see Fig.  17.2 ), reaching an odds ratio 
(OR) of 10.8 (95 % CI, 3.8–31) for 40 Gy com-
pared to no radiation exposure [ 13 ]. De Bruin and 
colleagues found that a reduced volume of radia-
tion was associated with decreased risk of breast 
cancer in Hodgkin survivors [ 31 ]; mantle fi eld 
radiation (cervical, supraclavicular, axillary, 
mediastinal nodes) was associated with a 2.7-fold 
increased risk (95 % CI, 1.1–6.9) as compared 
with similarly dosed (36–44 Gy) mediastinal 
radiation alone (see Fig.  17.3 ).   

 In the 1980s, the fi eld and dose of radiation 
used to treat Hodgkin lymphoma was reduced, 
and therapy was combined with chemotherapy 
in response to other late effects, such as growth 
deformities, infertility, and cardiovascular dis-
ease. In the most modern pediatric Hodgkin tri-
als, physicians are continuing to examine how 
to further minimize chest radiation in this popu-
lation. Ultimately, the breast cancer risk (along 
with other late effects risks) is not yet known 
in the more recent large cohorts of Hodgkin 
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survivors treated with lower-dose radiation. 
However, one report of 112 childhood Hodgkin 
lymphoma survivors treated with chemotherapy 
and lower- dose 15–25.5 Gy involved-fi eld radia-
tion described an elevated excess risk of second 
malignant neoplasms (SMNs) similar to that 
observed in earlier cohorts [ 32 ]. However, the 
irradiated volume in that study appears to have 
been more extensive than used in more recent 
treatment cohorts. 

 While chest radiation appears to be the most 
infl uential factor in a childhood cancer survi-
vor’s risk of breast cancer, other factors have 
been identifi ed which appear to modify that 
risk. A family history of breast cancer or sar-
coma modestly increases the likelihood women 
exposed to chest radiation will develop breast 
cancer [ 12 ,  33 ]. In fact, in Kenney and col-
leagues’ CCSS study, almost one quarter of the 
women with early-onset breast cancer in the 
cohort had not been exposed to chest radiation, 
suggesting a genetic predisposition to breast 
cancer [ 12 ]. Estrogen exposure may modulate 
risk, as male breast cancer after radiation is rare. 
Similarly, in women exposed to breast radiation 
 and  ovarian radiation, the risk of breast cancer 
is substantially reduced compared to women 
who received chest radiation without gonadal 
radiation [ 12 ,  13 ,  23 ,  31 ,  34 ]. Finally, high-dose 
alkylating agent chemotherapy reduces the risk 
of breast cancer by inducing premature ovarian 
failure and thereby lowering endogenous estro-
gens [ 12 ,  23 ,  30 ,  34 ]. 

 Earlier studies have indicated that women 
exposed to chest radiation prior to puberty have 
lower risk of breast cancer than those treated ado-
lescence [ 35 ]. However, Yasui and colleagues 
identifi ed a methodological issue in the analysis 
of second malignant neoplasms which did not 
account for the natural age-associated increase of 
risk [ 36 ]. More recent studies in this population, 
which incorporate extended years of follow-up 
and thus account for this natural age-associated 
risk, have not shown a difference in breast cancer 
risk among females treated with chest radiation 
prior to puberty compared with those treated in 
adolescence [ 12 ,  13 ,  19 ].  

17.4.2     Breast Cancer Biology 
and Clinical Characteristics 

 In women treated with chest radiation before the 
age of 20, the median age of initial breast cancer 
diagnosis is 32–35 years [ 12 ,  26 ]. Risk begins to 
increase as early as 8 years following chest radia-
tion exposure. Of note, the median age of diagno-
sis for breast cancer in the general population is 
61 years of age, with 1.9 % of cases occurring 
between ages 20–34 and 10.6 % between ages 35 
and 44 [ 17 ]. 

 The majority (77–85 %) of breast cancers in 
childhood, adolescent, and young adult cancer 
survivors are characterized by invasive ductal 
carcinoma, which is comparable to the propor-
tion of invasive ductal carcinomas among breast 
cancer cases in the general population [ 37 ,  38 ]. In 
a case-control study of 253 women with breast 
cancer following Hodgkin lymphoma compared 
with 741 women with sporadic breast cancer who 
were matched for age, race, and age at breast can-
cer, there were no statistically signifi cant differ-
ences between groups in histology (including 
DCIS, invasive ductal carcinoma, and invasive 
lobular carcinoma), estrogen receptor status, 
HER2 status, or proportion of patients with mul-
tifocal disease [ 38 ]. 

 The risk of  bilateral  breast cancer is increased 
in women treated at young age with chest radia-
tion. Henderson et al. found, reviewing three 
studies of Hodgkin lymphoma survivors, that of 
219 women with breast cancer, 12.8 % had bilat-
eral disease: 5.5 % synchronous and 7.3 % meta-
chronous [ 18 ,  39 – 41 ]. This is contrasted to 
studies of breast cancer in the general population 
where 3–5 % of cases show bilateral disease, 
about half of which are synchronous and half 
metachronous [ 39 – 41 ]. Lastly, while Elkin and 
colleagues found in their case-control study of 
breast cancer in Hodgkin survivors as compared 
to sporadic breast cancer a signifi cantly increased 
rate of bilateral breast cancer, the overall inci-
dence was lower than in previous studies – 6 % of 
Hodgkin survivors presented with bilateral dis-
ease as compared with 2 % of controls [ 38 ]. It is 
important to note that the average age of 
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 childhood cancer survivors at risk for breast can-
cer following chest radiation is relatively young, 
so the percent of cases with metachronous dis-
ease will likely increase over time.  

17.4.3     Breast Cancer Genetics 

 To date, there is no single gene that has been 
determined to account for most breast cancer after 
childhood cancer. Genetic predisposition to can-
cer can be classifi ed into two categories: genes 
that are highly penetrant and result in a high risk 
to individual carriers and low-penetrant genes 
which may more broadly increase risk to a lesser 
degree across a population. The genetic predispo-
sition to breast cancer after childhood cancer may 
involve both types of genes. Nonetheless, several 
defi ned cancer family syndromes with known 
cancer predisposition genes include both child-
hood cancers and breast cancer. 

 Li-Fraumeni syndrome (LFS) is a familial 
cancer syndrome associated with a germline 
mutation of the  TP53  gene [ 42 – 44 ]. A family 
with a child with a sarcoma whose mother has 
developed very early-onset breast cancer is per-
haps pathognomonic for germline  TP53  mutation 
[ 45 ]. However, pedigrees of LFS families are 
characterized by children with a wide variety of 
tumor types including not only bone and soft tis-
sue sarcomas, but also brain tumors, adrenocorti-
cal carcinomas, leukemias, and other rare tumors. 
Young women with a history of nearly any diag-
nosis of cancer as a child should be considered at 
risk for breast cancer, and care should include 
querying family history as well as consideration 
of genetic counseling. Genetic testing for germ-
line TP53 mutations may result in a diagnosis of 
LFS in these survivors and may inform breast 
cancer prevention and screening strategies for 
these survivors and their female relatives [ 46 ]. 
LFS should be suspected in survivors of child-
hood cancers who subsequently develop breast 
cancer as young adults and in those rare patients 
who develop primary breast cancer during ado-
lescence. Although a genetic mutation may be 
the major underlying factor in developing breast 

cancer in survivors with LFS, radiation in the 
fi eld of the fi rst cancer may also further increase 
the risk of developing breast cancer [ 47 ]. 

 Evaluation of the two major familial breast 
cancer genes,  BRCA1  and  BRCA2 , is now a rou-
tine for patients with early-onset breast cancer or 
strong family history of breast cancer. In a study 
of a large cohort of  BRCA1  and  BRCA2  breast 
cancer families, there did not appear to be an 
excess of childhood cancers associated with 
either gene [ 48 ]. However, Magnussen et al. 
demonstrated a substantial risk of childhood can-
cers in  BRCA2  but not  BRCA1  families [ 49 ]. 
Biallelic mutations of  BRCA2  are associated 
Fanconi anemia (FA), but have also been reported 
in Wilms’ tumor patients as well as patients with 
CNS tumors, some of whom may not have the 
classic Fanconi features [ 50 ,  51 ]. While these 
patients are rare and data on FA survivors is lack-
ing (as there are few long-term survivors of FA), 
the strong association of  BRCA2  in the heterozy-
gous form with breast cancer would suggest that 
survivors of childhood cancers who carry germ-
line biallelic  BRCA2  mutations would also carry 
a high risk of breast cancer. 

 Hereditary retinoblastoma associated with 
germline  RB1  has historically been a paradigm of 
how a germline mutation, coupled with cancer 
treatment effects, results in second cancers in 
adult life. While the majority of these  RB1  
patients develop sarcomas after bilateral retino-
blastoma, other tumors occur in excess, including 
breast cancer [ 52 ,  53 ]. 

 The genetics of breast cancer after Hodgkin 
lymphoma remains an enigma. Although radia-
tion to the mantle area has been considered a 
major underlying risk factor, the high risks of 
breast cancer specifi c to Hodgkin patients have 
suggested a host factor as well as a treatment fac-
tor. Several cancer-related genes have been 
excluded in the search for genetic etiologies of 
breast cancer after Hodgkin lymphoma, and these 
have included  BRCA1 ,  BRCA2 , and  ATM  [ 33 , 
 54 – 56 ]. A polymorphism in the  MLH1  gene has 
been suggested in a single study to increase the 
risk of breast cancer after chemotherapy for 
Hodgkin lymphoma [ 57 ]. Recently, Best and 
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 colleagues identifi ed two variants at chromosome 
6q21 associated with the risk of second malignant 
 neoplasms in Hodgkin lymphoma survivors 
(mainly breast cancers and thyroid cancers). 
These variants regulate  PRDM1  (also known as 
 BLIMP1 ) and suggest that common variants can 
have large effect sizes in the context of a specifi c 
exposure to radiation therapy (as  PRDM1  variants 
are not associated with non-radiation-associated 
breast cancer) [ 58 ]. Along with further examina-
tion of this promising fi nding, researchers con-
tinue to search for both major genes as well as 
low- penetrant modifi er genes that increase the 
risk for breast and other SMN in Hodgkin lym-
phoma as well as other cancer survivors.  

17.4.4     Breast Cancer Detection 
and Surveillance 

 Recognizing that women treated for a pediatric or 
young adult cancer with chest radiation (≥20 Gy) 
or those with familial or genetic risk (e.g., LFS) 
have a substantially elevated risk of breast cancer 
at a young age, many groups have recommended 
early breast cancer surveillance in those survivors 
at highest risk. A prospective trial examining early 
screening and its impact on mortality would be the 
gold standard for informing surveillance recom-
mendations, but the population is too small to pro-
vide the power for such a study. Thus, available 
evidence regarding the clinical characteristics of 
this population, as well as evidence from other 
high-risk and general populations, has informed 
the current available guidelines. Similar to the 
general population, it appears that early stage at 
diagnosis is associated with improved breast can-
cer outcomes. Thus, there would appear to be a 
clinical benefi t associated with early detection. 

 Studies have demonstrated that screening 
mammography can identify breast cancers in 
women with breasts previously exposed to chest 
radiation [ 59 – 63 ]. Dershaw et al. reported in a ret-
rospective review that mammography demon-
strated 90 % of the cancers in 27 women (55 % 
under the age of 45 years), with 38 % being 
detected only by mammography [ 62 ]. Wolden 
et al. retrospectively examined 71 cases of breast 

cancer in 65 women and noted 27 % of breast can-
cers were initially detected by screening mammo-
grams [ 64 ]. Notably, 75 % of the women at time 
of breast cancer diagnosis were premenopausal 
(median age, 43 years). Prospective studies have 
also demonstrated that mammograms can detect 
breast cancers in this population, but the data is 
unclear as to the benefi t of breast self- exam, espe-
cially in younger women whose tumors are not 
radiographically distinct from glandular breast 
tissue [ 59 – 61 ]. Diller et al. followed 90 women 
treated with chest radiation for Hodgkin lym-
phoma for a median of 3.1 years [ 59 ]. During this 
study, 12 breast cancers were detected at a median 
age of 43 years (range, 29–50 years); 2 were diag-
nosed upon entry to the study and 10 were diag-
nosed during the follow- up. Henderson and 
colleagues examined the rate of false-positive 
screens in this prospective study in combination 
with the prospective screening study by Kwong 
et al. and reported that over 12.3 % of 178 women 
had a false-positive mammogram, 8.4 % of whom 
were recalled and needed additional imaging and 
3.9 % who required a biopsy [ 18 ,  59 ,  65 ]. 

 Mammography appears to detect the majority 
of cancers in these women. However, more than 
half of mammograms in women who had previ-
ous chest radiation have moderate to very dense 
breast tissue, thus limiting the sensitivity of 
mammography in detecting early cancers in this 
population. Studies examining MRI for surveil-
lance in this population are limited. The use of 
MRI has been in examined in women at high risk 
for breast cancer due to BRCA mutation or strong 
family history. A systematic review of 11 pro-
spective studies reported that screening with both 
MRI and mammography among women with a 
hereditary risk of breast cancer appears to detect 
cancerous lesions better than mammography 
alone [ 66 ]. While all 11 studies reported a higher 
sensitivity for MRI than mammography for inva-
sive cancer, mammography was more sensitive 
than MRI for ductal carcinoma in situ. It is not 
possible to estimate the impact of this early 
detection on lifetime breast cancer mortality. 

 Despite available data in other high-risk popu-
lations, it is not proven that the combination of 
mammography and MRI enhance the specifi city 
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and sensitivity of detecting breast cancer in 
women exposed to chest radiation. Expert panels 
developing surveillance recommendations have 
extrapolated this data to women treated to chest 
radiation, given similarities in incidence rates, 
age of the women at risk, and the superior cure 
rate in earlier-stage cancers. A prospective study 
of 148 women treated for Hodgkin lymphoma 
between the age of 12 and 35 and screened with 
both MRI and mammography reveals that utiliza-
tion of MRI  and  mammography as a screening 
strategy improved sensitivity of screening above 
the rate observed with either modality alone [ 67 ]. 
In this study, 5/16 cancers were detected on MRI 
only; there are too few survivors of pediatric radi-
ation to draw separate conclusions regarding this 
subgroup. Currently, for women treated for a 
pediatric or young adult cancer with chest radia-
tion ≥20 Gy, the Children’s Oncology Group rec-
ommends annual surveillance mammography 
and MRI, starting at age 25 or 8 years after com-
pletion of radiation therapy, whichever occurs 
last [ 18 ]. Meanwhile, the American Cancer 
Society recommends that physicians discuss with 
at-risk women starting mammography and MRI 
at age 30 [ 68 ]. These recommendations as well as 
those recommended internationally are summa-
rized in Table  17.1 . Of note, recently there was an 
international harmonization effort for childhood 
cancer survivor surveillance guidelines, includ-
ing breast cancer. In this effort, it was concluded 
that there is strong evidence for the following 
recommendations: mammography or breast MRI 
or a combination is recommended for female 
CAYA cancer survivors treated with ≥20 Gy 
chest radiation; initiation of breast cancer sur-
veillance is recommended at age 25 years or 
≥8 years from radiation (whichever occurs last); 
and annual breast cancer surveillance is recom-
mended until at least 50 years of age [ 69 ].

17.4.5        Prevention Strategies 

 In addition to early surveillance, risk reduction 
strategies utilized in other populations with ele-
vated breast cancer risk (i.e., familial risk, BRCA 
carriers) should be considered in pediatric cancer 

survivors. Prophylactic bilateral mastectomy is 
associated with a 90–95 % reduction in risk in 
women with familial breast cancer [ 70 ]. This risk 
reduction strategy has been the intervention of 
choice in women at highest risk for breast cancer, 
including those with known TP53 germline 
mutations. Of note, not all women feel comfort-
able with this surgical option [ 71 ]. As observed 
in the CCSS report, many women exposed to 
chest radiation (including bilateral breasts) with 
unilateral radiogenic breast cancer choose to 
have bilateral mastectomies, thus reducing the 
risk of contralateral cancer. In the Kenney study, 
for example, 12/95 women with unilateral breast 
cancer after childhood cancer elected to have 
prophylactic mastectomies [ 12 ]. 

 Tamoxifen, a synthetic selective estrogen 
receptor modifi er (SERM), was demonstrated to 
decrease the risk for breast cancer by 50 % in 
women at moderately increased risk for develop-
ing breast cancer [ 72 ,  73 ]. This outcome is con-
sistent with the fi nding that reduction of 
endogenous estrogen exposure (often by chemo-
therapy induced ovarian failure) reduces risk of 
breast cancer in the radiation-exposed breast. Of 
note, the Consortium of Pediatric Interventional 
Research has an ongoing multiinstitutional, NCI- 
supported trial of low-dose tamoxifen in this 
population. Other breast cancer chemoprevention 
strategies have not been explored in childhood 
cancer survivors, although women who have 
experienced a unilateral breast cancer after chest 
radiation may choose chemoprophylaxis for pre-
vention of a contralateral cancer.  

17.4.6     Treatment Management 
and Survival 

 Treatment and reconstruction options are more 
limited in women who have been previously 
treated with chest radiation compared to women 
with breast cancer in the general population [ 21 , 
 62 ,  64 ,  74 ]. Mastectomy is recommended as the 
standard treatment [ 63 ,  74 ]. Breast-conserving 
surgery with radiation is controversial because of 
the potential for tissue necrosis given previous 
radiation exposure [ 64 ,  74 ] and the fact that the 
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entire breast is at risk for malignancy. Options for 
chemotherapy and radiation are limited by prior 
therapies. 

 Similar to the general population, where the 
5-year survival rate for localized disease is 98 % 
and 24 % for distant disease, survival rates in this 
population are strongly associated with stage/
advanced disease at diagnosis, similar to the gen-
eral population [ 64 ,  74 – 76 ].      
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      Hematopoietic stem cell transplant (HSCT) is 
increasingly used for the treatment of both malig-
nancies and nonmalignant diseases. This has 
been made possible by several factors, including 
expansion of the unrelated donor pool, advances 
in mobilization and collection of autologous 
cells, and reduced intensity conditioning regi-
mens. Although transplant-related mortality and 
relapse remain obstacles, an increasing number 
of children are surviving following HSCT. Both 
the HSCT antecedent therapy and the posttrans-
plant complications have multisystem effects, 
and understanding and anticipating these are 
important in caring for the children affected. This 
chapter will provide a brief overview, as many of 
these complications are discussed in more depth 
in other chapters of this book. 

18.1     Conditioning 

 All children undergoing HSCT for malignancies 
receive conditioning prior to the infusion of the 
hematopoietic stem cells. The agents and doses 
used are determined by the underlying disease, 
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patient condition, and the type of graft. The goals 
of conditioning may include eradication of malig-
nancy, creation of space for new cells, and immu-
nosuppression to allow donor cell engraftment. 
Patients with hematologic malignancies generally 
received myeloablative conditioning with high-
dose chemotherapy +/− total body irradiation. 
Total body irradiation is now generally delivered 
over several days in fractions of 150–200 cGy, 
with total doses ranging from 1,000 to 1,450 cGy. 
Fractionation 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). Complications such as graft versus host dis-
ease (GVHD) after allogeneic HSCT may play a 
signifi cant role in the development of sequelae. 

 Reduced intensity or non-myeloablative con-
ditioning regimens are increasingly used in 
patients undergoing allogeneic HSCT for nonma-
lignant diseases [ 29 ,  51 ]. The drugs commonly 
used are alemtuzumab, fl udarabine, melphalan, 
and “mini” busulfan or low-dose (200–300 cGy) 
total body irradiation. These regimens are 
extremely immunosuppressive, as is necessary to 
permit engraftment, but may be less toxic in the 
immediate posttransplant period and in the long 
term. GVHD remains a signifi cant potential com-
plication with these regimens. 

 HSCT for solid tumors usually uses autologous 
hematopoietic cells that have been collected and 
cryopreserved 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 nonover-
lapping extramedullary toxicities. Local irradia-
tion may also be used for tumor control, either 
before or after the HSCT. To improve survival, 
tandem or sequential transplants over a period of 
several months are sometimes used for diseases, 
such as neuroblastoma and brain tumors.  

18.2     Endocrine System 

 The endocrine system is affected in many patients 
who receive myeloablative conditioning. The 
extent of damage is dependent upon prior  cytotoxic 

therapy and the particular agents selected for the 
conditioning regimen. Growth, reproduction, thy-
roid function, and glucose metabolism may be 
affected. 

18.2.1     Growth 

 The growth of those who have undergone an 
HSCT is affected by many factors, including 
genetic, nutritional, hormonal, and therapeutic 
factors. Effects are most commonly attributed to 
radiation of the hypothalamic-pituitary axis, 
which can result in either radiation-induced 
growth hormone defi ciency or abnormal secre-
tion of growth hormone. Direct impairment of 
bone growth may also occur following radiation 
damage to the growth plates, commonly seen 
with the inadequate pubertal spine growth after 
craniospinal radiation therapy [ 10 ]. TBI and cra-
nial irradiation as components of prior therapy 
increase the risk of growth failure. Higher risk is 
also associated with young age at the time of 
HSCT and male gender [ 10 ,  19 ,  27 ,  73 ]. Children 
with neuroblastoma who have received radiation 
are at particular risk, due to their young age at the 
time of transplant [ 26 ,  45 ]. The greatest effect on 
growth occurs in children with leukemia who 
received cranial irradiation prior to TBI [ 27 ]. 

 Impaired growth manifests as a decrease in 
growth velocity or in height standard deviation 
score (SDS). In general, growth hormone defi -
ciency increases with time from TBI [ 19 ]. Growth 
of peri-pubertal patients at HSCT may be further 
impacted by impairment of normal mechanisms 
leading to the pubertal growth spurt [ 38 ]. 
Although the production of growth hormone 
plays an important role in determining height, 
many other factors play a role such as thyroid 
function, nutritional status, corticosteroid ther-
apy, and production of sex hormones during 
puberty [ 13 ]. Current leukemia treatment proto-
cols use only low-dose cranial irradiation (1,200–
1,800 cGy) for very-high-risk patients only. 
Patients who have CNS relapses generally receive 
higher radiation doses resulting in greater inci-
dence of growth hormone defi ciency that varies 
widely in different studies, ranging from 20 to 
70 % [ 6 ,  19 ,  26 ,  27 ]. Some studies fail to show a 

A. Wohlschlaeger et al.



341

correlation between growth rate and growth hor-
mone secretion with stimulation testing [ 7 ,  11 ]. 
IGF-1 and IGFBP-3 studies are not useful predic-
tors of GH defi ciency, although lower IGF-1 and 
IGFBP-3 values are noted in those who receive 
TBI, compared with those not given TBI [ 7 ]. In 
one study with repeated evaluation of GH status, 
improvement was noted over time [ 25 ], although 
further confi rmation of these results is needed. 

 The role of growth hormone replacement is 
controversial. Growth hormone replacement has 
been found to ameliorate poor growth rate as a 
result of radiation [ 7 ,  19 ,  27 ]. In a study by 
Brauner et al. no catch-up growth was observed 
[ 7 ]. Patients who received fractionated TBI were 
less affected at 2 years post HSCT than those who 
received single-fraction TBI, but at 5 years, both 
groups demonstrated similar height decrements 
[ 7 ]. Resistance of the bone to IGF-1 induced by 
radiation has been proposed as the explanation for 
the lack of catch-up growth observed. Skeletal 
abnormalities including slipped capital femoral 
epiphysis (SCFE) and osteochondromas have 
been more commonly noted in children younger 
than 8 years who were given TBI [ 16 ]. TBI and 
chemotherapy exposure at a young age, such as 
high-risk neuroblastoma therapy, signifi cantly 
increase the risk of SCFE during GH therapy [ 40 ]. 
In addition, treatment with cis-retinoic acid can 
result in advanced bone age further contributing 
to reduced fi nal height potential [ 22 ] (Table  18.1 ).

   There have been some reports following 
chemotherapy- only conditioning of growth dis-
turbances [ 1 ,  4 ]. However, most children who 
receive chemotherapy-only conditioning regi-

mens have relatively normal growth, although 
both the long-term use of steroids for chronic 
GVHD and prior cranial irradiation negatively 
affect growth [ 38 ,  72 ,  73 ].  

18.2.2     Thyroid 

 Thyroid dysfunction is a well-described complica-
tion after HSCT. Although it occurs most com-
monly after TBI, there are reports of thyroid 
dysfunction in patients who received chemother-
apy alone. The developing thyroid gland may be 
more susceptible to damage as the incidence is 
increased in children below the age of 10 years and 
the highest risk group is patients undergoing man-
tle radiation for treatment of Hodgkin’s lymphoma 
with an overall incidence of 73 % [ 13 ]. The inci-
dence varies widely in studies, depending upon the 
technique of TBI. Patients who receive fractionated 
TBI have a 15–20 % incidence of hypothyroidism 
[ 6 ,  32 ,  68 ]. Compensated primary hypothyroidism 
has a median time of onset of 12 months post 
HSCT and may be transient [ 32 ]. Replacement 
therapy is indicated for persistent elevation of 
TSH. Patients who received TBI should have 
annual physical assessments of the thyroid gland as 
radiation increases the risk of thyroid cancer. 

 Compensated primary hypothyroidism has 
been noted in 10–15 % of patients who received 
chemotherapy without radiation therapy [ 2 ,  70 ]. 
The etiology 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 

   Table 18.1    Endocrine: summary and suggested follow-up   

 Evaluation 

 Growth  Height, bone age, somatomedin C, IGFBP-3  TBI and/or cranial irradiation: refer to 
endocrinologist 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  Postpubertal females: estrogen replacement; 
prepubertal 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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associated with euthyroid sick syndrome, in which 
the T3 and T4 are low, while the TSH is either 
normal or low. This syndrome has been reported in 
29 % of patients at 14 months post therapy [ 70 ]. 
The clinical signifi cance of this is not clear.  

18.2.3     Diabetes and Metabolic 
Syndrome 

 Survivors of HSCT may be at risk for insulin 
resistance, impaired glucose tolerance, and type 
2 diabetes [ 66 ]. Risk factors relevant to the devel-
opment of these problems include obesity, family 
history of diabetes, inactivity, inadequate diet, 
use of growth hormone, and race. In one study of 
748 patients evaluated for type 2 diabetes, 34 had 
developed this condition at a median follow-up of 
11 years. The prevalence of type 2 diabetes was 
9 % among the survivors of leukemia, with CML 
patients at highest risk [ 23 ]. The prevalence was 
age-related, with 12 % occurring among leuke-
mia survivors 20–39 years old and 43 % occur-
ring among survivors 40–49 years. The prevalence 
of diabetes type 1, although less common, was 
three times higher than in the general population. 
Most patients evaluated were not obese and expe-
rienced a relatively early onset of type 2 diabetes. 
Racial minorities were more likely to develop 
diabetes; TBI was not a risk factor in this analysis 
(Table  18.2 ).

   Hyperinsulinemia and hypertriglyceridemia [ 23 ] 
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.  

18.2.4     Reproductive 

 Gonadal dysfunction is common following 
HSCT, a fi nding attributable to the use of alkylat-
ing agents, such as cyclophosphamide, and radia-
tion therapy. Busulfan, as a stem cell toxin, also 
causes a high incidence of gonadal failure [ 2 ,  67 ]. 
Gonadal dysfunction results in infertility in most 
affected patients, with some patients also having 
diffi culties with pubertal development. 

 In males, the Sertoli and germ cells are more 
vulnerable to radiation and chemotherapy than 
the Leydig cells. FSH levels are usually elevated, 
with normal LH levels. Testosterone levels may 
be normal with reduced or absent spermatogene-
sis. Most boys will undergo spontaneous pubertal 
development without the addition of testosterone. 
Testicular irradiation used for treatment of leuke-
mic testicular relapse is associated with damage 
to Leydig cells and low testosterone levels. Boys 
who have undergone testicular irradiation should 
be followed closely as most will need long-term 
testosterone replacement. 

 Estrogen is necessary for breast development 
and for the normal pubertal growth spurt. In prepu-
bertal females who undergo HSCT, the recovery of 
ovarian function may be more likely than in post-
pubertal [ 55 ], but approximately 70 % will have 
hypergonadotropic hypogonadism and require 
estrogen replacement therapy [ 56 ]. Failure of pro-
gression through puberty is often an indication for 
the need for estrogen replacement. Patients without 
breast development who have increased FSH and 
LH levels should be treated with estrogen/proges-
tin. The dose of hormonal replacement will require 
adjustment with age in order to ensure progression 
through puberty and cyclic menstruation. Estrogen 
replacement for postpubertal females should be ini-
tiated 3–6 months after HSCT. It has been suggested 
that replacement be stopped for 2 months at around 

   Table 18.2    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  Semiannual dental evaluation 
 Hearing  Audiogram for patients at risk (prior 

cisplatin, carboplatin, cranial irradiation) 
 Eyes  Annual ophthalmologic evaluation, 

artifi cial 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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1 year post HSCT to evaluate for ovarian recovery 
[ 67 ]. The incidence of pregnancy is less than 3 % 
for females who received TBI or  busulfan, although 
there are a few reports of successful pregnancies 
following TBI [ 54 ,  55 ]. Most males will also be 
sterile after TBI. However, recent studies show 
that male recipients younger than 25–30 years at 
time of transplant and without chronic GVHD have 
a reasonable likelihood of spermatogenesis recov-
ery even those receiving myeloablative TBI based 
conditioning. Recovery can be incomplete, result-
ing in oligospermia [ 74 ]. Options for preservation 
of fertility should be discussed prior to HSCT. For 
pubertal males, sperm banking should be encour-
aged. Prior therapy may limit this option for some 
males. Cryopreservation of testicular tissue in 
prepubertal males is being done on research basis 
only as well as cryopreservation of ovarian tissue 
for prepubertal females. For postpubertal females, 
cryopreservation of ovarian tissue or oocytes is 
feasible. Gamete preservation is not yet available 
on a non-research basis. There have been reports 
of pregnancy from embryos with donated oocytes, 
with hormonal support [ 53 ]. Pregnancies that do 
occur following TBI are more likely to result in 
miscarriage, preterm labor, and low-birth-weight 
infants [ 55 ]. 

 With non-myeloablative conditioning regi-
mens, the endocrine effects, particularly gonadal 
function, are unknown. Effects may be dependent 
upon the dose and timing of the agents used.   

