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A pproximately 500 000 individuals currently alive in the US
have survived childhood cancer, and this number in-
creases each year.1 More than 95% of people who survive

childhood cancer will have a significant health-related problem by
45 years of age, and approximately one-third will experience se-
vere or potentially life-threatening chronic health problems.2 The
most common severe or life-threatening chronic health problems
include endocrine disorders (such as hypothyroidism or growth hor-
mone deficiency), subsequent neoplasms (such as breast cancer or
thyroid cancer), and cardiovascular disease (such as cardiomyo-
pathy or congestive heart failure, coronary artery disease, and cere-
brovascular disease) (Table 1). These conditions can cause prema-
ture death. This review summarizes current evidence regarding

adverse outcomes and optimal management of people who sur-
vive childhood cancer.

Methods
PubMed was searched from January 1, 2000, through July 23, 2023,
for English-language studies using the following key terms and their
associatedMedicalSubjectHeadingsandexpansions: childhoodcancer
and survivor and late health outcomes or late effects. We prioritized
studies relevant to generalist clinicians. We identified 2468 studies,
of which 73 studies were included, consisting of 39 cohort studies, 10
case-control studies, 10 cross-sectional studies, 5 systematic reviews,

IMPORTANCE An estimated 15 000 children and adolescents aged 0 to 19 years are
diagnosed with cancer each year in the US, and more than 85% survive for at
least 5 years. By 45 years of age, approximately 95% of people who survive childhood
cancer will develop a significant health problem related to the childhood cancer diagnosis
or its treatment.

OBSERVATIONS Approximately 500 000 people currently alive in the US have survived
childhood cancer. The most common severe or life-threatening chronic health problems
related to childhood cancer or its treatment are endocrine disorders such as hypothyroidism
or growth hormone deficiency (44%), subsequent neoplasms such as breast cancer or
thyroid cancer (7%), and cardiovascular disease such as cardiomyopathy or congestive
heart failure, coronary artery disease, and cerebrovascular disease (5.3%). Medical
conditions related to a cancer diagnosis during childhood or adolescence are most
commonly caused by the radiation therapy and the chemotherapies used to treat cancer
and may develop at varying lengths of time after exposure to these treatments. Individuals
at highest risk for developing treatment-related health problems include patients with
brain cancer treated with cranial irradiation (approximately 70% develop severe or
life-threatening health problems) and allogeneic hematopoietic stem cell transplant
recipients (approximately 60% develop severe or life-threatening health problems).
Individuals at the lowest risk for developing treatment-related health problems include those
who survived solid tumors (such as Wilms tumor) treated with surgical resection alone or
with minimal chemotherapy, for whom the prevalence of subsequent health problems is
similar to people who did not have cancer during childhood or adolescence. People
diagnosed with childhood cancer in the 1990s who survived for at least 5 years after the
cancer diagnosis have a shorter lifespan (by about 9 years) vs children who were not
diagnosed with cancer in the 1990s.

CONCLUSIONS AND RELEVANCE Approximately 500 000 individuals currently alive in the US
have survived childhood cancer. The most common adverse effects in individuals who
survived childhood cancer are endocrine disorders, subsequent neoplasms, and
cardiovascular disease. There is a need for clinicians and patients to have heightened
awareness of these complications.
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3 nonsystematic reviews, 5 clinical practice guidelines or consensus
statements, and 1 randomized clinical trial.

Discussion
In the US, an estimated 15 000 people are diagnosed with cancer each
year between birth and 19 years of age,3 and more than 85% survive
for at least 5 years.4 The most common types of cancer diagnosed from
birth through 14 years of age include central nervous system tumors
such as medulloblastoma and glioma (26%) and acute lymphoblas-
tic leukemia (21%). The most common types of cancer diagnosed in
people 15 to 19 years of age include central nervous system tumors
(21%), thyroid cancer (12%), Hodgkin lymphoma (11%), and germ cell
and gonadal tumors (10%).4 Other types of childhood cancer in-
clude non-Hodgkin lymphoma, acute myeloid leukemia, bone and soft
tissue sarcomas, neuroblastoma, Wilms tumor, retinoblastoma, and
hepatoblastoma. Treatment for childhood cancer may include che-
motherapy, radiation, surgery, molecularly targeted therapy, immu-
notherapy, and hematopoietic stem cell transplant.

Among 22 150 people who survived for 5 years or longer after
a childhood cancer diagnosis, life expectancy was 48.5 years (95%
uncertainty interval [UI], 47.6-49.6 years) for those diagnosed from
1970 to 1979, 53.7 years (95% UI, 52.6-54.7 years) for those diag-
nosed from 1980 to 1989, and 57.1 years (95% UI, 55.9-58.1 years)
for those diagnosed from 1990 to 1999.5 Compared with individu-

als without a cancer history, this represented a gap in life expec-
tancy (defined as the number of years that 5-year cancer survivors
can expect to live) of 25% (95% UI, 24%-27%) for those diagnosed
from 1970 to 1979, 19% (95% UI, 17%-20%) for those diagnosed
from 1980 to 1989, and 14% (95% UI, 13%-16%) for those diag-
nosed from 1990 to 1999.5

In people who survive childhood cancer, subsequent compli-
cations may be related to the chemotherapy and radiation therapy
used to treat cancer during childhood (Figure 1). Examples include
anthracycline-related cardiomyopathy; radiation-related breast, thy-
roid, and brain tumors; radiation-related hypothyroidism and growth
hormone deficiency; and radiation-related atherosclerosis. Chronic
health conditions associated with childhood cancer treatment have
varying latency periods from the time of therapeutic exposures
(Figure 2).

Radiation-related adverse effects usually develop within the ra-
diation field (Figure 3A), are related to the dose, and are more likely
to occur if radiation therapy is administered at a younger age. For
example, a systematic review showed that patients who were treated
with chest radiation before the age of 30 years were at high risk of
breast cancer.6 Chemotherapy-related risks are also dose- and age-
related and may affect multiple organs due to the systemic nature
of the exposure (Figure 3B). For example, in a case-control study of
people who survived childhood cancer and either developed cardi-
omyopathy (n = 170) or did not develop cardiomyopathy (n = 317),
the risk of anthracycline-related cardiomyopathy was higher when

Table 1. Common Sequelae of Treatment for Childhood Cancer

Body system Potential late effect Therapy-related exposures
Psychosocial Anxiety, depression, financial hardship Any cancer experience

Central nervous system Neurocognitive impairment Cranial radiation and high-dose or intrathecal methotrexate

Sensory Cataracts, ocular toxicity Radiation to the eye, corticosteroids

Hearing loss, tinnitus, or both Platinum-based chemotherapy, high-dose cranial radiation (≥30 Gy)

Endocrine Growth hormone deficiency Cranial radiation, total body irradiation

Central adrenal insufficiency, hypopituitarism, gonadotropin
deficiency

Cranial radiation (involving pituitary region)

