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KEY POINTS

� As survival rates for pediatric cancers continue to improve, the number of childhood
cancer survivors continues to increase.

� The burden of long-term therapy-related morbidity experienced by childhood cancer
survivors is substantial.

� Childhood cancer survivors require lifelong follow-up care to monitor for late treatment-
related sequelae.
INTRODUCTION

With advances in therapeutic strategies for common childhood malignancies such as
leukemia, lymphoma, and central nervous system (CNS) tumors, the number of child-
hood cancer survivors in the United States continues to increase, and is estimated to
exceed 500,000 by 2020.1 About 1 of every 530 young adults between 20 and 39 years
of age in the United States is a childhood cancer survivor.2 Treatment of childhood
cancer with chemotherapy, radiation, or hematopoietic cell transplant (HCT) can result
in adverse sequelae, which may not become evident for many years. In this article,
commonly occurring late effects associated with childhood cancer treatment are
reviewed.

BURDEN OF MORBIDITY

The burden of morbidity experienced by childhood cancer survivors is substantial, as
shown by the fact that approximately 40% of childhood cancer survivors experience a
late effect that is severe, life threatening, disabling, or fatal at 30 years from diagnosis.3

A primary diagnosis of Hodgkin lymphoma (HL) or brain tumors and exposure to chest
radiation or anthracyclines increases the risk of these chronic health conditions.
Furthermore, the burden of morbidity increases as the cohort ages.4 HCT recipients
experience a higher burden of morbidity when compared with childhood cancer
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survivors treated with conventional therapy.5 The potential for serious therapy-related
sequelae provide the rationale for ongoing follow-up of childhood cancer survivors
into adult life.
STANDARDIZED RECOMMENDATIONS FOR FOLLOW-UP OF CHILDHOOD CANCER

In response to a call from the Institute of Medicine for a systematic plan for lifelong sur-
veillance of cancer survivors,6 the Children’s Oncology Group (COG) developed
exposure-related, risk-based guidelines (Long-Term Follow-Up Guidelines for Survi-
vors of Childhood, Adolescent, and Young Adult Cancers)7 for follow-up of patients
treated for pediatric malignancies. Specially tailored patient education materials,
known as Health Links, accompany the Guidelines to enhance health promotion in
this population. The Guidelines and the Health Links can be downloaded from
http://www.survivorshipguidelines.org.8 Recommendations for screening of specific
treatment-related late effects are summarized in Table 1. The COG Guideline group,
along with several other guideline groups addressing survivorship care,9–11 have initi-
ated the international harmonization of long-term follow-up guidelines for childhood
cancer survivors.12 To use these guidelines, the first step entails the development of
a treatment summary (Box 1). This treatment summary allows the survivor and their
health care provider to determine recommended follow-up care according to the
guidelines. In this article, the more commonly occurring late effects in survivors of
childhood cancer, and the relationship between these late effects and specific thera-
peutic exposures, are reviewed, to suggest reasonable starting points for evaluation of
specific long-term problems using the screening recommendations from the COG
Long-Term Follow-Up Guidelines.
AUDITORY IMPAIRMENT

Children with cancer often require therapy with potentially ototoxic agents, including
platinum-based chemotherapy, aminoglycoside antibiotics, loop diuretics, and radia-
tion therapy. These agents are all capable of causing sensorineural hearing loss.13,14

Risk for hearing loss is increased with higher doses of platinum-based chemotherapy,
particularly cisplatin in cumulative doses exceeding 360 mg/m2 and myeloablative
doses of carboplatin,15–18 combining platinum chemotherapy with cranial irradia-
tion,13 treatment with multiple ototoxic agents,19 age younger than 5 years at treat-
ment,20 and surgery that involves cranial nerve VIII.21 Radiation-related hearing loss
may be multifactorial. Although sensorineural loss increases in association with high
doses of radiation involving the ear, treatment with higher doses of radiation has
also been associated with conductive hearing loss.22,23
COGNITIVE SEQUELAE

Childhood cancer survivors are at risk for impaired cognition. Cranial radiation is a
well-established risk factor for cognitive impairment,24–26 although corticosteroids
and antimetabolite chemotherapy have been implicated as contributors.27 Cognitive
impairment usually become evident within 1 to 2 years after cranial radiation and is
progressive, likely because of the child’s failure to acquire new abilities at a rate similar
to peers. Affected children experience academic difficulties, resulting in problems with
receptive and expressive language and attention span. Fatigue and sleep disruption
also serve as contributors to the cognitive impairment observed in childhood cancer
survivors.28
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Table 1
Exposure-based screening recommendations for commonly occurring late effects in childhood cancer survivors

Adverse Outcome
Therapeutic Exposures
Associated with Increased Risk

Factors Associated with
Highest Risk Recommended Screening

Adverse psychosocial
effects

Any cancer experience CNS tumors
Cranial irradiation
Hearing loss
Older age at diagnosis

Psychosocial assessment
Yearly

Neurocognitive deficits Cranial irradiation
Methotrexate (intrathecal, high-

dose IV)
Cytarabine (high-dose IV)

Female sex
Younger age at treatment
Cranial irradiation
Intrathecal methotrexate

Review of educational or vocational progress
Yearly

Neuropsychological evaluation
Baseline and as clinically indicated

Hearing loss Cranial irradiation
Cisplatin
Carboplatin (at myeloablative

doses or if given during
infancy)

Younger age at treatment
Higher doses of

chemotherapy and
radiation

Complete audiologic evaluation for patients who received:
Platinum: baseline and as clinically indicated
Cranial radiation �30 Gy: Every 5 y

Cataracts Cranial irradiation
Total body irradiation
Corticosteroids

Higher radiation dose
Single daily radiation

fraction
Combination of

corticosteroids and
radiation

Visual acuity and fundoscopic examination
Yearly

Patients who received radiation only: Evaluation by
ophthalmologist
Yearly if dose �30 Gy or TBI; every 3 y if dose <30 Gy

Dental abnormalities Cranial irradiation
Receipt of any chemotherapy

before development of
permanent dentition

Younger age at treatment Dental examination and cleaning
Every 6 mo

(continued on next page)
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Table 1
(continued )

Adverse Outcome
Therapeutic Exposures
Associated with Increased Risk

Factors Associated with
Highest Risk Recommended Screening

Cardiomyopathy
Congestive heart

failure

Anthracycline chemotherapy
Chest and spinal irradiation

Anthracycline cumulative
dose >500 mg/m2

Female sex
Younger age at treatment

Echocardiogram
Every 1 to 5 y (frequency based on age at treatment,

anthracycline dose, and history of radiation)
Electrocardiogram

Baseline and as clinically indicated
Patients who received radiation only: Fasting blood

glucose or HgA1C and lipid profile
Every 2 y; if abnormal, refer for ongoing management

Atherosclerotic heart
disease

Myocardial infarction
Valvular disease

Chest and spinal irradiation Mediastinal irradiation

Pulmonary fibrosis
Interstitial pneumonitis

Bleomycin, carmustine,
lomustine, busulfan

Chest or whole lung irradiation

Younger age at treatment
Bleomycin dose >400 U/m2

Pulmonary function tests
Baseline and as clinically indicated

Hepatic dysfunction Methotrexate
Mercaptopurine
Thioguanine
Liver irradiation

Previous veno-occlusive
disease of the liver

Chronic viral hepatitis

ALT, AST, total bilirubin
Baseline and as clinically indicated

Renal dysfunction
(glomerular or
tubular)

Cisplatin
Carboplatin
Ifosfamide
High-dose methotrexate
Abdominal irradiation
Nephrectomy

High-dose chemotherapy
Younger age at treatment
Abdominal radiation

Blood pressure, urinalysis
Yearly

Serum BUN, creatinine, and electrolytes
Baseline and as clinically indicated

Bladder complications Alkylating agents
Abdominal/pelvic irradiation
Surgery involving the bladder

Higher-dose alkylating
agents administered
without bladder
uroprophylaxis

Abdominal/pelvic
irradiation

Urinalysis and targeted history
Yearly
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Obesity Cranial irradiation
Neurosurgery involving the
hypothalamic-pituitary axis

Younger age at treatment
Female sex
Cranial irradiation >20 Gy

Height, weight, BMI
Yearly

Hypothyroidism Radiation impacting the thyroid
gland (eg, neck, mantle)

Increasing radiation dose
Female sex
Older age at treatment

Free T4, TSH
Yearly

Precocious puberty Cranial irradiation Female sex
Younger age at treatment
Cranial irradiation >18 Gy

Height, weight, Tanner staging
Yearly until sexually mature

Hypogonadism (Leydig
cell dysfunction in
males; acute or
premature ovarian
failure in females)

Alkylating agents
Craniospinal irradiation
Abdominopelvic irradiation
Gonadal irradiation

Higher cumulative doses of
alkylating agents

Gonadal irradiation
Females: treatment during
the peripubertal or
postpubertal period

Pubertal onset, tempo, Tanner staging
Yearly until sexually mature

Females: Serum FSH, LH, estradiol
Baseline at age 13 y, and as clinically indicated

Males: Serum testosterone
Baseline at age 14 y, and as clinically indicated

Infertility Alkylating agents
Craniospinal irradiation
Adominopelvic irradiation
Gonadal irradiation

Male sex
Higher doses of alkylating
agents

Gonadal irradiation
Total body irradiation

Females: targeted history and physical examination
Yearly

Males: semen analysis
At request of sexually mature patient

Males: FSH
If unable to obtain semen analysis

Growth hormone
deficiency

Cranial irradiation Cranial irradiation �18 Gy Height, weight, BMI, Tanner staging
Every 6 mo until growth is completed, then yearly

Short stature
Musculoskeletal growth

problems

Cranial irradiation
Corticosteroids
Total body irradiation

Younger age at treatment
Cranial radiation
dose >18 Gy

Unfractionated (10 Gy)
total body irradiation

Standing and sitting height
Yearly until growth completed

Scoliosis/kyphosis Radiation involving the chest,
abdomen, or spine

Thoracic surgery
Neurosurgery involving the spine

Younger age at irradiation
Higher radiation doses
Hemithoracic, abdominal,
or spinal surgery

Spine examination for scoliosis and kyphosis
Yearly until growth completed; more frequent

assessment during puberty

(continued on next page)
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Table 1
(continued )

Adverse Outcome
Therapeutic Exposures
Associated with Increased Risk

Factors Associated with
Highest Risk Recommended Screening

Reduced bone mineral
density

Corticosteroids
Craniospinal irradiation
Gonadal irradiation
Total body irradiation

Hypothyroidism
Hypogonadism
Growth hormone

deficiency

Bone density evaluation (DEXA or quantitative CT)
Baseline and repeat as clinically indicated