18.3     Pulmonary 

 The assessment of the effects of HSCT condi-
tioning 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 patients 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 abnormali-
ties: obstructive, restrictive, and those that result 
from a decrease in diffusion capacity. Obstructive 
abnormalities result in decreased FEV1 and in a 
decreased FEV1/FVC ratio. These occur as a 
result of small airway closure or obstruction of 
expiration. Bronchiolitis obliterans is the most 
common cause of obstructive abnormalities post 
HSCT. Radiation, pulmonary infection, and pneu-
monitis may all result in restrictive lung disease, 
with decreased total lung capacity (TLC) and pre-
served FEV1/FVC ratio. Decreased DLCO, or 
diffusion capacity for carbon monoxide, may be a 
result of an abnormal alveolar–capillary interface. 
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 [ 9 ]. 
Late abnormalities are often associated with 
chronic GVHD, although prior aggressive ther-
apy for advanced-stage disease may also have a 
negative impact on pulmonary function [ 9 ]. The 
most common late abnormality is a decrease in 
DLCO, followed by restrictive defects [ 37 ]. 
GVHD is associated with the risk of chronic aspi-
ration pneumonia, particularly in patients with 
esophageal involvement. GVHD is also associ-
ated with the risk of bronchiolitis obliterans (BO) 
in up to 37 % [ 59 ] of post-HSCT patients and 
with the risk of bronchiolitis obliterans organiz-
ing 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. 
Immunosuppressant agents are usually not thera-
peutically helpful. Patients with bronchiolitis 
obliterans organizing pneumonia (BOOP) present 
with fever, cough, dyspnea, and rales. BOOP may 
be present as early as 1 month post HSCT, but is 
more common after 3 months. In patients suffer-
ing from this condition, there is a patchy distribu-
tion of granulation tissue plugs fi lling the lumens 
of airways and extending into the alveoli [ 17 ]. 
BOOP is strongly associated with prior acute or 
chronic GVHD, as well as prior leukemia [ 17 ]. 
Radiographic fi ndings may include patchy alveo-
lar opacities and asymmetric infi ltrates. 
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 In a small study of children who received autol-
ogous HSCT, restrictive impairment was found in 
20 % of patients at 5–10 years [ 18 ], but there was 
stabilization after the fi rst year. Obstructive impair-
ment was rare, but diffusion impairment was found 
in over 50 % of patients at 10 years. TBI was asso-
ciated with decreased lung volumes.  

18.4     Cardiac 

 Cardiotoxic drugs, particularly the anthracy-
clines, used for disease treatment prior to HSCT 
conditioning may increase the risk of cardiotox-
icity post HSCT, although most patients are 
asymptomatic despite changes on ECG and 
echocardiograms. Factors that may increase the 
risk of cardiotoxicity include young age at the 
time of treatment, high-dose cyclophosphamide, 
and chest irradiation. In addition, HSCT survi-
vors are at an increased risk for developing car-
diovascular risk factors such as hypertension and 
metabolic syndrome [ 4 ,  42 ]. Posttransplant 
echocardiograms have been reported as normal 
in most children [ 38 ], but some studies have 
reported decreased systolic function [ 32 ,  48 ]. 
However, pre-transplant anthracycline adminis-
tration and TBI increase risk for reduced cardiac 
function [ 71 ]. Exercise testing may be a more 
sensitive tool for detecting changes in cardiovas-
cular function over time; however, it is limited to 
patients who are old enough to perform such 
testing. A retrospective study of serial cardiopul-
monary exercise tests noted that despite 
decreases in all parameters of exercise perfor-
mance, both aerobic and physical working 
capacity increase over time [ 24 ]. This study sug-
gests that oxygen extraction becomes more effi -
cient with recovery and that it may compensate 
for impaired cardiac ability.  

18.5     Renal 

 Renal toxicity post HSCT may occur as a result 
of TBI or as a result of nephrotoxic drugs com-
monly used such as cyclosporine or tacrolimus, 
a history of cisplatin administration, or condi-

tioning with carboplatin. Thrombotic microan-
giopathy, a syndrome which includes 
endothelial injury resulting in microangiopathic 
hemolytic anemia and platelet consumption, 
may increase the risk of chronic renal injury 
[ 34 ]. This syndrome may be associated with 
GVHD and TBI, and patients requiring dialysis 
have a poor prognosis [ 21 ]. Nephrotic syn-
drome has also been associated with chronic 
GVHD [ 52 ].  

18.6     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 transplant, development of GVHD, and pro-
longed use of steroids. Cataracts are usually pos-
terior 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 fractionated 
TBI, with incidences of approximately 20 % 
[ 38 ]. They may often occur after 4 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 commonly required. Clinically signifi -
cant cataracts are noted only occasionally in 
patients who received non-TBI regimens, and 
more often than not, this may be related to corti-
costeroid exposure. 

 The incidence of keratoconjunctivitis sicca 
syndrome reaches 20 % 15 years after stem cell 
transplantation. The ocular manifestations 
include reduced tear fl ow, conjunctivitis, cor-
neal 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 
prophylaxis [ 3 ].  
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18.7     Dental 

 Damage to dentition associated with HSCT is 
generally the result of irradiation. Side effects 
that have been reported include disruption in nor-
mal enamel development, hypoplasia, microdon-
tia of the crowns of erupted permanent teeth, and 
thinning and tapering of the roots of erupted per-
manent molars. Cranial irradiation prior to TBI 
may further increase the risk of tooth agenesis 
[ 68 ] as can chemotherapy in young children. 

 Chronic GVHD may result in damage to the 
oral cavity and salivary glands. A signifi cant reduc-
tion in the show of saliva, as measured by sialom-
etry and salivary gland scintigraphy, has been noted 
in patients with acute and chronic GVHD. This 
reduction may persist in patients who received TBI 
[ 41 ]. Decreased salivation and poor oral hygiene 
post HSCT may increase the risk of dental caries.  

18.8     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 experi-
ence signifi cant loss [ 46 ,  49 ]. Depending on the 
chemotherapy history, local or total body irradia-
tion can accentuate hearing loss in children with 
solid tumors such as neuroblastoma and brain 
tumors. For patients with neuroblastoma, hearing 
loss prior to transplant portends signifi cant hear-
ing loss after a regimen containing high-dose car-
boplatin [ 46   ]. However, even those children who 
did not have a hearing loss prior to transplant 
developed hearing loss after receiving carbopla-
tin as part of the conditioning.  

18.9     Bone Mineral Density 

 There are increasing data on the effects of HSCT 
upon bone mineral density (BMD). Factors that 
may impact BMD include prior therapy for 
malignancies, conditioning regimens, lack of 
physical activity, poor nutrition, and post-HSCT 
therapy with calcineurin inhibitors and cortico-

steroids [ 44 ]. Post-HSCT hypogonadism may 
also negatively impact bone mineral density. One 
recent study showed nadir BMD at month 24 for 
total body and femoral neck [ 58 ] 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 rela-
tionship 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 
cartilage. 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 [ 65 ] (NBL paper by 
Ginsberg et.al most recent), and younger patients 
(less than 5 years old) were at increased risk. Of 
patients less than 5 years old at the time of TBI, 
an osteochondroma occurred in 24 % [ 65 ]. There 
is a low malignant potential for these tumors, but 
they do cause a great deal of anxiety when found 
and can be painful depending on the location. 

 Osteonecrosis (ON) is a condition that pres-
ents as vague, diffuse bone pain, most likely 
because of increased intraosseous pressure, or 
joint-related pain because of an effusion. It was 
fi rst reported as a posttransplant complication in 
1980s. Once subchondral collapse occurs, 
arthritic-type joint pain predominates and is 
accompanied by decreased range of motion. The 
most common sites of destruction in children are 
knees, hips, and shoulders [ 8 ]. 

 There are multiple risk factors for the develop-
ment of ON which are TBI-based conditioning 
regimens and the use of corticosteroids both 
before and after HSCT [ 14 ]. Treatment involves 
minimizing exposure to corticosteroids, use of 
analgesics for pain, and physical therapy designed 
to focus on non-weight-bearing exercise [ 31 ]. If 
symptomatic, treatment is targeted to preserve 
the joint and control the pain. Some of these 
include core decompression, use of bisphospho-
nates, and joint replacement [ 50 ]. Guidelines and 
consensus on treatment are lacking.  
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18.10     Neuropsychologic 

 Conditioning regimens containing high drug 
doses and radiation that may be neurotoxic can 
result in neuropsychologic sequelae. Agents that 
are associated with neurotoxicity include busul-
fan, thiotepa, and melphalan. Although much is 
known about the neuropsychologic effects of cra-
nial 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 
1,800 and 2,400 cGy and for brain tumors up to 
6,000 cGy. Although the total doses used for TBI 
are may be lower (1,000–1,400 cGy) than used in 
other situations, the biologic effect enhanced by 
the shorter duration of radiation over 3–4 days 
compared to radiation therapy for leukaemia or 
solid tumors. Children of different ages may be 
impacted by TBI in different ways; children under 
3 years old may be at higher risk than older chil-
dren, and they may experience declines in cogni-
tion and school performance [ 33 ,  60 ]. Other small 
studies have suggested that no cognitive impair-
ment occurs even with TBI [ 47 ,  61 ]. However, 
executive functioning has not been well studied, 
and it is suggested that this may be affected by 
conditioning. Chemotherapy- only regimens 
rarely show a detrimental effect of cognitive func-
tion, although hearing loss in children with neuro-
blastoma may have a signifi cant effect on verbal 
IQ [ 43 ]. Prior cranial radiation increases the risks.  

18.11     Other Issues Post HSCT 

18.11.1     Chronic GVHD 

 The incidence of chronic GVHD is lower in chil-
dren compared with adults, but is responsible for 
signifi cant post-HSCT morbidity. Chronic GVHD 
occurs in approximately 20 % of children who 
receive matched sibling donor transplants and 
40–60 % who receive unrelated donor hematopoi-
etic stem cells. The use of mobilized peripheral 
stem cells increases the risk of chronic GVHD 
[ 36 ,  57 ]. The most signifi cant risk factor for 

chronic GVHD is prior acute GVHD; other risk 
factors include older age, a female multiparous 
donor, or an unrelated or partially matched related 
donor [ 35 ]. Chronic GVHD may be classifi ed as 
progressive, evolving from acute GVHD; quies-
cent, 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 may 
come at a price with a signifi cant impact upon 
quality of life and increase in transplant- related 
mortality. Classifi cation of chronic GVHD is dif-
fi cult and currently undergoing revision. 

 Current classifi cation of chronic GVHD is 
“limited” or “extensive.” Limited GVHD refers 
to localized skin involvement with or without 
hepatic test abnormalities, and extensive refers 
to generalized skin involvement or involvement 
of other organs. Poor prognostic factors include 
progressive onset, platelets <100 × 10 9 /ml, and 
poor performance status. 

 The etiology of chronic GVHD is not well 
understood. Many manifestations resemble auto-
immune diseases, with loss of normal T-cell reg-
ulation considered to be a possible cause.  

18.11.2     Clinical Features 

 The manifestations of chronic GVHD usually 
occur after day 100 post HSCT. Almost all 
patients are diagnosed within the fi rst year post 
HSCT. The effects of chronic GVHD vary, 
depending upon location and severity of 
 involvement (Table  18.3 ). The skin is the most 
commonly affected organ, with over 50 % of 
patients with chronic GVHD having some degree 
of skin involvement. Diagnosis may be confi rmed 
with a biopsy if other diagnoses (particularly 
infection) are being considered.

18.11.3        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 sub-
tle manifestations and that particular care be 
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taken during the physical examination of the 
skin, oral mucosa, nails, range of motion, and 
lungs [ 15 ]. Infection is the greatest risk to these 
patients due to inadequate immune recovery and 
functional hyposplenism. Prophylactic antibiotics 
and IVIG may be necessary (Table  18.4 ). To con-
trol or improve the symptoms of chronic GVHD, 
at least two immunosuppressant drugs may be 
necessary in order to impede the immune recovery 
already compromised by chronic GVHD-induced 
immune dysregulation.

   Therapy for chronic GVHD generally 
includes a regimen with prednisone and a calci-
neurin inhibitor, such as cyclosporine or tacro-
limus. An alternate day regimen of prednisone 
and the calcineurin inhibitor 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.   

18.12     Immune Reconstitution 
and Reimmunization 

 The duration and severity of immunodefi ciency 
post HSCT depend upon several factors, includ-
ing graft type and manipulation, graft vs. host 
disease, and the age of the recipient. There 
are signifi cant differences in the kinetics of 
immune reconstitution between autologous 
and  allogeneic HSCT. However, the pattern of 
immune reconstitution with various types of 
allogeneic grafts, including cord blood, appears 
similar [ 69 ]. NK cells generally recover within 
the fi rst few months and may be elevated for up 
to 2 years, but recovery of B lymphocytes and 
in particular T lymphocytes takes much lon-
ger. Children may have more active thymic tis-
sue than adults, which may be the reason why 
their immune reconstitution appears to be faster 
than that seen in adults [ 63 ]. In general, most 
patients will have complete immune recon-
stitution by 2 years, unless they have chronic 

   Table 18.3    Chronic GVHD: clinical features   

 Organ  Features  Symptoms 

 Skin  Dyspigmentation, lichen planus, atrophy, scleroderma, 
alopecia, onychodystrophy, sweat gland loss 

 Pruritus, erythema, infl exibility, alopecia, 
onychodystrophy, sweat gland loss, heat 
insensitivity 

 Liver  Elevated transaminases, alkaline phosphatase, 
bilirubin 

 Oral cavity  Lichen planus, erythema, ulcers, xerostomia, fi brosis  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 

streptococcus and pneumococcus 

   Table 18.4    Infectious risks and prophylaxis   

  Pneumocystis carinii   Sulfamethoxazole/
trimethoprim or dapsone 

 Varicella/herpes zoster  Acyclovir 
 Encapsulated organisms  Daily penicillin or 

erythromycin, Prevnar, 
Pneumovax 

 Hypogammaglobulinemia 
(IgG <500 g/L) 

 Monthly intravenous 
immunoglobulin 

  Candida albicans   Fluconazole 
  Aspergillosis   Voriconazole 
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GVHD. Chronic GVHD has an adverse effect 
upon reconstitution, not only due to the effects 
of immune suppressive drugs required for its 
control, but also due to the aberrant T-cell func-
tion of the GVHD process itself. In the absence 
of GVHD, recipients of T-replete allogeneic or 
autologous grafts will have near normal CD3+ 
cells 3 months post HSCT. However, CD4+ is 
decreased during this period, with higher pro-
portions 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 reconstitution, and up to one-third may 
have subnormal CD4+ cells at 1 year [ 30 ]. In 
the absence of GVHD, the response to mitogens 
usually returns to normal within several months, 
as does the production of IgG and IgM. IgA may 
take longer to recover. The delay in immune 
recovery may be responsible for infections, 
including  Pneumocystis carinii  pneumonia, var-
icella, CMV, and EBV 

18.12.1     Reimmunization After HSCT 

 Most recipients of HSCT will lose their immu-
nity 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. infl uenza . 
Therefore, reimmunization of HSCT recipients 
is essential. There are guidelines detailing vacci-
nation schedules [ 62 ], but longitudinal analysis 
of antibody response has revealed low antibody 
titers following reimmunization for pertussis, 
measles, mumps, and hepatitis B [ 28 ]. In gen-
eral, 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 ade-
quate antibody response, even when administra-
tion is delayed to 12 months [ 20 ]. The 7-valent 
pneumococcal conjugate vaccine is linked to 
a protein carrier and may enhance immune 
response. A recent study showed early immu-
nization with this 7-valent vaccine resulted in 
protection in most patients. The authors of the 

study suggest an administration schedule of 3, 
6, and 12 months [ 39 ]. Vaccines that are contra-
indicated include BCG, oral polio, and varicella 
(see Table  18.5 ).

18.13         Secondary Malignancies 

 Patients are at increased risk for secondary malig-
nancies following HSCT. This is the consequence 
of many factors, including chemotherapy used 
before HSCT and for conditioning and radiation 
therapy. 

 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 [ 12 ,  64 ]. 
These patients received total body irradiation. 
Both chronic GVHD and irradiation may play 
a role in the development of secondary can-
cers [ 5 ]. The most common types of cancers 
include liver, oral cavity, thyroid, and cervi-
cal. Squamous cell cancer of the skin and oral 
cavity are increased in patients with chronic 
GVHD [ 12 ]. There are a few studies that sup-
port an increased risk of  secondary cancers in 
children who received non-TBI regimens, but 
no large studies have been done.     

   Table 18.5    Recommended vaccinations for allogeneic and 
autologous hematopoietic stem cell transplant recipients   

 Time after HSCT 
 Inactivated vaccine or toxoid 
   Diphtheria, tetanus, 

pertussis 
    Children aged <7 years  DTP or DT at 12, 14, 

and 24 months 
    Children aged ≥7 years  Td at 12, 14, and 

24 months 
   Inactivated polio  12, 14, and 24 months 
   Hepatitis B  12, 14, and 24 months 
   13-valent pneumococcal 
   23-valent pneumococcal 

polysaccharide (PPV23) 
 12 and 24 months 

   Infl uenza  Seasonal administration 
≥6 months after HSCT 

   Meningococcal  Patients at risk 
 Live attenuated vaccine 
   Measles–mumps–rubella  24 months 
   Varicella vaccine  24 months 
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19.1      Epidemiology of Subsequent 
Malignant Neoplasms 

 Second or subsequent malignant neoplasms 
(SMNs) are defi ned as histologically distinct can-
cers developing after the occurrence of a fi rst 
cancer and are one of the most devastating conse-
quences of cancer therapy in children with can-
cer. Studies following large cohorts of childhood 
cancer survivors have reported a three- to sixfold 
increased risk of SMNs compared with the back-
ground incidence of cancer in the general popula-
tion; this risk continues to increase as the cohort 
ages. Follow-up of a Nordic cohort of 47,697 
patients diagnosed with their fi rst cancer at 
19 years of age or younger between 1943 and 
2005 resulted in the identifi cation of 1,180 SMNs 
[ 1 ]. The cohort was at a 3.3-fold increased risk of 
developing an SMN when compared with an age- 
and gender-matched healthy population. The rel-
ative risk (RR) was statistically signifi cantly 
increased in all age groups, even for cohort mem-
bers approaching 70 years of age. Another 
population- based cohort of 17,981 5-year survi-
vors of childhood cancer diagnosed before the 
age of 15 years in Great Britain between 1940 
and 1991 was followed for a median of 24 years; 
1,354 SMNs were observed, and the cohort was 
at a fourfold increased risk of developing a new 
cancer, when compared with the general popula-
tion [ 2 ]. A retrospective cohort of 14,359  children 
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diagnosed between 1970 and 1986 in the USA 
before the age of 21 years, and surviving at least 
5 years, was followed by the Childhood Cancer 
Survivor Study (CCSS) [ 3 ]. The estimated 
30-year cumulative incidence was 7.9 % for 
SMNs (excluding nonmelanoma skin cancers, 
Fig.  19.1 ). Overall, the cohort was at a sixfold 
increased risk of developing a second cancer. 
Female sex, older age at diagnosis, earlier treat-
ment era, and treatment with radiation were asso-
ciated with an increase in risk of SMNs. 
Childhood cancer survivors are at risk for the 
development of multiple primaries; the cumula-
tive incidence of a third primary approaches 
47 % at 20 years after the second primary [ 4 ]. 
Radiation-exposed survivors, who developed a 
nonmelanoma skin cancer as an SMN, carry a 
higher risk of a subsequent invasive SMN when 
compared with those without a history of a non-
melanoma skin cancer.  

 Unique associations with specifi c therapeutic 
exposures have resulted in the classifi cation of 
SMNs into two distinct groups: chemotherapy- 
related myelodysplasia and acute myeloid leuke-
mia (t-MDS/AML) and radiation-related solid 
SMNs. Characteristics of AML include a short 
latency (<5 years from primary cancer diagnosis) 
when associated with topoisomerase II inhibitors 
vs. AML/MDS that usually occur with a longer 
latency extending 10–15 years after therapeutic 
exposure when associated with alkylating agents. 
Solid SMNs have a well-defi ned association with 

radiation and are characterized by a latency that 
typically exceeds 10 years [ 3 ,  5 – 7 ]. The most fre-
quently observed solid SMNs include the breast, 
skin, thyroid, and central nervous system (CNS) 
tumors and bone/soft tissue sarcomas and carci-
nomas [ 8 – 10 ] (Table  19.1 ).

   t-MDS/AML have been reported after suc-
cessful treatment of Hodgkin lymphoma (HL), 
non-Hodgkin lymphoma (NHL), acute lympho-
blastic leukemia (ALL), and bone/soft tissue 
sarcomas [ 5 ,  8 ,  11 – 15 ] (Table  19.1 ). The risk 
of t-MDS/AML is generally low, approach-
ing 2 % at 15 years after conventional therapy 
[ 5 ]. Using the WHO classifi cation, two types of 
t-MDS/AML are recognized, related closely to 
the therapeutic exposure (Table  19.2 ): alkylat-
ing agents/radiation and topoisomerase II inhibi-
tors [ 16 ]. The alkylating agent-related t-MDS/
AML typically develops ~5 years after expo-
sure. Cytopenias are common. Two-thirds of 
the patients present with myelodysplasia; the 
remaining present with AML but carry myelo-
dysplastic features. Abnormalities involving 
chromosomes 5 (−5/del[5q]) and 7 (−7/del[7q]) 
are frequently seen. AML secondary to topoi-
somerase II inhibitors presents as overt leukemia, 
without a preceding myelodysplastic phase. The 
latency is brief, ranging from 6 months to 5 years, 
and is associated with balanced translocations 
involving chromosome bands 11q23 or 21q22. 
Epipodophyllotoxin-associated t-AML depends 
more on the schedule of drug administration than 
total cumulative dose [ 17 ].

   Solid SMNs are clearly related to radia-
tion therapy used to treat the primary cancer 
and thus will usually arise within the radiation 
fi eld [ 5 ,  6 ,  8 ,  18 ,  19 ]. However, solid SMNs can 
also occur outside of radiation fi elds and also 
in children treated with chemotherapy alone. 
The latency for radiation-related solid SMNs 
usually exceeds 10 years [ 5 ,  6 ,  8 ,  19 ]. The risk 
is highest when radiation exposure occurs at a 
younger age [ 5 ,  7 ,  19 – 26 ] and increases with 
increasing doses of radiation and with increas-
ing time since radiation [ 6 ,  8 ]. Eighty percent 
of the entire burden of SMNs is accounted for 
by radiation-related solid SMNs. Some of the 
well-established  radiation- related solid SMNs 
include breast cancer, thyroid cancer, CNS 
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tumors, sarcomas, and basal cell carcinomas 
(BCCs) [ 3 ,  5 – 8 ,  24 ,  27 ]. 

  Breast Cancer     Breast cancer is the most com-
monly reported second malignancy among 
female survivors of childhood HL treated with 
mantle fi eld irradiation (SIR = 24.7, 95 % CI, 
19.3–31.0), and the risk remains markedly ele-
vated for many decades after exposure [ 5 ,  19 , 
 27 – 30 ]. The survivors have up to a 55-fold 
increased risk of breast cancer compared with the 
general population, and the cumulative incidence 
of developing a secondary breast cancer 
approaches 20 % at 45 years of age [ 8 ]. Moreover, 

40 % of the patients with radiation-related breast 
cancer develop contralateral disease, usually 
within 1–3 years. The incidence is also increased 
among those exposed to TBI as the only source 
of radiation to the chest when compared with 
those who did not receive TBI (17 % vs. 3 %) 
[ 31 ]. The risk of breast cancer increases in a lin-
ear fashion with radiation dose, reaching 11-fold 
for local breast doses of ~40 Gy relative to no 
radiation [ 32 ]. Conversely, a reduction in irradi-
ated breast volume, at least in patients irradiated 
for Hodgkin lymphoma, decreases the risk for 
breast cancer. The risk of radiation-related breast 
cancer declines with age at radiation, such that 

    Table 19.1    Characteristics of second cancers among childhood cancer survivors – by primary cancer type   

 Primary cancer  Secondary cancer  Median latency  Risk factors 

 Hodgkin lymphoma  Breast cancer  15–20  Radiation 
 Female sex 

 Myelodysplastic syndrome/acute 
myeloid leukemia 

 3–5 years  Alkylating agents 
 Topoisomerase II inhibitors 

 Thyroid cancer  13–15 years  Radiation 
 Younger age 
 Female sex 

 Soft tissue sarcoma  10–11 years  Radiation 
 Younger age 
 Anthracyclines 

 Bone tumor  Breast cancer  15–20 years  Radiation 
 Female sex 

 Myelodysplastic syndrome/acute 
myeloid leukemia 

 3–5 years  Alkylating agents 
 Topoisomerase II inhibitors 

 Thyroid cancer  13–15 years  Radiation 
 Younger age 
 Female sex 

 Other bone tumors  9–10 years  Radiation 
 Alkylating agents 

 Soft tissue sarcomas  10–11 years  Radiation 
 Younger age 
 Anthracyclines 

 Soft tissue sarcoma  Breast cancer  15–20 years  Radiation 
 Female sex 

 Thyroid cancer  13–15 years  Radiation 
 Younger age 
 Female sex 

 Bone tumor  9–10 years  Radiation 
 Alkylating agents 

 Other soft tissue sarcoma  10–11 years  Radiation 
 Younger age 
 Anthracyclines 

(continued)
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the relative risks in cancer patients who had 
received radiation after age 40 years are compa-
rable to those of the general population [ 33 ,  34 ]. 
There appears to be a protective effect of early 
menopause induced either by alkylating agents or 
radiation dose >5 Gy to the ovaries, suggesting 
that ovarian hormones play an important role in 
promoting tumorigenesis once an initiating event 
has been produced by radiation [ 27 ,  32 ,  35 ,  36 ].  

  Thyroid Cancer     Secondary thyroid malignan-
cies, typically papillary carcinoma, are generally 

associated with radiation exposure to the thyroid 
gland as part of CNS irradiation, for treatment of 
CNS leukemia, as part of therapeutic irradiation 
of cervical lymph nodes in HL patients, or as 
part of conditioning with TBI for hematopoietic 
cell transplantation [ 5 ,  7 ,  8 ,  12 ,  19 ]. Thyroid 
malignancy typically develops 10 or more years 
from treatment. Veiga et al. analyzed multiple 
cohorts including CCSS, noting that a linear 
exponential model best described the relative 
risk of thyroid cancer; RR increased through 
10 Gy (to 13.7 95 % CI: 8.0–24.0) and then 

Table 19.1 (continued)

 Primary cancer  Secondary cancer  Median latency  Risk factors 

 Acute lymphoblastic 
leukemia 

 Breast cancer  15–20 years  Radiation 
 Female sex 

 Brain tumors  9–10 years  Radiation 
 Younger age 

 Myelodysplastic syndrome/acute 
myeloid leukemia 

 3–5 years  Alkylating agents 
 Topoisomerase II inhibitors 

 Thyroid cancer  13–15 years  Radiation 
 Younger age 
 Female sex 

 Bone tumors  9–10 years  Radiation 
 Alkylating agents 

 Brain tumor  Other brain tumors  9–10 years  Radiation 
 Younger age 

 Breast cancer  15–20 years  Radiation 
 Female sex 

 Thyroid cancer  13–15 years  Radiation 
 Younger age 
 Female sex 

 Wilms tumor  Breast cancer  15–20 years  Radiation 
 Female sex 

 Non-Hodgkin 
lymphoma 

 Breast cancer  15–20 years  Radiation 
 Female sex 

 Thyroid cancer  13–15 years  Radiation 
 Younger age 
 Female sex 

   Table 19.2    Clinical characteristics of treatment-related myelodysplastic syndrome and acute myeloid leukemia   

 Characteristics  Alkylating agents  Epipodophyllotoxins 

 Median latency  4–6 years (range, 1–20)  1–3 years (range, 0.5–4.5) 
 Presentation  Myelodysplasia  Abrupt-onset leukemia – no pre- leukemic 

phase 
 Cytogenetic abnormalities  Loss of genetic material, often from 

chromosomes 5 and/or 7 
 Balanced translocations (often include 11q23) 

 Age at onset  Typically older patients  Typically younger patients 
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reached a plateau until 30 Gy when a downturn 
in the dose-response relationship was 
observed[ 37 ]. This pattern is infl uenced by effect 
modifi cation attributable to chemotherapy 
(alkylating agents, bleomycin, anthracyclines), 
which increases the RR for patients receiving 
<20 Gy. Sex (higher radiation risk among 
females), age at exposure (higher radiation risk 
at a younger age at exposure), and time since 
exposure (higher radiation risk with longer time) 
are signifi cant modifi ers of the radiation- related 
risk of thyroid cancer [ 38 ]. HCT recipients are at 
a 3.3-fold increased risk of thyroid cancer, when 
compared with age- and sex- matched general 
population [ 39 ]. Younger age at HCT (<10 years), 
neck radiation, female sex, and chronic GvHD 
are associated with an increased risk of thyroid 
cancer. Thyroid cancer usually develops after a 
latency of ~10 years, and, as is true of de novo 
thyroid malignancy, the long- term outcome for 
survivors diagnosed with a secondary thyroid 
malignancy is excellent.  

  Central Nervous System Tumors     Brain tumors 
develop after cranial radiation for histologically 
distinct brain tumors [ 6 ] or for prophylaxis or 
treatment of CNS leukemia [ 7 ,  12 ,  19 ]. The risk 
is 16.9-fold higher than that of the general popu-
lation for ALL survivors and is 14.2-fold 
increased for brain tumor survivors. 
Histologically, radiation-related late-occurring 
CNS tumors include high-grade gliomas (glio-
blastomas and malignant astrocytomas), periph-
eral neuroectodermal tumors, ependymomas, and 
meningiomas [ 7 ,  13 ,  40 ,  41 ]. Gliomas are diag-
nosed a median of 9 years from radiation; for 
meningiomas, the latency is longer (median 
latency = 17 years) [ 6 ]. Radiation exposure is 
associated with increased risk of both subsequent 
glioma (OR = 6.8) and meningiomas (OR = 9.9). 
The dose-response for the excess relative risk is 
linear. For gliomas, the excess relative risk per 
Gy is highest among children exposed at less 
than 5 years of age.  