Hypothyroidism Neck radiation, total body irradiation

Diabetes Abdominal radiation, total body irradiation

Cardiac Cardiomyopathy Anthracycline chemotherapy, chest radiation

Cardiovascular disease (eg, valvular disease, pericardial
disease, coronary artery disease, atherosclerosis)

Chest radiation

Pulmonary Restrictive pulmonary disease Chest radiation, bleomycin, busulfan, nitrosoureas, pulmonary
surgery

Musculoskeletal Reduced bone mineral density Corticosteroids, allogeneic hematopoietic stem cell transplantation

Muscular atrophy, skeletal hypoplasia, scoliosis, kyphosis Radiation (especially to abdomen, chest, extremities, total body)

Osteonecrosis Corticosteroids, allogeneic hematopoietic stem cell transplantation

Neurological Peripheral neuropathies (motor and sensory) Vinca alkaloids, platinum-based chemotherapy

Reproductive Primary gonadal insufficiency, testicular or ovarian hormone
deficiency, premature ovarian failure

Pelvic radiation, testicular radiation, alkylating agent chemotherapy
(especially in higher doses), total body irradiation

Reduced fertility, infertility, shortened lifetime period
of fertility

Pelvic radiation, testicular radiation, alkylating agent chemotherapy
(especially in higher doses), total body irradiation

Subsequent neoplasms Basal cell carcinoma Any radiation

Thyroid cancer Head radiation, neck radiation

Breast cancer Chest radiation, anthracycline and alkylating agent chemotherapies

Colorectal cancer Abdominal radiation, pelvic radiation, total body irradiation

Glioma Cranial radiation

Meningioma Cranial radiation

Sarcoma Anthracycline chemotherapy, radiation involving bones or soft tissue
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the cumulative exposure was greater than 250 mg/m2 of body sur-
face area.7 The mechanisms of how specific treatments may cause
these complications remain unclear. There are increasing efforts to
examine these mechanisms. For example, anthracycline chemo-
therapy induces mitochondrial dysfunction that causes myocardial
injury, which in turn may progress to myocardial necrosis and myo-
cardial interstitial fibrosis.8

The generalist evaluating a person who survived childhood
cancer should obtain a history that includes the type of cancer; the
age at diagnosis; and the type, dose, and duration of therapy.
When possible, generalists should obtain treatment records for ra-
diation therapy and anthracycline and alkylating agent chemothera-
pies, such as doxorubicin, cyclophosphamide, and procarbazine.

Guidelines from the Children’s Oncology Group9 provide sug-
gested screening and health promotion recommendations when de-
tails of treatment are available. Table 2 provides a summary of the
suggested screening and health promotion recommendations for
people in whom details of treatment are not available. No random-
ized clinical trials have been conducted to examine the benefit of
screening for diseases on improved outcomes in people who sur-
vived childhood cancer.

Endocrine Disorders
People treated for childhood cancer have a higher prevalence of ab-
normal levels of growth hormone, thyroid hormone, adrenocorti-
cotropin, and gonadotropin hormones.10 Among 14 290 people who

Figure 1. Prevalence of Common Therapeutic Exposures in People Who Survived Childhood Cancer
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In B, the units of measure are for the doxorubicin equivalent dose. Examples of
anthracycline chemotherapy include doxorubicin and daunorubicin. In C, the
units of measure are for the cyclophosphamide equivalent dose. Examples of

alkylating agent chemotherapy include cyclophosphamide, procarbazine, and
mechlorethamine.

Figure 2. Chronic Health Conditions Associated With Varying Latency Periods From the Time of Childhood Cancer Treatment
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The direction of the arrows indicates that the risk continues beyond the attained age.
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survived for 5 years or longer after a childhood cancer diagnosis, 44%
experienced at least 1 endocrine abnormality, 16.7% experienced at
least 2 endocrine disorders, and 6.6% experienced 3 or more en-
docrine disorders.10 In this study, exposure to neck radiation was as-
sociated with a 6.6-fold higher risk (95% CI, 5.6-7.8) of developing
hypothyroidism compared with absence of such exposure.10

People exposed to a cranial irradiation dose of 18 Gy or greater
had a relative risk (RR) of obesity of 1.4 (95% CI, 1.3-1.5) compared
with those not exposed.10 People treated with a cranial irradiation
dose of 30 Gy or greater had a 4.5-fold greater risk (95% CI, 3.7-
5.5) of central adrenal insufficiency compared with those treated with

a dose of 0 to 29 Gy.10 Total body irradiation or radiation to the ab-
domen with the pancreas within the field of radiation was associ-
ated with a 2.7-fold increased risk (95% CI, 2.1-3.6) of diabetes.10 Risk
of primary ovarian insufficiency was 6.3-fold higher (95% CI, 5.0-
8.0) among females who received high doses of alkylating agent che-
motherapy (cyclophosphamide equivalent dose �8 g/m2 of body
surface area) or pelvic irradiation.10 Risk of ovarian dysfunction was
6-fold higher (95% CI, 4.2-8.5) among those exposed to pituitary
irradiation at doses of 30 Gy or greater.10

Males treated with alkylating agent chemotherapy (cyclophos-
phamide equivalent dose >20 g/m2 of body surface area) or testicular

Figure 3. Late Effects Related to Radiation Therapy, Anthracycline Chemotherapy, and Alkylating Agent Chemotherapy According to Body Region
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A Late effects of radiation therapy 
according to irradiated body region

B Late effects of chemotherapy 
according to body part and drug class
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radiation with a dose greater than 20 Gy had a 10.8-fold higher risk
(95% CI, 8.2-14.2) of primary gonadal insufficiency (requiring testos-
terone replacement) compared with men who had not received these
treatments.10 Radiation to the hypothalamic-pituitary axis at a dose
of 30 Gy or greater was associated with a 5.7-fold higher risk (95% CI,
4.2-7.7) of central gonadal dysfunction.10 Limitations of this study in-
clude that health outcomes were based on patient report, and the ab-
solute rates for these associations were not reported.