Osteonecrosis Corticosteroids
High-dose radiation to any bone

Dexamethasone
Adolescent age at

treatment
Female sex

Targeted history and physical examination
Yearly

Life-threatening
infection

Splenectomy
Radiation impacting the spleen

(�40 Gy)
Chronic active graft-versus-host

disease

Anatomic asplenia
Higher radiation doses to

the spleen
Ongoing

immunsuppression
Hypogammaglobulinemia

Blood culture
When febrile, temperature �38.3�C (�101�F)

Chronic HCV infection
and HCV-related
sequelae

Transfusions before 1993 Living in hyperendemic
area

Hepatitis C antibody
Once if treated before 1993 (date may vary for
international patients)

Hepatitis C PCR
Once in patients with positive hepatitis C antibody

Therapy-related
myelodysplasia

Therapy-related acute
myeloid leukemia

Alkylating agents
Epipodophyllotoxins
Anthracyclines

Increasing dose of
chemotherapeutic
agents

Older age at treatment
Autologous hematopoietic

cell transplant

Targeted history/physical examination
Yearly
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Skin cancer (basal cell,
squamous cell,
melanoma)

Radiation (any field) Orthovoltage radiation
(before 1970): delivery of
greater dose to skin

Additional excessive
exposure to sun or
tanning booths

Physical examination
Yearly

Secondary brain tumor Cranial irradiation Increasing radiation dose
Younger age at treatment

Targeted history and neurologic examination
Yearly

Thyroid cancer Radiation impacting the thyroid
gland (eg, neck, mantle)

Increasing radiation dose
up to 29 Gy

Female sex
Younger age at radiation

Physical examination
Yearly

Breast cancer Chest irradiation Increasing radiation dose
Female sex
Longer time because
radiation

Females: clinical breast examination
Yearly beginning at puberty until age 25 y, then every

6 mo
Mammogram and breast MRI

Yearly for patients who received �20 Gy beginning 8 y
after radiation or at age 25 y, whichever occurs last. For
patients who received 10–19 Gy, clinician should
discuss benefits and risks/harms of screening with
patient; if decision made to screen, then follow
recommendations for �20 Gy

Colorectal cancer Abdominal/pelvic irradiation
Spinal irradiation

Higher radiation dose to
bowel

Higher daily dose fraction
Combined with
chemotherapy (especially
alkylating agents)

Colonoscopy
Every 5 y (minimum) for patients who received �30 Gy,

beginning 10 y after radiation or at age 35 y,
whichever occurs last; more frequently if indicated
based on colonoscopy results. Monitoring of patients
who received total body irradiation without
additional radiation potentially affecting the colon/
rectum should be determined on an individual basis

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; BUN, blood urea nitrogen; CT, computed tomography;
DEXA, dual x-ray absorptiometry; FSH, follicle-stimulating hormone; HCV, hepatitis C virus; HgA1C, hemoglobin A1C; IV, intravenous; LH, luteinizing hormone;
PCR, polymerase chain reaction; T4, thyroxine; TSH, thyroid-stimulating hormone.

Data from Children’s Oncology Group long-term follow-up guidelines, version 4.0. 2013. Available at: www.survivorshipguidelines.org. Accessed September
15, 2014.
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Box 1

Basic elements of a childhood cancer survivor treatment summary

Key Elements Details
Demographics Name, sex, date of birth, treating institution and key team members
Diagnosis Diagnosis, date, site, stage

Relapse(s), if applicable, with date(s) and site(s)
Subsequent malignant neoplasm(s), if applicable, with type(s) and

site(s)
Completion of therapy date(s)

Therapeutic Exposures
Chemotherapy Names of chemotherapy agents received

Routes of administration
Cumulative doses (per m2) for alkylators, anthracyclines, and

bleomycin (at minimum)
Intermediate/high (�1000 mg/m2) vs standard dosing for intravenous

methotrexate and cytarabine
Standard vs myeloablative dosing for carboplatin

Radiation Dates, type, field(s), total dose, number of fractions, dose per fraction
Surgical procedures Type(s), date(s)
Hematopoietic cell

transplant
Type(s), date(s), graft-versus-host disease prophylaxis/treatment

Landier et al282
Brain tumor survivors are especially vulnerable to impairment in neurocognitive
functioning; young age at exposure to cranial radiation, cerebrovascular events, and
hearing or motor disabilities contribute to the vulnerability.29–32 Cranial radiation
dose has a direct association with cognitive impairment.33,34 Cognitive impairment
manifests as slow processing and psychomotor speed, inattention, memory impair-
ment, and deficits in verbal and visual-spatial skills.31,35–40 These impairments have
a negative impact on societal reintegration, such as education, employment, income,
and marital status.36

Survivors of childhood acute lymphoblastic leukemia (ALL) are also at risk for cogni-
tive impairment, presenting as inattention, and impaired processing speed, executive
function, and global intellectual function.41,42 Exposure to 24-Gy cranial radiation,43

younger age at radiation exposure, and female sex44,45 are associated with increased
risk. This impairment is associated with reduced educational attainment, unemploy-
ment,41,46 and independent living.47 Cognitive deficits have been observed after treat-
ment with chemotherapy alone48,49 and include deficits in attention, executive
function, and complex fine-motor functioning; global intellectual function is relatively
preserved.41,48,50–52

CARDIOVASCULAR FUNCTION

Cardiovascular complications such as coronary artery disease, stroke, and especially
heart failure have emerged as a leading cause of morbidity and mortality in aging
survivors of childhood cancer.53 These survivors are at a 9-fold risk of having a stroke,
10-fold risk of developing coronary artery disease, and 15-fold risk of developing heart
failure when compared with the general population.3 This increased risk is caused by
the combined effects of cardiotoxic cancer treatments (anthracycline chemotherapy,
radiation) and traditional cardiovascular risk factors (hypertension, diabetes, dyslipi-
demia, obesity) that emerge later in life.53

Anthracycline chemotherapy increases the risk of developing heart failure in a dose-
dependent manner; the incidence of heart failure is less than 5%, with cumulative
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
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Late Effects of Childhood Cancer 283
anthracycline dose of less than 250 mg/m2; approaches 10% at doses between 250
and 600 mg/m2; and exceeds 30% for doses greater than 600 mg/m2.53,54 Chest
radiation, when the heart is in the treatment field, and cardiovascular risk factors,
such as hypertension and diabetes, can substantially increase the risk of
anthracycline-related heart failure. In cancer survivors, heart failure is associated
with a poor prognosis; 5-year overall survival rates are reported to be less than 50%.55

Different anthracycline analogues with potential for decreased cardiotoxicity have
been studied, but long-term data regarding their efficacy in heart failure risk reduc-
tion are lacking.56–58 Cardioprotectants such as dexrazoxane have been shown to
minimize cardiac injury shortly after anthracycline administration without compro-
mising its antitumor efficacy.56,59 As in anthracycline analogues, long-term data on
efficacy of dexrazoxane are lacking, and certain subgroups, particularly children,
who have the greatest potential number of life years after cancer therapy, remain
understudied.56 On the other hand, advances in cardiac imaging have helped set
the stage for the development of novel prevention strategies in asymptomatic survi-
vors at high risk for therapy-related heart failure. These advances include closer
monitoring, better management of cardiovascular risk factors such as hypertension
and diabetes, and consideration of pharmacologic therapy (angiotensin-converting
enzyme inhibitors or b-blockers) in high-risk individuals with early changes in cardiac
function.60

Chest radiation therapy has been implicated in the development of constrictive peri-
carditis, valvular heart disease, coronary artery disease, conduction abnormalities,
and heart failure.53 Clinically evident heart failure, although rare after chest radiation
alone, is primarily manifested as left ventricular diastolic dysfunction, in contrast to
the systolic dysfunction typically seen after anthracycline exposure.53,61 On the other
hand, premature coronary artery disease is a well-recognized complication of radia-
tion therapy, with a reported cumulative incidence of 21% at 20 years in individuals
treated with chest radiation.53 However, clinically significant coronary artery disease
rarely occurs in the absence of other cardiovascular risk factors such as obesity,
hypertension, and dyslipidemia, emphasizing the importance of management of these
risk factors to reduce subsequent coronary artery disease risk.
PULMONARY FUNCTION

The lungs are exceptionally susceptible to radiation-related damage. The prevalence
and extent of radiation-related lung injury are dependent on several factors, including
age at exposure, total radiation dose, number of fractions, radiation type, and total
lung volume in the radiation field.62 In very young children, the basis for respiratory
damage seems to differ from that seen in adolescents or adults and is likely the result
of hypoplasia of the chest wall and compromised growth of the lung parenchyma, as
shown by deficits in total lung capacity, forced vital capacity, and diffusion capacity of
the lung.63,64 Although refined radiation therapy techniques have resulted in a dramat-
ically decreased incidence of pulmonary toxicity over the past 2 decades, patients
who have received pulmonary radiation during childhood continue to remain at risk
for declining pulmonary function over time.62,63,65

Several chemotherapeutic agents are also associated with pulmonary damage,
including bleomycin, busulfan, lomustine, and carmustine. The pulmonary toxicity of
these agents may be increased when combined with radiation.65 Contemporary pedi-
atric cancer therapy rarely includes high doses of bleomycin, decreasing the likelihood
that the growing population of childhood cancer survivors will be at risk for clinically
significant bleomycin-induced pulmonary disease later in life.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
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On the other hand, pulmonary complications remain a leading cause of morbidity
and mortality in long-term survivors of HCT.66,67 This situation is largely because of
the additive effects of therapy delivered before transplant and the intensity of therapy
required during HCT, which magnify the risk. Obliterative bronchiolitis (BO) is an irre-
versible chronic obstructive lung disorder, which may occur months to years after allo-
geneic HCT.67 Radiographic imaging of patients with BO is characteristic for lung
hyperinflation, and parenchymal hypoattenuation and air trapping are apparent on
chest computed tomography scans. The treatment of BO remains challenging, and
many patients with BO develop end-stage pulmonary disease and do not survive.67

THYROID ABNORMALITIES

Thyroid-related complications in childhood cancer survivors include primary or central
hypothyroidism, benign or malignant thyroid tumors, and (rarely) hyperthyroidism.68

Complications related to the thyroid gland are primarily seen in survivors who were
treated with radiation to the head, nasopharynx, oropharynx, or total body or those
who received radiation involving the cervical, supraclavicular, or mantle fields.68

The risk for hypothyroidism or thyroid nodules is especially high for those treated
with radiation doses in excess of 20 Gy.68 Strategies to decrease risk include shielding
of the thyroid gland during radiation, use of lower-dose radiation (or elimination of
radiation when possible), and avoidance of concurrent use of radiation and iodide-
containing contrast materials. Central hypothyroidism related to cranial radiation is
typically seen only in survivors who received radiation to the hypothalamic-pituitary
axis at doses of 30 Gy or higher.68,69 The risk of central hypothyroidism in patients
who receive lower doses of cranial radiation (such as is typically given in patients
with ALL), is very low.70