  Sarcomas     The risk of sarcoma after an initial 
diagnosis of childhood cancer is reported to be 
ninefold that in the general population; the risk is 

particularly elevated after a primary soft tissue 
sarcoma (24.7-fold), bone tumor (10.6-fold), HL 
(11.7-fold), or renal tumors (14.6-fold) [ 42 ]. 
Patients with heritable retinoblastoma are at a 
particularly increased risk of radiation-related 
sarcomas (13.7-fold increased risk) [ 43 ]. 
Sarcomas develop within the radiation fi eld after 
a latency of ~10 years.  

  Carcinomas     With extended follow-up of 
cohorts of young survivors, increased risks of 
common adult carcinomas, including colorectal, 
lung, and stomach, have emerged, and these can-
cers are being diagnosed at younger ages than 
observed in the general population [ 8 ,  27 ,  44 –
 46 ]. In a large population-based study, breast, 
lung, and gastrointestinal cancers accounted for 
almost two-thirds of the estimated excess number 
of cases [ 47 ]. In another population-based cohort 
of 5-year survivors, the greatest excess risk asso-
ciated with SMNs among survivors older than 
40 years of age was for digestive and genitouri-
nary neoplasms [ 2 ]. The risk of carcinomas (other 
than breast, thyroid, skin) is sixfold higher than 
that expected [ 48 ]. The most common sites are 
the head and neck (mostly parotid gland), gastro-
intestinal tract, female genitourinary tract, and 
kidney. The risk is highest among survivors of 
neuroblastoma and soft tissue sarcoma; the risk is 
also elevated for patients who have received radi-
ation therapy.  

  Skin Cancer     Ionizing radiation is a well- 
established cause of nonmelanoma skin cancers 
(primarily basal cell and squamous cell carci-
noma) [ 23 ,  49 ]; radiation is associated with a 6.3- 
fold increased risk. Over 90 % of nonmelanoma 
skin cancers develop within the radiation fi eld 
[ 5 – 7 ,  12 ,  13 ,  19 ].   

19.2     Pathogenesis 
of Subsequent Malignant 
Neoplasms 

 Although the role of chemotherapy and radiation 
in the development of second primary cancers is 
well established, the observed interindividual vari-
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ability in risk suggests a role for genetic variation 
in the susceptibility to genotoxic exposures. The 
risk of chemotherapy- or radiation-related SMNs 
could potentially be modifi ed by mutations in 
high-penetrance genes that lead to serious genetic 
diseases, e.g., Li-Fraumeni syndrome [ 50 ] and 
Fanconi anemia [ 51 – 54 ]. However, the attribut-
able risk is expected to be very small because of the 
extremely low prevalence of the  high-prevalence 
genes. The interindividual  variability in the risk 
of SMNs is more likely related to common poly-
morphisms in low-penetrance genes that regulate 
the availability of active drug metabolite or those 
responsible for DNA repair. Genetic variation 
contributes 20–95 % of the variability in cyto-
toxic drug disposition [ 55 ]. Polymorphisms in 
genes involved in drug metabolism and transport 
are relevant in determining disease-free survival 
and drug toxicity [ 56 ]. Variation in DNA repair 
plays a role in susceptibility to de novo cancer 
[ 57 – 61 ] and likely modifi es SMN risk after expo-
sure to DNA-damaging agents, such as radiation 
and chemotherapy. Genetic predisposition and its 
interaction with therapeutic exposures can poten-
tially exacerbate the toxic effect of treatment on 
normal tissues. 

 In order to understand the pathogenesis of 
SMNs, it is imperative to understand individual 
variability in the internal dose of the therapeutic 
agent, the alterations induced by the therapeutic 
agent to the structure or function of the tissue, 
and the consequent development of preclinical 
disease. Understanding the underlying etiopatho-
genetic pathways that lead to SMNs is critical in 
developing targeted prevention and intervention 
strategies, optimizing risk-based health care of 
cancer survivors, and improving quality of life. 

  Drug Metabolism     Metabolism of genotoxic 
agents occurs in two phases. Phase I involves 
activation of substrates into highly reactive 
 electrophilic intermediates that can damage 
DNA – a reaction principally performed by the 
cytochrome p450 (CYP) family of enzymes. 
Phase II enzymes (conjugation) function to inac-
tivate genotoxic substrates. The phase II proteins 
comprise the glutathione S-transferase (GST), 
NAD(P)H:quinone oxidoreductase-1 (NQO1), 

and others. The balance between the two sets of 
enzymes is critical to the cellular response to 
xenobiotics; e.g., high activity of phase I enzyme 
and low activity of a phase II enzyme can result 
in DNA damage from the excess of harmful sub-
strates. The xenobiotic substrates of CYP pro-
teins include cyclophosphamide, ifosfamide, 
thiotepa, doxorubicin, and dacarbazine [ 62 ]. The 
CYPs transfer singlet oxygen onto their sub-
strates creating highly reactive intermediates 
which, unless detoxifi ed by phase II enzymes, 
have a strong ability to damage DNA [ 63 ]. The 
expression of these enzymes is highly variable 
among individuals because of several function-
ally relevant genetic polymorphisms. GSTs 
detoxify reactive electrophiles via conjugation to 
reduced glutathione, preventing damage to 
DNA. Polymorphisms exist in cytosolic subfami-
lies: μ [M], π [P], θ [T], and others. GSTs detox-
ify doxorubicin, lomustine, busulfan, 
chlorambucil, cisplatin, cyclophosphamide, mel-
phalan, etc. [ 64 ]. Quinone oxidoreductase NQO1 
uses the cofactors NADH and NADPH to cata-
lyze the electron reduction of its substrates, pro-
duces less reactive hydroquinones, and therefore 
prevents generation of reactive oxygen species 
and free radicals which may subsequently lead to 
oxidative damage of cellular components. Using 
a candidate gene approach, investigators have 
examined the association between polymor-
phisms in the glutathione S-transferase genes 
( GSTM1 ,  GSTT1 , and  GSTP1 ) and t-MDS/AML 
[ 65 ]. Individuals with at least one  GSTP1  codon 
105 Val allele were signifi cantly overrepresented 
in t-AML cases compared with de novo AML 
cases (OR = 1.81, 95 % CI, 1.11–2.94). Also, 
relative to de novo AML, the  GSTP1  codon 105 
allele occurred more often among t-AML patients 
with prior exposure to chemotherapy (OR = 2.66, 
95 % CI, 1.39–5.09), particularly among those 
with prior exposure to known  GSTP1  substrates 
(OR = 4.34, 95 % CI, 1.43–13.20) and not among 
t-AML patients with exposure to radiation alone. 
While the genes implicated carried biological 
plausibility, they were not replicated in this study. 
Furthermore, the comparison groups consisting 
of healthy controls and patients with de novo 
AML could compromise the observations.  
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  DNA Repair     DNA repair mechanisms protect 
somatic cells from mutations in tumor suppressor 
genes and oncogenes that can lead to cancer ini-
tiation and progression. An individual’s DNA 
repair capacity appears to be genetically deter-
mined [ 66 ]. A number of DNA repair genes con-
tain polymorphic variants, resulting in large 
interindividual variations in DNA repair capacity 
[ 66 ]. Even subtle differences in an individual’s 
DNA repair capacity may be important in the 
presence of large external infl uences such as che-
motherapy or radiotherapy. Individuals with 
altered DNA repair mechanisms are likely sus-
ceptible to the development of genetic instability 
that drives the process of carcinogenesis as it 
relates to both chemotherapy-related t-MDS/
AML and radiation-related solid SMNs.  

  Mismatch repair  ( MMR ) functions to correct 
mismatched DNA base pairs that arise as a result 
of misincorporation errors that have avoided 
polymerase proofreading during DNA replica-
tion [ 67 ]. Defects in the MMR pathway result in 
genetic instability or a mutator phenotype, mani-
fested by an elevated rate of spontaneous muta-
tions characterized as multiple replication errors 
in simple repetitive DNA sequences (microsatel-
lites) – functionally identifi ed as microsatellite 
instability (MSI). Approximately 50 % of t-MDS/
AML patients have MSI, associated with meth-
ylation of the MMR family member MLH1 [ 68 , 
 69 ], low expression of MSH2 [ 70 ], or polymor-
phisms in MSH2 [ 71 – 74 ]. The appearance of 
MMR-defi cient, drug-resistant clones during 
genotoxic treatment for a primary cancer could 
be a vital factor in SMN susceptibility, particu-
larly because the mutator phenotype (inherent of 
MMR-defi cient cells) would be expected to 
accelerate the accumulation of further mutations 
and eventually SMN initiation. In addition, loss 
of MMR may result in deregulation of homolo-
gous recombination repair and consequent chro-
mosomal instability [ 75 ]. 

  Double - strand breaks  ( DSBs ) in DNA may 
lead to loss of genetic material, resulting in chro-
mosomal aberrations. High levels of DSBs arise 
following ionizing radiation and chemotherapy 
exposures. Cellular pathways available to repair 
DSBs include homologous recombination (HR), 

non-homologous end-joining (NHEJ), and 
single- strand annealing [ 76 ]. HR uses the second, 
intact copy of the chromosome as a template to 
copy the information lost at the DSB site on the 
damaged chromosome – a high-fi delity process. 
RAD51 is one of the central proteins in the HR 
pathway, functioning to bind to DNA and pro-
mote ATP-dependent homologous pairing and 
strand transfer reactions [ 77 ,  78 ].  RAD51 -G - 
135C     polymorphism is signifi cantly overrepre-
sented in patients with t-MDS/AML compared 
with controls (C allele: OR = 2.7) [ 79 ].  XRCC3  
also functions in the HR DSB repair pathway by 
directly interacting with and stabilizing  RAD51  
[ 80 ,  81 ].  XRCC3  is a paralog of  RAD51 , also 
essential for genetic stability [ 82 ,  83 ]. A poly-
morphism at codon 241 in the  XRCC3  gene 
results in a Thr→Met amino acid substitution 
[ 84 ]. The variant  XRCC3 - 241Met al lele has been 
associated with a higher level of DNA adducts 
compared with cells with the wild-type allele, 
implying aberrant repair [ 85 ], and has also been 
associated with increased levels of chromosome 
deletions in lymphocytes after exposure to radia-
tion [ 86 ]. Although  XRCC3 - Thr241Met  was not 
associated with t-MDS/AML (OR = 1.4, 95 % CI, 
0.7–2.9), a synergistic effect resulting in an eight-
fold increased risk of t-MDS/AML (OR = 8.1, 
95 % CI, 2.2–29.7) was observed in the presence 
of  XRCC3 - 241Met and RAD51 - 135C  allele in 
patients with t-MDS/AML compared with con-
trols [ 79 ]. NHEJ pathway joins broken DNA 
ends containing very little homology. This pro-
cess is not always precise and can result in small 
regions of non-template nucleotides around the 
site of the DNA break, potentially relevant in 
MLL-translocation associated with t-MDS/
AML. Many of the translocation junctions have 
been sequenced and found to contain regions of 
microhomology consistent with the operation of 
the NHEJ pathway, and an impairment of this 
pathway may modulate t-MDS/AML risk [ 87 ]. 

  Base excision repair  ( BER ) pathway corrects 
individually damaged bases occurring as a result 
of ionizing radiation and exogenous xenobiotic 
exposure. The  XRCC1  protein plays a central role 
in the BER pathway and also in the repair of 
single- strand breaks, by acting as a scaffold and 
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recruiting other DNA repair proteins [ 88 ,  89 ]. 
The protein also has a  BRCA1  C-terminus 
(BRCT) domain – a characteristic of proteins 
involved in DNA damage recognition and 
response. The presence of variant  XRCC1 - 
399Gln     has been shown to be protective for 
t-MDS/AML [ 90 ] and BCC [ 91 ]. 

  Nucleotide excision repair  ( NER ) removes 
structurally unrelated bulky damage induced by 
radiation and chemotherapy. The NER pathway 
is linked to transcription, and components of the 
pathway comprise the basal transcription factor 
IIH complex (TFIIH), which is required for tran-
scription initiation by RNA polymerase II. One 
of the genes involved in the NER pathway 
( ERCC2 ) is a member of the TFIIH complex. The 
polymorphic Gln variant ( ERCC2 Lys751Gln ) is 
associated with t-MDS/AML [ 92 ]. 

 Results from studies examining genetic sus-
ceptibility in the development of SMNs are sum-
marized in Table  19.3 ; some of these studies are 
highlighted below.

   Ellis et al. utilized a case-control study design 
and examined the association between t-MDS/
AML and two common functional p53-pathway 
variants – the  MDM2  SNP309 and the  TP53  
codon 72 polymorphism [ 93 ]. Neither polymor-
phism demonstrated a signifi cant association. 
However, an interactive effect was detected such 
that individuals carrying both an  MDM2  G allele 
and a  TP53  Pro allele were at increased risk 
of chemotherapy-related t-MDS/AML. The 
strengths of the study included the utilization of a 
discovery set ( n  = 80 cases) and replication set 
( n  = 91 cases). However, the investigators utilized 
healthy controls as a comparison group – thus 
precluding the ability to assess whether the case- 
control differences refl ected differences in sus-
ceptibility to primary disease or t-MDS/AML. 

 Knight et al. conducted a GWAS in patients 
who had developed t-MDS/AML (cases) and 
controls [ 94 ]. The discovery set included 80 cases 
and healthy 150 controls. The relevant fi ndings 
were replicated in an independent set of 70 cases 
and healthy 95 controls. The investigators identi-
fi ed three SNPs (rs1394384 [OR = 0.29, 95 % CI, 
0.15–0.56], rs1381392 [OR = 2.08, 95 % CI, 
1.29–3.35], and rs1199098 [OR = 0.46, 95 % CI, 

0.27–0.79]) to be associated with t-MDS/AML 
with chromosome 5/7 abnormalities. rs1394384 
is intronic to  ACCN1 , a gene encoding an 
amiloride-sensitive cation channel that is a mem-
ber of the degenerin/epithelial sodium channel; 
rs1199098 is in LD with  IPMK , which encodes a 
multikinase that positively regulates the prosur-
vival AKT kinase and may modulate Wnt/beta-
catenin signaling; and rs1381392 is not near any 
known genes, miRNAs, or regulatory elements, 
although it lies in a region recurrently deleted in 
lung cancer. Although the investigators were able 
to confi rm fi ndings in an independent replication 
cohort, utilization of a noncancer healthy control 
group raises concerns about the case-control dif-
ferences being generated by the genetics of the 
primary cancer vs. t-MDS/AML. 

 Best et al. performed a GWAS to identify vari-
ants associated with radiation-related solid 
malignancies in HL survivors [ 95 ]. They identi-
fi ed two variants at chromosome 6q21 associated 
with SMNs. The variants comprise a risk locus 
associated with decreased basal expression of 
 PRDM1  and impaired induction of the  PRDM1  
protein after radiation exposure. These data sug-
gest new gene-exposure interaction that may 
implicate  PRDM1  in the etiology of radiation 
therapy-induced second malignancies. 

 Understanding the pathogenesis of SMN will 
facilitate focused medical follow-up care and sur-
veillance of the ever-growing population of 
childhood cancer survivors.  

19.3     Screening 

 Several groups have developed recommenda-
tions for cancer surveillance on the basis of 
exposures to treatment, recognizing that these 
cancers are a leading cause of non-relapse late 
mortality [ 96 ] and serious morbidity [ 97 ]. The 
underlying premise for these surveillance rec-
ommendations is that almost half of the SMNs 
can be detected at an early stage by periodic sur-
veillance [ 1 ,  3 ,  98 ,  99 ]. For example, young 
women treated for a childhood cancer with a 
moderate-to-high dose of chest radiation have a 
greatly increased risk of breast cancer, similar in 
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magnitude to that of carriers of the  BRCA  muta-
tion [ 100 ]. In general, because survival rates are 
strongly associated with the stage of disease at 
diagnosis, early initiation of SMN surveillance 
is recommended. This early surveillance is even 
more necessary because options become limited 
for the treatment of SMNs because of prior ther-
apeutic exposures. The COG LTFU Guidelines 
[ 101 ] recommend monitoring for t-MDS/AML 
with annual complete blood count for 10 years 
after exposure to alkylating agents or topoisom-
erase II inhibitors. Most other SMNs are associ-
ated with radiation exposure. Screening 
recommendations include careful annual physi-
cal examination of the skin and underlying tis-
sues in the radiation fi eld. Mammography, the 
most widely accepted screening tool for breast 
cancer in the general population, may not be the 
ideal screening tool by itself for radiation-related 
breast cancers occurring in relatively young 
women with dense breasts. Hence, the American 
Cancer Society recommends including adjunct 
screening with MRI. Thus, the COG LTFU rec-
ommendations for females who received radia-
tion with potential impact to the breast (i.e., 
radiation doses of 20 Gy or higher to the mantle, 
mediastinal, whole lung, and axillary fi elds) 
include monthly breast self- examination begin-
ning at puberty; annual clinical breast examina-
tions beginning at puberty until age 25 years; a 
clinical breast examination every 6 months, with 
annual mammograms and MRIs beginning 
8 years after radiation or at age 25 (whichever 
occurs later). Screening of those at risk for 
 early-onset colorectal cancer (i.e., radiation 
doses of 30 Gy or higher to the abdomen, pelvis, 
or spine) should include colonoscopy every 
5 years beginning at age 35 years or 10 years fol-
lowing radiation (whichever occurs last).  

19.4     Summary and Future 
Directions 

 Our knowledge is constrained by the limited fol-
low- up period (~3 decades) of the existing survi-
vor cohorts. Not until there are large enough 
numbers of survivors in their fourth and fi fth 

decade of life will we learn how normal aging 
processes and the natural increase of cancer in 
the general population infl uences the develop-
ment of SMNs in survivors of childhood cancer. 

 More research is needed to understand the 
pathogenesis of treatment-related cancers and to 
characterize those individuals at highest risk. 
This information needs to be used to develop 
cancer-risk prediction models to estimate indi-
vidual risk and help discussions between the doc-
tor and patient about surveillance for SMNs. 
There is a crucial need to promote and optimize 
screening for these cancers and develop behav-
ioral and pharmacologic intervention trials to 
stop or reverse the process of progression of pre-
malignant lesions into overt malignant diseases. 
Finally, there is a critical need to use this infor-
mation to modify upfront therapy while balanc-
ing cure with long-term morbidity.     
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  Childhood cancer survivors and their families 
can be surprised by the realization that cancer 
does not end when treatment ends and that life 
does not automatically return to normal. As fami-
lies manage the many transitions that accompany 
the end of treatment, they fi nd that cancer survi-
vorship has its own set of medical and psycho-
logical issues. Medical visits and monitoring 
continue – initially for disease recurrence and 
then for the emergence of medical late effects – 
and longer-term psychological reactions emerge. 
For these reasons, it is 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 the attainment of “survivor-
ship” status [ 74 ]. The goal of this chapter is to 
provide an overview of psychological late effects 
of childhood cancer and present guidance for 
managing these effects. 

 The term “psychological late effects” refers to 
the infl uence of cancer, treatment, and survivor-
ship on survivors’ and family members’ feelings, 
thoughts, behaviors, relationships, and develop-
ment. Like medical late effects, psychological 
late effects can occur early (in the year or two 
after treatment ends) or may emerge later, includ-
ing many years after treatment ends. The breadth 
of this defi nition refl ects the impact that psycho-
logical late effects can have in many domains of 
a survivor’s life. The development of psychologi-
cal symptoms (e.g., depression, behavior disor-
ders, posttraumatic stress), the functional impact 
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of cancer/quality of life, and peer relationships/
social skills are addressed in this chapter. Because 
childhood cancer is a powerful experience not 
only for the diagnosed child but also for those 
closely involved with him or her, we will exam-
ine psychological late effects that survivors’ fam-
ily members may experience. 

20.1     Psychological Symptoms 
in Childhood Cancer 
Survivors 

20.1.1     Depression and Behavior 
Disorders 

 Although health-care providers may assume that 
high rates of depression or behavioral disorders 
are common in childhood cancer survivors, there 
is actually little evidence for this. In fact, fi ndings 
consistently report resilience and relatively good 
psychological health among pediatric cancer sur-
vivors [ 45 ]. Although early research focusing on 
young survivors of childhood cancer indicated 
that parents reported higher than average levels of 
somatic symptoms in children (e.g., headaches, 
stomachaches, toileting issues) [ 63 ,  69 ], most 
research has shown no unusual levels of psycho-
logical symptoms in survivors during childhood 
and adolescence. Across a number of studies, 
overall rates of depression [ 68 ], behavioral disor-
ders [ 67 ,  69 ] and other general psychological 
symptoms [ 20 ,  52 ,  91 ] reported by children and 
their parents have been comparable to rates 
reported by children who never had cancer. 

 A more recent study of adolescent survivors 
(ages 12–17) found slight increases in psycho-
logical symptoms in survivors, relative to their 
siblings. Specifi cally, survivors were more likely 
to report depression/anxiety and antisocial/
behavior problems, as well as attentional diffi cul-
ties [ 93 ]. Survivors of CNS tumors, leukemia, 
and neuroblastoma, and particularly those who 
received cranial radiation therapy and intrathecal 
methotrexate during treatment, were most at risk 
for developing psychological symptoms during 
survivorship [ 93 ]. 

 Most recent research has aimed at examining 
longer-term psychological late effects in older 

 survivors of childhood cancer. In general, adoles-
cent and young adult (AYA) survivors’ rates of 
depressive symptoms and general psychological 
distress are comparable to those of peers [ 43 ,  55 ] 
or to normative data [ 87 ]. A report from the 
Childhood Cancer Survivor Study (CCSS) iden-
tifi ed higher levels of depressive and somatic 
symptoms in survivors than in their siblings, but 
survivors’ overall rates of depressive and somatic 
symptoms were within the normal range [ 106 , 
 109 ,  110 ]. A large-scale population-based study 
in the UK concluded that survivors of childhood 
cancer rate their mental health similarly to those 
in the general population [ 84 ], while a large 
Danish study found that overall rates of depression 
and other psychiatric disorders in survivors of 
childhood cancers other than brain tumor were 
consistent with national norms. In the latter study, 
however, survivors of brain tumors experienced 
higher levels of depression and other presumably 
organic disorders (e.g., psychoses, schizophrenia), 
as well as a higher rate of psychiatric hospitaliza-
tion compared to survivors of other childhood can-
cers [ 87 ]. Aggression and antisocial behavior in 
young adult survivors occur at rates comparable to 
those in never-ill peers, while survivors’ use of 
alcohol and illegal drugs may be less frequent than 
that of peers [ 102 ] or siblings [ 112 ]. 

 Although most survivors are not depressed 
and report that they are doing well overall, a sub-
set of patients does experience some form of sig-
nifi cant psychological distress [ 112 ]. Compared 
to their siblings, childhood cancer survivors are 
twice as likely to report clinical levels of emo-
tional distress [ 112 ]. One quarter to one third of 
AYA survivors report higher than average levels 
of global psychological distress [ 26 ,  52 ,  80 ], with 
a higher than expected percentage reporting that 
they have experienced suicidal symptoms [ 79 , 
 80 ]. Certain risk factors predict higher levels of 
psychological distress. As is true in the general 
population, increased psychological distress in 
survivors is associated with being female, having 
lower levels of educational attainment, being 
unmarried, having a low household income, 
being unemployed, or having a major medical 
condition [ 112 ]. Some treatment-related vari-
ables are also associated with distress. There is 
some evidence that increased parental distress at 
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diagnosis is related to young adult distress later 
in survivorship [ 86 ], and survivors with more 
intense treatment report more distress, particu-
larly in the form of anxiety or somatic symptoms 
[ 43 ,  112 ]. In addition, poor current health, or 
severity of medical late effects, is associated with 
higher levels of distress; poor current health also 
predicts suicidality, even after adjusting for 
mood- and treatment-related variables [ 34 ,  79 , 
 106 ,  111 ]. This fi nding suggests that cancer-
related distress may be related to compromised 
physical health [ 106 ].  

20.1.2     Posttraumatic Stress 

 Ratings of global distress, coupled with the lack 
of evidence for any one clear psychological diag-
nosis, have led researchers to speculate that more 
traditional or general measures of psychopathol-
ogy and well-being may not capture the specifi c 
experiences of childhood cancer survivors [ 38 ]. 
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 
experience of posttraumatic stress in the survi-
vorship years [ 38 ,  89 ,  97 ]. 

 It is easy to see the ways in which childhood 
cancer can be traumatic. At diagnosis, parents are 
told explicitly that their child may die. Patients 
may hear this or may interpret life threat from 
their parents’ urgency and intense emotional 
reactions, their own physical reactions to treat-
ment, and the abrupt changes in their family rou-
tine. Cancer treatment can be experienced as a 
horrifying, scary, painful series of events for 
everyone involved, ranging from events like los-
ing hair to feeling nauseous to experiencing 
repeated, painful, invasive procedures. Patients 
and their families may watch other children, with 
whom they have developed relationships, die of 
the same disease they are fi ghting. Likewise, sur-
vivorship can offer its own set of traumatic 
events. Just when survivors are reaching a stage 
of development at which they are becoming more 
independent, they may be faced with signifi cant 
late effects – such as cardiovascular disease, 
infertility, or cognitive limitation – 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 trau-
matic events can emerge soon after the initial 
traumatic event or many years later and can con-
tinue or recur for many years. Three kinds of post-
traumatic stress symptoms may emerge: persistent 
reexperiencing of the traumatic parts of the can-
cer/survivorship experience (including intrusive 
thoughts, nightmares, or strong negative feelings 
triggered by reminders), actual or considered 
avoidance of cancer- or survivorship- related situ-
ations, and strong physiological responses when 
reminded about cancer or survivorship [ 3 ,  44 ]. 
Survivors may experience some of these posttrau-
matic stress symptoms (PTSS), resulting in vary-
ing levels of distress, or they can develop several 
symptoms in all three of the categories described 
above. If this happens, and if the symptoms sig-
nifi cantly interfere with their normal activities, 
they may meet the criteria for diagnosis of post-
traumatic stress disorder (PTSD). 

 Research has documented higher levels of 
both PTSS and PTSD in cancer survivors and in 
their family members. Rates of PTSD for adoles-
cent survivors are generally low and roughly 
comparable to rates in non-ill adolescents (rang-
ing from 5 to 10 %;  [ 11 ,  22 ,  41 ]). Most adoles-
cent survivors, however, do report at least some 
symptoms of PTSD; approximately 10–20 % 
scored in the clinical range on psychological 
measures, and more than 75 % meet at least one 
cluster criterion (i.e., reexperiencing, arousal) 
used to diagnose PTSD [ 10 ,  22 ,  43 ]. In one study, 
50 % of adolescent survivors reported reexperi-
encing symptoms, and 29 % reported increased 
physiological responses when reminded of their 
cancer/survivorship experience [ 41 ]. 

 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 addition, more than 75 % 
of young adult survivors report reexperiencing 
diffi cult moments of treatment/survivorship, 
nearly half reported increased physiological reac-
tions when reminded of cancer/survivorship, and 
one quarter attempt to or want to avoid 
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 cancer-related situations [ 88 ]. Higher levels of 
posttraumatic stress were found among survivors 
diagnosed and treated during adolescence than 
those diagnosed at younger ages, and among 
those who experienced more intense treatment 
[ 43 ]. Data indicate that for child and adolescent 
survivors, traumatic reactions are associated with 
concrete events like losing hair or experiencing 
painful procedures. For young adult survivors, 
these reactions to concrete events persist but are 
accompanied by two kinds of additional distress: 
distress over the retrospective realization of the 
life threat that they experienced and worry over 
medical late effects that exist or may occur [ 41 ]. 
The presence of long-term medical complica-
tions may act as a trigger for posttraumatic stress, 
consistent with the fi nding that the experience of 
a signifi cant medical condition is associated with 
higher levels of distress and anxiety [ 112 ]. 

 Although PTS symptoms are often subclinical, 
they can signifi cantly impede survivors’ develop-
ment and/or their ability to manage their health 
care. For example, an adolescent who is very 
upset when reminded of her treatment experience 
may 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 inconsis-
tent grades. For young adult survivors, concerns 
related to cognitive or physical limitations may 
prevent the establishment of independence, and 
worries about infertility and other medical late 
effects can interfere with intimate relationships 
and family planning. Young adults, who are 
assuming more responsibility for their health 
care, may avoid thinking about their medical 
needs and/or participating in recommended 
screenings. Data from the CCSS indicate that 
only 35 % of survivors recognize their cancer- 
related medical risks and more than half do not 
participate in regular follow-up care [ 66 ]. 
Because survivors may report no other signifi cant 
areas of diffi culty and their distress may be lim-
ited to cancer- or survivorship-related triggers 
that are not readily observable to others, it may 

be diffi cult to discern that they are experiencing 
posttraumatic stress. 

 Family members also may experience PTSS 
and PTSD. Although rates of PTSD in mothers 
and fathers range from 5 to 20 % across studies 
[ 39 ,  41 ,  56 ,  57 ], at least one third of families of 
adolescent survivors have one or more members 
with cancer-related PTSD. In addition, subclini-
cal rates of PTSS in family members are com-
mon. Mothers and fathers of survivors report 
signifi cantly more PTSS than do parents of 
never-ill children [ 39 ,  42 ]. Nearly all families 
(99 %) have at least one family member with 
reexperiencing symptoms; over 80 % have one 
member with increased physiological reactions 
when reminded of cancer; and nearly half have a 
member who avoids reminders of cancer [ 40 ]. 
Adolescent siblings, too, appear to have mild to 
moderate levels of PTSS in response to a broth-
er’s or sister’s cancer [ 1 ,  2 ]. Common sibling 
reactions include persistent worries about the 
survivor’s health and distress when reminded of 
the cancer experience. Like the adolescent survi-
vors, adolescent siblings may be functioning well 
overall, and the posttraumatic stress may not be 
readily apparent. 

 There is some evidence that certain treatment-
related factors may predispose survivors and 
family members to develop PTSD or PTSS. For 
survivors, having more intense treatment and 
being diagnosed during adolescence (vs. school-
age) appear to be related to PTSS. In addition, for 
young adult survivors, the presence of severe 
medical late effects is related to higher levels of 
posttraumatic stress [ 88 ,  112 ]. For both survivors 
and family members, what they  believe  about 
their treatment intensity, current and past life 
threat, and impact of cancer in their lives is 
related to posttraumatic stress [ 31 ,  47 ,  107 ].   

20.2     Positive Psychological 
Outcomes After Childhood 
Cancer 

 Increasingly, researchers are challenging the 
assumption that the trauma and distress of the 
childhood cancer experience will result only in 

M.T. Rourke et al.