Among 2819 people who survived childhood cancer, prema-
ture ovarian failure (ie, cessation of menses prior to 40 years of age)
was more common compared with siblings without childhood can-
cer (8% vs 0.8%).11 Premature ovarian failure occurred in approxi-
mately 30% of people who received both alkylating agent chemo-
therapy and abdominopelvic radiation.11 An analysis of 3 studies
reported growth hormone deficiency in approximately 29.0% to
39.1% of childhood cancer survivors treated with cranial radiation
therapy.12 Higher cranial radiation doses were associated with an in-
creased risk.12

Reproductive Health
High-dose alkylating agent chemotherapy (such as cyclophospha-
mide and procarbazine) and abdominopelvic and testicular radia-
tion increase the risk of infertility.13-15 In a study of 214 men treated
with alkylating agent chemotherapy for childhood cancer and evalu-
ated at a median age of 29 years, 48% had normospermia, 25% had
azoospermia, and 28% had oligospermia.16 In this cohort, each cy-
clophosphamide equivalent dose of 1000 mg/m2 of body surface
area was associated with a 1.22-fold increased risk (95% CI, 1.11-
1.34) for azoospermia.16 However, 89% of the people treated with
less than a cyclophosphamide equivalent dose of 4000 mg/m2 of
body surface area had normospermia.16

In a cohort study,17 278 women who survived childhood can-
cer had higher rates of preeclampsia compared with 829 age-
matched women from the general population (6.1% vs 1.9%, re-
spectively), labor dystocia (4.3% vs 1.8%), fetal malpresentation
(8.3% vs 5.2%), and imminent fetal asphyxia (10.8% vs 5.7%). Pa-
tients at highest risk for infertility from treatment with alkylating
agent chemotherapy or gonadal radiation should be counseled re-
garding fertility preservation (ie, freezing of embryos, eggs, ovar-
ian tissue, sperm, or testicular tissue for future reproduction) prior
to treatment.18,19 People at risk for impaired reproductive health as
a result of the treatment for their childhood cancer should receive
appropriate counseling.9

Neoplasms After Childhood Cancer Treatment
In people successfully treated for childhood cancer, subsequent neo-
plasms are defined as cases of histologically distinct cancer that oc-
cur after treatment for childhood cancer. In a retrospective cohort
of 6155 people who survived for 5 years or longer after childhood
cancer, the excess risk of subsequent neoplasms was 20.3 per
10 000 person-years after a median follow-up of 21 years.20 Among
23 603 people who survived for 5 or more years after childhood can-
cer, the 15-year cumulative incidence of subsequent malignant neo-
plasms declined from 2.1% for those treated between 1970 and 1979
to 1.3% for those treated between 1990 and 1999.21

However, the risk of subsequent neoplasms among those who
were treated in the 1990s was higher than in the general popula-
tion (range of standardized incidence ratios, 3.1-3.6).21 Subsequent

neoplasms included skin cancer (commonly basal cell carcinoma),
breast cancer, thyroid cancer (most commonly papillary thyroid can-
cer), central nervous system tumors (especially glioma and menin-
gioma), bone tumors (osteosarcoma and Ewing sarcoma), and soft
tissue sarcoma (Table 3).

Neoplasms After Chemotherapy Treatment During Childhood
Treatment with alkylating agent chemotherapy (eg, cyclophospha-
mide, procarbazine, mechlorethamine) or anthracycline chemo-
therapy (eg, doxorubicin, daunorubicin) for childhood cancer can in-
crease the risk for subsequent neoplasms. Childhood cancer types
commonly treated with anthracycline chemotherapy (doxorubicin
equivalent dose of �250 mg/m2 of body surface area) include bone
tumors (85%) and soft tissue sarcoma (74%).22 Childhood cancer
types commonly treated with a cyclophosphamide equivalent dose
of 8000 mg/m2 of body surface area or higher include Hodgkin
lymphoma (53%) and soft tissue sarcoma (82%).22 A linear dose-
response relationship has been reported between alkylating agent
chemotherapy and subsequent neoplasms (relative rate, 1.2
[95% CI, 1.1-1.3] per cyclophosphamide equivalent dose of 5000
mg/m2 of body surface area), and between anthracycline chemo-
therapy and breast cancer (relative rate, 1.3 [95% CI, 1.2-1.6] per doxo-
rubicin equivalent dose of 100 mg/m2 of body surface area).20,23

Subsequent Neoplasms in People Treated With Radiation
During Childhood
The most common neoplasms after radiation treatment for child-
hood cancer are basal cell carcinoma, breast cancer, and thyroid
cancer. Radiation fields of particular concern for subsequent neo-
plasms include the chest (risk of breast cancer in females and lung
cancer in both sexes), brain (risk of central nervous system tumor),
neck (risk of thyroid cancer), and abdomen or pelvis (risk of colo-
rectal cancer). Lower doses and more focused fields of radiation have
been used recently to treat childhood cancer, and radiation has been
eliminated entirely from some treatment regimens.

For example, cranial radiation was commonly used to treat acute
lymphoblastic leukemia throughout the 1980s, but it is currently used
only for children with central nervous system leukemia or very high-
risk disease. Similarly, until the 1990s, childhood Hodgkin lym-
phoma was treated primarily with radiation directed across mul-
tiple nodal fields, but it is now primarily treated with systemic
chemotherapy or immunotherapy alone or combined with radia-
tion limited to the involved fields. Clinicians caring for people who
survived childhood cancer should note details regarding the field and
dose of radiation therapy.

Basal Cell Carcinoma
Among 5843 people who survived childhood cancer, 259 devel-
oped 1061 cases of basal cell carcinoma, yielding a standardized in-
cidence ratio of 29.8 and an absolute excess risk of 24.6 per 10 000
person-years.24 Approximately 90% of basal cell carcinoma cases
were located within the radiation field, and approximately 46% of
patients had multiple cases of basal cell carcinoma.25,26 In a study
of 199 patients with basal cell carcinoma and 597 childhood cancer
survivors without basal cell carcinoma, a radiation dose greater than
1 Gy demonstrated a linear dose-response relationship with basal cell
carcinoma risk.27 Even though it may be reasonable to advise people
who were treated with radiation therapy for childhood cancer to
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perform a monthly skin self-examination and have an annual der-
matology evaluation, no randomized clinical trials have been con-
ducted to demonstrate that these practices improve outcomes.9

New, changing, or unusual skin growths should prompt referral to
a dermatologist for an evaluation.9,28

Breast Cancer
Women treated with chest radiation during childhood cancer have an
increased risk for breast cancer later in life29 compared with women
who were not treated with radiation. Among 11 550 females who sur-
vived childhood cancer, 489 (4.2%) developed breast cancer a me-
dian of 25.6 years after the childhood cancer diagnosis, which is con-
sistent with an absolute excess risk of 1.8 per 1000 person-years
(95% CI, 1.6-2.0).29 Of those with breast cancer, 18% had bilateral

disease.29 By 55 years of age, the cumulative incidence of breast can-
cer was 18% among women who survived childhood cancer.29

Among 1230 women who underwent chest radiation and sur-
vived for 5 years or longer, the risk of breast cancer increased with
dose of radiation and volume of tissue receiving a dose that was 50%
or greater than the specified target dose.30 All-cause mortality was
higher after breast cancer among 274 women who survived child-
hood cancer (10-year cumulative mortality rate of 20% [95% CI,
15%-25%]) than among 1095 women with de novo breast cancer
(10-year cumulative mortality rate of 13% [95% CI, 11%-16%]).31

Among 3768 females who had childhood cancer but did not re-
ceive radiation therapy, 47 (1.2%) developed breast cancer during
a mean follow-up of 25.5 years (24 years between the childhood can-
cer diagnosis and the breast cancer diagnosis).32 The standardized