GONADAL FUNCTION
Males

Abnormalities of both germ (Sertoli) cell and gonadal endocrine (Leydig cell) function
can result from exposure to chemotherapy, radiation, or surgery in male cancer survi-
vors. Germ cell-producing Sertoli cells are more sensitive to the cytotoxic effects of
radiation and chemotherapy than the testosterone-producing Leydig cells. Thus,
males may experience impaired germ cell function (oligospermia or azoospermia)
without having evidence of gonadal endocrine dysfunction (testosterone insufficiency
or deficiency).
Testicular radiation is known to result in decreased testicular volume, reduced or

absent production of semen, and increased follicle-stimulating hormone. The effects
are dose dependent, with potentially reversible azoospermia at doses of 1 to 3 Gy;
azoospermia that is less likely to be reversible at doses of 3 to 6 Gy, and azoospermia
that is typically irreversible at doses greater than 6 to 8 Gy.71–73 Data regarding semen
production in males treated with testicular radiation alone before puberty are limited,
although there is some evidence that germ cells in the prepubertal testes may be more
radiosensitive than those in males who receive testicular radiation after puberty.74

Chemotherapy agents with the potential to cause germ cell injury in males include
alkylating agents (particularly busulfan, procarbazine, and mechlorethamine), heavy
metals (such as platinum compounds), and nonclassic alkylators (such as procarba-
zine and dacarbazine).75 Many of these agents affect spermatogenesis in a dose-
dependent manner. Effects on spermatogenesis may be reversible in up to 70% of
males who receive cumulative cyclophosphamide doses lower than 7.5 gm/m276;
however, doses greater than 7.5 gm/m2 may result in permanent azoospermia.73,75,76
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
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In male survivors of childhood cancer exposed to gonadotoxic chemotherapy, pres-
ervation of Leydig cell function in the setting of oligospermia or azoospermia is not
uncommon. Similarly, Leydig cell injury is dose dependent, inversely related to age
at treatment, and typically associated with radiation doses higher than those causing
germ cell injury.77 Thus, males treated with higher doses of testicular radiation
(>20 Gy) when prepubertal or peripubertal are at high risk of both infertility and testos-
terone deficiency or insufficiency, with resultant delayed or absent sexual matura-
tion.77 Prepubertal males who receive fractionated doses of testicular radiation
lower than 12 Gy are typically able to attain sexual maturity without intervention,
although these males often experience compensated Leydig cell failure (normal
testosterone with increased luteinizing hormone levels).77,78 Males in the adolescent
and young adult age range at the time of testicular radiation are typically able to
tolerate higher doses with lower risk for Leydig cell failure, when compared with
younger males.77

Surgical effects on male gonadal function include secondary hypogonadism in
patients undergoing resection of brain tumors involving the hypothalamus or pitui-
tary,79 impotence or retrograde ejaculation in patients undergoing partial or complete
pelvic exenteration or bilateral retroperitoneal lymph node dissection,80 and hydrocele
associated with nephrectomy.81

Females

Two types of ovarian failure have been described in female childhood cancer survi-
vors. Acute ovarian failure occurs when a female loses ovarian function during or
shortly after completion of cancer treatment. Premature ovarian failure (POF) occurs
when a female survivor retains ovarian function after childhood cancer treatment,
but experiences menopause before reaching age 40 years.82,83 Increased risk for
ovarian failure is associated with alkylating chemotherapy, older age at treatment,
and pelvic or abdominal radiation.77,82,83 Conventional fractionated total body irradia-
tion (TBI) is associated with ovarian failure in 50% of prepubertal females and nearly all
females older than 10 years at exposure.84,85

Ovarian failure associated with alkylating chemotherapy results in dose-dependent
and age-dependent toxicity, with gonadal toxicity increasing with chronologic age.
However, myeloablative doses of alkylating agents are strongly associated with
permanent ovarian failure in females, regardless of age at exposure.86 There is
increasing evidence supporting the risk for the development of POF in female survi-
vors who do not develop amenorrhea after exposure to ovarian radiation or alkylating
chemotherapy.82 In addition to infertility, POF is also associated with increased risks
for cardiovascular disease, osteoporosis, and psychosexual dysfunction.
Surgical effects on female gonadal function include secondary hypogonadism in

patients undergoing resection of brain tumors involving the hypothalamus or pitui-
tary,79 hypogonadism requiring replacement therapy and associated infertility in
females undergoing bilateral oophorectomy, and increased risk for POF associated
with unilateral oophorectomy, as a result of reduced ovarian reserve.87

Growth

Decreased linear growth is a common occurrence during therapy in children with
cancer, but most children are able to experience catch-up growth after completion
of therapy. In some instances, such as after cranial or spinal radiation exposure, short
stature is permanent or even progressive.
Cranial irradiation can cause alterations in growth hormone function and secretion,

resulting in short stature.88 The effects of cranial irradiation are age related, and
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
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children younger than 5 years at therapy are particularly susceptible.89,90 Severe
growth retardation (standing height <5%) is seen in more than 50% of patients with
brain tumors, when radiation doses exceed 30 Gy to the hypothalamus or pituitary
gland.91 In ALL survivors, 24 Gy of cranial irradiation has been shown to result in a
decrease in median height of about 5 to 10 cm.92

Direct inhibition of vertebral growth by spinal irradiation also contributes to short
stature. This change is seen most commonly in patients with brain tumors whose
entire spinal columns have received doses in excess of 35 Gy.93,94 Children who
are very young (<5 years) or are undergoing their adolescent growth spurt at the
time of radiation therapy are at especially high risk.
The long-term effects of TBI on height in survivors of HCT are well described.95 After

10 Gy given as a single fraction, long-term, severe decreases in growth rates appear in
most children. Fractionation of TBI seems to decrease growth retardation. The path-
ogenesis of short stature in children who receive conventional fractionated TBI is likely
multifactorial and may be exacerbated by HCT-related complications such as graft-
versus-host disease and its management.95

Current approaches to cancer therapy in children include attempts to spare adverse
effects on growth.96 Leukemia protocols are attempting to use high-dose metho-
trexate, cytosine arabinoside, or both, or intrathecal chemotherapy alone in lieu of
radiation for CNS prophylaxis.96 Hyperfractionation schedules for radiation therapy
and chemotherapy-only regimens are being implemented for treatment of brain
tumors and as conditioning regimens for HCT. Whether these changes will permit
long-term survivors to have normal growth remains to be seen.

Obesity

Obesity, defined as high body mass index (BMI, calculated as weight in kilograms
divided by the square of height in meters, >30 kg/m2), is well recognized among sur-
vivors of childhood ALL and brain tumors.91,97 Among patients with ALL, cranial radi-
ation at 20 Gy or higher before the age of 5 years, African American race, Hispanic
ethnicity, and use of antidepressant drugs (paroxetine) are associated with an
increased risk of obesity.97–99 Among female survivors of brain tumors, young age
at radiation to the hypothalamic-pituitary axis at doses exceeding 20 Gy is associated
with obesity.91 Onset of obesity during adolescence or young adulthood is strongly
associated with the subsequent development of adult-onset diabetes mellitus, hyper-
tension, dyslipidemia, cardiovascular disease, osteoarthritis, and breast and colon
cancer.100,101 High total fat percentage/lean body mass ratio is a reliable predictor
of long-term morbidity. Percentage fat is significantly higher among recipients of cra-
nial radiation, and even among individuals with normal BMI,102 and could explain the
high prevalence of insulin resistance in this population.103–106 Leptin and adiponectin
are secreted by the adipocytes and serve as part of a feedback loop between the
hypothalamus, the adipocyte, and the gut with respect to hunger, satiety, and energy
usage and storage.107–109 Adiponectin mirrors insulin resistance, whereas leptin re-
flects insulin resistance as well as anthropomorphic characteristics and body fat.
Growth hormone deficiency seems to be a contributor to central obesity, insulin resis-
tance, and dyslipidemia.110,111 Unrelated to BMI or physical activity, exposure to TBI
or abdominal radiation is associated with an increased risk of diabetes.112
OSTEOPOROSIS AND OSTEONECROSIS

Osteoporosis is defined as bone mineral density (BMD) greater than 2.5 standard
deviations (SD) less than mean and osteopenia is defined as BMD 1 to 2.5 SD less
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than mean. Exposure to corticosteroids, methotrexate, and alkylating agents is known
to cause BMD deficits113,114; whites are at greater risk than African Americans.113,115

Cranial radiation and TBI increase the risk of osteoporosis, likely because of gonadal
dysfunction, growth hormone failure, or hypothyroidism.113,116

Osteonecrosis (ON) is well recognized in children with ALL. Estimates for the inci-
dence of symptomatic ON range from 1%117 to 17.6%.118 ON can develop during
therapy or as late as a decade after treatment.119 The increasing incidence of ON in
patients with ALL is attributed to the incorporation of dexamethasone in treatment reg-
imens.120–122 Dexamethasone is more toxic to the bone than equivalent doses of
prednisone, and continuous cumulative exposure conveys higher risk.117,119,123 Coag-
ulation alterations may be involved in ON. Antithrombin and protein S levels are signif-
icantly lower in patients with ON. A dexamethasone-induced hypercoagulable state
may contribute to development of symptomatic ON.124 Other risk factors for ON
include older age at exposure, female gender, radiation, white race, and high
BMI.119,125 Weight-bearing joints are affected in 95% of patients (femoral head is
the most frequently affected site) and surgical interventions are needed in more
than 25% of cases.123 Lesions occupying more than 30% of the femoral head have
high likelihood of joint deterioration, necessitating arthroplasty at a young age.126

SUBSEQUENT MALIGNANT NEOPLASMS

Subsequent malignant neoplasms (SMNs) are histologically distinct malignancies
developing among patients treated for a primary malignancy. The cumulative inci-
dence of SMNs in childhood cancer survivors exceeds 20% at 30 years after diagnosis
of the primary cancer.127 This finding represents a 6-fold increased risk of SMNs
among cancer survivors, when compared with an age-matched and sex-matched
general population. SMNs are the leading cause of nonrelapse late mortality.128 The
risk of SMNs remains increased for more than 20 years from diagnosis of the primary
cancer. The excess risk of SMN is highest for HL and Ewing sarcoma (8.7-fold and
8.5-fold compared with the general population, respectively). Exposure to radiation
and specific chemotherapeutic agents is associated with increased risk. Breast and
thyroid cancers are the most common SMNs.127 Multiple SMNs have been observed
among childhood cancer survivors. Cumulative incidence of a second SMN was 47%
at 20 years after the first SMN.129 The unique role played by specific therapeutic
exposures in the development of SMNs have resulted in their classification into 2
distinct categories: (1) chemotherapy-related myelodysplasia (t-MDS) and acute
myeloid leukemia (t-AML); and (2) radiation-related solid SMNs. Characteristics of
t-MDS/AML include a short latency (<3 years from primary cancer diagnosis) and
association with alkylating agents or topoisomerase II inhibitors.130 Solid SMNs
have a strong association with radiation and are characterized by a latency that
exceeds 10 years.130

THERAPY-RELATED LEUKEMIA

t-MDS/AML has been observed in survivors of HL, non-HL, ALL, and bone sarcoma.
The cumulative incidence approaches 2% at 15 years after therapy.130,131 Two types
of t-MDS/AML exist according to the World Health Organization classification: alkylat-
ing agent–related type and topoisomerase II inhibitor–related type.132

Alkylating agent–related t-MDS/AML develops 3 to 5 years after exposure; the risk
increases with increasing dose of alkylating agents.133 Alkylating agent–related t-MDS
is typically associated with abnormalities involving chromosomes 5 (�5/del[5q]) and 7
(�7/del[7q]).133
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.