373

psychological diffi culties and are exploring the 
possibility that childhood cancer survivorship 
may also be associated with positive psychologi-
cal outcomes. Terms such as posttraumatic 
growth and benefi t fi nding refer to the degree to 
which survivors construct a positive meaning or 
benefi t to their experience and translate that ben-
efi t into psychological growth [ 4 ,  61 ,  108 ]. 

 Research has supported the experience of ben-
efi t fi nding in childhood cancer. In a study of 150 
adolescent survivors, nearly 85 % reported at 
least one positive consequence of their cancer 
experience, and almost one third of the sample 
reported four or more positive consequence [ 5 ]. 
Benefi t fi nding has been documented, as well, in 
adolescents still on treatment [ 76 ] and in a British 
sample of adolescent survivors and parents [ 61 ]. 
The large Childhood Cancer Survivor Study, sur-
veying more than 6,000 adult survivors of child-
hood cancer, documented higher levels of 
perceived positive impact of cancer in survivors, 
relative to their siblings [ 108 ]. Qualitative explo-
rations of the positive psychological outcomes 
associated with childhood cancer survivorship 
have found that survivors report increased psy-
chological maturity, greater levels of compassion 
and empathy, a reordered set of values and priori-
ties that emphasize the importance of close rela-
tionships, and an appreciation of new strengths 
gained from dealing with the challenges of can-
cer and survivorship [ 73 ]. 

 Across several studies, positive growth is 
associated with older age at diagnosis, less time 
since end of treatment, and with certain diagno-
ses (bone tumor and leukemia survivors report 
more growth; [ 5 ,  61 ,  108 ]). Much like negative 
psychological outcomes after cancer, positive 
outcomes may also be related to subjective 
appraisals. Individuals who perceive greater life 
threat and treatment severity [ 5 ] and who believe 
that the illness continues to affect them [ 61 ] 
reported more benefi t fi nding. While few studies 
have explored the relationship between benefi t 
fi nding in survivors and their family members, 
early literature does suggest that while parents, 
too, report benefi t fi nding, there is not an associa-
tion between child and parent benefi t fi nding in 
the same family [ 61 ]. This emerging area of 

research will continue to elaborate our knowl-
edge of the complex interplay of both positive 
and negative outcomes associated with the child-
hood cancer experience.  

20.3     Quality of Life 
and Functional Impact 
of Cancer 

 A number of studies have looked at the more 
global construct of quality of life to assess psy-
chological late effects and overall functioning in 
the years after childhood cancer. These studies 
agree that, overall, AYA survivors of childhood 
cancer report good functioning in physical and 
general psychosocial domains [ 13 ,  19 ,  43 ,  53 , 
 107 ,  109 ]. Despite good overall quality of life 
among survivors, a notable minority of survivors 
reports lower than average physical quality of life, 
with specifi c concerns over medical late effects, 
health issues in general, or the possibility that a 
second cancer may emerge [ 13 ,  53 ,  105 ,  112 ]. 
This lower physical quality of life is likely related 
to the increased number of health problems 
reported by survivors relative to siblings and age-
matched peers [ 35 ,  95 ]. As in the general popula-
tion, several factors predict lower quality of life in 
survivors, including female sex, lower educational 
attainment, unemployment, and being unmarried 
[ 112 ]. Cancer-related predictors of lower quality 
of life include having received cranial radiation, 
having had a CNS or bone tumor, and having a 
major medical late effect [ 43 ,  83 ,  107 ,  112 ]. 
Mothers report more negative quality of life for 
their adolescent survivors than survivors report 
themselves [ 19 ], suggesting the importance of 
asking both children and their mothers, indepen-
dently, about quality of life issues. 

 Studies documenting the impact of childhood 
cancer on educational, employment, and achieve-
ment of developmental milestones are largely 
consistent with survivors’ generally positive per-
ceived quality of life. Overall, survivors fi nish 
high school and earn bachelor’s degrees at rates 
comparable to those of their siblings [ 29 ,  54 ,  55 ]. 
Some survivors are at greater risk for diffi culties. 
Those who were treated before the age of 6, who 
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survived a brain tumor, or who received intrathe-
cal methotrexate and/or cranial radiation (espe-
cially at doses higher than 24 Gy) are at risk for 
learning disabilities and special education place-
ments and are less likely to fi nish high school and 
complete a bachelor’s degree [ 29 ,  54 ,  62 ,  64 ]. 
Educational challenges for survivors of CNS 
tumors are likely related to well-documented cog-
nitive effects of these tumors and their associated 
treatments. Multiple studies have documented 
signifi cant and progressive declines in intellectual 
function and academic achievement in the years 
after brain tumor treatment [ 16 ], as well as defi -
cits in executive functions, including attention, 
working memory, and processing speed [ 104 ]. 

 While some studies suggest that survivors of 
non-CNS cancers have employment rates similar 
to those of the general population [ 7 ,  25 ], other 
research indicates that survivors report more 
unemployment than do their siblings [ 49 ,  64 ]. 
Cancer-related differences may exist even for 
those survivors who are employed. Survivors 
earn less and are less likely to hold managerial or 
professional positions than are their siblings [ 49 ]. 
As in other areas of function, survivors of CNS 
tumors have increased vulnerability in the 
employment domain and demonstrate higher 
rates of unemployment, lower income, and a 
decreased likelihood of working in a managerial/
professional position than other survivors [ 7 ,  49 ]. 
Consistent with these fi ndings, survivors with 
neurocognitive changes are also less likely to live 
independently as adults [ 51 ]. Differences in 
employment may lead to insurance challenges 
for childhood cancer survivors.  

20.4     Survivors’ Health Beliefs 

 Beliefs, or cognitive appraisals of oneself, the 
world, and future, provide important ways to 
understand survivors and to inform psychosocial 
treatment approaches. As noted above, survivors 
who believe that their treatment was more intense, 
that they did or do have a more signifi cant life 
threat related to their cancer treatment, and/or 
those who have negative perceptions of cancer’s 
impact report more distress and poorer quality of 
life [ 31 ,  107 ]. More focused exploration of survi-

vors’ health beliefs can help clarify this link. 
Beliefs specifi c to health, termed “health compe-
tence beliefs,” have been conceptualized to 
describe how AYAs (both with and without a can-
cer history) think about their health and well-
being [ 15 ]. A study utilizing the Health 
Competence Beliefs Inventory (HCBI; [ 15 ]), a 
21-item patient report scale that captures clini-
cally relevant beliefs associated with four domains 
(Health Perceptions [e.g., I have a reason to worry 
about my health], Satisfaction with Healthcare 
[e.g., My doctor understands my concerns], 
Cognitive Competence [e.g., My memory is not 
as good as others], and Autonomy [e.g., I feel 
comfortable going to the doctor by myself]), AYA 
cancer survivors reported less positive health 
competence beliefs compared to AYAs without a 
signifi cant medical history on all HCBI subscales 
except Satisfaction with Healthcare [ 43 ]. Health 
competence beliefs infl uenced the relationship 
between the number of health problems survivors 
reported and PTSS, such that having less positive 
health competence beliefs increased the likeli-
hood that health problems would be associated 
with PTSS [ 94 ]. There is also some indication 
that more adaptive beliefs about cognitive compe-
tence are associated with positive health behav-
iors, specifi cally physical activity [ 32 ].  

20.5     Effects on Social 
Development 

 Developing social relationships is a primary task 
of childhood and adolescence and provides chil-
dren with the contextual experience necessary to 
build an understanding of who they are, as well 
as a sense of competence. Because cancer and 
treatment at least partially remove children from 
the normal everyday activities in which most 
children build these relationships, social develop-
ment is an area of risk for survivors. 

 Several reports indicate that childhood cancer 
survivors show some social developmental dif-
ferences. Overall, survivors are rated by teachers 
and peers to be more socially isolated and have 
fewer best friends than do other children [ 6 ,  101 ]. 
They participate in fewer than half as many nor-
mative peer activities (e.g., going to a friend’s 
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house, going out with friends, playing sports) as 
do their never-ill peers [ 75 ]. Children whose 
physical appearance and athletic ability were 
affected by their treatment may be at higher risk 
for some of these social challenges [ 82 ,  101 ]. 

 For survivors of non-CNS malignancies, how-
ever, there seem to be few immediate conse-
quences of these social differences. Despite being 
identifi ed as more socially isolated and having 
fewer best friends, childhood cancer survivors are 
as well liked as their classmates [ 100 ]. Teachers 
rate survivors as less aggressive than other chil-
dren and, in some studies, as more sociable [ 24 ]. 
Further, as mentioned above, survivors them-
selves do not report feeling lonely or depressed. 

 The evidence on social development is not as 
positive for children treated for a CNS malig-
nancy [ 82 ]. Several studies identify diffi culties in 
social competence and communication skills 
with peers, as well as social isolation [ 23 ,  33 ,  77 , 
 92 ,  100 ]. Classmates recognize the changed 
social status of children treated for brain tumors 
and continue to view them as being “sick,” even 
many years after treatment has ended [ 100 ]. 

 It is likely that compromises in social compe-
tence are related to the cognitive changes that 
many brain tumor survivors experience as a result 
of their disease and treatment [ 92 ]. Specifi cally, 
cognitive impairments may impede children’s 
ability to interpret and express nonverbal social 
information and respond appropriately to social 
cues. In one study of social skills, brain tumor sur-
vivors made signifi cantly more errors interpreting 
adult facial expressions than children with juve-
nile rheumatoid arthritis [ 8 ]. In a different study 
of brain tumor survivors, verbal memory and 
learning problems accounted for much of the 
social withdrawal seen in the children, while dif-
fi culties in verbal fl uency and decreased IQ were 
signifi cantly related to diffi culties with attention, 
inhibition, and social functioning [ 33 ]. 

 Over time, brain tumor survivors may experi-
ence increasing challenges associated with social 
competence. In a large Danish study of long-term 
childhood cancer survivors, brain tumor survi-
vors (but not survivors of non-CNS malignan-
cies) were signifi cantly more likely to experience 
psychiatric hospitalization and to demonstrate a 
higher risk of organically caused psychotic ill-

ness [ 87 ]. In a review of literature published 
between 2000 and 2009, time since diagnosis 
was consistently related to social adjustment, 
with social outcomes becoming increasingly neg-
ative as time since diagnosis increased [ 92 ]. 

 For both survivors of CNS and non-CNS 
malignancies, the potential for longer-term prob-
lems associated with social competence differ-
ences exists, but has not been well researched. 
Being less involved with peers – a result of school 
absences and increased rates of social isolation – 
may deprive survivors of the social practice they 
will need as young adults. For survivors with less 
immediate social diffi culties, challenges may 
emerge over time and might not be evident until 
several years after treatment ends. Although 
some research indicates that social functioning 
among young adult survivors is similar to that of 
comparison peers [ 25 ], other research suggests 
that adult survivors of childhood cancer have 
more diffi culty with close friendships and roman-
tic relationships, reporting shorter intimate rela-
tionships characterized by a lack of confi ding or 
personal involvement [ 55 ]. Young adult survivors 
have fewer intimate relationships and romantic 
partners, which may relate to social factors as 
well as physical and cognitive changes [ 36 ,  81 , 
 98 ]. For survivors of CNS tumors, these rela-
tional diffi culties may be more pronounced [ 98 ]. 
Consistent with these fi ndings, several studies 
have shown that survivors have lower marriage 
rates than siblings or population norms, with sur-
vivors of CNS tumors demonstrating the lowest 
marriage rates [ 54 ,  78 ]. More thorough work in 
this area is necessary to better understand differ-
ent developmental pathways leading to long-term 
social outcomes for survivors. 

20.5.1     Social Consequences 
for Survivors’ Family 
Members 

 There has been very little research on the social 
consequences of childhood cancer for members 
of a survivor’s family. Some research suggests 
that parents may feel lonely or isolated after 
treatment ends [ 99 ]. A qualitative study of par-
ents’ experiences at the end of treatment  indicated 
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that the transition off treatment is a confusing and 
complicated one for parents and requires signifi -
cant adjustment in terms of personal coping skills 
and social support resources [ 60 ]. A review of 
literature from the past three decades documented 
the vulnerability experienced by many parents at 
the end of active treatment. While parents rou-
tinely celebrate as treatment ends, they also 
report signifi cant fear of recurrence, fatigue, and 
loneliness [ 103 ]. 

 Even many years into survivorship, parents 
may have continued concerns about their child’s 
health, while the number of people available to 
hear and respond to those concerns decreases 
substantially. Medical teams are seen less fre-
quently, while friends and family members – 
relieved by the victory of survival – may not 
understand a parent’s medical concerns. In one 
study comparing survivor parents to parents of 
children currently on treatment, the two groups 
demonstrated comparable levels of distress, indi-
cating that parents of survivors continue to feel 
vulnerable for many years after treatment ends 
[ 28 ]. Being aware that these feelings can emerge, 
and fi nding new ways to talk to supportive people 
in their lives about the stage of cancer survivor-
ship, can help parents feel more connected and 
less isolated. Increasingly, parents are also turn-
ing to books, on-line support groups, websites, 
listservs, and other media to reduce feelings of 
isolation (see [ 48 ], for a particularly good 
resource for parents and others close to long-term 
survivors). Understanding parental concerns may 
be particularly relevant for CNS tumor survivors; 
given that their higher frequency of unemploy-
ment and lower rates of involvement in intimate 
relationships may keep families of origin more 
closely involved to meet survivors’ needs.   

20.6     Implications for the Transition 
to 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 [ 17 ,  27 ,  30 ,  70 ,  85 ]. Despite 
clear guidelines for ongoing follow-up care, 

fewer than half of adult survivors of childhood 
cancers successfully transition to adult medical 
care that is tailored to their cancer-related medi-
cal risks [ 65 ,  71 ]. 

 Research has begun to explore the complex 
network of variables that support or undermine 
successful transition to adult follow-up care (see 
chapter on transitions in this volume). 
Psychosocial issues – including distress, beliefs, 
quality of life, and relationships with family and 
medical team members – represent an important 
set of factors that can contribute to the success of 
care transitions [ 27 ,  50 ,  96 ]. A model of psycho-
social readiness for transition proposed by 
Schwartz, Tuchman, Hobbie, and Ginsberg [ 96 ] 
suggests that successful transition will be facili-
tated by a consideration of a nested set of indi-
vidual and relational variables. On an individual 
level, the model suggests that demographics 
(older age at time of treatment, higher SES), cog-
nitive status (average or higher levels of intelli-
gence), and psychological health will facilitate 
survivors’ readiness for transition. Further, they 
suggest that successful transition is more likely 
when survivors have access to care (they have 
insurance and providers are available), have a 
degree of developmental maturity and autonomy 
that matches the demands of the adult health-care 
system, have knowledge of their health-care 
needs, and have the ability to interact with family 
and medical providers about health-related issues 
with little distress [ 96 ]. The authors provide some 
evidence that pediatric survivorship providers 
use these criteria when making readiness deci-
sions [ 96 ]. 

 Evidence does suggest that individual and 
ecological variables relate to transition success. 
Patients who are non-White, who do not have 
medical insurance, and who have not had the 
urgency of a second cancer are less likely to 
attend follow-up visits and successfully transi-
tion to survivorship care [ 50 ]. It also makes 
good clinical sense that psychological distress 
would relate to participation in follow-up care. 
Even low to moderate symptoms of posttrau-
matic stress, common in survivors, can result in 
avoidance of care, which may be exacerbated 
when there is a transition in medical providers. 
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Participating in follow-up care itself may elicit 
distress. Survivors might become more upset 
and even be re-traumatized by follow-up visits, 
as they hear about medical complications pos-
sibly associated with their treatment. While 
there are few studies of the direct link between 
emotional responses and successful transition, a 
qualitative study of young adult survivors dem-
onstrates how emotional responses can affect 
participation in follow-up care. All survivors 
interviewed for the study reported survivorship-
related fear and anxiety; for some, the fear moti-
vated them to seek care, and for others the fear 
prompted avoidance [ 27 ]. The same survivors 
also reported the power of positive emotions in 
facilitating transition. Those survivors who felt 
gratitude and signifi cant personal change asso-
ciated with cancer were more likely to transition 
successfully [ 27 ]. 

 Survivors’ beliefs may also be related in 
important ways to successful transition. As out-
lined above, there is some variability in survivors’ 
beliefs about health competence (e.g., beliefs that 
one has autonomy, is satisfi ed with health care, 
and perceives oneself to be both cognitively com-
petent and not in fragile health; [ 15 ]). These kinds 
of beliefs may also facilitate or hinder transition 
to care. For example, when interviewed, adult sur-
vivors of childhood cancers indicated that beliefs 
about their identity, the role of cancer in their cur-
rent lives, and the impact of talking about cancer 
on their families affected whether or not they tran-
sitioned to follow-up care. Those survivors who 
integrated cancer into their identity in a positive 
way and who identifi ed themselves as survivors 
were more likely to transition successfully [ 27 ]. 
Survivors who did not identify as a cancer survi-
vor, who believed that cancer’s impact was iso-
lated to and belonged in the past, and who believed 
that talking about cancer was traumatic to family 
and should be avoided were less likely to transi-
tion successfully [ 12 ,  27 ]. 

 Given the importance of follow-up care, suc-
cessful transition may depend on medical teams, 
families, and patients themselves attending to 
indicators of transition readiness well before the 
transition occurs. Working with survivors to 
identify transition risk factors and to prepare 

them for transitions to follow-up care can mini-
mize the percentage of patients who “fail” transi-
tion. Attention to psychosocial variables should 
begin during active treatment, at a time when 
trusted health-care providers can provide antici-
patory guidance regarding the potential for nor-
mative medical and psychological late effects, as 
well as the availability of and need for long-term 
medical care [ 27 ]. 

 On an individual level, identifying and 
addressing psychological needs both before 
and after transition is a critical element of pro-
viding survivorship care. An important com-
ponent of psychosocially informed care is to 
institute comprehensive but brief psychosocial 
screening into every follow-up visit for every 
patient [ 80 ]. There is some evidence that sur-
vivors are receptive to psychosocial screening 
and interventions in the context of their fol-
low-up care (e.g., [ 21 ,  43 ,  80 ]), although there 
is a lack of clarity regarding exactly what form 
of specific screening should take. Screenings 
will best inform subsequent referrals if they 
include assessments of issues specific to the 
cancer experience (rather than assessments of 
global distress). Although  health- care provid-
ers may be able to use standardized symptom 
questionnaires, survivors may share more 
information directly relevant to their health- 
related experiences and concerns in direct 
face-to- face conversation about cancer-spe-
cific symptoms [ 88 ]. During annual clinic vis-
its, for example, it is important for providers 
to ask specific questions about survivors’ 
achievement of appropriate developmental 
milestones (e.g., education, employment, rela-
tionships), emotional distress, and about spe-
cific symptoms of posttraumatic stress (i.e., 
reexperiencing, avoidance, and arousal). 
Systematic assessment of symptoms of pain 
and fatigue should also be part of each assess-
ment, given the relationship between these 
somatic symptoms and psychosocial distress. 
Treatment and demographic variables can be 
used during screening to identify patients at 
high risk for distress and, potential, transition 
risk. Specifically, patients who survived CNS 
tumors or leukemia, as well as those who 
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report significant current health problems, 
should merit a more careful exploration of dis-
tress and quality of life concerns, as should 
those who are unemployed or report a low 
household income. 

 In addition, gathering an assessment of survi-
vors’ health-care beliefs can provide important 
information on ability to navigate important 
health-care activities [ 43 ]. Understanding the 
degree to which survivors see themselves as 
changed by cancer, as well as the degree to which 
they feel cancer should be kept in the past can 
direct pre-transition interventions; aligning survi-
vors with group activities, for example, to build a 
positive cancer-related identity may ease transi-
tion [ 27 ]. Similar interventions aimed at building 
beliefs that will support transition, based on 
Health Competence Beliefs, are listed in 
Table  20.1 . Knowing a survivor’s strengths, as 
well as the specifi c symptoms he or she experi-
ences, will round out a full picture of strengths 
and vulnerabilities of each patient.

   Attending to developmental issues associated 
with survivorship can also facilitate good transi-
tion planning. Childhood cancer survivors may 
not have had full access to information during 
their treatments and often learn of their long-term 
medical risks for the fi rst time during a follow-up 
visit [ 37 ]. Further, as childhood cancer survivors 
reach new developmental stages and new levels 
of cognitive understanding, it may be necessary 
to reteach health-related information. As survi-
vors reach adulthood and take on the direct 
responsibility of managing their own health care, 

this complex task that was formerly handled by 
parents and can be overwhelming and frighten-
ing – and might require more support and direc-
tion for the survivor. Being aware of each 
survivor’s developmental trajectory and tailoring 
psychoeducation and support to that level can 
facilitate survivors’ engagement in care. 

 In order to accommodate these concerns, it is 
critical to develop ways of responsibly educating 
survivors on their medical risk while minimizing 
the anxiety that such education may provoke 
[ 35 ]. Providers should be attuned to the potential 
psychological impact of the information they are 
delivering and should be sensitive to the fact that 
many survivors may be hearing the information 
directly for the fi rst time or may feel indepen-
dently responsible for managing this health- 
related issue for the fi rst time. Being careful to 
ask about and listen to survivors’ perceptions and 
health beliefs, 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 medical late effects, 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 iden-
tifying 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. 

   Table 20.1    Adolescent and Young Adult (AYA) health belief subtypes, based on responses to the Health Competence 
Beliefs Inventory (HCBI; [ 14 ])   

 Group  Health belief pattern  Appropriate intervention 

 Adaptive beliefs group  AYAs demonstrate high scores 
on all HCBI factors 

 Support that reinforces positive beliefs and reinforces 
adherence to recommendations and achieving personal 
goals 

 Low autonomy group  AYAs have primarily positive 
beliefs, but have low scores on 
independence/autonomy scale 

 Support should include a consideration of reasons for 
lower autonomy; work should include survivors and 
parents, with a focus on pursuing developmentally 
appropriate health-care management and personal goals 

 Vulnerable group  AYAs have low scores across 
all HCBI domains 

 Support may need to focus more intensively on negative 
beliefs and on setting goals to enhance disease 
management and quality of life 

  Adapted from Brier et al. (2012)  
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 Finally, while it is recommended that all 
patients receive this standard level of psychoso-
cial care integrated into each follow-up visit, 
some survivors will demonstrate specifi c, and 
possibly intensive, psychological needs. It is 
therefore important to maintain a referral list of 
care providers who can deliver more intensive 
care, including psychotherapists and 
neuropsychologists.  

20.7     Research and Practice: 
Developing Interventions 
Targeting Psychological 
Late Effects 

 A critical piece of providing comprehensive 
follow- up care is interdisciplinary research to 
develop and demonstrate the effectiveness of 
psychosocial interventions consistent with or 
integrated into follow-up care. There are rela-
tively few evidence-based interventions for sur-
vivors, although the largest set of interventions 
available are helpful in targeting health behav-
iors (e.g.,  [ 14 ,  58 ,  59 ,  72 ]). As an example of 
an intervention targeting PTSS across members 
of the family, the Surviving Cancer Competently 
Intervention Program (SCCIP; [ 46 ]) integrates 
cognitive behavioral approaches to distressing 
symptoms of posttraumatic stress within a fam-
ily systems intervention model. SCCIP has been 
shown to reduce PTSS in survivors and in their 
fathers [ 40 ]. Other more general pilot programs 
suggest the feasibility of interventions that aim to 
educate survivors during a follow-up visit on their 
medical vulnerability and on the need for con-
tinued participation in follow-up care (e.g., [ 18 ]) 
and that aim to provide sustained  psychosocial 
via telephone contact after a follow-up visit [ 90 ]. 
The longer-term effectiveness of such programs 
is not yet known.  

    Conclusion 

 Overall, survivors of childhood cancer report 
good psychological adjustment and have low 
rates of psychopathology. However, a signifi -
cant minority may experience psychosocial 
challenges that threaten their ongoing devel-

opment, including PTSD, impaired physical 
quality of life, and maladaptive beliefs about 
their health. Particularly for survivors of a 
central nervous system malignancy, these 
challenges may be associated with educational 
and employment challenges. Social and rela-
tionship differences, particularly in brain 
tumor survivors, are also vulnerabilities in 
many survivors. It is essential that comprehen-
sive follow-up care includes sensitive assess-
ment of these issues and referral to appropriate 
community resources, as well as health-care 
interventions that account for and are informed 
by any specifi c psychosocial concerns that a 
survivor demonstrates. Involvement of psy-
chosocial professionals, including social 
workers, psychologists, and psychiatrists, on 
comprehensive follow-up care teams should 
therefore be seen as essential. 

 Finally, it is important to emphasize that 
the psychological experience after childhood 
cancer is not unidimensional and negative. 
Emerging theoretical models and early 
research explorations indicate many survivors 
and their parents experience positive psycho-
logical outcomes that they ascribe to the child-
hood cancer experience (e.g., [ 73 ,  108 ]). 
Many psychologists working with survivors 
have qualitative or anecdotal reports that par-
ents and survivors grow to appreciate at least 
some parts of the cancer experience. Parents 
and survivors frequently explain that child-
hood cancer taught them to put things in per-
spective in ways that other people do not do 
and that they are not as materialistic and are 
more empathic. Survivors frequently feel that 
they are more mature than others their age and 
that they value their  family relationships more. 
Family members and survivors may feel grate-
ful to the medical professionals who worked 
with them and proud of their ability to man-
age – and survive – a challenge like childhood 
cancer [ 41 ]. Drawing on these strengths and 
the positive contributions of the cancer experi-
ence can help survivors and their family mem-
bers weather any challenges they might face. 
Understanding the complicated interplay of 
these strengths with the more challenging 
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 psychological late effects experienced by 
some survivors can help providers work more 
effectively to promote positive adaptation and 
growth in the decades after childhood cancer 
survivorship.     
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21.1           Introduction 

 A growing number of children in the United 
States are being diagnosed with and success-
fully treated for cancer. Approximately 83 % of 
all children diagnosed with cancer can expect 
to become long-term survivors [ 1 ]. Unlike adult 
survivors, whose average age of diagnosis is 
near retirement age, most childhood survivors 
offer decades of productive employment after 
cancer [ 2 ]. Young adult survivors entering the 
job market for the fi rst time are a rapidly grow-
ing population. By 2010, approximately one of 
every 450 young adults was a childhood cancer 
survivor [ 3 ].    Although survivors once com-
monly experienced cancer-related barriers to 
employment, improvements in medical treat-
ment and legal rights have reduced these barri-
ers considerably. 

 This chapter reviews current studies of 
employment problems reported by cancer sur-
vivors, 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 child-
hood cancer survivors’ rights to health insur-
ance and education, referring to American law 
in effect in 2013.  

        B.   Hoffman    
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21.2     The Scope of Cancer-Based 
Employment Problems 

 Of the more than 13.7 million cancer survivors in 
the United States, roughly one-half are of work-
ing age [ 4 ]. The majority of these individuals are 
willing and able to work [ 5 ]. Because of signifi -
cant improvements in cancer care, most working- 
aged adults can work during and after cancer 
treatment [ 6 ]. For example, one survey of 
10 studies that assessed return-to-work rates of 
1,904 survivors from 1986 to 1999 found that a 
mean of 62 % returned to work [ 7 ]. 

 The work issues of childhood cancer survivors 
differ somewhat from those of adult cancer survi-
vors. Because childhood survivors fi rst enter the 
workplace after diagnosis, they are often more 
concerned with how to obtain a job than with 
how to keep a job. Although many childhood sur-
vivors do not enter the job market for years or 
even decades after their diagnoses, some may 
fi nd that their cancer histories affect their employ-
ability 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. Employers may fear 
that an employee with a cancer history may 
affect insurance costs or be a less productive 
employee. Additionally, some employers fail to 
revise their personnel policies to comply with 
current antidiscrimination law. Even those who 
have updated personnel policies may not prop-
erly train their personnel managers to comply 
with these laws. 

21.2.1     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, fail-
ure to hire, demotion, denial of promotion, unde-
sirable transfer, denial of benefi ts, and hostility in 

the workplace. Disparate treatments, such as 
blanket hiring bans against all individuals with a 
cancer history, are irrational and blatant. Other 
employment decisions, especially actions by 
legally sophisticated employers, are far more 
subtle. 

 Some survivors experience signifi cant physi-
cal or mental limitations that affect their ability 
to work [ 8 ,  9 ]. One estimate is that 16.8 % of 
working- age survivors (compared with 5 % 
of matched controls) are unable to work because of 
physical, mental, or emotional problems; of those 
who could work, 7.4 % (compared with 3.2 % of 
matched controls) were limited in the kind or 
amount of work they could do [ 9 ]. 

 Whether a cancer survivor continues to work 
during treatment or returns to work after treat-
ment—and if so, whether that survivor’s diagno-
sis or treatment will result in working 
limitations—depends on medical and socioeco-
nomic factors: 

 Factors that affect a cancer survivor’s ability 
to work [ 5 ].

 Medical factors 
 Socioeconomic 
factors  Job attributes 

 Age  Financial status  Essential job 
functions 

 Type of cancer  Education  Working hours 
 Stage of cancer  Access to health 

insurance 
 Commuting 
factors 

 Side effects of 
treatment 

 Access to 
transportation 

 Medical leave 
benefi ts 

 Other chronic 
health 
conditions 

 Access to quality 
cancer care 

21.2.2        The Numbers of Cancer 
Survivors Who Encounter 
Employment Problems 

 Prior to the passage of state and federal employ-
ment rights laws, employment discrimination 
against cancer survivors was common. Such dis-
crimination can have devastating physical, emo-
tional, and fi nancial consequences [ 10 ]. 

 Survivors of childhood cancer once experi-
enced signifi cant employment problems similar 
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to those encountered by adult cancer patients. 
For example, a 1986 Stanford study found that 
43 % of 403 Hodgkin’s disease survivors expe-
rienced diffi culties at work that they attributed 
to their cancer history [ 11 ]. A 1982 study by 
Koocher and O’Malley of 60 childhood cancer 
survivors found that 25 % reported job discrimi-
nation (10 persons were refused a job at least 
once, 3 were denied benefi ts, 3 experienced ill-
ness-related confl ict with a supervisor, 4 
reported job task problems, and 11 were rejected 
by the military) [ 12 ]. A 1986 study by Teta 
found a large disparity in the civilian and mili-
tary employment rates of childhood cancer sur-
vivors compared with their siblings [ 13 ]. Eighty 
percent of the male survivors were rejected from 
the military compared with 18 % of their sib-
lings, and 32 % were rejected from job opportu-
nities compared with 19 % of their siblings. 
Although female survivors faced disproportion-
ate rejection from the military (75 % compared 
with 13 % for siblings), the percentage of 
women rejected from employment was the same 
for survivors as for their siblings (19 %). 