Table 3. Therapeutic Exposures Associated With Subsequent Neoplasms in Childhood Cancer Survivors

Therapeutic exposures
Subsequent
neoplasms Highest risk factors Potential mitigating factorsa

Radiation (all fields) Skin cancer
(primarily basal cell
carcinoma)

• Higher radiation dose to skin
• There is a linear dose-response relationship

between radiation to the site and the risk of
basal cell carcinoma

• Sun protective behaviors (eg, use of
sunscreen and sun protective clothing,
avoiding sun exposure at peak hours of
intensity to reduce UV radiation exposure)

Sarcoma • Higher radiation dose (>10 Gy)
• There is a linear dose-response relationship

between radiation to the site and the
development of sarcoma

• Regular physical examinations for early
detection

Anthracycline chemotherapyb Sarcoma • Dose >300 mg/m2 of body surface area • Regular physical examinations for early
detection

Anthracycline chemotherapy and
alkylating agent chemotherapy

Breast cancer • There is a linear dose-response relationship
between cumulative anthracycline dose
and risk of breast cancer

• Anthracycline dose: >250 mg/m2 of body
surface area and chest radiation

• Alkylating agent dose: cyclophosphamide
equivalent dose >6000 mg/m2 of body
surface area (with or without chest
radiation)

• Healthy diet and regular physical activity
• Maintaining healthy weight

Chest radiation (eg, for the treatment of
Hodgkin lymphoma, non-Hodgkin
lymphoma, Wilms tumor, bone and soft
tissue sarcoma, neuroblastoma)

Breast cancer • Higher radiation dose to the chest (>20 Gy)
• Higher volume of breast tissue in the chest

radiation field
• Older age (>9 y) during treatment
• Timing of radiation <1 y from onset of

menarche
• Primary cancer diagnosis of sarcoma or

leukemia
• Presence of breast cancer predisposition

gene variants (such as BRCA1, BRCA2,
ATM, CDH1, CHEK2, PALB2, PTEN, STK11,
or TP53)

• Prophylactic mastectomy
• Prophylactic oophorectomy
• Healthy diet and regular physical activity
• Maintaining healthy weight
• Low-dose tamoxifen

Chest radiation (eg, for the treatment of
Hodgkin lymphoma, non-Hodgkin
lymphoma, Wilms tumor, bone and soft
tissue sarcoma, neuroblastoma)

Lung cancer • Current or former smoker
• Higher radiation dose (>10 Gy)
• Primary cancer diagnosis of Hodgkin

lymphoma or bone cancer

• Tobacco avoidance or cessation

Radiation to the neck Thyroid cancer • Increased risk with radiation dose of ≤29
Gy to the thyroid gland

• Regular physical examinations for early
detection

Cranial radiation Central nervous
system tumors

• Younger age (<5 y) at radiation
• Higher cranial radiation dose (>20 Gy)

• Regular physical examinations for early
detection

Radiation to the abdomen or pelvis Colorectal cancer • Higher radiation dose to the abdomen or
pelvis (risk of colorectal cancer increases
by 70% for each 10-Gy increase in radiation
dose)

• High-fiber, low-fat diet
• Periodic screening for colorectal cancer per

clinical practice guidelines

Alkylating agent chemotherapyc Colorectal cancer • Processed meat intake
• Low-fiber diet
• Family history of colorectal cancer

• High-fiber, low-fat diet
• Periodic screening for colorectal cancer per

guidelines from the Children’s Oncology
Group9 on long-term follow-up for survivors
of childhood, adolescent, and young adult
cancers

a Based on expert opinion. No randomized clinical trials have been conducted to
examine the benefit of these mitigating factors in improving outcomes for
people who survived childhood cancer.

b Includes doxorubicin, daunorubicin, idarubicin, and epirubicin.

c Includes cyclophosphamide, ifosfamide, procarbazine, mechlorethamine,
carmustine, lomustine, cisplatin, carboplatin, dacarbazine, temozolomide,
chlorambucil, melphalan, thiotepa, and busulfan.
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incidence ratio was 4.0 (95% CI, 3.0-5.3) compared with the gen-
eral population.32 Treatment with anthracycline or alkylating agent
chemotherapy was associated with higher risk among childhood sur-
vivors who had not received radiation therapy compared with
women who had not received these chemotherapeutic agents.32

Among 1467 females treated for childhood cancer, the presence of
variants in breast cancer predisposition genes (such as BRCA1, BRCA2,
ATM, CDH1, CHEK2, PALB2, PTEN, STK11, or TP53) also was associ-
ated with higher risk.33

Radiation-related breast cancer risk was mitigated by ovarian
radiation in 6647 women who survived childhood cancer (excess
odds ratio [OR] of 0.36 [per ovarian radiation dose of <5 Gy] vs 0.06
[per ovarian radiation dose of �5 Gy]; the absolute rates were not
reported),34 suggesting that endogenous estrogen contributes to
higher risk and providing the rationale for low-dose tamoxifen as a
risk-reduction strategy. In a double-blind, placebo-controlled ran-
domized clinical trial, 72 female childhood cancer survivors ex-
posed to chest radiation were randomized 1:1 to low-dose tamoxi-
fen (5 mg/d) or identical placebo for 2 years.35 Low-dose tamoxifen
reduced the primary outcome of breast density, but the trial was not
designed to assess the efficacy of tamoxifen on breast cancer rates.35

Current clinical practice guidelines9 recommend that females
treated with chest radiation for childhood cancer consider initia-
tion of breast cancer screening annually with both mammogram and
breast magnetic resonance imaging starting at 25 years of age or at
8 years after radiation, whichever occurs later. However, no ran-
domized clinical trials have been conducted to examine the benefit
of these methods for reducing breast cancer mortality in survivors
of childhood cancer.

Thyroid Cancer
In 17 980 people who survived for 5 years or longer after childhood
cancer, the absolute excess risk of thyroid cancer was 1.4 per 10 000
person-years.36 The median time between the childhood cancer di-
agnosis and the diagnosis of thyroid cancer was 19.5 years.36 Ap-
proximately two-thirds of these cancer cases were papillary thy-
roid cancer. Among 14 054 people who had survived for 5 years or
longer after childhood cancer, the risk of thyroid cancer increased
with radiation doses of 20 Gy to 29 Gy, and then declined at doses
of 30 Gy or greater.37

Meningioma
Among 5843 people followed up for a median of 23.3 years after the
childhood cancer diagnosis, 97 developed a histologically proven be-
nign meningioma.38 Cranial radiation was the primary risk factor (ex-
cess RR was 0.3 per 1-Gy cranial radiation dose; the absolute rates
were not reported). Carboplatin also was associated with a 3.55-
fold increased risk (95% CI, 1.62-7.78) of meningioma compared with
no carboplatin exposure (the absolute rates were not reported).38

Clinical manifestations of meningioma included severe headaches,
seizures, and focal neurological deficits.39