Landier et al288
Topoisomerase II inhibitor–related t-MDS/AML presents as overt leukemia after a
latency of 6 months to 3 years and is associated with balanced translocations
involving chromosome bands 11q23 or 21q22.134
THERAPY-RELATED SOLID SUBSEQUENT MALIGNANT NEOPLASMS

Therapy-related solid SMNs show a strong relation with ionizing radiation. The risk of
solid SMNs is highest when the exposure occurs at a younger age and increases with
the total dose of radiation and with increasing follow-up after radiation.127,135 Some of
the well-established radiation-related solid SMNs include breast cancer, thyroid
cancer, brain tumors, sarcomas, and nonmelanoma skin cancer (NMSC).130

Breast Cancer

Breast cancer is the most common solid SMN, observed most commonly after
chest radiation for HL. Female survivors of HL are at a 25-fold to 55-fold increased
risk of radiation-related breast cancer when compared with the general popula-
tion.127,131,135–144 The cumulative incidence of breast cancer approaches 20% by
age 45 years among female HL survivors treated with chest radiation during the
perpubertal period.131 The median latency after chest radiation ranges from 8 to
10 years, and the risk increases linearly with radiation dose, with an estimated relative
risk of 6.4 at a dose of 20 Gy and 11.8 at a dose of 40 Gy.145 Radiation-induced breast
cancer is influenced by hormonal stimulation, as shown by the attenuation of risk
among women who also received radiation doses of 5 Gy or greater to the ovaries.145

Thyroid Cancer

Thyroid cancer is observed after radiation to the neck for treatment of HL, ALL, and
brain tumors, and after TBI for HCT.127,130,135 Survivors exposed to neck radiation
are at an 18-fold increased risk of developing thyroid cancer when compared with
the general population.146 A linear dose-response relation between thyroid cancer
and radiation is observed up to 20 Gy, with a decline in the odds ratio at higher doses,
showing evidence for a cell kill effect.147,148 Female sex and younger age at exposure
modify the risk of radiation-related thyroid cancer.149

Sarcoma

Childhood cancer survivors are at a 9-fold increased risk of bone and soft tissue
sarcoma when compared with the general population.150 Radiation therapy increases
the risk in a dose-response manner, with increased risks at doses exceeding
10 Gy.151–158 A primary diagnosis of retinoblastoma or HL and exposure to higher
doses of anthracyclines or alkylating agents increase the risk of sarcoma.150–152,154,159

Lung Cancer

Lung cancer develops after chest irradiation for HL. The increase in risk of lung cancer
with increasing radiation dose is greater among the patients who smoke after expo-
sure to radiation than among nonsmokers.160

Brain Tumors

Meningiomas and gliomas develop after cranial radiation.127,135,161–166 The relation
between risk for second brain tumors and radiation dose is linear; the dose response
seems weaker for gliomas than for meningiomas.161,163,167 Increased exposure to
intrathecal methotrexate significantly increases risk of meningioma.167
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Bladder Cancer

The risk of bladder cancer in childhood cancer survivors is increased 3-fold to 5-fold
that of the general population.168–171 Heritable retinoblastoma and exposure to cyclo-
phosphamide and pelvic radiation are associated with an increased risk.168,172,173

Renal Cell Carcinoma

Childhood cancer survivors are at an 8-fold increased risk of developing renal cell
carcinoma when compared with the general population.174 The highest risk is
observed among neuroblastoma survivors.174–176 Radiation to the renal bed at doses
greater than 5 Gy and platinum-based therapy increase the risk.174,175

Salivary Gland Tumors

Childhood cancer survivors are at a 39-fold increased risk of developing a salivary
gland tumor, when compared with the general population.177 Risk of salivary gland tu-
mors increases linearly with radiation dose and remained increased after 20 years.177

Young age at exposure to radiation increases the risk of related salivary gland
tumors.178,179

Melanoma

Childhood cancer survivors have a 2.5-fold increased risk of developing melanoma
when compared with the general population.180,181 Hereditary retinoblastoma survi-
vors also have a higher risk of melanoma.182

Nonmelanoma Skin Cancer

Childhood cancer survivors are at a 5-fold increased risk of NMSC compared with the
general population.169 Radiation is associated with a 6-fold increase in risk.183 Most
tumors develop within the radiation field.

SUBSEQUENT MALIGNANT NEOPLASMS AND GENETIC SUSCEPTIBILITY

The risk of SMNs could be modified by mutations in high-penetrance genes that lead
to genetic diseases, such as Li-Fraumeni syndrome. However, the attributable risk is
small because of their low prevalence. The interindividual variability in risk of SMNs is
more likely related to common polymorphisms in low-penetrance genes that regulate
the availability of active drug metabolite, or those responsible for DNA repair. Gene-
environment interactions may magnify subtle functional differences resulting from
genetic variations.

LATE MORTALITY AMONG CHILDHOOD CANCER SURVIVORS

Childhood cancer survivors are at an 8-fold increased risk for premature death when
compared with the general population.128,184 Recurrent disease is the most common
cause. SMNs, cardiac, and pulmonary causes account for most nonrelapse mortality.

SUMMARY: CANCER SURVIVORSHIP–FUTURE RESEARCH OPPORTUNITIES

A clear understanding of the association between therapeutic exposures and specific
long-term complications has guided the design of less toxic therapies. Furthermore,
an understanding of the magnitude of the burden of morbidity borne by cancer survi-
vors has led to the development of treatment summaries, survivorship care plans, and
efforts to harmonize survivorship guidelines worldwide.12 However, there is a need for
ongoing efforts to reduce this burden of morbidity. Thus, it is important that more
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recent cohorts of childhood and adolescent patients with cancer continue to be
followed to determine how therapy modifications affect the prevalence and spectrum
of late effects. It is important to develop, implement, and test interventions that can
reduce the impact of treatment-related late effects on morbidity and mortality. There
is also a need for research relating to the etiopathogenesis of therapy-related cancers
and other late effects. Opportunities also exist to explore gene-environment interac-
tions, which may modify susceptibility to develop adverse outcomes, thus providing
insights into the identification of high-risk populations.
REFERENCES

1. Robison LL, Hudson MM. Survivors of childhood and adolescent cancer:
life-long risks and responsibilities. Nat Rev Cancer 2014;14:61–70.

2. Ward E, Desantis C, Robbins A, et al. Childhood and adolescent cancer statis-
tics, 2014. CA Cancer J Clin 2014;64:83–103.

3. Oeffinger KC, Mertens AC, Sklar CA, et al. Chronic health conditions in adult
survivors of childhood cancer. N Engl J Med 2006;355:1572–82.

4. Hudson MM, Ness KK, Gurney JG, et al. Clinical ascertainment of health
outcomes among adults treated for childhood cancer. JAMA 2013;309:2371–81.

5. Armenian SH, Sun CL, Kawashima T, et al. Long-term health-related out-
comes in survivors of childhood cancer treated with HSCT versus conven-
tional therapy: a report from the Bone Marrow Transplant Survivor Study
(BMTSS) and Childhood Cancer Survivor Study (CCSS). Blood 2011;118:
1413–20.

6. Hewitt M, Weiner SL, Simone JV, editors. Childhood cancer survivorship:
improving care and quality of life. Washington, DC: National Academies Press;
2003.

7. Landier W, Bhatia S, Eshelman DA, et al. Development of risk-based guidelines
for pediatric cancer survivors: the Children’s Oncology Group long-term follow-
up guidelines from the Children’s Oncology Group Late Effects Committee and
Nursing Discipline. J Clin Oncol 2004;22:4979–90.

8. Children’s Oncology Group. Long-term follow-up guidelines for survivors
of childhood, adolescent, and young adult cancers, version 4.0. Monrovia
(CA): Children’s Oncology Group; 2013. Available at: http://www.
survivorshipguidelines.org. Accessed September 15, 2014.

9. UK Children’s Cancer Study Group Late Effects Group. Therapy based long
term follow up practice statement, UKCCSG. 2011. Available at: www.cclg.
org.uk/dynamic_files/LTFU-full.pdf. Accessed August 5, 2014.

10. Dutch Childhood Oncology Group. Richtlijn follow-up na kinderkanker meer dan
5 jaar na diagnose. Den Haag/Amsterdam, SKION, 2010. [in Dutch]. Available
at: http://www.skion.nl/. Accessed August 5, 2014.

11. Scottish Intercollegiate Guidelines Network: long term follow up of survivors of
childhood cancer. A national clinical guideline, SIGN. 2013. Available at:
www.sign.ac.uk/guidelines/fulltext/132/index.html. Accessed August 5, 2014.

12. Kremer LC, Mulder RL, Oeffinger KC, et al. A worldwide collaboration to harmo-
nize guidelines for the long-term follow-up of childhood and young adult cancer
survivors: a report from the International Late Effects of Childhood Cancer
Guideline Harmonization Group. Pediatr Blood Cancer 2013;60:543–9.

13. Schell MJ, McHaney VA, Green AA, et al. Hearing loss in children and young
adults receiving cisplatin with or without prior cranial irradiation. J Clin Oncol
1989;7:754–60.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref1
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref1
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref2
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref2
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref3
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref3
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref4
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref4
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref5
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref5
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref5
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref5
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref5
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref6
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref6
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref6
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref7
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref7
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref7
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref7
http://www.survivorshipguidelines.org
http://www.survivorshipguidelines.org
http://www.cclg.org.uk/dynamic_files/LTFU-full.pdf
http://www.cclg.org.uk/dynamic_files/LTFU-full.pdf
http://www.skion.nl/
http://www.sign.ac.uk/guidelines/fulltext/132/index.html
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref9
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref9
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref9
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref9
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref10
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref10
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref10


Late Effects of Childhood Cancer 291
14. Bates DE, Beaumont SJ, Baylis BW. Ototoxicity induced by gentamicin and
furosemide. Ann Pharmacother 2002;36:446–51.

15. Knight KR, Kraemer DF, Neuwelt EA. Ototoxicity in children receiving platinum
chemotherapy: underestimating a commonly occurring toxicity that may influ-
ence academic and social development. J Clin Oncol 2005;23:8588–96.