 Hays and colleagues 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 [ 14 ]. They found that 
childhood survivors, with the exception of survi-
vors of central nervous system tumors, experi-
enced relatively the same employment history as 
the controls [ 14 ]. The controls, however, reported 
somewhat more annual income than did the sur-
vivors [ 14 ]. Hays’ results suggest that as the 
length of time between diagnosis and initial 
employment increases, the incidence of employ-
ment problems may decrease. 

 Only those survivors who sought entry into 
the military faced increased rates of discrimina-
tion (15.2 % of survivors at one institute and 
20.7 % at another versus 7.7 % and 1.8 %, respec-
tively, of the controls). Although the Department 
of Defense presumes cancer survivors to be unfi t 
for military service, it considers waivers on a 
case-by-case basis for childhood survivors of 
acute lymphoblastic leukemia who have not had 
a recurrence and for other survivors who have 
been out of treatment and cancer-free for 5 years 

(2 years for Wilms’ tumor, large-cell lymphoma, 
and germ cell tumors of the testes). 

 But with the passage of the Americans with 
Disabilities Act in 1990 and comparable state 
laws, as well as a sea change in perceptions about 
living with and beyond cancer, survivors have 
reported decreasing incidences of work problems 
attributable to their cancer [ 5 ]. 

 A 2006 national survey of cancer survivors 
found that most employers appear to be highly 
sensitive and accommodating to the needs of 
employees who have cancer and to employees 
who are caregivers for cancer survivors [ 5 ]. 
Three out of fi ve survivors reported receiving 
coworker support, such as help with work or 
random acts of kindness. Survivors and caregiv-
ers reported very low incidences of negative 
reactions from their employers and coworkers. 
The most common negative reaction, reported 
by one in fi ve survivors, was that an employer 
gave a survivor less work after diagnosis. Other 
consequences, such as being fi red or laid off 
(6 %), denied a raise or promotion (7 %), and 
denied health insurance benefi ts (4 %), were far 
less common. 

 A 2010 study that compared 410 childhood 
cancer survivors with almost 300,000 controls 
found that although most childhood cancer survi-
vors were employed as adults, they had lower 
employment rates than controls. 

 Employment rates of childhood cancer survi-
vors and controls [ 15 ].

 Childhood 
cancer 
survivors  Controls 

 % who held a job in past 
12 months 

 67.8  73.9 

 % unable to work due to 
health problems 

 20.9  6.3 

 % limited in amount/kind 
of work because of health 
problems 

 30.9  10.6 

   Although incidences of cancer-based employ-
ment discrimination have decreased, some survi-
vors still face disparate treatment and seek legal 
redress. Between 1997 and 2011, 2.3–3.9 % of 
claims brought under Title I of the ADA alleged 
“cancer” as a disability [ 16 ].   
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21.3     Laws Governing Cancer- 
Based Discrimination 

21.3.1     When Cancer-Based 
Discrimination Is Illegal 

 Under federal law and most state laws, an 
employer cannot treat a survivor differently from 
other workers in job-related activities because of 
his or her cancer history, provided the survivor is 
qualifi ed for the job. Individuals are protected by 
these laws only if:

    1.    They can do the major duties of the job in 
question.   

   2.    Their employer treated them differently from 
other workers in job-related activities because 
of their cancer history.     

21.3.1.1     Americans with Disabilities 
Act 

 The Americans with Disabilities Act (ADA) pro-
hibits some types of job discrimination by 
employers, employment agencies, and labor 
unions against people who have or had cancer. 
All private employers with 15 or more employ-
ees, state and local governments, the legislative 
branch of the federal government, employment 
agencies, and labor unions are covered by 
the ADA. 

 A “qualifi ed individual with a disability” is 
protected 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,” with 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 caring for one-
self, walking, breathing, or working. 

 Cancer is an “impairment” as defi ned by law. 
In most circumstances, cancer survivors, regard-
less of whether they are in treatment, in remis-
sion, or cured, are protected as persons with a 
disability because their cancer substantially lim-
ited a major life activity. Indeed, the Equal 
Employment Opportunities Commission (EEOC) 

regulations that interpret the ADA consider can-
cer 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, dismissal, and 
benefi ts. In most cases, a prospective employer 
may not ask applicants if they have ever had can-
cer. 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 accommoda-
tion.” Common accommodations for survivors 
include changes in work hours or duties to 
accommodate medical appointments and treat-
ment 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 accommodation 
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 misses 6 months of work that cannot be per-
formed by a temporary employee. 

 The ADA does not prohibit an employer from 
ever dismissing or refusing to hire a cancer survi-
vor. Because the law requires employers to treat 
all employees similarly, regardless of disability, 
an employer may fi re a cancer survivor who 
would have been dismissed even if he or she were 
not a survivor. 

 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. Employers may not discriminate against 
workers because of their relationship or associa-
tion with a “disabled” person. Employers may 
not assume that an employee’s job performance 
will be affected by the need to care for a family 
member who has cancer.  
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21.3.1.2     Family and Medical Leave Act 
 The Family and Medical Leave Act (FMLA) 
requires employers with at least 50 workers to 
provide employees up to 12 weeks of unpaid 
leave for serious medical illness, including can-
cer, to care for themselves or dependents. The 
FMLA provides a number of benefi ts to people 
with cancer:

•    Requires employers to continue to provide 
benefi ts, 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 condition such 
as cancer.  

•   Allows leave because a serious health condi-
tion renders the employee unable to perform 
the functions 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 benefi ts 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 because it:

•    Requires employees to make reasonable 
efforts to schedule foreseeable medical care to 
minimize workplace disruption  

•   Requires employees to give employers 
30 days’ notice of foreseeable medical leave 
or as much notice as is practicable  

•   Allows employers to require employees to pro-
vide certifi cation of medical needs and allows 
employers to seek a second opinion, at the 
employer’s expense, to corroborate medical need  

•   Permits employers to provide leave provisions 
more generous than those required by the 
FMLA     

21.3.1.3     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 benefi t plan because of a cancer history. 
ERISA prohibits an employer from discriminating 
against an employee for the purpose of preventing 
him or her from collecting benefi ts under an 
employee benefi t plan. For example, some employ-
ers fear that the participation of a cancer survivor in 
a group medical plan will increase the employer’s 
insurance costs. An employer may violate ERISA 
if, upon learning of a worker’s cancer history, it dis-
misses that worker for the purpose of excluding 
him or her from a group health plan.  

21.3.1.4     Genetic Information 
 With the growth of genetic testing, many cancer 
survivors are concerned that employers will use 
genetic information as a basis for discrimination. 
The Genetic Information Nondiscrimination Act 
(GINA) prohibits an employer, employment 
agency, labor organization, or training program 
from using genetic information to make decisions 
regarding hiring, promotion, terms or conditions, 
privileges of employment, compensation, or ter-
mination. GINA protects employees from dis-
crimination based on the result of a genetic test 
and information about a family history of a dis-
ease. It does not, however, protect employees 
from discrimination because of a manifested dis-
ease or condition. GINA covers the same employ-
ers that are covered under the ADA (those with at 
least 15 employees). An employee who has a 
genetic predisposition to a disease or condition 
may still qualify for family or medical leave and 
may participate in an employer-sponsored 
 wellness program or other genetic services—such 
as tests, counseling, and education—offered by an 
employer. The employment provisions of GINA 
do not interfere with an employee’s right to pro-
tection under state genetic discrimination laws.  

21.3.1.5     State Employment 
Rights Laws 

 Every state has a law that regulates, to some extent, 
disability-based employment discrimination. 
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Some laws clearly prohibit cancer-based discrimi-
nation, while others have never been applied to 
cancer-based discrimination. State laws also vary 
as to which employers—public or private, large or 
small—must obey the law. 

 Several states, such as New Jersey, cover all 
employers regardless of the number of employ-
ees. The laws in most states, however, cover 
only employers with a minimum number of 
employees. A small number of states, such as 
California, Florida, Vermont, and West Virginia, 
expressly prohibit discrimination based on can-
cer history. Many state laws protect individuals 
with real or perceived disabilities and, therefore, 
cover most cases of cancer-based discrimina-
tion. The rights of cancer survivors who are not 
impaired are unclear in those states where courts 
have not addressed the issue and where one 
must have a physical or mental impairment to 
bring a claim. 

 Many states have leave laws similar to the fed-
eral Family and Medical Leave Act in that they 
guarantee employees in the private sector unpaid 
leave for pregnancy, 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 

require 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 defi nition of “family member” for whose 
illness 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 
benefi ts while on leave and who pays for them  

•   How the law is enforced (by state agency or 
through private lawsuit)       

21.4     How to Address Cancer- 
Based Discrimination 

21.4.1     How to Avoid Becoming 
a Victim of Discrimination 

 Lawsuits are neither the only nor the best way to 
fi ght employment discrimination against cancer 
survivors. State and federal antidiscrimination 
laws help cancer survivors in two ways. First, 
they discourage discrimination. Second, they 
offer remedies when discrimination does occur. 
These laws, however, should be used as a last 
resort because lawsuits are costly and time- 
consuming and may not necessarily result in a 
fair solution. The fi rst step is to try to avoid dis-
crimination. If that fails, the next step is to 
attempt a reasonable settlement with the 
employer. If informal efforts fail, however, a law-
suit may be the most effective next step. 

 When seeking employment, survivors can lessen 
the chance they will face cancer-based discrimina-
tion by considering the following suggestions:

•    Do not volunteer that you have or have had 
cancer, unless it directly affects your 
 qualifi cations 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 fi red for your dis-
honesty. Insurance companies may refuse to 
pay benefi ts or may cancel your coverage.  

•   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 qualifi ed for it, regardless 
of your medical history.  

•   If you have to explain an educational gap or a 
long period of unemployment during cancer 
treatment, if possible, explain it in a way that 
shows you are currently in good health and 
expected to remain healthy. One way to de- 
emphasize a gap in your school or work his-
tory because of cancer treatment is to organize 
your resume by experience and skills, instead 
of by date.  
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•   Offer your employer a letter from your doctor 
that explains your current health status, prog-
nosis, and ability to work. Be prepared to edu-
cate the interviewer about your cancer and 
why cancer often does not result in death or 
disability.  

•   Seek help from a job counselor with resume 
preparation and job interviewing skills. 
Practice answers 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 honest but should 
stress your current qualifi cations 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 
“benefi ts 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 unable to work at all. 
Although cancer treatment leaves some survi-
vors with real physical or mental disabilities, 
most survivors are capable of performing the 
same duties and activities as they did prior to 
diagnosis or of adjusting to new job duties. 
With the help of your medical team, make an 
honest assessment of your abilities in relation 
to the mental and physical demands of the job.     

21.4.2     Fighting Back Against 
Discrimination 

 Survivors who suspect that they are being treated 
differently at work because of their cancer his-
tory should consider an informal solution before 
fi ling a lawsuit. Survivors who face discrimina-
tion may consider the following suggestions:

•    Consider using your employer’s policies and 
procedures for resolving employment issues 
informally. Tell your employer that you know 
your legal rights and would rather resolve the 
issues openly and honestly than fi le 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 an accommodation to help you 
work, such as fl exible working hours to 
accommodate doctors’ appointments for fol-
low- up or late effects treatment, suggest sev-
eral alternatives to your employer. If your 
employer offers you accommodations, do not 
turn them down lightly. Such an offer may 
benefi t the employer if the case ends up before 
a court. The Job Accommodation Network, a 
free service of the United States Department 
of Labor, helps employers fashion accommo-
dations for disabled employees. Call 
1.800.526.7234 or go to   www.askjan.org     for 
more information.  

•   Educate employers and coworkers who might 
believe that people cannot survive cancer and 
remain productive workers. For example, you 
could give your employer a letter from your 
doctor explaining your cancer history and why 
you are able to work.  

•   Ask a member of your health-care team to 
write or call your supervisor to offer to medi-
ate the confl ict and suggest accommodations.  

•   Consider seeking support from your cowork-
ers. They have an interest in protecting them-
selves 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 to show that you were qualifi ed for the 
job. Bad actions, such as being moved from a 
job that has much public interaction to a job 
that has little interaction 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 attend-
ees), letters, and the names and addresses of 
witnesses. Make written notes as events occur 

21 Legal Issues

http://www.askjan.org/


392

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 benefi ts, 
a written apology, or something else? Consider 
the positive and negative aspects of a lawsuit. 
Potential positive aspects include getting a job 
and monetary damages, protecting your rights, 
and tearing down barriers for other survivors. 
Potential negative aspects include long court 
battles with no guarantee of victory, legal fees 
and expenses, stress, and a hostile relationship 
between you and the people you sue.  

•    Consider an informal settlement of your 
complaint . A union representative, human 
resources employee, or social worker may 
be able to assist as a mediator. Your state or 
federal representative or local media may 
help persuade your employer to treat you 
fairly. Keep in mind that the first step most 
government agencies and companies take 
when they receive a complaint is to try to 
resolve the dispute without a costly 
lawsuit.  

•    Be aware of fi ling deadlines so you do not lose 
your option to fi le a complaint under state or 
federal law . You have 180 days from the date of 
the action against you to fi le a complaint with a 
federal agency. If you work for the federal gov-
ernment, you have only 45 days to begin coun-
seling with an equal employment opportunity 
counselor. In most states, you have 180 days to 
fi le a complaint with the state agency. If you fi le 
a complaint and later change your mind, you 
can drop the lawsuit at any time.    

 If an informal solution does not work, a law-
suit may be the most appropriate next step for 
some survivors. To enforce a complaint under the 
Americans with Disabilities Act, the survivor 
must fi le a complaint with the Equal Employment 
Opportunities Commission (EEOC). The EEOC 
will attempt to settle the dispute. If no settlement 
is reached, the EEOC may appoint an investiga-
tor to evaluate the claim. If the EEOC determines 
that your rights may have been violated, the 

EEOC may sue on your behalf or may grant you 
the right to fi le a lawsuit in federal court. 

 Contact the EEOC at:

•    800.669.4000 to fi nd your local EEOC offi ce  
•   800.669.EEOC or 800.669.3362 for more 

information about the ADA  
•     www.eeoc.gov        

 If you can prove that you are qualifi ed for a 
job but were treated differently because of your 
cancer history, you may be entitled to:

•    Back pay and benefi ts  
•   Injunctive relief such as reinstatement  
•   Monetary damages (e.g., for attorney’s fees)    

 The Americans with Disabilities Act allows an 
award for compensatory or punitive damages up 
to $300,000 for intentional discrimination. 
Intentional discrimination, however, is diffi cult 
to prove, and these damages are not available 
against state or local governments or against a 
private employer who made a “good faith” effort 
to accommodate you. 

 Under the Federal Rehabilitation Act, employ-
ees or recipients of federal fi nancial assistance 
have up to 180 days from the action against them 
to fi le a complaint with the federal government. 
Employees of the federal government, however, 
have only 30 days. 

 Survivors must fi le a complaint with the fed-
eral agency that provided federal funds to their 
employer. For more information, contact:

   If your employer receives federal contracts:
   United States Department of Labor  
  Offi ce of Federal Compliance Programs  
  800.397.6251  
    www.dol.gov/esa/ofccp         

  If your employer receives federal fi nancial 
assistance:
   United States Department of Justice  
  Civil Rights Division, Disability Rights 

Section  
  800.514.0301  
    www.justice.gov/crt/about/drs         
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  Under the Family and Medical Leave Act, you 
may choose between fi ling a lawsuit in court 
or fi ling a complaint with:
   United States Department of Labor  
  Employment Standards Administration, Wage 

and Hour  
  866.487.9243  
    www.dol.gov/esa/whd/fmla           

 Most states have a state agency that enforces 
the law. Some states permit individuals to fi le 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 fi le a 
complaint with the state enforcement agency. 

 For more information about the laws in your 
state, contact your state commission on civil or 
human rights or contact an attorney who is expe-
rienced in job discrimination cases. The EEOC 
Public Information System at 1.800.669.4000 
can help you locate the appropriate state enforce-
ment agency. 

 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 Americans with Disabilities Act 
(federal). 

 Survivors who have a choice of remedies 
may fi le a complaint with each relevant enforce-
ment agency. One agency may “stay” (not act 
on) the claim until another agency issues a deci-
sion. 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 offi ce is most 
convenient. 

 Survivors do not have to have a lawyer to rep-
resent them before an enforcement agency or 
court. However, someone who is represented by a 
lawyer experienced in job discrimination is more 
likely to succeed.   

21.5     Health Insurance 

21.5.1     The Impact of Cancer 
on Health Insurance 

 Because most individuals obtain health insurance 
through their own, their parents’, or their spouse’s 
employment, many insurance problems are 
related to loss of employment and employment 
discrimination. Those who are not covered by 
group policies are the most vulnerable to insur-
ance problems. 

 Historically, survivors reported a variety of bar-
riers to insurance, including refusal of new appli-
cations, policy cancellations or reductions, higher 
premiums, waived or excluded preexisting condi-
tions, and extended waiting periods [ 14 ,  15 ,  17 ]. 
Survivors of childhood cancer also experienced 
problems obtaining health insurance. Like adult 
cancer survivors, the more years that had passed 
since treatment, the better the chances that child-
hood cancer survivors would obtain health insur-
ance on the same terms as non-survivors [ 14 ,  18 ]. 

 Barriers to adequate health insurance can have 
a detrimental impact on survivors’ physical, emo-
tional, fi nancial, social, and occupational health 
[ 19 ]. Survivors who have private health insurance 
and higher income experience better cancer 
screening, treatment, and access to medical care 
[ 19 ]. This discrepancy is so great that survivors 
who have no or inadequate health insurance 
experience poorer health and higher mortality 
risks [ 19 ]. With the growth of managed care, sur-
vivors are increasingly forced to make decisions 
regarding their choice of type of treatment, treat-
ment site, and provider, based on whether their 
insurance plan will cover treatment, rather than 
on whether their choices satisfy their medical and 
personal needs [ 19 ].  

21.5.2     Cancer Patients’ Health 
Insurance Rights 

 Cancer survivors who have health insurance are 
entitled to all of the rights described in their poli-
cies. Insurers who fail to pay for treatment in 
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accordance with the terms of the policies may be 
sued for violating the contract between the survi-
vor and the insurer. 

21.5.2.1     Federal Health Insurance Laws 
 Several federal laws help cancer survivors obtain 
new health insurance, as well as help them retain 
insurance. Although they are briefl y described 
below, more information about these laws is avail-
able at   www.healthcare.gov    . The United States 
Department of Health and Human Services also 
provides consumer information on health insur-
ance options for children and links to state resources 
at   www.insurekidsnow.gov     and 877.543.7669. 

   Affordable Care Act 
 The Affordable Care Act (ACA) signifi cantly 
expands young adult survivors’ access to health 
insurance. The ACA requires parents’ individual 
and employer-provided health plans to cover their 
young adult children until the age of 26. This man-
date covers married and unmarried young adults 
and applies to existing employer plans unless the 
adult child has another offer of employer-based 
coverage (such as through his or her job). 
Beginning in 2014, children up to age 26 can stay 
on their parent’s employer plan even if they have 
another offer of coverage through an employer. 

 Employers with more than 50 employees must 
offer health benefi ts by January 1, 2015, or pay a 
tax. Employees who do not receive health insur-
ance through work will be able to purchase new 
health insurance in state-run marketplaces called 
“exchanges,” where they can compare health 
insurance policies. Families who make between 
100 % and 400 % of the federal poverty level will 
be eligible for tax credits to purchase insurance. 
Individuals under the age of 65 who earn income 
up to 133 % of the federal poverty level will be 
covered by Medicaid. 

 The ACA prohibits insurers from discriminat-
ing against individuals based on preexisting con-
ditions such as a cancer history.  

   Americans with Disabilities Act 
 The ADA prohibits employers from denying 
health insurance to cancer patients if other 
employees with similar jobs receive insurance. 

Because the ADA protects employees from dis-
crimination based on their association with a per-
son with a disability, an employer may not refuse 
to provide a family health policy solely because 
one of the employee’s dependents has cancer.  

   Children’s Health Insurance Program 
 Many low-income children receive health bene-
fi ts through Medicaid. The Children’s Health 
Insurance Program (CHIP) provides health insur-
ance to children in families with incomes too 
high to qualify for Medicaid. CHIP is adminis-
tered by states through state and federal funding. 
CHIP offers health insurance coverage to low- 
income, uninsured children under the age of 19. 
Because each state can design its own CHIP plan, 
the eligibility requirements vary from state to 
state. For information about a specifi c state CHIP, 
contact your state public welfare or social ser-
vices department or visit   www.healthcare.gov    .  

   Comprehensive Omnibus Budget 
Reconciliation Act 
 The Comprehensive Omnibus Budget 
Reconciliation Act (COBRA) requires employers 
to offer group medical coverage to employees 
and their dependents who otherwise would have 
lost their group coverage due to individual cir-
cumstances. 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 surviv-
ing, divorced, or separated spouses and to depen-
dent children. 

 By allowing survivors to keep group insurance 
coverage for a limited time, COBRA provides 
valuable 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 more than 2 % the rate 
set for the former coworkers. 

 Eligibility for the employee, spouse, and 
dependent child varies under COBRA. The 
employee becomes eligible if he or she loses 
group health coverage because of a reduction in 
hours or because of termination due to reasons 
other than gross employee misconduct. The 

B. Hoffman

http://www.healthcare.gov/
http://www.insurekidsnow.gov/
http://www.healthcare.gov/


395

spouse of an employee becomes eligible for any 
of four reasons:

    1.    Death of spouse.   
   2.    Termination of spouse’s employment (for rea-

sons other than gross misconduct) or reduc-
tion in spouse’s hours of employment.   

   3.    Divorce or legal separation from spouse.   
   4.    Spouse becomes eligible for Medicare.     

 The dependent child of an employee becomes 
eligible for any of the fi ve reasons:

    1.    Death of parent.   
   2.    Termination of parent’s employment or reduc-

tion 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 specifi c group plan.     

 The continued coverage under COBRA must 
be identical to that offered to the families of the 
employee’s former coworkers. If employment is 
terminated for any reason other than gross mis-
conduct, the employee and his or her dependents 
can continue receiving coverage for up to 
18 months. A qualifi ed benefi ciary who is deter-
mined to be disabled for Social Security purposes 
at the time of the termination of employment or 
reduction in employment hours can continue 
COBRA coverage for a total of 29 months. 
Dependents 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 
insurance 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.     

 The Employee Benefi ts Security Adminis-
tration of the United States Department of Labor 
enforces COBRA for most employers in the 

 private sector. The Centers for Medicare and 
Medicaid Services of the United States 
Department of Health and Human Services regu-
lates COBRA compliance by state and local gov-
ernment employers.  

   Health Insurance Portability 
and Accountability Act (HIPAA) 
 HIPAA restricts how health information can be 
used by a health-care provider, health plan, and 
other related organizations. Health-care provid-
ers and employers may not use health informa-
tion for employment reasons. Information about 
an individual’s health can be used only for rea-
sons related to treatment, payment, and health- 
care operations. The United States Department of 
Health and Human Services, Offi ce of Civil 
Rights, provides information about privacy rights 
and medical care at   http://www.hhs.gov/ocr/
hipaa/     and 866.627.7748.   

21.5.2.2     State Insurance Laws 
 Every state regulates policies sold by insurance 
companies in the state. These laws vary signifi -
cantly. Some states require insurance policies to 
cover off-label chemotherapy, minimum hospital 
stays for cancer surgery, and benefi ts for certain 
types of cancer treatment and screening. Most 
states provide the right to convert a group health 
insurance policy to an individual policy. The spe-
cifi c rules of open enrollment periods vary from 
state to state. Additionally, some states provide 
stronger privacy protections than those provided 
by HIPAAA. Contact your state insurance depart-
ment for more information.   

21.5.3     How to Challenge 
a Denied Claim  

 Cancer treatment often involves numerous bills 
from different parties: hospital, physicians (sur-
geon, anesthesiologist, oncologist, radiologist, 
etc.), support services (nurse, social worker, 
nutritionist, therapist, etc.), radiology group, 
pharmacy (drugs and medical supplies), and con-
sumer businesses (wigs, breast inserts, special 
clothing, etc.). Insurance companies will pay 
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some of these parties directly, in part or in whole. 
The survivor must pay other bills and submit cop-
ies to the company for reimbursement. 

 Keeping track of expenses, often amounting to 
tens of thousands of dollars, can be confusing and 
exhausting. The key to collecting the maximum 
benefi ts 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  

•   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 fi lling out the 
claims forms, carefully provide all the informa-
tion 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 cop-
ies of all documents and keep the originals for 
your fi les.  

•   Keep a record of your contacts with the insur-
ance 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 regu-
lates your insurance provider if you do not 
receive a satisfactory and timely answer from 
your insurer. Most state insurance depart-
ments or commissions help consumers with 
complaints.  

•   Contact cancer support organizations in your 
community. Some 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.      

21.6     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 gainful employment. Late effects of radia-
tion, chemotherapy, and surgery can include 
physical and mental limitations, such as neuro-
cognitive defi cits, growth retardation, cardiac 
dysfunction, second malignancies, and fatigue. 
Two federal laws protect survivors who have 
such disabilities from barriers to education, 
which in turn help expand their employment 
opportunities. 

21.6.1     Individuals with Disabilities 
Education Act 

 The Individuals with Disabilities Education Act 
(IDEA) requires states to provide children with 
disabilities with a free appropriate public educa-
tion from the age of 3–21. A child with a disabil-
ity includes a child with developmental 
disabilities; a hearing, speech, visual, or orthope-
dic impairment; a serious emotional disturbance; 
brain injury; autism; learning disability; or other 
similar health impairment. 

 The purpose of the IDEA is to ensure that chil-
dren with disabilities receive a public education 
that emphasizes special education and related 
services designed to address their individual 
needs. Thus, every child is entitled to an individ-
ualized education plan (IEP), which is crafted by 
a team of professionals who are familiar with the 
child’s specifi c limitations, needs, and abilities. 
Where possible, school districts are required to 
provide children with disabilities an education in 
the regular classroom setting. Schools must pro-
vide services that are necessary to help a child 
benefi t from his or her education. These services 
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may include a special education teacher, voice or 
sign language interpreter, large-print texts, place-
ment in private school, testing accommodations, 
tutor, special transportation, occupational ther-
apy, physical therapy, speech therapy, or psycho-
therapy. 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 professional to help 
keep the catheter clean and functioning during 
the school day.  

21.6.2     Americans 
with Disabilities Act 

 Students in higher education are covered by the 
Americans with Disabilities Act. The ADA man-
dates that no individual with a disability shall be 
excluded from participation in public services or 
programs, such as higher education. Educational 
institutions are required to provide disabled stu-
dents 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 and/or note taker for a 
cancer survivor who has a hearing loss as a result 
of treatment. Additionally, the institution may not 
discriminate on the basis of the student’s disabil-
ity. For example, a survivor who has respiratory 
fi brosis may not be required to complete the same 
physical educational standards required of other 
students.   

    Conclusion 

 Survivors of childhood cancer diagnosed in 
the twenty-first century can expect fewer 
legal and economic barriers than those 
encountered by survivors in the past. 
Although some barriers to affordable 
health care remain, the majority of child-
hood cancer survivors today will enter 
schools and the job market with a decreas-
ing chance of facing discrimination and an 
increasing array of legal rights and 
remedies.      

21.7     Appendix 

 Tables  21.1 ,  21.2 ,  21.3 , and  21.4  give details of 
some useful resources, outline the main provi-
sions of the Americans with Disabilities Act and 
the Family and Medical Leave Act, and summa-
rize advice on avoidance and handling of work-
place discrimination.

   Table 21.1    Resources   

  National Coalition for Cancer Survivorship  
 Provides publications, answers to questions about 
employment rights, and assistance locating legal 
resources 
 877.NCCS.YES or 877.622.7937 
   www.canceradvocacy.org     
  National Cancer Legal Services Network  
 Provides a searchable database of organizations that 
provide legal services to cancer survivors. The National 
Cancer Legal Services Network (NCLSN) is a coalition 
of attorneys, legal service programs, cancer support 
organizations, and health-care providers 
   www.nclsn.org     
  Cancer Legal Resource Center  
 Provides information and education on cancer-related 
legal issues, including health insurance, employment, 
government benefi ts, estate planning, advance 
health-care directives, family law, and fi nancial 
assistance. The Cancer Legal Resource Center (CLRC) 
is a community-based joint program of the Disability 
Rights Legal Center and Loyola Law School 
(California) 
 866.843.2572 
   www.disabilityrightslegalcenter.org/     
  Cancer and Careers  
 Provides free publications, career coaching, and a 
series of support groups and educational seminars for 
employees with cancer and their health-care providers 
and coworkers 
   www.cancerandcareers.org     
  Cancer Care ,  Inc . 
 Provides assistance by oncology social workers, 
including answers to questions about employment 
rights and assistance locating legal resources 
 800.813.HOPE or 800.813.4673 
   www.cancercare.org     
  American Cancer Society  
 Services vary widely from county to county. Some ACS 
units may be able to help you fi nd a lawyer in some 
areas 
 800.ACS.2345 or 800.227.2345 
   www.cancer.org     
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22.1           Introduction 

 Numerous reports and reviews have been pub-
lished about the late effects of cancer and its treat-
ment among childhood cancer survivors [ 17 ,  19 , 
 22 ,  27 ]. This literature describes the sequelae 
present at, or shortly following, the end of ther-
apy, as well as the occurrence of selected late 
complications. Most studies of late sequelae focus 
on medical outcomes, although psychosocial and 
economic outcomes among survivors have a 
growing literature. These studies have shown that 
the type and intensity of therapy, as well as the 
age of the patient at therapy, are important factors 
infl uencing both overall survival and the occur-
rence of late effects. Children who are younger at 
diagnosis and treatment are more severely affected 
than older children, particularly if treatment is 
administered at a time of signifi cant development 
and growth. However, specifi c treatment expo-
sures and outcomes remain to be investigated in 
depth. Well-designed epidemiologic investiga-
tions of these subjects can provide strong and reli-
able evidence on which to base both clinical 
practice and health policy. The objectives of this 
chapter are to present an overview of methodolog-
ical issues  important in the proper conduct and 
analysis of late-effect studies, to outline briefl y 
several types of study design that are useful, and 
next steps in the research of childhood cancer sur-
vivorship research.  
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22.2     Methodological Issues 
Relevant to Survivor 
Studies 

22.2.1     Selection of Study Subjects 

 Studies of late effects begin with the conjecture 
that a particular factor or exposure may infl uence 
the occurrence of a disease or outcome. A study 
is then designed to test the conjecture or hypoth-
esis. The fi rst, and perhaps the most important, 
task in the study design is the defi nition and 
selection of the population to be tested and the 
defi nition and selection of the comparison group, 
i.e., the group that will appropriately determine 
whether a statistical association exists between 
the factor or exposure of interest and the outcome 
or disease of interest. The study population must 
be defi ned in such a way that it is as representa-
tive as possible of the wider population of interest 
(i.e., the entire population of childhood cancer 
survivors). Care must be exercised in selecting 
survivors and a non-survivor comparison popula-
tion to minimize the possibility of differential 
selection on the basis of exposure. The fi rst step in 
the survivor case selection is to defi ne the disease/
outcome of interest and to establish strict diagnos-
tic criteria to keep the disease entity well defi ned. 
Subjects can be obtained from a population- based 
source, such as a disease registry, from hospital or 
clinic records over a specifi ed period of time, or 
they can be members of a defi ned study cohort 
assembled from a single institution or a consor-
tium of treating institutions. Each source from 
which potential study subjects can be drawn will 
present both drawbacks and benefi ts. Studies that 
recruit their subjects from single institutions gen-
erally suffer from small sample sizes and fi ndings 
may be less generalizable. There are advantages 
to single institution studies, particularly if out-
comes of interest require clinic follow-up or test-
ing. Clinical trial consortiums, such as the 
Children’s Oncology Group, have the advantage 
of being able to evaluate protocol-defi ned patient 
cohorts who receive uniform therapies. A draw-
back, however, is that cases enrolled in the study 
are not necessarily representative of the full spec-
trum of a disease or diseases. To defi ne a study 

cohort based on protocol-defi ned disease or dis-
eases among such a consortia of institutions 
allows for complete case ascertainment from each 
participating institution but can also suffer from 
low participation rates or from subjects being lost 
to follow-up. 