Sarcoma
Among 69 460 people followed up for a median of 14.5 years after
the childhood cancer diagnosis, 301 developed soft tissue sarcoma
compared with 19 cases expected in the general population.40 The
specific types of sarcoma included malignant peripheral nerve sheath
tumors, leiomyosarcoma, and fibromatous neoplasms. Although these

individuals had a 15.7-fold higher risk (95% CI, 14.0-17.6) of develop-
ing a soft tissue sarcoma compared with the general population, the
absolute excess risk was less than 1 per 10 000 person-years.40

In a nested case-control study of 105 people surviving child-
hood cancer who developed soft tissue sarcoma and 422 without
sarcoma, a dose-response relationship with radiation was ob-
served (OR, 15.6 [95% CI, 4.5-53.9] for a radiation dose of 10-29.9
Gy; OR, 16.0 [95% CI, 3.8-67.8] for 30-49.9 Gy; and OR, 114.1
[95% CI, 13.5-964.8] for >50 Gy; the reference group was a radia-
tion dose of <10 Gy).41 Anthracycline chemotherapy exposure also
was associated with sarcoma risk (OR, 3.5 [95% CI, 1.6-77]) com-
pared with no anthracycline exposure.41

Colorectal Cancer
Among 14 358 people followed up for a median of 22.8 years after
the childhood cancer diagnosis, 24 developed colorectal carci-
noma (standardized incidence ratio, 4.2 [95% CI, 2.8-6.3]) com-
pared with the general population and the absolute excess risk was
7.0 per 100 000 person-years.42 In a nested case-control study of
19 people with colorectal cancer and 220 without colorectal can-
cer, the median time to diagnosis of colorectal cancer after child-
hood cancer diagnosis was 24.9 years.43 Higher doses of radiation
were associated with increased colorectal cancer risk.43

Cardiovascular Disease
Commonly observed cardiovascular complications among people
who survive childhood cancer include cardiomyopathy or conges-
tive heart failure, valvular abnormalities, pericardial disease, and
coronary artery disease. Among 14 358 people who had survived
for 5 years or longer after childhood cancer and at a median age of
27.0 years, the age-adjusted rate was 9.7 per 10 000 person-years
for cardiomyopathy or congestive heart failure, 6.4 per 10 000 per-
son-years for valvular abnormalities, 5.8 per 10 000 person-years
for pericardial disease, and 2.8 per 10 000 person-years for myo-
cardial infarction.44

The prevalence of cardiomyopathy or congestive heart failure
ranged from approximately 16% (symptomatic) to approximately
50% (echocardiographic evidence of decreased cardiac function)
in people who received anthracycline chemotherapy for childhood
cancer.45,46 A systematic review demonstrated that coronary ar-
tery disease typically develops at least 10 years after exposure to
radiation.47 By 50 years of age, the cumulative incidence of coro-
nary artery disease was approximately 8% in childhood cancer sur-
vivors compared with 1.2% among their cancer-free siblings.47

Among 14 358 people followed up for a mean of 23.3 years after child-
hood cancer, 292 reported late-occurring stroke.48 The age-
adjusted stroke rate was 77 per 100 000 person-years among people
who survived childhood cancer compared with 9.3 per 100 000 per-
son-years among their cancer-free siblings.48 The 30-year cumula-
tive incidence of stroke was 12% after cranial radiation exposure with
a dose of 50 Gy or greater.48

Among 571 people who survived childhood cancer for 5 years
or longer, cardiovascular risk factors were more common com-
pared with the general population (14.0% vs 4.9%, respectively,
for dyslipidemia, 18% vs 11% for hypertension, and 6.5% vs 3.2% for
diabetes).49 Cardiovascular disease risk increases in the presence
of cardiovascular risk factors.50 Among 10 724 people who sur-
vived childhood cancer, having hypertension significantly increased
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the risk of coronary artery disease (RR, 6.1) and heart failure (RR,
19.4)50; the absolute rates were not reported. There was a signifi-
cant interaction between chest radiation and hypertension for in-
creased risk of coronary artery disease.50

Peripheral Nervous System Disorders
Among 531 people who had survived childhood cancer and were
evaluated at a median age of 32 years, the prevalence of sensory
neuropathy was 20% and the prevalence of motor neuropathy
was 17.5%.51 People treated with vinca alkaloids were at a 1.66-fold
higher risk (95% CI, 1.04-2.64) of motor neuropathy, and those
treated with platinum compounds were at a 1.62-fold greater risk
(95% CI, 0.97-2.72) of sensory neuropathy compared with those not
treated with the respective chemotherapies51; the absolute rates
were not reported.

Musculoskeletal Complications
In a systematic review of childhood cancer survivors, radiation de-
livered before the age of 5 years was associated with higher rates
of musculoskeletal growth problems, including muscular atrophy,
skeletal hypoplasia, and scoliosis.52 Among 1548 people who had
survived childhood cancer and were evaluated at a mean age of 33.1
years for osteoporosis with dual-energy x-ray absorptiometry, 559
(36.1%) had low bone mineral density and 149 (9.6%) had very low–
bone mineral density.53 Male sex, underweight, high carboplatin
dose, cranial radiation, hypogonadism, hyperthyroidism, low physi-
cal activity level, and severe vitamin D deficiency were associated
with low bone mineral density.53

Osteonecrosis (defined as bone death caused by poor blood sup-
ply) is a debilitating complication of prolonged steroid therapy and
is most commonly seen in children with acute lymphoblastic leuke-
mia during treatment or soon thereafter.54 The cumulative inci-
dence of osteonecrosis ranged from 0.9% to 17.6% at completion

of treatment for acute lymphoblastic leukemia.54 Risk factors for os-
teonecrosis include an age older than 10 years at cancer diagnosis,
female sex, and White race.54

Pulmonary Impairment
Approximately 15.6% of 1728 people who survived childhood can-
cer developed restrictive pulmonary disease (interstitial lung dis-
ease or pulmonary fibrosis) based on pulmonary function testing at
a median follow-up of 24 years.55 Radiation to the chest and par-
ticular chemotherapies (bleomycin, busulfan, and nitrosoureas) were
associated with higher risk of pulmonary disease.55

Cataracts
Among 13 902 people followed up for an average of 21.4 years after
childhood cancer, 483 (0.034%) developed presenile cataracts.56

Radiation to the lens (a linear dose-response relationship) and cor-
ticosteroids were associated with increased risk.56

Ototoxicity
Of 451 people treated with platinum-based chemotherapy drugs
without radiation therapy, 42% developed hearing loss at a median
of 2.7 years (range, 0-28.4 years) after their cancer diagnosis.57 In a
study of 235 people treated with cranial radiation alone, 14% devel-
oped hearing loss, with a median time to onset of 3.6 years (range,
0.4-13.2 years).58 Higher cumulative cisplatin dose,57 younger age
at diagnosis,57,58 coadministration of furosemide,57 history of cere-
brospinal fluid shunts,58 and higher doses of cranial radiation to the
temporal bone (median, 54.0 Gy)58 were associated with higher oto-
toxicity risk.