16. Landier W, Knight K, Wong FL, et al. Ototoxicity in children with high-risk neuro-
blastoma: prevalence, risk factors, and concordance of grading scales–a report
from the Children’s Oncology Group. J Clin Oncol 2014;32:527–34.

17. Brock PR, Bellman SC, Yeomans EC, et al. Cisplatin ototoxicity in children: a
practical grading system. Med Pediatr Oncol 1991;19:295–300.

18. Parsons SK, Neault MW, Lehmann LE, et al. Severe ototoxicity following
carboplatin-containing conditioning regimen for autologous marrow transplanta-
tion for neuroblastoma. Bone Marrow Transplant 1998;22:669–74.

19. Ilveskoski I, Saarinen UM, Wiklund T, et al. Ototoxicity in children with malignant
brain tumors treated with the “8 in 1” chemotherapy protocol. Med Pediatr Oncol
1996;27:26–31.

20. Weatherly RA, Owens JJ, Catlin FI, et al. cis-platinum ototoxicity in children.
Laryngoscope 1991;101:917–24.

21. Simon MV. Neurophysiologic intraoperative monitoring of the vestibulocochlear
nerve. J Clin Neurophysiol 2011;28:566–81.

22. Paulino AC, Simon JH, Zhen W, et al. Long-term effects in children treated with
radiotherapy for head and neck rhabdomyosarcoma. Int J Radiat Oncol Biol
Phys 2000;48:1489–95.

23. Young YH, Lu YC. Mechanism of hearing loss in irradiated ears: a long-term
longitudinal study. Ann Otol Rhinol Laryngol 2001;110:904–6.

24. Moleski M. Neuropsychological, neuroanatomical, and neurophysiological
consequences of CNS chemotherapy for acute lymphoblastic leukemia. Arch
Clin Neuropsychol 2000;15:603–30.

25. Mulhern RK, Fairclough D, Ochs J. A prospective comparison of neuropsycho-
logical performance of children surviving leukemia who received 18-Gy, 24-Gy,
or no cranial irradiation. J Clin Oncol 1991;9:1348–56.

26. Butler RW, Haser JK. Neurocognitive effects of treatment for childhood cancer.
Ment Retard Dev Disabil Res Rev 2006;12:184–91.

27. Peterson CC, Johnson CE, Ramirez LY, et al. A meta-analysis of the neuropsy-
chological sequelae of chemotherapy-only treatment for pediatric acute
lymphoblastic leukemia. Pediatr Blood Cancer 2008;51:99–104.

28. Clanton NR, Klosky JL, Li C, et al. Fatigue, vitality, sleep, and neurocognitive
functioning in adult survivors of childhood cancer: a report from the Childhood
Cancer Survivor Study. Cancer 2011;117:2559–68.

29. Reimers TS, Ehrenfels S, Mortensen EL, et al. Cognitive deficits in long-term sur-
vivors of childhood brain tumors: identification of predictive factors. Med Pediatr
Oncol 2003;40:26–34.

30. Walter AW, Mulhern RK, Gajjar A, et al. Survival and neurodevelopmental
outcome of young children with medulloblastoma at St Jude Children’s
Research Hospital. J Clin Oncol 1999;17:3720–8.

31. Palmer SL, Gajjar A, Reddick WE, et al. Predicting intellectual outcome among
children treated with 35-40 Gy craniospinal irradiation for medulloblastoma.
Neuropsychology 2003;17:548–55.

32. Silber JH, Radcliffe J, Peckham V, et al. Whole-brain irradiation and decline in
intelligence: the influence of dose and age on IQ score. J Clin Oncol 1992;10:
1390–6.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref11
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref11
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref12
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref12
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref12
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref13
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref13
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref13
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref14
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref14
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref15
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref15
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref15
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref16
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref16
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref16
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref17
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref17
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref18
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref18
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref19
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref19
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref19
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref20
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref20
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref21
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref21
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref21
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref22
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref22
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref22
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref23
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref23
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref24
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref24
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref24
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref25
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref25
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref25
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref26
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref26
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref26
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref27
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref27
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref27
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref28
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref28
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref28
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref29
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref29
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref29


Landier et al292
33. Ris MD, Packer R, Goldwein J, et al. Intellectual outcome after reduced-dose ra-
diation therapy plus adjuvant chemotherapy for medulloblastoma: a Children’s
Cancer Group study. J Clin Oncol 2001;19:3470–6.

34. Mulhern RK, Kepner JL, Thomas PR, et al. Neuropsychologic functioning of
survivors of childhood medulloblastoma randomized to receive conventional
or reduced-dose craniospinal irradiation: a Pediatric Oncology Group study.
J Clin Oncol 1998;16:1723–8.

35. Ellenberg L, McComb JG, Siegel SE, et al. Factors affecting intellectual outcome
in pediatric brain tumor patients. Neurosurgery 1987;21:638–44.

36. Ellenberg L, Liu Q, Gioia G, et al. Neurocognitive status in long-term survivors of
childhood CNS malignancies: a report from the Childhood Cancer Survivor
Study. Neuropsychology 2009;23:705–17.

37. Kiehna EN, Mulhern RK, Li C, et al. Changes in attentional performance of
children and young adults with localized primary brain tumors after conformal
radiation therapy. J Clin Oncol 2006;24:5283–90.

38. Mabbott DJ, Penkman L, Witol A, et al. Core neurocognitive functions in children
treated for posterior fossa tumors. Neuropsychology 2008;22:159–68.

39. Mulhern RK, Merchant TE, Gajjar A, et al. Late neurocognitive sequelae in
survivors of brain tumours in childhood. Lancet Oncol 2004;5:399–408.

40. Nagel BJ, Delis DC, Palmer SL, et al. Early patterns of verbal memory impairment
in children treated for medulloblastoma. Neuropsychology 2006;20:105–12.

41. Krull KR, Brinkman TM, Li C, et al. Neurocognitive outcomes decades after treat-
ment for childhood acute lymphoblastic leukemia: a report from the St Jude life-
time cohort study. J Clin Oncol 2013;31:4407–15.

42. Krull KR, Okcu MF, Potter B, et al. Screening for neurocognitive impairment in
pediatric cancer long-term survivors. J Clin Oncol 2008;26:4138–43.

43. Campbell LK, Scaduto M, Sharp W, et al. A meta-analysis of the neurocognitive
sequelae of treatment for childhood acute lymphocytic leukemia. Pediatr Blood
Cancer 2007;49:65–73.

44. Jain N, Brouwers P, Okcu MF, et al. Sex-specific attention problems in long-
term survivors of pediatric acute lymphoblastic leukemia. Cancer 2009;115:
4238–45.

45. Kadan-Lottick NS, Zeltzer LK, Liu Q, et al. Neurocognitive functioning in adult
survivors of childhood non-central nervous system cancers. J Natl Cancer Inst
2010;102:881–93.

46. Kirchhoff AC, Krull KR, Ness KK, et al. Physical, mental, and neurocognitive sta-
tus and employment outcomes in the childhood cancer survivor study cohort.
Cancer Epidemiol Biomarkers Prev 2011;20:1838–49.

47. Krull KR, Annett RD, Pan Z, et al. Neurocognitive functioning and health-related
behaviours in adult survivors of childhood cancer: a report from the Childhood
Cancer Survivor Study. Eur J Cancer 2011;47:1380–8.

48. Kadan-Lottick NS, Brouwers P, Breiger D, et al. Comparison of neurocognitive
functioning in children previously randomly assigned to intrathecal methotrexate
compared with triple intrathecal therapy for the treatment of childhood acute
lymphoblastic leukemia. J Clin Oncol 2009;27:5986–92.

49. Conklin HM, Krull KR, Reddick WE, et al. Cognitive outcomes following contem-
porary treatment without cranial irradiation for childhood acute lymphoblastic
leukemia. J Natl Cancer Inst 2012;104:1386–95.

50. Buizer AI, de Sonneville LM, Veerman AJ. Effects of chemotherapy on neuro-
cognitive function in children with acute lymphoblastic leukemia: a critical review
of the literature. Pediatr Blood Cancer 2009;52:447–54.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref30
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref30
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref30
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref31
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref31
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref31
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref31
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref32
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref32
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref33
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref33
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref33
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref34
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref34
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref34
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref35
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref35
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref36
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref36
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref37
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref37
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref38
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref38
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref38
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref39
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref39
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref40
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref40
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref40
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref41
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref41
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref41
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref42
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref42
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref42
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref43
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref43
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref43
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref44
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref44
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref44
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref45
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref45
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref45
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref45
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref46
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref46
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref46
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref47
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref47
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref47


Late Effects of Childhood Cancer 293
51. Spiegler BJ, Kennedy K, Maze R, et al. Comparison of long-term neurocognitive
outcomes in young children with acute lymphoblastic leukemia treated with
cranial radiation or high-dose or very high-dose intravenous methotrexate.
J Clin Oncol 2006;24:3858–64.

52. Waber DP, Turek J, Catania L, et al. Neuropsychological outcomes from a
randomized trial of triple intrathecal chemotherapy compared with 18 Gy cranial
radiation as CNS treatment in acute lymphoblastic leukemia: findings from
Dana-Farber Cancer Institute ALL consortium protocol 95-01. J Clin Oncol
2007;25:4914–21.

53. Lipshultz SE, Adams MJ, Colan SD, et al. Long-term cardiovascular toxicity
in children, adolescents, and young adults who receive cancer therapy: patho-
physiology, course, monitoring, management, prevention, and research direc-
tions: a scientific statement from the American Heart Association. Circulation
2013;128:1927–95.

54. Mulrooney DA, Yeazel MW, Kawashima T, et al. Cardiac outcomes in a cohort of
adult survivors of childhood and adolescent cancer: retrospective analysis of
the Childhood Cancer Survivor Study cohort. BMJ 2009;339:b4606.

55. Felker GM, Thompson RE, Hare JM, et al. Underlying causes and long-term
survival in patients with initially unexplained cardiomyopathy. N Engl J Med
2000;342:1077–84.

56. van Dalen EC, Caron HN, Dickinson HO, et al. Cardioprotective interventions for
cancer patients receiving anthracyclines. Cochrane Database Syst Rev
2008;(2):CD003917.

57. van Dalen EC, van der Pal HJ, Caron HN, et al. Different dosage schedules
for reducing cardiotoxicity in cancer patients receiving anthracycline chemo-
therapy. Cochrane Database Syst Rev 2009;(4):CD005008.

58. van Dalen EC, Michiels EM, Caron HN, et al. Different anthracycline derivates for
reducing cardiotoxicity in cancer patients. Cochrane Database Syst Rev
2010;(3):CD005006.