 An important rule of thumb for the selection 
of the non-survivor comparison group is that it 
should represent a population with the potential 
to develop the disease or condition being studied. 
The use of siblings of survivors as the study’s 
comparison group is appropriate, on the assump-
tion that these individuals share many of the same 
genetic and environmental factors, with the 
exception of treatment exposures, and, as a result, 
that their risk for developing diseases/conditions 
was comparable to that of their sibling who had 
had cancer. A signifi cant drawback to using sib-
lings, however, is if the outcomes of interest are 
factors for which they will be over-matched, such 
as genetics or other familial factors. There are 
also limitations if analyses are restricted to com-
plete sibling pairs, such that patients without 
involved siblings are not represented. The usual 
alternative is to include all survivors plus any sib-
lings that agree to participate, with care taken to 
evaluate the degree to which the siblings (or their 
survivor pair) who participate are representative 
of those who do not. If they are not representa-
tive, then bias may also be introduced in this set-
ting. For all research involving human subjects, it 
is critical that the study protocol is reviewed and 
approved by their Institutional Review Board, all 
potential subjects are properly informed of their 
risk in participation, and consent is received 
before subjects are enrolled in research.  

22.2.2     Bias, Confounding, Matching 

 Once a well-defi ned study population has been 
assembled, it is then necessary to assess the study 
hypothesis with considerations of possible alter-
native explanations and whether the statistical 
association under investigation represents a cause-
effect relationship between exposure and disease. 

 To determine whether a statistical association is 
valid, possible sources of bias must be considered 
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and, if possible, eliminated. Bias refers to any ele-
ment 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 infor-
mation is obtained or reported. Bias is minimized 
by ensuring that subject selection, exposure assess-
ment, 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 exposure. Confounding occurs when unmea-
sured or uncontrolled factors associated both with 
the exposure and with the outcome explain the 
observed association. A confounder variable can-
not 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 address confounding in the 
study design, matching can be performed. 
Matching is the selection of a comparison group 
that is identical to the group of interest with respect 
to the distribution of one or more confounders. 
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 exposure variables 
under study can be more clearly discerned. If suf-
fi cient numbers of subjects with a full range of 
confounding covariate values are present in the 
cohort, then adjusted comparisons can be made 
using regression techniques for analyses.  

22.2.3     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 institu-
tion, whether the patient has experienced any late 
effects, and the length of follow-up. Specifi cally, 
the information must be equally available and of 
equal quality across all institutions participating 
in the study. Furthermore, it should include all 
relevant exposures prior to development of the 

condition under investigation, including treat-
ment for any recurrence of the individual’s origi-
nal diagnosis and for any subsequent primary 
cancer. A potential obstacle to the accurate 
assessment of therapeutic exposures is either 
incomplete or lost medical records. To ensure 
accuracy and minimize bias, a detailed, clear pro-
tocol for therapeutic exposure assessment must 
be prepared and followed. Such a protocol 
includes the development of a structured, medi-
cal record abstraction form, as well as consistent 
training of personnel to abstract the medical 
records. Alternatively, the late effects resulting 
from a phase III randomized clinical therapeutic 
protocol can be evaluated without such an in- 
depth record review by comparing outcomes 
based on assigned treatment regimen.  

22.2.4     Outcome Assessment 

 While medical records can be used to ascertain 
outcome data, such records have signifi cant limi-
tations in the study of long-term outcomes in 
childhood cancer survivors. As survivors grow 
into adults, the medical facilities at which they 
receive care will likely shift from the institutions 
where they were treated for their primary diagno-
sis to adult care facilities. Because of the large 
number of adult care facilities involved, request-
ing copies of records can be costly, as well as 
ineffi cient. Direct communication with study 
subjects – in person, by telephone, or by mail – 
using standardized interview protocols or 
 questionnaires, is a more practical method of pre-
liminary outcome ascertainment in late-effect 
research. Data on outcomes for which self- 
reporting is unreliable can then be supplemented/
validated by a focused collection of medical 
records, potentially using electronic medical 
records to facilitate these efforts. 

 A well-constructed survey instrument capable 
of eliciting reliable and valid medical information 
from study subjects is crucial to success in late-
effect research. Questions must be phrased in 
such a way as to obtain the most accurate infor-
mation possible while encouraging high response 
rates. Both closed and open-ended questions can 
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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 informa-
tion and give explanations of events. All question-
naires and other data capture forms must be 
piloted before fi rst use to determine whether ques-
tions are properly phrased, unambiguous, and at 
an acceptable reading level and to ensure that the 
contents of the questionnaire and the length of 
time required to complete it are acceptable to 
respondents. Determination of these properties of 
the questionnaire is best performed with individu-
als who are similar to those to be enrolled in the 
study (i.e., similar age group, parents of children 
in hospital with other health conditions), but not 
be a potential study subject. 

22.2.4.1     Confi rmation of Key Medical 
Events 

 Data on key medical events collected by inter-
view or questionnaire can be validated by medi-
cal records, particularly for well-known medical 
events that have clear diagnostic criteria, and 
where the participant has good recollection of 
where they were seen for the condition [ 15 ]. For 
example, information about hospitalizations for 
recurrent or new primary neoplasms can be vali-
dated by obtaining the pathology report from the 
diagnosing hospital. Review of the pathology 
report can then confi rm the diagnosis reported on 
the questionnaire. 

 For validation of other medical outcomes, 
careful consideration has to be made as to which 
outcomes of interest warrant additional personnel 
effort and cost. First, 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. Second, using a signed 
HIPAA release form, a request for the subject’s 
medical records for the time period of the diagno-
sis of the selected outcome can then be made to 
the appropriate institution. Key late effects that 
can be validated in this fashion, if the medical 
records can be obtained, include congestive heart 
failure, myocardial infarction, stroke, and lung 
fi brosis. 

 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 cho-
sen randomly for assessment by medical records. 
For the analysis of potentially misclassifi ed out-
come data with a validation subset such as this, 
see references [ 23 ,  24 ]. 

 Key medical events can also be validated dur-
ing a clinical assessment. For example, risk- 
based health evaluations, as recommended by the 
Children’s Oncology Group for childhood cancer 
survivors, can be used to document key medical 
events during a cancer survivor clinic visit [ 5 ]. 
Alternatively, specifi c physical evaluations could 
be requested through one of the medical research 
institutions designated within the Clinical and 
Translational Science Award (CTSA) program, 
which is supported by the National Institute of 
Health [ 6 ]. The CTSA Consortium consists of 
approximately 60 medical research institutions 
located throughout the United States and pro-
vides researchers the use of inpatient and/or out-
patient nursing units and/or use of laboratory 
resources for NIH grant funded projects [ 9 ].   

22.2.5     Need for External 
Comparisons 

 A comparison group outside of the survivor pop-
ulation of interest is needed to evaluate the extent 
of the excess risk of a selected outcome experi-
enced by survivors. For example, it is expected 
that chronic disease frequencies increase as sur-
vivor’s age: the question is whether, and to what 
extent, survivors are experiencing excess risk 
beyond that seen in the general population. An 
external control cohort, whose members have not 
been exposed to the therapy-related risk factors 
under investigation, such as survivors’ close-age 
siblings or friends, can provide a convenient 
comparison group. To avoid potential bias, 
assessments of exposures and outcomes in such 
an external comparison cohort must be done in an 
equal manner as in the survivor cohort. Survivor 
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cohorts can also be compared to available popu-
lation data, such as mortality from vital statistics, 
cancer incidence from the US surveillance, epi-
demiology, and end results (SEER) program, or 
health behaviors reported in the National Health 
Interview Survey (NHIS). To assure comparabil-
ity of study data with external population data, it 
is necessary to use the same defi nitions of out-
comes (e.g., specifi c types of cancer as defi ned 
by SEER) and the same questionnaire items (e.g., 
smoking question items used in the NHIS) as 
those used by the population registry or survey to 
which study participants are being compared.  

22.2.6     Importance of Thorough 
Recruitment and Follow-Up 

 Signifi cant loss of eligible cases in any study can 
compromise the validity of study fi ndings, since 
it will be diffi cult to determine if exposures or 
outcomes of interest are in some way related to 
the loss. Non-participation in case-control stud-
ies can cause bias if response 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 introduces another 
potential source of bias. For example, individuals 
who remain in the study might be healthier 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. 

22.2.6.1     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 mem-
bership in the cohort [ 18 ,  21 ]. Hospital records 
are commonly used for assembling a cohort. 
Because most of the information contained in 
such records is not collected with the objective of 
long-term follow-up, key pieces of information 
that would facilitate tracing and successful loca-
tion of eligible subjects are often missing. 

Moreover, subjects who have ongoing medical 
conditions, which might include the research out-
comes of interest, may be more likely to have 
been seen in follow-up visits and to have had 
their addresses updated in their medical records. 
This increases the potential for enrolling a 
selected and possibly biased study population. 

 In attempting to contact a cohort by mail, cor-
respondence can be sent to subjects (or their par-
ents) at the last known address per medical 
records, via envelopes marked “Address Service 
Requested.” Common tracing techniques for 
nonrespondents include directory assistance and 
Internet searches (peoplefi nder websites). If these 
methods fail, commercial survey research fi rms 
can be employed for more intensive tracing. The 
sources such fi rms might pursue can include tele-
phone directory assistance, reverse telephone 
directories, Polk’s directories, voter registration 
records, post offi ces, Department of Motor 
Vehicles, 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. 

 With the rapid change of technology over the 
past decade, however, these traditional methods 
of patient recruitment need to be reconsidered. 
Both parents of pediatric patients and those pedi-
atric cancer survivors who are now 18 years of 
age or older are highly mobile populations. In 
addition, these two demographic groups are not as 
available or as responsive to contact by traditional 
mail mechanisms and are less likely to have a tra-
ditional landline telephone. Therefore, successful 
recruitment of these populations will require cap-
turing relevant contact information through hospi-
tal records, such as cell phone numbers and 
reliable email addresses, and strategies for inno-
vative use of electronic recruitment methods, such 
as use of various web-based modalities.   

22.2.7     Use of Molecular Tools 

 While an increased risk of late effects is often 
associated with treatment-related factors, indi-
vidual susceptibility to a particular outcome is 
clearly variable, with the majority of patients 
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treated for cancer not affected. A possible expla-
nation for unequal susceptibility is variability in 
the genetic make-up of survivors; differences in 
drug metabolism may modify the exposure itself, 
while genetic risk of toxicity affects the outcome 
of the exposure. Biologic specimens can be col-
lected to evaluate genetic infl uence on the risk of 
late effects. Collection of genomic DNA samples, 
however, is a challenge in a survivor study popu-
lation that is large, highly mobile, and geographi-
cally dispersed. 

 Several studies have reported success in col-
lecting buccal cell samples by mailing mouth-
wash to participants and requesting return by 
mail [ 8 ,  14 ,  20 ]. Other materials that can be col-
lected for use in genetic or proteomic research 
are tumor tissue from subsequent cancers and 
blood specimens. A limitation on the collection 
of tumor specimens is that many community hos-
pitals store tumor tissues only for a limited time 
after surgery. Blood specimens can be requested 
and collected during a participant’s regularly 
scheduled doctor’s appointment, although this 
can be expensive and logistically complex. 
Another possibility is to contract with a com-
pany, such as those that perform insurance physi-
cals, to arrange for a phlebotomist to visit the 
participant’s home or offi ce (or other convenient 
location) to take the blood specimen. Or, collec-
tion of genomic DNA might best be accom-
plished at diagnosis. 

 In addition to genetic susceptibility analyses, 
the biologic specimens can potentially be used 
for other research purposes, such as the identifi -
cation of high-risk groups and for genetic/pro-
teomic screening for late effects.   

22.3     Types of Epidemiologic 
Study Designs 

 Two basic types of study design are employed in 
epidemiologic research of late effects: descrip-
tive studies and analytic studies. Features of 
both the exposure (usually treatment-related) 
and the outcome will infl uence 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 previous research 
and gaps in knowledge that remain to be fi lled 
must also be taken into account. A given hypoth-
esis 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 increasing precision in their 
understanding of particular late effects. 

22.3.1     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 gen-
erally use existing data and are, therefore, rela-
tively inexpensive to conduct. However, they 
cannot ascertain cause-and-effect relationships 
between exposure and outcome. The three princi-
pal types of descriptive study are case reports, 
case series, and cross-sectional studies. 

 Case reports and case series describe the char-
acteristics of one or more subjects with a given 
disease. Typically, these studies have a relatively 
small number of subjects. These types of reports 
can lead to the formulation of hypotheses for test-
ing in analytic studies. An example 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 [ 28 ]. Because these tumors 
occurred in the radiation fi eld at sites that were 
uncharacteristic of spontaneously occurring sar-
comas, the investigators suggested a strong role 
for radiation in their etiology. The link between 
retinoblastoma and subsequent sarcomas has 
been confi rmed in several 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 regard-
ing possible associations between exposure and dis-
ease. As with other descriptive studies, they 
represent a feasible and affordable strategy for 
developing etiologic hypotheses. There are many 
examples of cross- sectional studies in the late-effect 
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literature that have led to further research. For 
example, Sklar et al. conducted a study of fi nal adult 
height attainment in long-term survivors of acute 
lymphoblastic leukemia [ 30 ]. This was one of the 
fi rst studies to track changes in height through 
adulthood and to associate these fi ndings with dif-
ferent treatment regimens (no cranial radiation, 
1,800 cGY cranial radiation, 2,400 cGY cranial 
radiation). It led to subsequent studies that have 
confi rmed the signifi cance of the association 
between cranial radiation dosage and fi nal height 
attainment.  

22.3.2     Analytic Studies 

 Analytic studies focus on determinants of a dis-
ease and are often set up to test hypotheses gener-
ated 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 fi rst 
to defi ne the outcome (disease) of interest, then 
to identify the exposed and unexposed groups. 
The choice of analytic design depends on the fea-
tures of the exposure and the disease, the current 
state of knowledge regarding the hypothesis of 
interest, and, fi nally, the available time and fi nan-
cial resources. The methodological issues dis-
cussed in the fi rst section of this chapter pertain 
to the design and conduct of all types of analytic 
studies of the late effects discussed below. 

22.3.2.1     Case-Control Study 
 The case-control study is the most common type 
of epidemiologic study design. It is often used to 
determine preliminary information about the eti-
ology 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-effect studies, the case-control 
design is somewhat uncommon because the expo-
sure of interest (specifi c 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).  

22.3.2.2     Cohort Study 
 The cohort study is perhaps the most effective 
study design for late-effect research. A cohort 
study compares a group of subjects who share a 
common characteristic (such as being treated for 
childhood cancer) within a defi ned time period. 
Subjects within the cohort are categorized 
according to exposures of interest. The groups 
are followed over time and their outcomes are 
compared. Cohort studies typically enroll large 
numbers of individuals and follow them for many 
years. Because of the study population selected, 
cohort studies allow the assessment of rare expo-
sures (e.g., cranial radiation). They also allow the 
assessment of multiple outcomes from a single 
exposure (e.g., development of subsequent CNS 
tumors, neurocognitive problems). Cohort stud-
ies are very expensive to mount. They are also 
subject to certain types of bias, notably attrition 
bias resulting from either dropout or loss to 
follow-up. 

 A principal benefi t 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 disease in a population, divided 
by the number at risk for the disease. Relative 
risk is defi ned as the ratio of the incidence of dis-
ease in those exposed, divided by the incidence 
of disease in those not exposed. It estimates the 
magnitude of the risk in the exposed group rela-
tive to that in the unexposed group. 

 Many long-term survivor studies have used 
the cohort design. In the Five-Center Study, for 
instance, Byrne et al. studied effects of treat-
ment on fertility in 2,283 childhood/adolescent 
cancer survivors, compared with 3,270 subjects 
selected from the survivors’ siblings [ 4 ]. They 
found that chemotherapy with alkylating agents 
was associated with a fertility defi cit in men, 
while in women, alkylating agents were associ-
ated with only a moderate fertility defi cit when 
administered with radiation below the dia-
phragm. An example of a larger-scale investiga-
tion is the cohort study by Boivin et al., who 
examined the risk of second cancers by treat-
ment modalities in 10,472 long-term survivors 
of Hodgkin disease [ 3 ]. 
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 The largest North American cohort study to 
date is the Childhood Cancer Survivor Study 
(CCSS), a multi-institutional collaboration estab-
lished in 1994, to assess late, adverse events fol-
lowing treatment for childhood or adolescent 
cancer. Each participating institution identifi ed 
patients who fulfi lled the following eligibility 
criteria: (a) diagnosis of leukemia, CNS tumors 
(all histologies), Hodgkin disease, non-Hodgkin 
lymphoma, malignant kidney tumor (Wilms), 
neuroblastoma, soft tissue sarcoma, or bone 
tumor (list of eligible ICD-O codes can be found 
at   www.stjude.org/ccss    ); (b) diagnosis and initial 
treatment at 1 of the 26 collaborating CCSS insti-
tutions; (c) diagnosis date between January 1, 
1970, and December 31, 1986; (d) age less than 
21 years at diagnosis; and (e) survival 5 years 
from diagnosis. 

 Information on the characteristics of the origi-
nal cancer diagnosis and treatment was obtained 
for 20,276 eligible cases from the treating institu-
tion [ 26 ]. Baseline data were collected for mem-
bers of the study cohort using a 24-page, 
self-administered questionnaire; four follow-up 
surveys have been conducted after the collection 
of the baseline data from the study cohort. 
Detailed treatment information was obtained for 
participants who gave permission to abstract 
information from their medical records. The data 
collection surveys are available for review at 
  www.stjude.org/ccss    .  

22.3.2.3     Nested Case-Control Design 
 Large, well-defi ned survivor cohorts can pro-
vide an ideal setting for smaller analytic studies 
focusing on rare outcomes. A nested case-con-
trol study [ 16 ] is a case-control study conducted 
within a defi ned cohort. 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 assess-
ment of exposure is resource-intensive (e.g., 
radiation dosimetry, genetic studies). Cases are 
those cohort members who have developed the 
disease/outcome of interest. Potential controls 
are all other cohort members who are at risk but 
have not yet developed the disease. Controls are 

selected by matching them to cases on potential 
confounding variables that may be associated 
with both exposure and outcome, such as age at 
cancer 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 [ 33 ]. 

 After controls have been matched to cases 
according to potential confounding variables, 
cases are compared to controls with respect to the 
exposure of interest. The sources and quality of 
exposure information (e.g., medical records or 
biologic specimen) should not differ by case/con-
trol status, and it is preferable to have the abstrac-
tion of exposure information done with the case/
control status blinded. This study design leads to 
resource savings because the exposure assess-
ment 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 
example, a survivor’s recall of exposures may be 
biased by knowledge of his or her outcome status, 
or it may be diffi cult for the subject to assess expo-
sure retrospectively. Also, since the real frequency/
rate of outcome in the full study population is not 
refl ected in the case-control sets, one cannot deter-
mine 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 investigate second primary bone cancer after 
childhood cancer [ 10 ]. Based on a cohort of 
13,175 3-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 col-
lection of detailed exposure measurements, such 
as the site-specifi c radiation dose and cumulative 
dose of alkylating agents. The resources needed to 
collect these measurements would have been 
about 50 times greater if the study had used a 
cohort design employing all 13,175 survivors.  
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22.3.2.4     Case-Cohort Design 
 The case-cohort study [ 25 ] proposed in 1986 is 
a study design that is similar to the nested 
case- control design, except that the selection 
of controls is performed without any reference 
to the specifi c time of the occurrence of each 
case’s outcome of interest. Case-cohort studies 
share many of the advantages and disadvan-
tages 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 mul-
tiple outcomes of interest [ 13 ,  30 ]. This can be 
particularly relevant to long-term survivor 
studies, since there may be multiple outcomes 
of interest, such as mortality from different 
causes and second cancers at different sites or 
of different types. External comparisons of the 
study cohort with a general/reference popula-
tion are simple with the case- cohort design, 
and standardized mortality or morbidity ratios, 
a familiar tool in epidemiology, can be com-
puted [ 31 ]. 

 The use of the case-cohort design (although 
it was not explicitly identifi ed as such) in cancer- 
survivor studies goes back to Hutchison who 
studied long-term leukemia risk following 
radiotherapy for cervical cancer [ 11 ]. Boice and 
Hutchison later discussed the incompleteness of 
the follow-up in Hutchison’s earlier analysis 
and re-analyzed the data with a greatly extended 
follow- up of the same cohort [ 2 ]. They con-
ducted 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 abstraction and 
computer analysis.  

22.3.2.5     Intervention Studies 
 In contradistinction to the above-described 
 observational  analytic studies, which test etio-
logic hypotheses, the purpose of  intervention  
studies (also referred to as  randomized con-
trolled trials  or  clinical trials ) is to test the 

effi cacy of a preventive or therapeutic measure, 
while assessing its potential negative effects 
(i.e., side effects). In this type of study, investi-
gators have control over the scheme for assign-
ing individuals to groups with different 
“exposures” of interest (i.e., intervention and 
control groups). These types of studies are 
generally considered the strongest design for 
establishing causal relationships. Therapeutic 
trials and chemoprevention trials are examples 
of intervention studies. 

 Therapeutic trials are conducted on individu-
als with a disease to determine whether a drug or 
modifi ed condition of therapy is effi cacious as a 
treatment of the disease without serious toxicity. 
For example, the therapeutic trials often used in 
the Children’s Oncology Group are designed to 
test whether modifi cations in treatment will 
increase disease-free survival and minimize the 
occurrence of late effects. 

 Chemoprevention trials are designed to evalu-
ate whether an agent or procedure can reduce the 
risk of developing a disease in individuals free of 
the condition at enrollment. An example of such 
a trial in late-effect research is a randomized clin-
ical trial of the cardioprotective agent ICRF- 
187 in pediatric sarcoma patients treated with 
doxorubicin [ 32 ]. 

 Other randomized intervention trials endeavor 
to modify behavior and minimize late effects. An 
example is the smoking cessation trial performed 
within the CCSS, using peer counseling to 
increase smoking cessation [ 7 ]. 

 The advantage of intervention studies is that 
investigators can create exposure groups with a 
high degree of comparability (the groups differ 
only with respect to the interventions of inter-
est) and follow them for differential risk of 
outcomes, thereby minimizing confounding 
and increasing the validity of causal infer-
ences. 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 contamina-
tions across experimental arms and loss to 
follow-up.    
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22.4     Future Direction: Are There 
Opportunities Through 
Comparative Effectiveness 
Research? 

 Current knowledge regarding late effects in 
childhood cancer survivors can be attributed to 
the diligence of investigators who performed 
the initial studies and to the wisdom of suc-
ceeding researchers who built on previously 
completed work. The establishment of large, 
well- characterized cohorts of long-term survi-
vors, such as the CCSS and others (including 
the British Childhood Cancer Survivor Study, 
the National Wilms Tumor Study, and the Late 
Effects Study Group), has created a framework 
that allows for both the continued surveillance 
of childhood cancer-survivor populations as 
they age and the dissemination of the informa-
tion gained to survivors and clinicians. In addi-
tion, the Children’s Oncology Group (COG), a 
National Cancer Institute-supported clinical 
trials group, is a very good source of informa-
tion on patient and tumor characteristics, treat-
ments being used, treatment compliance, and 
morbidities of treatments including long-term 
complications. 

 With these excellent resources, we now have 
the opportunity to consider next steps to unravel-
ing clues in pediatric cancer survivorship. 
Comparative effectiveness research (CER) is 
designed to inform health-care decisions by pro-
viding evidence on the effectiveness, benefi ts, 
and harms of different treatment options and pro-
vides an opportunity to improve the quality and 
outcomes of health care [ 1 ,  12 ]. The question for 
consideration is, what is the role of CER in survi-
vorship? CER encompasses a wide spectrum of 
research activities, from primary research, sys-
tematic review, and evidence synthesis to the 
application of evidence in guideline development 
and decision support [ 1 ]. Although most of CER 
methodology is not new, the available methods 
when properly used can contribute to informing 
medical decisions. 

 Resources within the pediatric cancer- survivor 
research initiative, such as the Childhood Cancer 
Survivor Study and the Children’s Oncology 

Group, could support several CER 
opportunities:

   First, CER has described a need for well-designed 
cohort studies that link clinical information to 
molecular and genomic data to address out-
comes in relevant subgroups. Within our avail-
able resources, the biospecimens collected as 
part of these initiatives may enable studies that 
can provide insights into which subgroup of 
patients will benefi t from a particular therapy 
based on expression of a number of putative 
predictive biomarkers and which patients may 
experience severe toxicities or poor outcomes.  

  Second, CER supports high-quality clinical prac-
tice guidelines to summarize and apprise the 
body of evidence and inform recommenda-
tions. The Children’s Oncology Group Long- 
Term Follow-Up (COG-LTFU) Guidelines 
use a mixture of consensus and evidence- 
based recommendations for exposure-driven, 
risk-based screening for early detection of 
long-term complications in childhood cancer 
survivors. These clinical practice guidelines 
are well positioned to evaluate improvements 
in quality of care and system performance and 
to undertake economic analysis of health-care 
policy issues.  

  Lastly, prospective randomized control trials are 
considered the gold standard of CER. Future 
steps in late-effect research should also include 
the conduct of prospective randomized inter-
vention trials that will provide investigators 
with a platform to prospectively study patient-
reported outcomes and quality of life, as well 
as the most effective methods for modifying 
behaviors to maximize survivors’ future health.        
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23.1           Introduction 

 For children, adolescents, and their families, the 
cancer experience is characterized by a series of 
transitions that begins at diagnosis and, for most 
patients, ends with entry into long-term survivor-
ship care. Each of these transitions has specifi c 
implications for medical care provided during 
those phases. In pediatric and adolescent oncol-
ogy, these cancer-related transitions do not occur 
in isolation but in the context of normal physical, 
emotional, and social development. Therefore, 
the successive phases of developmental matura-
tion that begin in infancy and continue through 
older adolescence not only infl uence each 
patient’s response to cancer-related transitions 
but also require support during the cancer experi-
ence in order for healthy adulthood to be 
achieved. 

 For childhood cancer survivors, the transition 
from older adolescence to young adulthood is 
particularly important in that it uniquely encom-
passes the overlapping complexities of estab-
lished late effects, emerging risks and need for 
continued medical surveillance, change from 
pediatric to adult-focused health-care services, 
threats to maintaining health insurance, comple-
tion of formal education, career planning and 
entrance to the workforce, attainment of personal 
independence, and redefi nition of familial and 
societal roles. With more childhood cancer survi-
vors entering young adulthood than ever before, 
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there is a pressing need for effective approaches 
to health-care transition. 

 The purpose of this chapter is to discuss key 
issues in health-care transition for long-term sur-
vivors of childhood and adolescent cancer, focus-
ing on the transitions from initial to long-term 
follow-up and from child-oriented to adult- 
focused care. Relevant aspects of normal child-
hood and adolescent development are discussed.  

23.2     Developmental Aspects 
of Transition 

 The cancer experience commonly affects growth 
and development, both directly and through 
altered parent/family and peer experiences. An 
understanding of major developmental tasks of 
childhood and adolescence is essential for nor-
malizing the cancer experience and interpreting 
the survivor’s response to cancer [ 1 ,  2 ]. As sum-
marized in Table  23.1 , survivorship-associated 
transitions are focused chiefl y on maximizing 
health-related knowledge of the patient and fam-
ily and facilitating their adaptation to existing 
late effects and/or future risks resulting from can-
cer treatment. Over time, explanations should 
become more detailed commensurate with the 
increasing cognitive capacity of the maturing 
young person, and her participation in medical 
decisions should similarly increase. In pediatric 
oncology, clinicians need to address the phenom-
enon of older long-term survivors who were 
treated as young children but subsequently lack 
an age-appropriate understanding of their medi-
cal histories. As these survivors mature into ado-
lescence, it is essential that they receive suffi cient 
information about their cancer, its treatment, and 
resulting health implications in order to prepare 
them properly for health-care transition. It is bet-
ter for clinicians and parents alike to remember 
that health-care transition is but a special case 
of the more general and normative transition 
to responsible, independent adulthood. Many 
“teachable moments” present themselves in fam-
ily life for the maturing teen to assume greater 
responsibility and accountability in both personal 
and health-related matters.