Cognition
Among 1426 people treated for childhood cancer, cognitive impair-
ment was identified in more than 20% during a mean follow-up of
24 years.59 Cognitive impairment was more common in people who
received cranial radiation.59 Manifestations included impairments
in task efficiency, organization, emotional regulation, and memory.
Adult survivors of childhood cancer who reported fatigue were more
likely to have cognitive impairment compared with those without
fatigue.59 Other characteristics associated with cognitive impair-
ment include sleep disruption,59 cardiopulmonary disease and en-
docrine dysfunction,60 higher cumulative anesthesia exposure,61 ex-
ercise intolerance,62 severe hearing impairment and seizures,63 and
missed school instruction while receiving treatment for childhood
cancer. Consistent physical activity in adult survivors of childhood
cancer has been associated with fewer cognitive problems.64

Mental Health
Among people who survive childhood cancer, approximately 2.3%
to 40.8% reported having depression and approximately 1.2% to
27.6% reported having anxiety.65 For comparison, the prevalence
of major depression among young adults in the US has been 9.6%66

and the prevalence of anxiety has been 19.1%.66,67 Among 96 948
people with childhood cancer, 89 suicides occurred over a median
follow-up of 7.2 years.68 There were no differences in the suicide rates
between people with vs without childhood cancer. However, among
people older than 28 years of age, the suicide rates were elevated
significantly among people with childhood cancer compared with
the general population (22.43 per 100 000 person-years in the

Box. Common Questions About Care of People Who Survive
Childhood Cancer

What history should a generalist clinician obtain when caring
for a person with a history of childhood cancer?
The generalist clinician should obtain information about the
specific cancer diagnosis, time from diagnosis, and treatment,
including details about field and doses of radiation therapy,
anthracycline chemotherapy, and alkylating agent chemotherapy.

What are the most common chronic health conditions that affect
people who survive childhood cancer?
The most common chronic health conditions affecting people
treated for cancer during childhood include endocrine disorders
(such as hypothyroidism and growth hormone deficiency),
subsequent neoplasms (such as breast and thyroid cancer), and
cardiovascular disease (such as coronary artery disease
and cerebrovascular disease).

Which survivors of childhood cancer are at highest risk
for developing treatment-related health problems?
People who were diagnosed with a brain tumor during childhood,
those treated with cranial irradiation, and those who underwent
allogeneic hematopoietic stem cell transplantation are at highest
risk of developing complications related to the treatment of their
childhood cancer.
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childhood cancer population), resulting in a 1.4-fold higher risk (95%
CI, 1.02-1.87) of death compared with the general population.68

Financial Hardship
Among 580 people who survived childhood cancer, 10% reported
that their out-of-pocket medical costs exceeded 10% of their an-
nual income compared with 2.9% of their cancer-free siblings. People
who reported spending more than 10% of their annual income on
medical bills were more likely to defer medical care, skip medical
tests, and have difficulty paying medical bills compared with their
cancer-free siblings.69 The people at highest risk for financial hard-
ship included those who were unemployed or had low incomes and
those with severe medical conditions or hospitalizations during the
past year.69 People with these characteristics should be consid-
ered for programs to address medically related financial hardships.69

Care for People Who Survive Childhood Cancer
People who survive childhood cancer should receive lifelong care fo-
cused on health promotion and early detection of potential compli-
cations from their cancer treatment (Box). Individuals may be ad-
vised about long-term adverse effects of prior cancer treatment and
provided with the recommendations regarding appropriate surveil-
lance for early detection.70 Guidelines for people in the US (eg, the
Children’s Oncology Group)9,28 and internationally (eg, the Interna-
tional Guideline Harmonization Group)71 recommend screening for

early detection of treatment-related complications for those who sur-
vived childhood cancer and provide recommendations for follow-up
care.72,73 All survivors of childhood cancer should consider undergo-
ing an annual thorough history and physical examination, psychoso-
cial and mental health assessments, routine immunizations, and gen-
eral age- and sex-appropriate health screenings and preventive care
per applicable US Preventive Services Task Force recommendations.

Limitations
This review has several limitations. First, the quality of the included
literature was not formally evaluated. Second, some relevant ar-
ticles may have been missed. Third, the long-term adverse effects
of newer therapeutic agents are unclear. Fourth, limited high-
quality evidence is available regarding potential strategies to miti-
gate long-term risks after childhood cancer treatment.

Conclusions
Approximately 500 000 individuals currently alive in the US have
survived childhood cancer. The most common adverse effects in
individuals who survived childhood cancer are endocrine disor-
ders, subsequent neoplasms, and cardiovascular disease. There is
a need for clinicians and patients to have heightened awareness of
these complications.

ARTICLE INFORMATION

Accepted for Publication: August 13, 2023.

Conflict of Interest Disclosures: None reported.

Submissions: We encourage authors to submit
papers for consideration as a Review. Please
contact Mary McGrae McDermott, MD, at
mdm608@northwestern.edu.

REFERENCES

1. Surveillance, Epidemiology, and End Results
Program, National Cancer Institute. SEER Cancer
Statistics Review 1975-2018. Posted April 15, 2021.
Accessed July 22, 2023. https://seer.cancer.gov/csr/
1975_2018/

2. Bhakta N, Liu Q, Ness KK, et al. The cumulative
burden of surviving childhood cancer. Lancet. 2017;
390(10112):2569-2582.

3. Siegel DA, King JB, Lupo PJ, et al. Counts,
incidence rates, and trends of pediatric cancer in
the United States, 2003-2019. J Natl Cancer Inst.
Published online July 11, 2023. doi:10.1093/jnci/
djad115

4. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer
statistics, 2023. CA Cancer J Clin. 2023;73(1):17-48.

5. Yeh JM, Ward ZJ, Chaudhry A, et al. Life
expectancy of adult survivors of childhood cancer
over 3 decades. JAMA Oncol. 2020;6(3):350-357.

6. Henderson TO, Amsterdam A, Bhatia S, et al.
Systematic review. Ann Intern Med. 2010;152(7):
444-455. doi:10.7326/0003-4819-152-7-
201004060-00009

7. Blanco JG, Sun CL, Landier W, et al.
Anthracycline-related cardiomyopathy after
childhood cancer. J Clin Oncol. 2012;30(13):1415-1421.

8. Cascales A, Pastor-Quirante F, Sánchez-Vega B,
et al. Association of anthracycline-related cardiac

histological lesions with NADPH oxidase functional
polymorphisms. Oncologist. 2013;18(4):446-453.

9. Children’s Oncology Group. Long-term follow-up
guidelines for survivors of childhood, adolescent,
and young adult cancers: version 5.0 (October
2018). Accessed August 29, 2023. http://www.
survivorshipguidelines.org

10. Mostoufi-Moab S, Seidel K, Leisenring WM,
et al. Endocrine abnormalities in aging survivors of
childhood cancer. J Clin Oncol. 2016;34(27):3240-
3247.