59. Lipshultz SE, Scully RE, Lipsitz SR, et al. Assessment of dexrazoxane as a
cardioprotectant in doxorubicin-treated children with high-risk acute lympho-
blastic leukaemia: long-term follow-up of a prospective, randomised, multi-
centre trial. Lancet Oncol 2010;11:950–61.

60. Magnano LC, Martinez Cibrian N, Andrade Gonzalez X, et al. Cardiac complica-
tions of chemotherapy: role of prevention. Curr Treat Options Cardiovasc Med
2014;16:312.

61. Adams MJ, Lipsitz SR, Colan SD, et al. Cardiovascular status in long-term
survivors of Hodgkin’s disease treated with chest radiotherapy. J Clin Oncol
2004;22:3139–48.

62. Liles A, Blatt J, Morris D, et al. Monitoring pulmonary complications in long-term
childhood cancer survivors: guidelines for the primary care physician. Cleve
Clin J Med 2008;75:531–9.

63. Motosue MS, Zhu L, Srivastava K, et al. Pulmonary function after whole lung
irradiation in pediatric patients with solid malignancies. Cancer 2012;118:
1450–6.

64. Weiner DJ, Maity A, Carlson CA, et al. Pulmonary function abnormalities in
children treated with whole lung irradiation. Pediatr Blood Cancer 2006;46:
222–7.

65. Mulder RL, Thonissen NM, van der Pal HJ, et al. Pulmonary function impairment
measured by pulmonary function tests in long-term survivors of childhood can-
cer. Thorax 2011;66:1065–71.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref48
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref48
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref48
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref48
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref49
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref49
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref49
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref49
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref49
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref50
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref50
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref50
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref50
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref50
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref51
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref51
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref51
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref52
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref52
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref52
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref53
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref53
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref53
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref54
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref54
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref54
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref55
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref55
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref55
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref56
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref56
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref56
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref56
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref57
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref57
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref57
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref58
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref58
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref58
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref59
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref59
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref59
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref60
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref60
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref60
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref61
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref61
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref61
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref62
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref62
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref62


Landier et al294
66. Collaco JM, Gower WA, Mogayzel PJ Jr. Pulmonary dysfunction in pediatric
hematopoietic stem cell transplant patients: overview, diagnostic consider-
ations, and infectious complications. Pediatr Blood Cancer 2007;49:117–26.

67. Gower WA, Collaco JM, Mogayzel PJ Jr. Pulmonary dysfunction in pediatric
hematopoietic stem cell transplant patients: non-infectious and long-term
complications. Pediatr Blood Cancer 2007;49:225–33.

68. Chemaitilly W, Hudson MM. Update on endocrine and metabolic therapy-related
late effects observed in survivors of childhood neoplasia. Curr Opin Endocrinol
Diabetes Obes 2014;21:71–6.

69. Gurney JG, Kadan-Lottick NS, Packer RJ, et al. Endocrine and cardiovascular
late effects among adult survivors of childhood brain tumors–Childhood Cancer
Survivor Study. Cancer 2003;97:663–73.

70. Chow EJ, Friedman DL, Stovall M, et al. Risk of thyroid dysfunction and sub-
sequent thyroid cancer among survivors of acute lymphoblastic leukemia: a
report from the childhood cancer survivor study. Pediatr Blood Cancer 2009;
53:432–7.

71. Clifton DK, Bremner WJ. The effect of testicular x-irradiation on spermatogen-
esis in man. A comparison with the mouse. J Androl 1983;4:387–92.

72. Nandagopal R, Laverdiere C, Mulrooney D, et al. Endocrine late effects of child-
hood cancer therapy: a report from the Children’s Oncology Group. Horm Res
2008;69:65–74.

73. Green DM, Kawashima T, Stovall M, et al. Fertility of male survivors of childhood
cancer: a report from the Childhood Cancer Survivor Study. J Clin Oncol 2010;
28:332–9.

74. Shalet SM, Beardwell CG, Jacobs HS, et al. Testicular function following irradi-
ation of the human prepubertal testis. Clin Endocrinol (Oxf) 1978;9:483–90.

75. Meistrich ML. Male gonadal toxicity. Pediatr Blood Cancer 2009;53:261–6.
76. Rivkees SA, Crawford JD. The relationship of gonadal activity and chemotherapy-

induced gonadal damage. JAMA 1988;259:2123–5.
77. Sklar C. Reproductive physiology and treatment-related loss of sex hormone

production. Med Pediatr Oncol 1999;33:2–8.
78. Couto-Silva AC, Trivin C, Thibaud E, et al. Factors affecting gonadal function

after bone marrow transplantation during childhood. Bone Marrow Transplant
2001;28:67–75.

79. Thomsett MJ, Conte FA, Kaplan SL, et al. Endocrine and neurologic outcome in
childhood craniopharyngioma: review of effect of treatment in 42 patients.
J Pediatr 1980;97:728–35.

80. Jacobsen KD, Ous S, Waehre H, et al. Ejaculation in testicular cancer patients
after post-chemotherapy retroperitoneal lymph node dissection. Br J Cancer
1999;80:249–55.

81. Ginsberg JP, Hobbie WL, Ogle SK, et al. Prevalence of and risk factors for
hydrocele in survivors of Wilms tumor. Pediatr Blood Cancer 2004;42:361–3.

82. Green DM, Sklar CA, Boice JD Jr, et al. Ovarian failure and reproductive
outcomes after childhood cancer treatment: results from the Childhood Cancer
Survivor Study. J Clin Oncol 2009;27:2374–81.

83. Chemaitilly W, Mertens AC, Mitby P, et al. Acute ovarian failure in the childhood
cancer survivor study. J Clin Endocrinol Metab 2006;91:1723–8.

84. Chemaitilly W, Sklar CA. Endocrine complications of hematopoietic stem cell
transplantation. Endocrinol Metab Clin North Am 2007;36:983–98, ix.

85. Sarafoglou K, Boulad F, Gillio A, et al. Gonadal function after bone marrow
transplantation for acute leukemia during childhood. J Pediatr 1997;130:210–6.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref63
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref63
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref63
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref64
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref64
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref64
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref65
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref65
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref65
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref66
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref66
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref66
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref67
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref67
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref67
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref67
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref68
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref68
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref69
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref69
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref69
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref70
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref70
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref70
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref71
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref71
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref72
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref73
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref73
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref74
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref74
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref75
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref75
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref75
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref76
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref76
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref76
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref77
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref77
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref77
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref78
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref78
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref79
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref79
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref79
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref80
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref80
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref81
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref81
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref82
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref82


Late Effects of Childhood Cancer 295
86. Afify Z, Shaw PJ, Clavano-Harding A, et al. Growth and endocrine function in
children with acute myeloid leukaemia after bone marrow transplantation using
busulfan/cyclophosphamide. Bone Marrow Transplant 2000;25:1087–92.

87. Read MD, Edey KA, Hapeshi J, et al. The age of ovarian failure following
premenopausal hysterectomy with ovarian conservation. Menopause Int 2010;
16:56–9.

88. Sklar C, Wolden S. Therapy for pediatric brain tumors and the risk of growth
hormone deficiency. J Clin Oncol 2011;29:4743–4.

89. Chow EJ, Friedman DL, Yasui Y, et al. Decreased adult height in survivors of
childhood acute lymphoblastic leukemia: a report from the Childhood Cancer
Survivor Study. J Pediatr 2007;150:370–5, 375.e1.

90. Viana MB, Vilela MI. Height deficit during and many years after treatment for
acute lymphoblastic leukemia in children: a review. Pediatr Blood Cancer
2008;50:509–16 [discussion: 517].

91. Gurney JG, Ness KK, Stovall M, et al. Final height and body mass index among
adult survivors of childhood brain cancer: childhood cancer survivor study.
J Clin Endocrinol Metab 2003;88:4731–9.

92. Schriock EA, Schell MJ, Carter M, et al. Abnormal growth patterns and adult
short stature in 115 long-term survivors of childhood leukemia. J Clin Oncol
1991;9:400–5.

93. Laughton SJ, Merchant TE, Sklar CA, et al. Endocrine outcomes for children
with embryonal brain tumors after risk-adapted craniospinal and conformal
primary-site irradiation and high-dose chemotherapy with stem-cell rescue on
the SJMB-96 trial. J Clin Oncol 2008;26:1112–8.

94. Kiltie AE, Lashford LS, Gattamaneni HR. Survival and late effects in medullo-
blastoma patients treated with craniospinal irradiation under three years old.
Med Pediatr Oncol 1997;28:348–54.

95. Sanders JE. Growth and development after hematopoietic cell transplant in
children. Bone Marrow Transplant 2008;41:223–7.

96. Hudson MM, Neglia JP, Woods WG, et al. Lessons from the past: opportunities
to improve childhood cancer survivor care through outcomes investigations of
historical therapeutic approaches for pediatric hematological malignancies.
Pediatr Blood Cancer 2012;58:334–43.

97. Oeffinger KC, Mertens AC, Sklar CA, et al. Obesity in adult survivors of
childhood acute lymphoblastic leukemia: a report from the Childhood Cancer
Survivor Study. J Clin Oncol 2003;21:1359–65.

98. Garmey EG, Liu Q, Sklar CA, et al. Longitudinal changes in obesity and body
mass index among adult survivors of childhood acute lymphoblastic leukemia:
a report from the Childhood Cancer Survivor Study. J Clin Oncol 2008;26:
4639–45.

99. Green DM, Cox CL, Zhu L, et al. Risk factors for obesity in adult survivors of
childhood cancer: a report from the Childhood Cancer Survivor Study. J Clin
Oncol 2012;30:246–55.

100. Rogers PC, Meacham LR, Oeffinger KC, et al. Obesity in pediatric oncology.
Pediatr Blood Cancer 2005;45:881–91.

101. Armstrong GT, Oeffinger KC, Chen Y, et al. Modifiable risk factors and major
cardiac events among adult survivors of childhood cancer. J Clin Oncol 2013;
31:3673–80.

102. Blijdorp K, van denHeuvel-EibrinkMM, Pieters R, et al. Obesity is underestimated
using body mass index and waist-hip ratio in long-term adult survivors of
childhood cancer. PLoS One 2012;7:e43269.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref83
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref83
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref83
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref84
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref84
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref84
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref85
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref85
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref86
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref86
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref86
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref87
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref87
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref87
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref88
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref88
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref88
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref89
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref89
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref89
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref90
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref90
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref90
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref90
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref91
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref91
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref91
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref92
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref92
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref93
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref93
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref93
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref93
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref94
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref94
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref94
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref95
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref95
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref95
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref95
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref96
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref96
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref96
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref97
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref97
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref98
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref98
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref98
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref99
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref99
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref99


Landier et al296
103. Gurney JG, Ness KK, Sibley SD, et al. Metabolic syndrome and growth hormone
deficiency in adult survivors of childhood acute lymphoblastic leukemia. Cancer
2006;107:1303–12.