23.3        The Transition to Long-
Term Follow-Up Care 

 The transition from an initial period of disease- 
directed to long-term follow-up commonly 
begins approximately 2 years post-cessation of 
treatment. For most patients, this phase is open- 
ended in the sense that lifelong surveillance is 
recommended for most childhood cancer survi-
vors [ 3 ]. The demarcation between the initial and 
subsequent periods of follow-up care is not uni-
formly distinct, as the risk for late relapse differs 
by cancer diagnosis. Cancer survivorship and 
disease-directed follow-up need not be “either/
or” services. At institutions where survivorship 
referral occurs relatively early, long-term follow-
 up services may overlap and should continue in 
parallel with disease-directed surveillance until 
released by the treating oncologist. The primary 
focus of this survivorship transition is to establish 
risk-based monitoring and to provide health- 
related education to the survivor and family. 
Whereas relapse is the principal risk during ini-
tial posttreatment follow-up, a major subsequent 
challenge becomes the survivor’s potential disen-
gagement from and failure to remain in struc-
tured follow-up. 

23.3.1     Late Effects and the Need 
for Survivorship Care 

 Due to the signifi cantly increased risk for late 
effects, impaired health status, and premature 
death [ 4 – 6 ], there is expert consensus that most 
childhood cancer survivors should remain in 
structured, lifelong follow-up to facilitate risk- 
based monitoring and health promotion [ 3 ]. To 
assist in this task, the Children’s Oncology Group 
(COG) has developed risk-adapted clinical prac-
tice guidelines for late effects surveillance [ 7 ]. 
The guidelines are intended to increase aware-
ness about potential late effects and to standard-
ize the follow-up care of survivors provided by 
pediatric oncology, subspecialty, and primary 
care clinicians. Individual guidelines are updated 
regularly and, along with corresponding patient/
family educational materials, may be  downloaded 
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   Table 23.1    Developmental stages and their implications for survivorship transition care   

 Developmental 
stage  Key developmental features [ 3 ]  Implications for survivorship transition care 

 Preschool 
(2–5 years) 

 Acquisition of language and motor skills  Direct anticipatory guidance about late effects 
toward the parents 

 Formation of simple concepts of reality  Mention to parents that eventual transition to 
adult-focused providers will occur  Emotional connection with other people 

 Cognitive features of magical thinking, 
egocentrism, and dominance of 
perception 

 Middle childhood 
(6–12 years) 

 Expansion of child’s world outside the 
home 

 Provide simple explanation to child relating prior 
illness to the need for continued follow-up 

 Ability to get along with other children  Continue to educate parents on late effects, health, 
and wellness 

 Development of concrete operational 
thinking 

 Revisit eventual planned transition to adult-focused 
providers 

 Acquisition of adult concepts and 
communication (writing, reading, 
calculating) 

 Advise parents against overprotectiveness and 
encourage normal discipline 
 Encourage parents to allow children to have 
increasing responsibilities at home and an 
increasing role in personal and medical decisions 

 Early adolescence 
(10–13 years) 

 Development of formal logical 
operations 

 Provide straightforward but more detailed 
explanations to survivor about follow-up care 

 Awareness of changing body and interest 
in opposite sex 

 Encourage increased participation in medical 
decision making and personal health choices 

 Reduced interest in family-centric 
activities 

 Initiate discussions with survivor about eventual 
transition to adult providers 

 Increasing peer identifi cation 
 Middle 
adolescence 
(14–16 years) 

 Importance of physical attractiveness, 
popularity, and self-esteem 

 Direct the conversation toward the adolescent with 
active involvement in decision making 

 New understanding of abstract concepts 
and consequences 

 Reserve “alone time” with teen for a portion of each 
clinic visit 

 Reorientation of primary relationships 
from family to peer groups 

 Discuss prevention of high-risk behaviors (smoking, 
alcohol, drug use, unprotected sex) 

 Start of dating  Discuss targets for transition readiness and provide 
rationale for transition to adult-focused providers 

 Late adolescence 
and young 
adulthood 
(17–20 years and 
beyond) 

 Development of personal independence, 
core values, ethical principles, and 
philosophy of life 

 Encourage a primary role for older adolescent 
during clinic visits 

 Attainment of emotional independence  Provide information related to reproductive health 
and sexuality 

 Development of intimate relationships  Continue education about importance and rationale 
for lifelong follow-up 

 Emerging importance of career decisions 
as related to self-concept and emerging 
societal role 

 Encourage pursuit of higher education and provide 
information on survivor- focused scholarships and 
resources (as appropriate) 

 Preparation for occupation  Emphasize importance of preparing for employment 
with insurance benefi ts to cover continued follow-up 
care (see Fig.  23.2 , the “Golden Triangle” of 
survivorship) 
 Help them understand insurance options available 
for cancer survivors 
 Assess transition readiness (see Fig.  23.1 ) and 
coordinate transition to adult setting 

  Adapted from Venkatramani and Freyer [ 46 ]  
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from the COG website [ 8 ]. Research is underway 
to validate these guidelines and determine their 
clinical utility [ 9 ]. Similar guidelines have been 
developed by other international cooperative 
pediatric oncology groups [ 10 – 12 ].  

23.3.2     Role of the Cancer 
Survivorship Clinic 

 The American Academy of Pediatrics has recom-
mended that pediatric cancer treatment centers 
offer a mechanism for long-term follow-up of 
successfully treated patients, either at the original 
treatment center or through referral to a dedicated 
childhood cancer survivorship program [ 13 ]. The 
main services of cancer survivorship clinic are to 
provide surveillance for late effects, identify and 
address medical and psychosocial issues, provide 
health education and health promotion interven-
tions to modify risk, and conduct longitudinal 
research in this population (Table  23.2 ). Various 
effective models exist for delivering such care 
[ 14 ]. Most cancer survivorship clinics are staffed 
by physicians, nurse practitioners, and social 
workers with expertise in childhood cancer survi-
vorship. Referral access should also be available 
to other specialists such as psychologists, nutri-
tionists, genetic counselors, cardiologists, endo-
crinologists, fertility specialists, and orthopedic 
surgeons. However, given that a recent survey of 
COG centers found that only 59 % have dedi-
cated cancer survivorship clinics, many institu-
tions provide long-term follow-up care by the 
treating oncologist [ 15 ]. Comprehensive survi-
vorship evaluation is resource intensive, begin-
ning with generating a detailed cancer treatment 
history, performing a complete physical assess-
ment, preparing a treatment summary and survi-
vorship care plan, and educating the survivor and 
family to improve health-related knowledge, atti-
tudes, and behaviors.

   Referral to cancer survivorship clinic gener-
ally represents the “offi cial” transition to long- 
term follow-up care. When this should be initiated 
is a matter of varying practice and some debate. 
A survey of 24 comprehensive pediatric survivor-
ship programs found that most patients were 

referred to long-term follow-up clinics when they 
reached 5 years post-diagnosis and 2 years off 
therapy, whichever was later [ 16 ]. The rationale 
for this relatively late time point is that the risk 
for relapse is minimal for most pediatric cancers. 
One concern about such a late time point is that 
for cancers treated with relatively brief therapy 
(e.g., Wilms’ tumor and Hodgkin’s lymphoma), 
the duration of time between end of treatment 
and survivorship referral is relatively long and 
may result in attrition of survivors. Consequently, 
some programs are experimenting with earlier 
referral while patients are still in disease-directed 
follow-up in order to improve sustained engage-
ment of survivors. 

 Challenges may be encountered in launching 
this transition. Even well-established pediatric 
survivorship clinics within large cancer treatment 
programs at prominent hospitals report capturing 

   Table 23.2    Components and tasks of survivorship care   

 Components of ideal system of survivorship care 
   1. Provide a range of direct services to survivors to 

identify, prevent, treat, and manage late effects 
   2. Bridge the realms of primary and specialty health 

care with education and outreach 
   3. Coordinate medical care with educational and 

occupational services 
   4. Conduct research to better understand late effects 

and their prevention 
 Specifi c tasks of survivorship program 
   1. Risk-based monitoring for late complications of 

cancer treatment 
   2. Coordinating specialized care for established late 

complications of cancer treatment 
   3. Educating and counseling survivors regarding the 

specifi c conditions to which they are susceptible 
and guidance of self-monitoring of late effects 

   4. Applying preventive approaches known to be 
effective for the general population, including 
encouragement of abstinence from tobacco, 
limited exposure to alcohol, sun protection, 
physical activity, maintenance of a healthy weight, 
consumption of fruits and vegetables 

   5. Providing psychosocial support services to 
survivors and their families 

   6. Providing reproductive and sexuality counseling 
   7. Providing genetic counseling for individuals with 

a hereditary cancer and their family members 
   8. Assistance with identifying and meeting fi nancial 

challenges 
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only a portion of eligible survivors. The reasons 
for this have not been studied extensively, but one 
survey of survivorship programs suggests that 
factors related to both the institution (such as 
inadequate resources, low institutional commit-
ment, and lack of capacity to care for the growing 
population of survivors) and the survivor (includ-
ing lack of awareness of health risks) may con-
tribute [ 16 ]. Patients/families may be reluctant to 
relinquish their trusted treating oncologist in 
order to see the survivorship team. Treating 
oncologists may need to confront their own 
reluctance to “let go” of established patients. 
Some patients may fi nd it diffi cult to come to the 
same clinic where they experienced the trauma of 
cancer treatment; thus, it is ideal, though not 
always feasible, to hold survivorship clinic in a 
separate setting. Survivors and their families may 
lack fi nancial resources or face geographical bar-
riers in traveling to the treatment center. Lack of 
health insurance coverage for surveillance tests 
may be an issue, although most states in the 
United States (US) provide catastrophic health 
insurance programs that cover follow-up services 
up to 21 years of age. The Patient Protection and 
Affordable Care Act, passed in 2010 by the US 
Congress, now allows young adults to  continue 
receiving health insurance coverage through their 
parents’ policy until 26 years of age and prohibit 
exclusions based on prior health conditions [ 17 , 
 18 ]. All of these provisions benefi t young adult 
survivors of childhood and adolescent cancer.   

23.4     The Transition from 
Child- Oriented 
to Adult-Focused Care 

 As developed by the Society for Adolescent 
Medicine, the now-classic defi nition of health- 
care transition is the planned movement of ado-
lescents and young adults with chronic physical 
and medical conditions from child-centered to 
adult-oriented health-care systems [ 19 ]. Its over-
arching purpose is to provide continuous, well- 
coordinated care that is both medically and 
developmentally appropriate. As mentioned pre-
viously, continuing needs for late effects surveil-

lance, health promotion, and personal advocacy/
empowerment provide the medical rationale for 
health-care transition of childhood cancer survi-
vors. While health-care transition is a concept 
now being applied broadly across most chronic 
diseases or conditions originating in childhood 
[ 20 – 22 ], cancer survivorship is different in that 
patients are considered cured but remain at risk 
for developing late effects. Most are asymptom-
atic, leading many survivors to question why 
continued medical care is necessary. In order to 
ensure a successful transition, adolescents and 
young adults should be encouraged to take 
responsibility for their wellness. Communication 
should be directed toward the adolescent/young 
adult rather than the parent in order to address 
important issues such as sexuality, reproductive 
health, substance abuse, and other risk-taking 
behaviors [ 19 ]. Most adolescent cancer survivors 
undergo the same developmentally appropriate 
shifts as their peers, including educational 
advancement, change in residence, reorientation 
of primary relationships, need for employment 
and health insurance, and switching to an adult- 
focused health-care provider [ 23 ]. It is important 
for health-care transition to address these needs 
in a way that is relevant for childhood cancer sur-
vivors. In particular, adolescent survivors need to 
understand the interrelationship of education, 
employment, and health insurance—the “Golden 
Triangle” of childhood cancer survivorship 
(Fig.  23.1 ). In the United States, most health 
insurance for adults is provided through an 
employer-based benefi ts package. Thus, securing 
health insurance requires having a job with ben-
efi ts, which is facilitated, in turn, by completing 
formal education and career planning. According 
to the US Department of Labor, among Americans 
aged 25 years and older in November 2012, 
unemployment rates by educational level, cate-
gorized as some high school, high school gradu-
ate, some college/associate’s degree, and 
bachelor’s degree or beyond, were 12.2 %, 8.1 %, 
6.5 %, and 3.8 %, respectively [ 24 ]. Given that 
young adult cancer survivors already exhibit 
higher levels of nonemployment than their sib-
lings [ 25 ] coupled with their need for health 
insurance, it becomes especially important to 
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encourage postsecondary education leading to 
employable careers for adolescent and young 
adult survivors who have the potential to 
succeed.  

 Health-care transition generally occurs in the 
age range of 18–21 years. This is also the age 
when most pediatric hospitals are less able to 
serve the needs of adult patients, due to child- 
oriented facilities and lack of convenient access 
to adult-focused specialists. Recent studies have 
found there is considerable variation in timing of 
transition among pediatric oncology centers. In a 
recent survey of 220 COG institutions, 35 % of 
respondents reported having no formal transi-
tional care mechanism, 31 % reported transition 
is carried out when the patient is deemed ready, 
and the remainder carries out transition at vary-
ing points between 18 and 30 years of age [ 15 ]. 
In a survey of 12 academic centers in New 
England, only 4 of the 11 with established survi-
vorship clinics reported having an age-specifi c 
policy for transition, with their median age of 
transition being 32 years (range, 21–40) [ 26 ]. In 
a survey of Canadian pediatric oncology centers, 
8 of 15 reported having formal programs for 
adult survivors, with 2 more in development; 
although age at transition was not reported, only 
4 of these 10 centers estimated that 50 % or more 
of their adult survivors were being followed 
[ 27 ]. Some have drawn support for delaying 
transition until the mid- to late-twenties from 
recent evidence that neurobiological maturation 

in brain regions responsible for risk assessment, 
motivation, and choice is not complete until that 
time [ 28 ]. 

 Relatively little is known about what factors 
contribute to successful health-care transition, par-
ticularly for childhood cancer survivors. Through 
focus group interviews of adolescents with special 
health-care needs, their parents, and providers, 
Reiss and Gibson identifi ed the following factors 
as important: (1) having a future- focused orienta-
tion throughout care, (2) viewing transition posi-
tively as a normal milestone of late adolescence, 
(3) starting the transition process early, (4) foster-
ing personal and medical independence by pro-
moting early involvement of the child in medical 
decision making, and (5) maintaining continuous, 
uninterrupted health-care insurance if possible 
[ 29 ]. Inasmuch as the majority of childhood can-
cer patients become long- term survivors, it is 
appropriate to make fi rst mention of health-care 
transition even as early as the initial family confer-
ence at diagnosis and to revisit the topic at the end 
of therapy and upon referral to survivorship clinic. 
In their model of transition for adolescent child-
hood cancer survivors, Schwartz and colleagues 
have described a “window of modifi ability” 
between end of treatment and engagement in adult 
care during which transition readiness increases 
through the application of interventions targeted at 
variables including knowledge, skills/effi cacy, 
beliefs/expectations, goals, relationships, and psy-
chosocial functioning [ 30 ]. 

“You need this in
order to get health
Insurance you can
afford.”

“You need this in
order to get a job
that offers health
Insurance as a
benefit.”

“You need this to be able
to obtain health care as a
cancer survivor.”

Employment

Health Insurance

Education

  Fig. 23.1    The “Golden 
Triangle” of childhood cancer 
survivorship indicating the 
interrelationship of the 
survivor’s formal education, 
employment, and obtaining of 
health insurance. The 
rationales for each point of 
the triangle as explained to 
the survivor are shown       
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 The transitional care visit itself should accom-
plish the following four tasks: (1) assessment of 
readiness for transition; (2) education of the survi-
vor/family on essential skills needed in the adult 
health-care system; (3) preparation of an updated 
health-care summary, including past cancer treat-
ment, current and potential health problems, and 
recommended late effects surveillance (survivor-
ship care plan); and (4) communication with the 
new adult-focused provider(s) including a clear 
transfer of responsibility for follow-up. 

23.4.1     Transitional Care Models 
for Young Adult Survivors 

 A variety of models are in use for care of young 
adult survivors. No single care model is optimal 
for all settings, and more research is needed to 
defi ne “best practices” in this area. In general, 
existing programs fall into the three broad cate-
gories of cancer center-based, community-based, 
or hybrid models [ 14 ]. 

23.4.1.1     Cancer Center-Based Model  
 In this model, adult-focused care continues to be 
provided to all survivors within the same cancer 
center or health system where treatment was 
given. This model is more prevalent in institu-
tions where both children and adults are treated 
and in a recent survey of COG institutions was 
the most common model used for care of adult 
survivors [ 15 ]. In this model, the post-transition 
team includes an adult-focused primary care pro-
vider (internist, family medicine, medicine/pedi-
atrics) and/or medical oncologist, plus pediatric 
survivorship specialists. This model involves 
transition to adult services but not transfer of care 
from the institution. An advantage of this model 
is continuity of providers and medical records. 
Disadvantages are that survivors may be required 
to travel long distances and not all may need this 
degree of resource intensity.  

23.4.1.2     Community- Based Model  
 In this model, survivorship care is provided to all 
survivors by a community-based primary care 
provider [ 14 ]. Here, there is both transition and 

transfer of care. In this model, the treatment cen-
ter provides the identifi ed primary care provider 
with a formal survivorship care plan (as described 
above). Advantages of this model include geo-
graphic convenience, an emphasis on wellness/
prevention that characterizes primary care, and 
integration of cancer survivorship into routine 
health care. The chief disadvantage may be a 
relative lack of familiarity with late effects on the 
part of the primary care provider.  

23.4.1.3     Hybrid and Risk- Stratifi ed 
Models 

 In the hybrid model, a combined approach is 
used that involves both the community-based pri-
mary care provider and the cancer treatment cen-
ter. Survivors undergo transition and transfer of 
care, but in this case, an active linkage is main-
tained between the pediatric survivorship center 
and the primary care provider. A formal survivor-
ship care plan is provided to the primary care pro-
vider, but regular communication with the 
survivorship center permits updates on the survi-
vor’s status and evolving long-term follow-up 
monitoring guidelines. In theory, the hybrid 
model offers the advantages of both the cancer 
center-based and community-based models but 
offsets the disadvantages of each. Delivery of 
survivorship care by the primary care provider is 
appealing because CCSS data have shown better 
utilization of general medical care than cancer 
center care among young adult survivors [ 31 ]. 
A recent study from the Netherlands showed that 
a coordinated program involving the childhood 
cancer treatment center and family physicians 
resulted in good outcomes and provider satisfac-
tion [ 32 ]. A Web-based initiative was reported 
recently that involves primary care providers in 
shared care of pediatric cancer survivors through 
concise summaries of late effects and continuing 
education modules that are available online [ 33 ]. 

 A variant of the hybrid model, called the 
risk- stratifi ed model, is utilized in some survi-
vorship programs, including the LIFE Cancer 
Survivorship and Transition Program at 
Children’s Hospital Los Angeles (CHLA). In 
this model, the locus of post-transitional survi-
vorship care is determined by the classifi cation 
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of  survivors according to risk for developing 
clinically signifi cant late effects. As shown in 
Fig.  23.2 , transition-ready survivors are classifi ed 
as either lower or higher risk using an adaption of 
validated criteria for survivorship risk assignment 
[ 34 ,  35 ]. At 21 years of age, lower-risk survivors 
undergo transition to their primary care provid-
ers to continue lifelong follow-up as specifi ed in 
their survivorship care plan. Following transition, 
lower-risk survivors are contacted annually by 

the LIFE Program to ascertain current health sta-
tus and adherence to recommended surveillance 
(“virtual follow-up”). Those deemed to be higher 
risk return annually to the LIFE Clinic for Adult 
Survivors of Childhood Cancer, a collaborative 
clinic involving adult-focused providers at the 
University of Southern California (USC) Norris 
Comprehensive Cancer Center. Chemotherapy 
criteria currently used to identify higher risk tran-
sition status are based on the COG Long-Term 

Criteria for Undergoing Survivorship Transition

1. Current age   21 years
2. Stable medical and emotional status
3. Demonstrated “transition-readiness”

• Receipt of defined transition skills education
Discussion with survivorship team
Booklet 

• Sufficient knowledge
Understands need for ongoing 
survivorship care
Understands when to seek care
Understands how to access care

4. Primary Care Provider identified
5. Insurance status defined
6. Contact information updated 

• Cell phone and other telephone number(s)
• Email address
• Physical address
• Family telephone number(s)

7. Permission to be contacted annually (if being followed
by Primary Care Provider)

8. Transition “letter of intent” signed by survivor

Lower-Risk Stratum
• Lower probability of

developing clinically
significant late effects

• Typical therapeutic
exposures 

Surgery only
Lower-risk
chemotherapy
(vincristine,
antimetabolites,
minimal
anthracyclines and
alkylators)

No radiation therapy
• Examples: Low-stage Wilms

tumor, standard-risk acute
lymphoblastic leukemia

Higher-Risk Stratum
• Higher probability of 

developing clinically 
significant late effects

• Typical therapeutic 
exposures

Higher-risk
chemotherapy
(see text)
Radiation therapy
Stem cell transplant

• Examples: High-risk acute
lymphoblastic leukemia,
acute myeloid leukemia,
brain tumor, advanced stage
sarcoma 

• Presence of cancer pre-
disposition syndrome, e.g. 
p53 mutation 

Primary Care Provider

Annual surveillance with virtual follow
up by LIFE Clinic staff

Dedicated Survivorship Clinic

Annual follow-up in LIFE Clinic for
Adult Survivors of Childhood Cancer

  Fig. 23.2    The risk-stratifi ed 
model for post-transitional 
care as utilized by the LIFE 
Cancer Survivorship and 
Transition Program at 
Children’s Hospital Los 
Angeles. Modifi ed from 
Venkatramani and Freyer [ 46 ]       
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Follow-Up Guidelines [ 8 ], namely cumulative 
anthracyline dose meriting echocardiogram every 
1–2 years or cumulative alkylator doses that are 
deemed therein as high risk. In this overall LIFE 
Clinic model, all survivors undergo transition, 
but full transfer of care occurs only for those clas-
sifi ed as lower risk. Transition-related outcomes 
data are now being collected to evaluate effi cacy 
and satisfaction with this model. One anticipated 
benefi t is more rational, risk-based utilization of 
valuable survivorship resources. However, this 
and the extent to which risk stratifi cation is used 
in transitional survivorship care need to be docu-
mented through health services research efforts.    

23.4.2     Barriers to Transition 
of Young Adult Survivors 

 Signifi cant barriers to successful health-care 
transition may be encountered at the level of the 
survivor, health-care provider, and medical sys-
tems (Table  23.3 ). While some have been the 
subject of research, others remain clinical obser-
vations and anecdotal impressions.

23.4.2.1       Barriers Related 
to the Survivor 

 Certain negative perceptions and lack of relevant 
health-related knowledge may interfere with fol-
low- up. These factors include a lack of awareness 
about long-term risks and need for continued 
monitoring [ 36 ,  37 ], reluctance to terminate 
long-standing relationships with their pediatric 
providers, and the challenge of building relation-
ships in new health-care settings [ 29 ]. The per-
ceived stigma of a cancer history and emotional 
diffi culty of discussing the cancer experience 
may contribute, especially for Latino adolescent/
young adult survivors [ 38 ]. Defi cits in survivor 
knowledge regarding medical indications for 
continued follow-up have been documented [ 39 ], 
and there is some evidence to suggest that tar-
geted educational interventions might result in 
improved adherence to recommended late effects 
screening. Seventy-two survivors of Hodgkin’s 
lymphoma who were at increased risk of breast 
cancer or cardiomyopathy but had not undergone 

recommended screening during the previous 
2 years were mailed a 1-page survivorship care 
plan containing applicable surveillance recom-
mendations [ 40 ]. Their primary physicians were 
given patient-specifi c information. Within 
6 months, 41 % of survivors completed the rec-
ommended mammogram and 20 % completed 
the echocardiogram. However, providing written 
directives may not be enough, as they can be eas-
ily misplaced or lost [ 39 ]. Electronic health 
records accessible by survivors or their care pro-
viders through secure Internet portals, such as the 

   Table 23.3    Summary of barriers to survivorship 
transition   

 Survivor related  Complex cancer treatment 
history 
 Multiple long-term health risks 
 Failure or inability to assume 
personal responsibility for 
health 
 Lack of personal support 
systems 
 Lack of trust in new health-care 
provider 

 Survivor/family 
related 

 Overprotectiveness 
 Fear of loss of control 
 Emotional dependency on child 
survivor 
 Lack of trust in new health-care 
provider 

 Adult-focused 
provider related 

 Lack of knowledge or 
experience in post-transitional 
care and survivor’s underlying 
medical condition and health 
risks 
 No preexisting emotional bond 
with survivor/family 
 Burden of assuming care for 
unfamiliar, occasionally 
complex survivors 

 Health system related  Lack of seamless referral 
networks linking pediatric and 
adult-oriented providers 
 Lack of systemic training of 
health-care professionals in 
posttranslational health care 
 Loss of health insurance needed 
for continuation of survivorship 
care in young adulthood and 
beyond 

  Adapted from Freyer [ 23 ]  
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Passport for Care initiative [ 41 ], may address 
some of these issues.  

23.4.2.2    Barriers Related to the Health-
Care Provider 

 Barriers related to the health-care provider involve 
both the pediatric cancer specialist and the adult-
focused physician. Among both pediatric oncol-
ogy clinicians and survivors, there are concerns 
that adult-focused primary care providers lack 
survivorship expertise [ 15 ,  36 ,  37 ]. A factor likely 
contributing to this is the current paucity of survi-
vorship-related content in medical school curri-
cula, primary care residency training, and family 
nurse practitioner or physician assistant training, 
in comparison with pediatric oncology fellow-
ships where survivorship training is improving 
[ 42 ]. However, even with such exposure during 
training, the relative rarity of childhood cancer 
makes it diffi cult for the typical primary care pro-
vider to accumulate signifi cant experience and 
maintain knowledge in this area. 

 This lack of survivorship expertise might be 
addressed in several ways. Fundamentally, clin-
ical survivorship and health-care transition 
must be addressed at multiple levels of educa-
tion for health-care professionals, particularly 
during the training of primary care providers, 
including physicians in family medicine, inter-
nal medicine, and medicine/pediatrics, as well 
as family nurse practitioners and physician 
assistants. It also needs to be included as a topic 
in continuing medical education conferences 
and online courses, such as the “Focus Under 
Forty” series offered by the American Society 
of Clinical Oncology [ 41 ]. As discussed earlier, 
risk stratifi cation at survivorship transition 
could be used to direct only the lowest risk 
patients to primary care providers. Models of 
shared care between survivorship centers and 
primary care providers show encouraging pre-
liminary experience [ 32 ,  33 ]. Another strategy 
is to make patient-specifi c treatment informa-
tion and monitoring recommendations avail-
able to both survivors and their primary care 
providers through a secure, interactive online 
resource that can be accessed in real time at the 
point of care, the prototype for this being 

Passport for Care [ 41 ]. Passport for Care could 
prove helpful even for some pediatric oncolo-
gists, as a recent survey documented subopti-
mal screening guideline knowledge when they 
were given a clinical vignette describing a 
young woman previously treated for Hodgkin’s 
lymphoma with chest irradiation and anthracy-
cline chemotherapy [ 43 ].  

23.4.2.3    Barriers Related to Systems 
of Care 

 Two important system-based issues serve as 
barriers to effective survivorship care. The fi rst 
is a lack of survivorship care networks linking 
pediatric and adult-focused providers. A key 
element for facilitating this is a shared elec-
tronic medical record (EMR) containing rele-
vant clinical detail for each patient. Currently, 
very few institutional EMR systems are capable 
of interfacing with outside providers, which 
severely hampers their utility in survivorship 
care. In the interim, it is especially important for 
transition-related medical information to be 
transmitted from the pediatric treatment center 
to the adult service by other means. The Web-
based Passport for Care initiative represents 
another emerging option [ 41 ]. 

 The second issue, particularly pertinent in the 
United States, is the lack of continuous health 
insurance coverage over the transitional age 
period. Data from the CCSS have documented 
that, compared with siblings, young adult survi-
vors have less health insurance coverage and 
encounter greater diffi culty obtaining it [ 44 ]. In 
the United States, young adults in general are the 
most underinsured segment of the population 
[ 45 ]. Typically, children with cancer are covered 
by Medicaid-funded state programs for cata-
strophic illness, but this coverage usually ends at 
21 years of age, resulting in the “aging out” phe-
nomenon commonly mentioned in US transitional 
care literature. For young adult survivors fortu-
nate enough to qualify for coverage on their par-
ents’ private health insurance policy, a provision 
of the Patient Protection and Affordable Care Act 
passed in 2010 by the US Congress permits them 
to remain covered until 26 years of age and to be 
exempt from exclusion for prior conditions [ 18 ].    
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    Conclusions 

 The transition to long-term cancer survi-
vorship care takes place against a backdrop 
of each patient’s normal physical and psy-
chosocial development. Understanding the 
major developmental tasks of childhood and 
adolescence is essential for normalizing the 
cancer survivorship experience and for taking 
 advantage of opportunities to prepare maturing 
teens for medical decision making and other 
health-related responsibilities of adulthood. 
Many survivors remain at increased lifelong 
risk for clinically signifi cant complications 
of their cancer therapy. The major objectives 
of long-term follow-up care are risk-based 
monitoring for late effects and provision of 
health information to the survivor and family. 
Successful transition of young adult survivors 
from the pediatric to adult-focused setting 
must overcome barriers at the level of survi-
vors, providers, and health-care systems but is 
essential nonetheless for continuing medically 
and developmentally appropriate survivorship 
care over the lifespan.     
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24.1         Introduction 

 Long-term follow-up care for the childhood can-
cer survivor has evolved from describing late 
effects to evaluating interventions that might pre-
vent or reduce the severity of long-term complica-
tions from previous life-saving treatments. This 
progression has led to an emphasis on  disease pre-
vention through health promotion. Guidance for 
health promotion has traditionally been provided 
to patients by a primary care provider. Due to the 
potential for adverse health outcomes in child-
hood cancer survivors, health-care providers must 
be aware of routine health promotion guidelines 
as well as those that are specifi cally relevant for 
the survivor. This chapter includes information on 
appropriate diet and physical activity, health-risk 
behaviors, complementary and alternative medi-
cine, and general cancer screening that can be 
used by health-care providers counseling survi-
vors about health promotion.  