11. Sklar CA, Mertens AC, Mitby P, et al. Premature
menopause in survivors of childhood cancer. J Natl
Cancer Inst. 2006;98(13):890-896.

12. Mulder RL, Kremer LC, van Santen HM, et al.
Prevalence and risk factors of radiation-induced
growth hormone deficiency in childhood cancer
survivors. Cancer Treat Rev. 2009;35(7):616-632.

13. Barton SE, Najita JS, Ginsburg ES, et al.
Infertility, infertility treatment, and achievement of
pregnancy in female survivors of childhood cancer.
Lancet Oncol. 2013;14(9):873-881.

14. Chow EJ, Stratton KL, Leisenring WM, et al.
Pregnancy after chemotherapy in male and female
survivors of childhood cancer treated between
1970 and 1999. Lancet Oncol. 2016;17(5):567-576.

15. van Dijk M, van Leeuwen FE, Overbeek A, et al.
Pregnancy, time to pregnancy and obstetric
outcomes among female childhood cancer
survivors. J Cancer Res Clin Oncol. 2020;146(6):
1451-1462.

16. Green DM, Liu W, Kutteh WH, et al. Cumulative
alkylating agent exposure and semen parameters in
adult survivors of childhood cancer. Lancet Oncol.
2014;15(11):1215-1223.

17. Armuand G, Skoog Svanberg A, Bladh M,
Sydsjö G. Adverse obstetric outcomes among

female childhood and adolescent cancer survivors
in Sweden. Acta Obstet Gynecol Scand. 2019;98
(12):1603-1611.

18. Jensen CFS, Dong L, Gul M, et al. Fertility
preservation in boys facing gonadotoxic cancer
therapy. Nat Rev Urol. 2022;19(2):71-83.

19. Mulder RL, Font-Gonzalez A, Hudson MM, et al.
Fertility preservation for female patients with
childhood, adolescent, and young adult cancer.
Lancet Oncol. 2021;22(2):e45-e56.

20. Teepen JC, van Leeuwen FE, Tissing WJ, et al.
Long-term risk of subsequent malignant neoplasms
after treatment of childhood cancer in the DCOG
LATER study cohort. J Clin Oncol. 2017;35(20):
2288-2298.

21. Turcotte LM, Liu Q, Yasui Y, et al. Temporal
trends in treatment and subsequent neoplasm risk
among 5-year survivors of childhood cancer,
1970-2015. JAMA. 2017;317(8):814-824.

22. Childhood Cancer Survivor Study. Overall CCSS
cohort demographic and treatment exposure
tables. Accessed July 22, 2023. https://ccss.stjude.
org/public-access-data/treatment-exposure-
tables.html

23. Turcotte LM, Liu Q, Yasui Y, et al.
Chemotherapy and risk of subsequent malignant
neoplasms in the Childhood Cancer Survivor Study
cohort. J Clin Oncol. 2019;37(34):3310-3319.

24. Teepen JC, Kok JL, Kremer LC, et al. Long-term
risk of skin cancer among childhood cancer
survivors. J Natl Cancer Inst. 2019;111(8):845-853.

25. Perkins JL, Liu Y, Mitby PA, et al. Nonmelanoma
skin cancer in survivors of childhood and
adolescent cancer. J Clin Oncol. 2005;23(16):3733-
3741.

26. Thorsness SL, Freites-Martinez A, Marchetti
MA, et al. Nonmelanoma skin cancer in childhood

Clinical Care for People Who Survive Childhood Cancer: A Review Review Clinical Review & Education

jama.com (Reprinted) JAMA September 26, 2023 Volume 330, Number 12 1185

© 2023 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Duke Medical Center Library User  on 10/10/2023

mailto:mdm608@northwestern.edu
https://seer.cancer.gov/csr/1975_2018/
https://seer.cancer.gov/csr/1975_2018/
https://www.ncbi.nlm.nih.gov/pubmed/28890157
https://www.ncbi.nlm.nih.gov/pubmed/28890157
https://dx.doi.org/10.1093/jnci/djad115
https://dx.doi.org/10.1093/jnci/djad115
https://www.ncbi.nlm.nih.gov/pubmed/36633525
https://www.ncbi.nlm.nih.gov/pubmed/31895405
https://dx.doi.org/10.7326/0003-4819-152-7-201004060-00009
https://dx.doi.org/10.7326/0003-4819-152-7-201004060-00009
https://www.ncbi.nlm.nih.gov/pubmed/22124095
https://www.ncbi.nlm.nih.gov/pubmed/23576480
http://www.survivorshipguidelines.org
http://www.survivorshipguidelines.org
https://www.ncbi.nlm.nih.gov/pubmed/27382091
https://www.ncbi.nlm.nih.gov/pubmed/27382091
https://www.ncbi.nlm.nih.gov/pubmed/16818852
https://www.ncbi.nlm.nih.gov/pubmed/16818852
https://www.ncbi.nlm.nih.gov/pubmed/19640651
https://www.ncbi.nlm.nih.gov/pubmed/23856401
https://www.ncbi.nlm.nih.gov/pubmed/27020005
https://www.ncbi.nlm.nih.gov/pubmed/32221745
https://www.ncbi.nlm.nih.gov/pubmed/32221745
https://www.ncbi.nlm.nih.gov/pubmed/25239573
https://www.ncbi.nlm.nih.gov/pubmed/25239573
https://www.ncbi.nlm.nih.gov/pubmed/31329281
https://www.ncbi.nlm.nih.gov/pubmed/31329281
https://www.ncbi.nlm.nih.gov/pubmed/34667304
https://www.ncbi.nlm.nih.gov/pubmed/33539753
https://www.ncbi.nlm.nih.gov/pubmed/28530852
https://www.ncbi.nlm.nih.gov/pubmed/28530852
https://www.ncbi.nlm.nih.gov/pubmed/28245323
https://ccss.stjude.org/public-access-data/treatment-exposure-tables.html
https://ccss.stjude.org/public-access-data/treatment-exposure-tables.html
https://ccss.stjude.org/public-access-data/treatment-exposure-tables.html
https://www.ncbi.nlm.nih.gov/pubmed/31622130
https://www.ncbi.nlm.nih.gov/pubmed/30802904
https://www.ncbi.nlm.nih.gov/pubmed/15923570
https://www.ncbi.nlm.nih.gov/pubmed/15923570
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2023.16875


and young adult cancer survivors previously treated
with radiotherapy. J Natl Compr Canc Netw. 2019;17
(3):237-243.

27. Watt TC, Inskip PD, Stratton K, et al.
Radiation-related risk of basal cell carcinoma. J Natl
Cancer Inst. 2012;104(16):1240-1250.

28. Landier W, Bhatia S, Eshelman DA, et al.
Development of risk-based guidelines for pediatric
cancer survivors. J Clin Oncol. 2004;22(24):4979-
4990.