104. Oeffinger KC, Adams-Huet B, Victor RG, et al. Insulin resistance and risk factors
for cardiovascular disease in young adult survivors of childhood acute lympho-
blastic leukemia. J Clin Oncol 2009;27:3698–704.

105. Kourti M, Tragiannidis A, Makedou A, et al. Metabolic syndrome in children
and adolescents with acute lymphoblastic leukemia after the completion of
chemotherapy. J Pediatr Hematol Oncol 2005;27:499–501.

106. Florin TA, Fryer GE, Miyoshi T, et al. Physical inactivity in adult survivors of child-
hood acute lymphoblastic leukemia: a report from the childhood cancer survivor
study. Cancer Epidemiol Biomarkers Prev 2007;16:1356–63.

107. Moller DE, Flier JS. Insulin resistance–mechanisms, syndromes, and implica-
tions. N Engl J Med 1991;325:938–48.

108. Lustig RH. Autonomic dysfunction of the beta-cell and the pathogenesis of
obesity. Rev Endocr Metab Disord 2003;4:23–32.

109. Askari H, Tykodi G, Liu JM, et al. Fasting plasma leptin level is a surrogate
measure of insulin sensitivity. J Clin Endocrinol Metab 2010;95:3836–43.

110. Link K, Moell C, Garwicz S, et al. Growth hormone deficiency predicts cardio-
vascular risk in young adults treated for acute lymphoblastic leukemia in child-
hood. J Clin Endocrinol Metab 2004;89:5003–12.

111. Ness KK, Oakes JM, Punyko JA, et al. Prevalence of the metabolic syndrome in
relation to self-reported cancer history. Ann Epidemiol 2005;15:202–6.

112. Meacham LR, Sklar CA, Li S, et al. Diabetes mellitus in long-term survivors of
childhood cancer. Increased risk associated with radiation therapy: a report
for the childhood cancer survivor study. Arch Intern Med 2009;169:1381–8.

113. Wasilewski-Masker K, Kaste SC, Hudson MM, et al. Bone mineral density defi-
cits in survivors of childhood cancer: long-term follow-up guidelines and review
of the literature. Pediatrics 2008;121:e705–13.

114. Haddy TB, Mosher RB, Reaman GH. Osteoporosis in survivors of acute lympho-
blastic leukemia. Oncologist 2001;6:278–85.

115. Kaste SC, Jones-Wallace D, Rose SR, et al. Bone mineral decrements in survi-
vors of childhood acute lymphoblastic leukemia: frequency of occurrence and
risk factors for their development. Leukemia 2001;15:728–34.

116. Krishnamoorthy P, Freeman C, Bernstein ML, et al. Osteopenia in children who
have undergone posterior fossa or craniospinal irradiation for brain tumors. Arch
Pediatr Adolesc Med 2004;158:491–6.

117. Kadan-Lottick NS, Dinu I, Wasilewski-Masker K, et al. Osteonecrosis in adult
survivors of childhood cancer: a report from the childhood cancer survivor
study. J Clin Oncol 2008;26:3038–45.

118. Kawedia JD, Kaste SC, Pei D, et al. Pharmacokinetic, pharmacodynamic, and
pharmacogenetic determinants of osteonecrosis in children with acute lympho-
blastic leukemia. Blood 2011;117:2340–7 [quiz: 2556].

119. Sala A, Mattano LA Jr, Barr RD. Osteonecrosis in children and adolescents
with cancer–an adverse effect of systemic therapy. Eur J Cancer 2007;43:
683–9.

120. Fan C, Cool JC, Scherer MA, et al. Damaging effects of chronic low-dose meth-
otrexate usage on primary bone formation in young rats and potential protective
effects of folinic acid supplementary treatment. Bone 2009;44:61–70.

121. Yang L, Boyd K, Kaste SC, et al. A mouse model for glucocorticoid-induced
osteonecrosis: effect of a steroid holiday. J Orthop Res 2009;27:169–75.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref100
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref100
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref100
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref101
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref101
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref101
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref102
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref102
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref102
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref103
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref103
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref103
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref104
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref104
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref105
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref105
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref106
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref106
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref107
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref107
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref107
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref108
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref108
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref109
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref109
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref109
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref110
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref110
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref110
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref111
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref111
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref112
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref112
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref112
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref113
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref113
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref113
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref114
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref114
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref114
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref115
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref115
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref115
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref116
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref116
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref116
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref117
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref117
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref117
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref118
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref118


Late Effects of Childhood Cancer 297
122. Yang L, Panetta JC, Cai XJ, et al. Asparaginase may influence dexamethasone
pharmacokinetics in acute lymphoblastic leukemia. J ClinOncol 2008;26:1932–9.

123. Mattano LA, Sather HN, Trigg ME, et al. Osteonecrosis as a complication of
treating acute lymphoblastic leukemia in children: a report from the children’s
cancer group. J Clin Oncol 2000;18:3262–72.

124. te Winkel ML, Appel IM, Pieters R, et al. Impaired dexamethasone-related
increase of anticoagulants is associated with the development of osteonecrosis
in childhood acute lymphoblastic leukemia. Haematologica 2008;93:1570–4.

125. Niinimaki RA, Harila-Saari AH, Jartti AE, et al. High body mass index increases
the risk for osteonecrosis in children with acute lymphoblastic leukemia. J Clin
Oncol 2007;25:1498–504.

126. Karimova EJ, Rai SN, Howard SC, et al. Femoral head osteonecrosis in pediatric
and young adult patients with leukemia or lymphoma. J Clin Oncol 2007;25:
1525–31.

127. Friedman DL, Whitton J, Leisenring W, et al. Subsequent neoplasms in 5-year
survivors of childhood cancer: the Childhood Cancer Survivor Study. J Natl
Cancer Inst 2010;102:1083–95.

128. Mertens AC, Liu Q, Neglia JP, et al. Cause-specific late mortality among 5-year
survivors of childhood cancer: the childhood cancer survivor study. J Natl
Cancer Inst 2008;100:1368–79.

129. Armstrong GT, Liu W, Leisenring W, et al. Occurrence of multiple subsequent
neoplasms in long-term survivors of childhood cancer: a report from the child-
hood cancer survivor study. J Clin Oncol 2011;29:3056–64.

130. Bhatia S, Sklar C. Second cancers in survivors of childhood cancer. Nat Rev
Cancer 2002;2:124–32.

131. Bhatia S, Yasui Y, Robison LL, et al. High risk of subsequent neoplasms
continues with extended follow-up of childhood Hodgkin’s disease: report
from the Late Effects Study Group. J Clin Oncol 2003;21:4386–94.

132. Vardiman JW, Harris NL, Brunning RD. The World Health Organization (WHO)
classification of the myeloid neoplasms. Blood 2002;100:2292–302.

133. Thirman MJ, Larson RA. Therapy-related myeloid leukemia. Hematol Oncol Clin
North Am 1996;10:293–320.

134. Pedersen-Bjergaard J, Philip P. Balanced translocations involving chromosome
bands 11q23 and 21q22 are highly characteristic of myelodysplasia and leuke-
mia following therapy with cytostatic agents targeting at DNA-topoisomerase II.
Blood 1991;78:1147–8.

135. Neglia JP, Friedman DL, Yasui Y, et al. Second malignant neoplasms in five-year
survivors of childhood cancer: childhood cancer survivor study. J Natl Cancer
Inst 2001;93:618–29.

136. Henderson TO, Amsterdam A, Bhatia S, et al. Systematic review: surveillance for
breast cancer in women treated with chest radiation for childhood, adolescent,
or young adult cancer. Ann Intern Med 2010;152:444–55 W144–54.

137. Bhatia S, Robison LL, Oberlin O, et al. Breast cancer and other second
neoplasms after childhood Hodgkin’s disease. N Engl J Med 1996;334:745–51.

138. Guibout C, Adjadj E, Rubino C, et al. Malignant breast tumors after radiotherapy
for a first cancer during childhood. J Clin Oncol 2005;23:197–204.

139. KenneyLB,Yasui Y, InskipPD, et al. Breast cancer after childhoodcancer: a report
from the Childhood Cancer Survivor Study. Ann Intern Med 2004;141:590–7.

140. Jenkinson HC, Hawkins MM, Stiller CA, et al. Long-term population-based risks
of second malignant neoplasms after childhood cancer in Britain. Br J Cancer
2004;91:1905–10.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref119
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref119
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref120
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref120
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref120
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref121
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref121
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref121
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref122
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref122
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref122
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref123
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref123
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref123
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref124
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref124
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref124
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref125
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref125
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref125
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref126
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref126
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref126
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref127
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref127
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref128
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref128
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref128
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref129
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref129
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref130
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref130
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref131
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref131
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref131
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref131
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref132
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref132
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref132
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref133
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref133
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref133
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref134
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref134
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref135
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref135
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref136
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref136
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref137
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref137
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref137


Landier et al298
141. Inskip PD, Curtis RE. New malignancies following childhood cancer in the
United States, 1973-2002. Int J Cancer 2007;121:2233–40.

142. Taylor AJ, Winter DL, Stiller CA, et al. Risk of breast cancer in female survivors of
childhood Hodgkin’s disease in Britain: a population-based study. Int J Cancer
2007;120:384–91.

143. Ng AK, Bernardo MV, Weller E, et al. Second malignancy after Hodgkin disease
treated with radiation therapy with or without chemotherapy: long-term risks and
risk factors. Blood 2002;100:1989–96.

144. Travis LB, Hill DA, Dores GM, et al. Breast cancer following radiotherapy and
chemotherapy among young women with Hodgkin disease. JAMA 2003;290:
465–75.

145. Inskip PD, Robison LL, Stovall M, et al. Radiation dose and breast cancer risk in
the childhood cancer survivor study. J Clin Oncol 2009;27:3901–7.

146. Sklar C, Whitton J, Mertens A, et al. Abnormalities of the thyroid in survivors of
Hodgkin’s disease: data from the Childhood Cancer Survivor Study. J Clin
Endocrinol Metab 2000;85:3227–32.