24.2     Diet and Physical Activity 

 The Childhood Cancer Survivor Study (CCSS) 
reports that 62.3 % of survivors have at least one 
chronic health condition compared to 36.8 % of 
sibling controls. The most common chronic 
 conditions reported in the CCSS cohort are 
 cardiovascular disease, kidney  dysfunction, mus-
culoskeletal problems,  endocrinopathies, and 
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 second cancers [ 1 ]. Survivors in the CCSS cohort 
are almost twice as likely as siblings to take medi-
cations for hypertension. Anthracycline exposure 
and abdomen or chest radiation increased the risk 
for hypertension [ 2 ]. An increased prevalence of 
hypertension has also been reported in survivors 
of childhood acute lymphoblastic leukemia [ 3 ]. 

 Corticosteroids, methotrexate, and radiation 
to weight-bearing bones as well as growth hor-
mone, testosterone, and/or estrogen defi ciency 
enhance risk for low bone mineral density (BMD) 
with subsequent risk of fracture [ 4 – 6 ]. More 
severe sequelae such as osteonecrosis (ON) or 
avascular necrosis may also be associated with 
cancer treatment. 

 Childhood cancer survivors are at increased 
risk for obesity compared to US normative data 
[ 7 ]. Hypothalamic/pituitary injury may lead to 
hypothalamic obesity syndrome including 
fatigue, decreased physical activity, insulin and 
leptin resistance, uncontrolled appetite, and mor-
bid obesity [ 8 – 10 ]. The incidence of severe obe-
sity in children and adolescents who have 
undergone surgical resection of a craniopharyn-
gioma is 22–62 % [ 8 – 10 ]. Risk factors for obe-
sity include cancer diagnosed at 5–9 years of age, 
female sex, abnormal physical function, cranial 
radiation doses of 20–30 Gy, and exposure to 
high levels of corticosteroids [ 7 ,  11 ]. 

 Physical inactivity and poor diet are believed 
to enhance risk or severity of late effects of treat-
ment [ 6 ,  12 – 15 ]. Several studies indicate that less 
than 50 % of survivors meet the recommended 
guidelines for physical activity [ 13 ,  16 – 19 ]. In 
addition, childhood cancer survivors have been 
shown to have poor dietary habits, consume 
excessive calories, and not follow dietary guide-
lines in two reports [ 20 ,  21 ]. Conversely, a signifi -
cant proportion of adult survivors of childhood 
cancer are underweight. In the CCSS cohort, these 
underweight survivors were most likely to report 
adverse health outcomes and major medical con-
ditions [ 7 ]. It is unclear what impact this may have 
on future health outcomes or whether this is a con-
sequence of active medical conditions. 

 The following will review the recommended 
physical activity and dietary guidelines most rel-
evant to childhood cancer survivors. 

24.2.1     Physical Activity 

 In 2008, the US Department of Health and 
Human Services Centers for Disease Control and 
Prevention (CDC) published physical activity 
guidelines:  2008 Physical Activity Guidelines for 
Americans  [ 22 ]. These guidelines provide 
evidence- based recommendations to help all 
Americans improve their health through physical 
activity. They are especially important for child-
hood cancer survivors. Maintaining a physically 
active lifestyle provides health benefi ts to indi-
viduals of all ages by reducing the risk of chronic 
illness that may lead to disability and/or prema-
ture death. These include coronary heart disease, 
stroke, osteoporosis, depression, type 2 diabetes, 
and some cancers. 

 According to the  2008 Physical Activity 
Guidelines for Americans , aerobic activity,  muscle 
strengthening activity, and bone strengthening 
activity are necessary to achieve the health bene-
fi ts listed in Table  24.1 . Intensity, frequency, and 
duration/repetition are important components of 
all of these. However, the total amount of physical 
activity is more important for achieving health 

   Table 24.1    Health benefi ts associated with regular phys-
ical activity   

 Children and adolescents 
   Improved cardiopulmonary and muscular fi tness 
   Improved bone health 
   Improved cardiovascular and metabolic health 

biomarkers 
   Reduced symptoms of depression 
 Adults 
   Lower risk of early death 
   Lower risk of coronary artery disease 
   Lower risk of stroke 
   Lower risk of hypertension 
   Lower risk of type 2 diabetes 
   Lower risk of metabolic syndrome 
   Lower risk of colon and breast cancer 
   Improved cardiopulmonary and muscular fi tness 
   Improved bone density 
   Improved blood lipid profi le 
   Weight loss and prevention of weight gain 
   Reduced symptoms of depression 

  Adapted from  2008 Physical Activity Guidelines for 
Americans   
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benefi ts than is any one component or specifi c 
combination of activities. The minimum physical 
activity requirements recommended by the CDC 
to obtain substantial health benefi ts are detailed in 
Table  24.2 .

    Health-care providers should encourage survi-
vors to participate in physical activity as recom-
mended by the CDC guidelines. The risk of 
developing many of the late effects of childhood 
cancer therapy can be decreased through regular 
exercise including cardiovascular disease, diabe-
tes, obesity, stroke, decreased bone mineral den-
sity, and some second malignant neoplasms. 
Existing late effects may also be ameliorated 
through participation in adequate physical activity. 
Bone strengthening activities are especially impor-
tant for child and adolescent survivors at risk for 
low BMD since the greatest increase in bone mass 
occurs just before and during puberty and peak 
bone mass is obtained by the end of adolescence 
[ 23 ]. Participation in regular weight- bearing exer-
cise during adolescent growth can signifi cantly 
increase bone mineral content [ 24 ,  25 ]. 

24.2.1.1     Physical Activity: Special 
Considerations 

 The Children’s Oncology Group (COG) Long- 
Term Follow-Up Guidelines recommend that 
survivors who received anthracycline chemo-
therapy and/or chest radiation should be coun-

seled to avoid intense isometric exercise as this 
has been reported to precipitate cardiac events in 
survivors. Aerobic exercise and high repetition 
lifting of light weights are generally thought to 
be safe in this population, although this has not 
been studied prospectively due to obvious diffi -
culties with study design. Survivors who choose 
to participate in strenuous activity or competitive 
sports should discuss their personal risk with a 
health- care provider and receive ongoing moni-
toring by a cardiologist [ 26 ]. 

 Survivors who had limb-sparing surgery should 
discuss limitations on physical activity with their 
orthopedic surgeon. High levels of physical activ-
ity may damage the endoprosthesis [ 26 ]. However, 
regular participation in approved exercise should 
be encouraged to prevent functional limitation and 
decreased bone mineral density [ 4 ]. 

 Survivors who have undergone nephrectomy 
should protect their single kidney during physical 
activity by staying well hydrated [ 26 ]. Survivors 
with a single kidney should be encouraged to dis-
cuss their kidney status with a health-care pro-
vider before participation in contact sports or 
recreational activities. Caution should be taken to 
avoid bicycle handlebar injuries. A kidney guard 
may be worn during activities with an increased 
risk for renal injury. Survivors should wear a 
medical alert bracelet or carry a card in their wal-
let indicating that they have a single kidney. 

   Table 24.2    Minimum physical activity requirements to achieve health benefi ts   

 Level of intensity  Adults  Children and adolescents 

  Moderate intensity   150 min moderate-intensity aerobic 
activity each week 
 OR 
 75 min vigorous-intensity aerobic 
activity each week 

 60 min or more daily moderate to 
vigorous-intensity aerobic activity 
 Activities should be age appropriate, 
varied, and enjoyable 

 Individual participating in the 
activity can talk but not sing during 
the activity 

 Energy expenditure is 3–5.9 times 
the amount of energy expended at 
rest 

 At least 10 min intervals of activity 
spread throughout the week 

  Vigorous intensity   Muscle strengthening activities 2 or 
more days each week. Work all major 
muscle groups (legs, hips, back, 
abdomen, chest, shoulders, and arms) 
in sets of 8–12 repetitions 

 Muscle strengthening and weight- 
bearing activities that produce force 
on the bones at least 3 days each 
week as part of the 60 min per day of 
physical activity 
 Work all the major muscle groups of 
the body 

 Individual participating in the 
activity cannot say more than a few 
words without pausing for a breath 
 Energy expenditure is 6 or more 
times the amount of energy 
expended at rest 

  Adapted from  2008 Physical Activity Guidelines for Americans   
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 The CDC recommends all individuals to wear 
a helmet when participating in sports that carry a 
risk of traumatic brain injury. Survivors should 
be counseled to wear a fi tted and well-maintained 
helmet when riding a bike, skateboard, or scooter; 
playing a contact sport such as football or hockey; 
using in-line skates; horseback riding; skiing or 
snowboarding; and batting/running bases in 
baseball or softball [ 27 ].   

24.2.2     Diet 

 A healthy diet can reduce the risk of major 
chronic health conditions such as heart disease, 
diabetes, osteoporosis, and cancer. The US 
Department of Health and Human Services 
(HHS) and the US Department of Agriculture 
(USDA) jointly publish Dietary Guidelines every 
5 years, including the most recent edition: 
 Dietary Guidelines for Americans ,  2010  [ 28 ]. 
While these goals are intended for the general 
population, they are especially relevant for child-
hood cancer survivors. 

24.2.2.1     Diet: Weight Management 
 Weight management is a well-documented chal-
lenge for survivors of childhood cancer. This 
includes both being underweight and being 
obese.  Dietary Guidelines for Americans ,  2010  
provides basic information readily available to all 
that can serve as a foundation for dietary health 
promotion. When available, individualized 
dietary recommendations from a registered dieti-
cian can help minimize the many risk factors 
associated with obesity or being underweight in 
the childhood cancer survivor. 

  Dietary Guidelines for Americans ,  2010  has 
three major goals that can assist in preventing 
and/or treating obesity:

    1.    Balance calories with physical activity to 
manage weight   

   2.    Consume more of certain foods and nutrients 
such as fruits, vegetables, whole grains, fat- 
free and low-fat dairy products, and seafood   

   3.    Consume fewer foods with sodium (salt), sat-
urated fats, trans fats, cholesterol, added sug-
ars, and refi ned grains    

  The USDA recommends using a Daily Food 
Plan to optimize food consumption and caloric 
intake that promotes a healthy weight. A Daily 
Food Plan summarizes what and how much to eat 
within a specifi c calorie allowance that is based 
on age, sex, height, weight, and physical activity 
level [ 29 ]. The fi ve recommended food groups 
are fruit, vegetables, grains, protein, and dairy. 
For the 2,000 calorie per day level, recommended 
intakes include 2 cups fruit, 2.5 cups vegetables, 
6 oz grains, 5.5 oz protein foods, and 3 cups dairy 
[ 30 ]. Just as an exercise scientist or physical ther-
apist can create a personalized exercise regimen 
or physical activity plan, a registered dietician 
can create a personalized nutrition plan that can 
best help the survivor manage their weight.  

24.2.2.2     Diet: Hypertension 
 Like obesity, hypertension is a signifi cant risk 
factor for heart disease, but can be modifi ed with 
dietary changes. The Seventh Report of the Joint 
National Committee on Prevention, Detection, 
Evaluation, and Treatment of High Blood 
Pressure (JNC 7) calls for an aggressive approach 
to treating hypertension including lifestyle modi-
fi cations with an emphasis on dietary changes 
before the initiation of drug therapy. The JNC 7 
recommends adopting an eating plan that is rich 
in fruits, vegetables, and low-fat dairy products 
with reduced content of saturated and total fat 
[ 31 ]. These dietary modifi cations have been 
shown to reduce systolic blood pressure by 
8–14 mmHg [ 32 ,  33 ]. Blood pressure classifi ca-
tions are summarized in Table  24.3 .

   An appropriate dietary plan should serve as 
the mainstay of heart health promotion, along 
with weight loss and physical activity.  

   Table 24.3    Classifi cation of blood pressure (BP) ranges 
for adults   

 BP classifi cation 
 Systolic BP 
(mmHg) 

 Diastolic BP 
(mmHg) 

 Normal  <120  and <80 
 Prehypertension  120–139  or 80–89 
 Stage 1 hypertension  140–159  or 90–99 
 Stage 2 hypertension  ≥160  or ≥100 

  Adapted from  JNC 7 Express :  The Seventh Report of the 
Joint National Committee on Prevention ,  Detection , 
 Evaluation ,  and Treatment of High Blood Pressure , 2003  
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24.2.2.3     Diet: Bone Health 
 Appropriate amounts of dietary calcium and vita-
min D are necessary to maintain proper levels of 
calcium and bone mass. Physiological vitamin D 
also comes from synthesis in the skin through 
sunlight exposure. In 2010, the Institute of 
Medicine (IOM) was commissioned to assess the 
current data on health outcomes associated with 
calcium and vitamin D [ 4 ]. Their exhaustive 
review of the  evidence determined that calcium 
and vitamin D have a role in bone health but not 
in other health conditions. It was concluded that 
Americans are receiving adequate amounts of 
both calcium and vitamin D. Additionally, the 
IOM report indicated that too much of these 
nutrients may be harmful. The recommended 
amounts of intake for the general population 
were based on age and assumed minimal sun 
exposure. Recommended dietary intake for cal-
cium and vitamin D are summarized in Table  24.4 .

   It has been hypothesized that in addition to 
treatment-related risk factors, sedentary life-
style and infl ammation may play a role in bone 
defi cits in childhood cancer survivors [ 6 ]. While 
lifestyle changes are possible, appropriate 
dietary guidelines should be followed for cal-
cium and vitamin D supplementation to opti-
mize bone health. 

 Evidence-based guidelines now exist for cal-
cium and vitamin D supplementation. Given the 
concern for low BMD in both child and adult sur-
vivors of childhood cancer, it is prudent to use the 
IOM recommendations (see Table  24.4  above) 
regarding calcium and vitamin D as a foundation 
for supplementation therapy. It is advisable to 
consult with a registered dietician or endocrinol-
ogist for the optimal calcium and vitamin D doses 
needed by the childhood cancer survivor based 
on the individual risk for poor bone health. 

Special attention must be paid to women on hor-
monal therapy as that also can affect bone health. 
In conjunction with the appropriate physical 
activity regimen, such supplementation can 
maintain optimal bone health and help prevent 
low BMD and its serious sequelae such as ON.    

24.3     Health-Risk Behaviors 

 A key component of survivor health promotion 
is minimizing health-risk behaviors. Research 
indicates that childhood cancer survivors partici-
pate in health-risk behaviors at rates similar to 
their healthy peers. These include tobacco and 
alcohol use, substance abuse, inadequate sun 
protection, unsafe sexual practices, poor adher-
ence to general recommendations for diet/exer-
cise, and injury prevention [ 34 – 41 ]. This may 
not provide survivors with adequate risk reduc-
tion given their increased likelihood of chronic 
health conditions and adverse health outcomes 
[ 1 ]. Some survivors have reported a perception 
of being more vulnerable to health problems and 
needing to protect their health [ 34 – 42 ]. Providers 
must leverage this sentiment to empower survi-
vors with the education and medical assistance 
needed to promote health-protective behaviors. 
Behavioral change is a challenge, as factors other 
than health perceptions are involved, but survivor 
behaviors can directly determine several health 
outcomes that must be addressed as part of com-
prehensive survivorship care [ 35 – 43 ]. 

24.3.1     Tobacco 

 Tobacco use is the leading cause of preventable 
illness and death in the United States [ 36 – 44 ]. 
More than 600,000 middle school students and 
three million high school students smoke ciga-
rettes [ 37 – 45 ]. In the CCSS, 28 % reported ever 
smoking with 17 % being current smokers [ 40 ]. 
Adolescent survivors had rates of tobacco use 
similar to their cancer-free siblings [ 35 ,  38 – 45 ]. 
This is still concerning as survivors used tobacco 
at higher rates than expected given their increased 
risk of cardiac and pulmonary complications [ 35 , 
 39 – 46 ]. When compared to the  general  population, 

    Table 24.4    Recommended dietary allowance (RDA) for 
calcium and vitamin D   

 Age (years)  Calcium RDA (mg)  Vitamin D (IU) 

 1–3  700  600 
 4–8  1,000  600 
 9–18  1,300  600 
 19–30  1,000  600 

  Adapted from  Dietary Reference Intakes for Calcium and 
Vitamin D , Institute of Medicine, 2010  
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survivors of childhood cancer were, in fact, more 
likely to report being a current smoker than their 
noncancer peer controls [ 35 ,  40 – 47 ]. In countries 
outside the United States, tobacco use among sur-
vivors has varied. For example, in Great Britain, 
the prevalence of smoking among adult survivors 
of childhood cancer is substantially less overall 
than that in the general population [ 35 ,  40 ,  42 –
 48 ]. Given the multiple risks associated with 
tobacco use, survivorship care should routinely 
screen for its use and have accessible smoking 
cessation resources readily available [ 35 ,  40 ,  43 –
 49 ]. Multiple options exist for smoking cessation, 
but interventions designed to build self-effi cacy 
may be specifi cally benefi cial for this population 
[ 35 ,  40 ,  44 – 50 ]. Data from the CCSS showed that 
>69 % of survivors studied engaged in two or 
more other health-risk behaviors [ 51 ]. Reducing 
other risk behaviors might also encourage survi-
vors to quit smoking [ 51 ].  

24.3.2     Substance Abuse 

 According to the Centers for Disease Control and 
Prevention’s (CDC) 2011 Youth Risk Behavior 
Surveillance System (YRBSS), 38.7 % of US 
high school students had at least one alcoholic 
drink in the 30 days prior to being surveyed, and 
39.9 % had used marijuana one or more times 
during their life [ 52 ]. Varying reports exist on the 
prevalence of alcohol and drug use by survivors 
of childhood cancer. Some reports have found no 
signifi cant difference between survivors and their 
peers in regard to alcohol use [ 47 ]. There is still 
great concern, however, as the rate of alcohol use 
in long-term survivors was higher than expected 
given the increased risk of cardiac and pulmo-
nary sequelae [ 46 ]. Another study reported that 
adult survivors of childhood cancer have 
decreased alcohol consumption compared to 
their peers [ 53 ]. This trend was also seen in a 
British cohort of childhood cancer survivors [ 42 ]. 
Illicit drugs that have a stimulatory effect on the 
cardiovascular system may also pose signifi cant 
health risks. Therefore, survivors at risk for car-
diac long-term complications should be specifi -
cally counseled regarding the dangers of any 

drug use that may be associated with cardiac side 
effects, such as cocaine use or methamphetamine 
abuse and smoking risk factors with marijuana. 

 Evidence-based interventions are needed to 
address substance abuse among survivors. The 
multiorgan damage associated with excessive 
alcohol consumption can quickly compound the 
risks of potential cardiac, pulmonary, hepatic, 
and endocrine complications for the childhood 
cancer survivor. Interventions specifi c to the 
childhood cancer survivor are currently under 
investigation and many show promise [ 54 ,  55 ]. If 
substance abuse is suspected by a survivorship 
provider, a quick and defi nitive referral to an 
addiction specialist is necessary for further evalu-
ation and treatment.  

24.3.3     Sun Safety 

 Inadequate sun protection is a health-risk behav-
ior that can have serious consequences for the 
cancer survivor. The risk of skin cancer as a sec-
ond malignant neoplasm is especially relevant for 
those who received radiation therapy for their 
primary malignancy. The CDC recommends that 
all people take precautions against sun exposure 
every day of the year, especially during midday 
hours. This is the time period when ultraviolet 
(UV) rays are strongest and can do the most dam-
age. UV rays are not blocked by clouds and can 
damage unprotected skin in as little as 15 min 
[ 56 ]. The CDC recommends the following sun 
protection (Table  24.5 ).

   In a study of 75 adolescent survivors of child-
hood cancer, nonadherence to sun protection 
was the single most common health-risk behav-
ior reported [ 57 ]. An educational intervention 

   Table 24.5    CDC recommendations for sun protection 
[ 56 ]   

 Seek shade, especially 
during midday hours 

 Avoid tanning beds and 
sunlamps 

 Cover up with clothing to 
protect exposed skin 

 Use UVA and UVB 
sunscreen 

 Wear a hat with a wide 
brim to shade the face, 
head, ears, and neck 

 Use sunscreen with 
protective factor (SPF) 15 
or higher 
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for these survivors was found to be effi cacious 
in improving short-term self-reported sun safety 
practices [ 58 ]. Nevertheless, sun protection 
behaviors are diffi cult to instill in survivors, as 
in the general population. Even in a group of 
primary melanoma survivors, the rates of sun 
protection were no higher than the estimates for 
the general population [ 59 ]. Survivors should 
also be cautioned about the use of tanning beds 
which also increases the risk of skin cancer.  

24.3.4     Injury Prevention 

 Single kidney health guidelines have been 
reviewed in the  Physical Activity :  Special 
Considerations  section of this chapter. The use of 
a helmet when engaging in physical activities 
that involve movement at high speeds may pre-
vent head injury. The CDC YBRSS found that 
87.5 % of youth who had ridden a bicycle in the 
last year prior to the survey reported not wearing 
a helmet [ 52 ]. As with the general population, 
age-appropriate preventive medicine and antici-
patory guidance should be communicated to all 
childhood cancer survivors. This involves review-
ing seat belt guidelines, especially when survi-
vors approach the legal driving age. Seat belt 
laws vary, but most states mandate the use of seat 
belts for drivers and front seat passengers, while 
many require that all passengers wear seat belts 
when riding in a passenger vehicle. This anticipa-
tory guidance is critical as 7.7 % of youth sur-
veyed for the YBRSS rarely or never wore a seat 
belt when riding in a car driven by someone else 
[ 52 ]. Distracted driving should also be included 
as a risk-taking behavior that should be avoided 
by survivors. It is now estimated that 33 % of 
youth text or email while driving a car [ 52 ].  

24.3.5     STI Prevention 

 It is imperative that all survivors understand their 
risks for sexually transmitted infections (STIs). 
Young people in the United States account for 
nearly half of all new STIs, yet they represent 
only 25 % of the sexually active population [ 60 ]. 

Consequently, a sexual history should be obtained 
on all adolescent and young adult survivors of 
childhood cancer as part of routine survivorship 
health promotion. In the CCSS cohort, survivors 
were more likely than their siblings to report 
being tested for human immunodefi ciency virus 
(HIV) [ 47 ]. Furthermore, providers must dispel 
any survivor misconception that infertility is pro-
tective against contracting STIs. Another oppor-
tunity for survivor health promotion includes 
anticipatory guidance regarding human papillo-
mavirus (HPV) infections [ 61 ]. A recent study 
found that the rate of HPV vaccination among 
female pediatric cancer survivors was not appre-
ciably different than that seen in the general pop-
ulation [ 62 ]. Unsafe sexual practices and their 
associated signifi cant health risks must be 
addressed as part of childhood cancer survivor 
health promotion.   

24.4     Complementary 
and Alternative Medicine 

 Complementary and alternative medicine (CAM) 
is defi ned by the National Center for Complementary 
and Alternative Medicine as “a group of diverse 
medical and healthcare systems, practices, and 
products that are not presently considered to be a 
part of conventional medicine” [ 63 ]. It includes 
both biological and nonbiological agents. Some 
CAM practices fi t into more than one category 
(Table  24.6 ).

   In the general pediatric population, CAM 
usage rates have been reported to be between 
20 % and 40 % [ 64 ]. In surveys of children with 
malignancies, usage rates ranged from 59 % to 
84 % [ 65 ,  66 ]. The CCSS reports 39.4 % of adult 
survivors of childhood cancer used some form of 
CAM [ 67 ]. Another study of 119 childhood can-
cer survivors ages 7–19 years, who were at least 
3 months post completion of therapy, revealed 
that 82.3 % used at least one form of CAM and 
58.9 % used more than one CAM modality. The 
survivors in this study reported using CAM to 
reduce the risk of relapse, cope with long-term 
effects of cancer treatment, or reduce their risk of 
developing a late effect [ 68 ]. 
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 Despite the popularity of CAM in pediatrics, 
there is little research on the effectiveness of 
most CAM in children. In addition, many patients 
and parents do not disclose CAM use to their 
health-care providers, and most pediatric oncolo-
gists do not ask about CAM use [ 66 ,  68 ,  69 ]. The 
discrepancy between patient use and disclosure 
to health-care providers is potentially dangerous 
for patients. 

 The use of CAM as part of a healthy lifestyle 
may provide support to survivors coping with 
late effects of their disease and cancer treatment. 
For example, yoga and meditation may reduce 
anxiety, improve physical function in balance or 
gait, and assist with maintaining a healthy weight. 
Acupuncture may relieve chronic fatigue and 
pain. Some providers feel that the use of dietary 
supplements may help optimize bone density and 
support psychological well-being [ 70 ]. 

 Health-care providers should routinely dis-
cuss CAM usage with their patients. All uses and 

effects of CAM therapies should be documented 
in the medical record. For childhood cancer sur-
vivors, the emphasis should be on using CAM 
therapies to promote overall wellness. This will 
support health promotion and late effects symp-
tom management and prevention.  

24.5     Cancer Screening 

 Comprehensive survivorship care includes rou-
tine health maintenance such as age-appropri-
ate cancer screening. For the pediatric provider, 
this can represent a signifi cant knowledge void 
as most screening tests begin later in adult-
hood. Breast cancer screening and guidelines 
for the cancer survivor have been described 
previously. 

 All women are at risk for cervical cancer, 
with approximately 12,000 women affected in 
the United States each year [ 71 ]. However, early 

   Table 24.6    Types of complementary and alternative medicine   

 Whole medical 
systems 

 Homeopathic medicine  Small doses of diluted substances that in larger doses would 
produce illness 

 Naturopathic medicine  Dietary and lifestyle changes with herbs, massage and joint 
manipulation aiming to support the body’s own healing 

 Traditional Chinese medicine  Combination of herbs, meditation, massages, and acupuncture 
that aims to aid healing 

 Ayurveda  Combination of herbs, massage, and yoga aiming to integrate 
the body, mind, and spirit to prevent and treat disease 

 Mind-body 
medicine 

 Mental control and 
meditation 

 Hypnosis, hypnotherapy, meditation, faith healers, imagery 

 Creative outlets  Art, music, or dance 
 Biologically based 
therapies 

 Herbal products  For example: curcumin, mistletoe, ginseng, mushrooms, milk 
thistle, echinacea, saw palmetto, essiac, selenium, ginkgo 
biloba, valerian, green tea 

 Dietary supplements  Vitamins, minerals, fatty acids, amino acids, garlic 
 Manipulative and 
body-based 
practices 

 Osteopathic manipulation  Spinal manipulation to relieve pain and improve physical 
function 

 Massage  Manipulation of the muscles and soft tissues of the body to 
relieve pain, reduce stress, increase relaxation, treat anxiety/
depression, and aid in general well-being 

 Energy medicine  Bio-fi eld therapies  Acupuncture, acupressure, Reiki, qi gong, therapeutic touch 
 Bio-electromagnetic-based 
therapies 

 Use of electromagnetic fi elds, such as pulsed fi elds, magnetic 
fi elds, or alternating-current or direct-current fi elds 

  Adapted from   http://nccam.nih.gov/health/whatiscam      
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detection and intervention are associated with 
good long-term survival and quality of life. The 
American College of Obstetricians and 
Gynecologists (ACOG) published cervical can-
cer screening guidelines for average-risk women 
in 2009. ACOG recommends screening with a 
Papanicolaou (Pap) test every 2 years starting at 
age 21 regardless of the age of onset of sexual 
activity. This interval may be extended to every 
3 years at age 30 years with a history of three 
consecutive negative tests [ 72 ]. In a CCSS cohort 
of 3,392 average-risk female survivors, 80.9 % 
reported having a Pap smear within the 
 recommended time frame [ 73 ]. In order to pro-
mote optimal health, female cancer survivors 
age 21 years and older should be advised to 
undergo screening for cervical cancer according 
to the ACOG guidelines. Survivors who are 
immunocompromised, are HIV positive, have a 
history of cervical cancer, have human papillo-
mavirus, or have a high-grade pre-cancerous cer-
vical lesion and those who were exposed in utero 
to diethylstilbestrol are at higher risk for cervical 
cancer and should seek further advice from a 
gynecologist for personalized screening recom-
mendations [ 72 ]. 

 Colon cancer screening guidelines have also 
been adapted for the at-risk childhood cancer 
survivor. Survivors who have received >30 Gy 
of radiation therapy to any region of the body 
that may have affected the intestinal tract are at 
greatest risk for secondary colorectal cancers. 
Colorectal cancer screening includes colonos-
copies every 5 years, starting 10 years after the 
radiation therapy or at age 35 years (whichever 
comes last). The highest-risk groups include 
survivors with concurrent conditions that sepa-
rately increase the risk of colorectal cancer, 
such as familial adenomatous polyposis or 
infl ammatory bowel disease. In these cases, 
colonoscopies should be obtained more fre-
quently [ 26 ]. 

 Currently, there is insuffi cient evidence to 
suggest that self-testicular exams decrease mor-
tality from testicular cancer. However, many pro-

viders instruct patients to perform monthly 
self-examinations to develop awareness of tes-
ticular contour that will increase the chances of 
identifying testicular irregularities in the future. 
The optimal time to perform a self-testicular 
exam is during or after a warm bath or shower, 
when the skin of the scrotum is most relaxed. The 
American Cancer Society gives the following 
instructions for self-exams:

    1.    Hold the penis out of the way and check one 
testicle at a time.   

   2.    Hold the testicle between the thumbs and fi n-
gers of both hands and roll it gently between 
all fi ngers.   

   3.    Look and feel for any hard lumps or smooth 
rounded bumps or any change in the size, 
shape, or consistency of the testes [ 74 ].     

 A history of testicular cancer or leukemia is 
a signifi cant risk factor for testicular disease 
that warrants survivor self-examinations. 
Survivors should be educated on how to per-
form self- examinations and counseled to do so 
monthly. 

 Self breast examinations recommendations 
are covered in the breast chapter, which vary 
based on the treatment received during cancer 
therapy.  

    Conclusion 

 Health-care providers in childhood cancer 
survivorship care need to be aware of age-
appropriate recommendations for disease pre-
vention in order to deliver appropriate 
counseling for health promotion. This knowl-
edge, combined with their expertise in long-
term effects of pediatric cancer treatment, will 
facilitate the adaptation of national health pro-
motion guidelines to meet the needs of each 
survivor based on his or her individual risk. 
Table  24.7  includes a list of materials/web-
sites that can be used in patient education 
regarding health promotion.
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