147. Sigurdson AJ, Ronckers CM, Mertens AC, et al. Primary thyroid cancer after a
first tumour in childhood (the Childhood Cancer Survivor Study): a nested
case-control study. Lancet 2005;365:2014–23.

148. Ronckers CM, Sigurdson AJ, Stovall M, et al. Thyroid cancer in childhood
cancer survivors: a detailed evaluation of radiation dose response and its
modifiers. Radiat Res 2006;166:618–28.

149. Bhatti P, Veiga LH, Ronckers CM, et al. Risk of second primary thyroid cancer
after radiotherapy for a childhood cancer in a large cohort study: an update
from the childhood cancer survivor study. Radiat Res 2010;174:741–52.

150. Henderson TO, Whitton J, Stovall M, et al. Secondary sarcomas in childhood
cancer survivors: a report from the Childhood Cancer Survivor Study. J Natl
Cancer Inst 2007;99:300–8.

151. Henderson TO, Rajaraman P, Stovall M, et al. Risk factors associated with
secondary sarcomas in childhood cancer survivors: a report from the childhood
cancer survivor study. Int J Radiat Oncol Biol Phys 2012;84:224–30.

152. Hawkins MM, Wilson LM, Burton HS, et al. Radiotherapy, alkylating agents, and
risk of bone cancer after childhood cancer. J Natl Cancer Inst 1996;88:270–8.

153. Le Vu B, de Vathaire F, Shamsaldin A, et al. Radiation dose, chemotherapy
and risk of osteosarcoma after solid tumours during childhood. Int J Cancer
1998;77:370–7.

154. Newton WA Jr, Meadows AT, Shimada H, et al. Bone sarcomas as second
malignant neoplasms following childhood cancer. Cancer 1991;67:193–201.

155. Bielack SS, Rerin JS, Dickerhoff R, et al. Osteosarcoma after allogeneic bone
marrow transplantation. A report of four cases from the Cooperative Osteosar-
coma Study Group (COSS). Bone Marrow Transplant 2003;31:353–9.

156. Garwicz S, Anderson H, Olsen JH, et al. Second malignant neoplasms after can-
cer in childhood and adolescence: a population-based case-control study in the
5 Nordic countries. The Nordic Society for Pediatric Hematology and Oncology.
The Association of the Nordic Cancer Registries. Int J Cancer 2000;88:672–8.

157. Kony SJ, de Vathaire F, Chompret A, et al. Radiation and genetic factors in the
risk of second malignant neoplasms after a first cancer in childhood. Lancet
1997;350:91–5.

158. Tabone MD, Terrier P, Pacquement H, et al. Outcome of radiation-related oste-
osarcoma after treatment of childhood and adolescent cancer: a study of 23
cases. J Clin Oncol 1999;17:2789–95.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref138
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref138
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref139
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref139
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref139
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref140
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref140
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref140
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref141
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref141
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref141
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref142
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref142
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref143
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref143
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref143
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref144
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref144
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref144
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref145
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref145
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref145
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref146
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref146
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref146
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref147
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref147
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref147
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref148
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref148
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref148
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref149
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref149
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref150
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref150
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref150
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref151
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref151
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref152
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref152
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref152
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref153
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref153
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref153
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref153
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref154
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref154
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref154
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref155
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref155
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref155


Late Effects of Childhood Cancer 299
159. Ferrari C, Bohling T, Benassi MS, et al. Secondary tumors in bone sarcomas
after treatment with chemotherapy. Cancer Detect Prev 1999;23:368–74.

160. van Leeuwen FE, Klokman WJ, Stovall M, et al. Roles of radiotherapy and smok-
ing in lung cancer following Hodgkin’s disease. J Natl Cancer Inst 1995;87:
1530–7.

161. Neglia JP, Robison LL, Stovall M, et al. New primary neoplasms of the central
nervous system in survivors of childhood cancer: a report from the Childhood
Cancer Survivor Study. J Natl Cancer Inst 2006;98:1528–37.

162. Bhatia S, Sather HN, Pabustan OB, et al. Low incidence of second neoplasms
among children diagnosed with acute lymphoblastic leukemia after 1983. Blood
2002;99:4257–64.

163. Little MP, de Vathaire F, Shamsaldin A, et al. Risks of brain tumour following treat-
ment for cancer in childhood: modification by genetic factors, radiotherapy and
chemotherapy. Int J Cancer 1998;78:269–75.

164. Goshen Y, Stark B, Kornreich L, et al. High incidence of meningioma in cranial
irradiated survivors of childhood acute lymphoblastic leukemia. Pediatr Blood
Cancer 2007;49:294–7.

165. Ron E, Modan B, Boice JD Jr, et al. Tumors of the brain and nervous system after
radiotherapy in childhood. N Engl J Med 1988;319:1033–9.

166. Bowers DC, Nathan PC, Constine L, et al. Subsequent neoplasms of the CNS
among survivors of childhood cancer: a systematic review. Lancet Oncol
2013;14:E321–8.

167. Taylor AJ, Little MP, Winter DL, et al. Population-based risks of CNS tumors in
survivors of childhood cancer: the British Childhood Cancer Survivor Study.
J Clin Oncol 2010;28:5287–93.

168. Frobisher C, Gurung PM, Leiper A, et al. Risk of bladder tumours after childhood
cancer: the British Childhood Cancer Survivor Study. BJU Int 2010;106:1060–9.

169. Olsen JH, Garwicz S, Hertz H, et al. Second malignant neoplasms after cancer
in childhood or adolescence. Nordic Society of Paediatric Haematology and
Oncology Association of the Nordic Cancer Registries. BMJ 1993;307:1030–6.

170. Bassal M, Mertens AC, Taylor L, et al. Risk of selected subsequent carcinomas
in survivors of childhood cancer: a report from the Childhood Cancer Survivor
Study. J Clin Oncol 2006;24:476–83.

171. Metayer C, Lynch CF, Clarke EA, et al. Second cancers among long-term
survivors of Hodgkin’s disease diagnosed in childhood and adolescence.
J Clin Oncol 2000;18:2435–43.

172. Travis LB, Curtis RE, Glimelius B, et al. Bladder and kidney cancer following
cyclophosphamide therapy for non-Hodgkin’s lymphoma. J Natl Cancer Inst
1995;87:524–30.

173. Kaldor JM, Day NE, Kittelmann B, et al. Bladder tumours following chemo-
therapy and radiotherapy for ovarian cancer: a case-control study. Int J Cancer
1995;63:1–6.

174. Wilson CL, Ness KK, Neglia JP, et al. Renal carcinoma after childhood cancer: a
report from the childhood cancer survivor study. J Natl Cancer Inst 2013;105:
504–8.

175. Fleitz JM, Wootton-Gorges SL, Wyatt-Ashmead J, et al. Renal cell carcinoma in
long-term survivors of advanced stage neuroblastoma in early childhood.
Pediatr Radiol 2003;33:540–5.

176. Hedgepeth RC, Zhou M, Ross J. Rapid development of metastatic Xp11 trans-
location renal cell carcinoma in a girl treated for neuroblastoma. J Pediatr
Hematol Oncol 2009;31:602–4.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref156
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref156
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref157
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref157
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref157
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref158
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref158
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref158
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref159
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref159
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref159
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref160
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref160
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref160
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref161
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref161
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref161
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref162
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref162
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref163
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref163
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref163
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref164
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref164
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref164
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref165
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref165
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref166
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref166
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref166
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref167
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref167
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref167
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref168
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref168
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref168
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref169
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref169
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref169
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref170
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref170
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref170
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref171
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref171
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref171
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref172
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref172
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref172
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref173
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref173
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref173


Landier et al300
177. Boukheris H, Stovall M, Gilbert ES, et al. Risk of salivary gland cancer after
childhood cancer: a report from the Childhood Cancer Survivor Study. Int J
Radiat Oncol Biol Phys 2013;85:776–83.

178. Schneider AB, Lubin J, Ron E, et al. Salivary gland tumors after childhood radi-
ation treatment for benign conditions of the head and neck: dose-response
relationships. Radiat Res 1998;149:625–30.

179. Curtis RE, Rowlings PA, Deeg HJ, et al. Solid cancers after bone marrow trans-
plantation. N Engl J Med 1997;336:897–904.

180. Pappo AS, Armstrong GT, Liu W, et al. Melanoma as a subsequent neoplasm in
adult survivors of childhood cancer: a report from the childhood cancer survivor
study. Pediatr Blood Cancer 2013;60:461–6.

181. Braam KI, Overbeek A, Kaspers GJ, et al. Malignant melanoma as second
malignant neoplasm in long-term childhood cancer survivors: a systematic
review. Pediatr Blood Cancer 2012;58:665–74.

182. Eng C, Li FP, Abramson DH, et al. Mortality from second tumors among
long-term survivors of retinoblastoma. J Natl Cancer Inst 1993;85:1121–8.

183. Perkins JL, Liu Y, Mitby PA, et al. Nonmelanoma skin cancer in survivors of
childhood and adolescent cancer: a report from the childhood cancer survivor
study. J Clin Oncol 2005;23:3733–41.

184. Armstrong GT, Liu Q, Yasui Y, et al. late mortality among 5-year survivors of
childhood cancer: a summary from the childhood cancer survivor study.
J Clin Oncol 2009;27:2328–38.
Downloaded from ClinicalKey.com at Stony Brook State University of New York August 17, 2016.
For personal use only. No other uses without permission. Copyright ©2016. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0031-3955(14)00196-5/sref174
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref174
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref174
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref175
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref175
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref175
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref176
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref176
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref177
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref177
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref177
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref178
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref178
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref178
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref179
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref179
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref180
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref180
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref180
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref181
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref181
http://refhub.elsevier.com/S0031-3955(14)00196-5/sref181

	Late Effects of Childhood Cancer and Its Treatment
	Key points
	Introduction
	Burden of morbidity
	Standardized recommendations for follow-up of childhood cancer
	Auditory impairment
	Cognitive sequelae
	Cardiovascular function
	Pulmonary function
	Thyroid abnormalities
	Gonadal function
	Males
	Females
	Growth
	Obesity

	Osteoporosis and osteonecrosis
	Subsequent malignant neoplasms
	Therapy-related leukemia
	Therapy-related solid subsequent malignant neoplasms
	Breast Cancer
	Thyroid Cancer
	Sarcoma
	Lung Cancer
	Brain Tumors
	Bladder Cancer
	Renal Cell Carcinoma
	Salivary Gland Tumors
	Melanoma
	Nonmelanoma Skin Cancer

	Subsequent malignant neoplasms and genetic susceptibility
	Late mortality among childhood cancer survivors
	Summary: cancer survivorship–future research opportunities
	References