29. Henderson TO, Liu Q, Turcotte LM, et al.
Association of changes in cancer therapy over 3
decades with risk of subsequent breast cancer
among female childhood cancer survivors. JAMA
Oncol. 2022;8(12):1765-1774.

30. Moskowitz CS, Chou JF, Wolden SL, et al.
Breast cancer after chest radiation therapy for
childhood cancer. J Clin Oncol. 2014;32(21):2217-2223.

31. Moskowitz CS, Chou JF, Neglia JP, et al.
Mortality after breast cancer among survivors of
childhood cancer. J Clin Oncol. 2019;37(24):2120-
2130.

32. Henderson TO, Moskowitz CS, Chou JF, et al.
Breast cancer risk in childhood cancer survivors
without a history of chest radiotherapy. J Clin Oncol.
2016;34(9):910-918.

33. Ehrhardt MJ, Howell CR, Hale K, et al.
Subsequent breast cancer in female childhood
cancer survivors in the St Jude Lifetime Cohort
Study (SJLIFE). J Clin Oncol. 2019;37(19):1647-1656.

34. 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(24):3901-3907.

35. Bhatia S, Palomares MR, Hageman L, et al.
A randomized phase IIb study of low-dose
tamoxifen in chest-irradiated cancer survivors at
risk for breast cancer. Clin Cancer Res. 2021;27(4):
967-974.

36. Taylor AJ, Croft AP, Palace AM, et al. Risk of
thyroid cancer in survivors of childhood cancer. Int J
Cancer. 2009;125(10):2400-2405.

37. Sigurdson AJ, Ronckers CM, Mertens AC, et al.
Primary thyroid cancer after a first tumour in
childhood (the Childhood Cancer Survivor Study).
Lancet. 2005;365(9476):2014-2023.

38. Kok JL, Teepen JC, van Leeuwen FE, et al. Risk
of benign meningioma after childhood cancer in the
DCOG-LATER cohort. Neuro Oncol. 2019;21(3):392-
403.

39. Bowers DC, Moskowitz CS, Chou JF, et al.
Morbidity and mortality associated with
meningioma after cranial radiotherapy. J Clin Oncol.
2017;35(14):1570-1576.

40. Bright CJ, Hawkins MM, Winter DL, et al. Risk
of soft-tissue sarcoma among 69 460 five-year
survivors of childhood cancer in Europe. J Natl
Cancer Inst. 2018;110(6):649-660.

41. Henderson TO, Rajaraman P, Stovall M, et al.
Risk factors associated with secondary sarcomas in
childhood cancer survivors. Int J Radiat Oncol Biol
Phys. 2012;84(1):224-230.

42. Henderson TO, Oeffinger KC, Whitton J, et al
Secondary gastrointestinal cancer in childhood

cancer survivors. Ann Intern Med. 2012;156(11):757-
766.

43. Nottage K, McFarlane J, Krasin MJ, et al.
Secondary colorectal carcinoma after childhood
cancer. J Clin Oncol. 2012;30(20):2552-2558.

44. Mulrooney DA, Yeazel MW, Kawashima T, et al.
Cardiac outcomes in a cohort of adult survivors of
childhood and adolescent cancer. BMJ. 2009;339:
b4606.

45. Kremer LC, van der Pal HJ, Offringa M, et al.
Frequency and risk factors of subclinical
cardiotoxicity after anthracycline therapy in
children. Ann Oncol. 2002;13(6):819-829.

46. van der Pal HJ, van Dalen EC, Hauptmann M,
et al. Cardiac function in 5-year survivors of
childhood cancer. Arch Intern Med. 2010;170(14):
1247-1255.

47. van Dalen EC, Mulder RL, Suh E, et al. Coronary
artery disease surveillance among childhood,
adolescent and young adult cancer survivors. Eur J
Cancer. 2021;156:127-137.

48. Mueller S, Fullerton HJ, Stratton K, et al.
Radiation, atherosclerotic risk factors, and stroke
risk in survivors of pediatric cancer. Int J Radiat
Oncol Biol Phys. 2013;86(4):649-655.

49. Chow EJ, Chen Y, Armstrong GT, et al.
Underdiagnosis and undertreatment of modifiable
cardiovascular risk factors among survivors of
childhood cancer. J Am Heart Assoc. 2022;11(12):
e024735.

50. 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(29):3673-3680.

51. Ness KK, Jones KE, Smith WA, et al.
Chemotherapy-related neuropathic symptoms and
functional impairment in adult survivors of
extracranial solid tumors of childhood. Arch Phys
Med Rehabil. 2013;94(8):1451-1457.

52. Gawade PL, Hudson MM, Kaste SC, et al.
A systematic review of selected musculoskeletal
late effects in survivors of childhood cancer. Curr
Pediatr Rev. 2014;10(4):249-262.

53. van Atteveld JE, de Winter DTC, Pluimakers VG,
et al. Risk and determinants of low and very low
bone mineral density and fractures in a national
cohort of Dutch adult childhood cancer survivors
(DCCSS-LATER). Lancet Diabetes Endocrinol. 2023;
11(1):21-32.

54. Mostoufi-Moab S, Ward LM. Skeletal morbidity
in children and adolescents during and following
cancer therapy. Horm Res Paediatr. 2019;91(2):
137-151.

55. Im C, Yuan Y, Austin ED, et al. Leveraging
therapy-specific polygenic risk scores to predict
restrictive lung defects in childhood cancer
survivors. Cancer Res. 2022;82(16):2940-2950.

56. Chodick G, Sigurdson AJ, Kleinerman RA, et al.
The risk of cataract among survivors of childhood
and adolescent cancer. Radiat Res. 2016;185(4):
366-374.

57. Clemens E, de Vries AC, Pluijm SF, et al.
Determinants of ototoxicity in 451 platinum-treated
Dutch survivors of childhood cancer. Eur J Cancer.
2016;69:77-85.

58. Bass JK, Hua CH, Huang J, et al. Hearing loss in
patients who received cranial radiation therapy for
childhood cancer. J Clin Oncol. 2016;34(11):1248-1255.

59. Clanton NR, Klosky JL, Li C, et al. Fatigue,
vitality, sleep, and neurocognitive functioning in
adult survivors of childhood cancer. Cancer. 2011;117
(11):2559-2568.

60. Cheung YT, Brinkman TM, Li C, et al. Chronic
health conditions and neurocognitive function in
aging survivors of childhood cancer. J Natl Cancer Inst.
2018;110(4):411-419.

61. Banerjee P, Rossi MG, Anghelescu DL, et al.
Association between anesthesia exposure and
neurocognitive and neuroimaging outcomes in
long-term survivors of childhood acute
lymphoblastic leukemia. JAMA Oncol. 2019;5(10):
1456-1463.

62. Phillips NS, Howell CR, Lanctot JQ, et al.
Physical fitness and neurocognitive outcomes in
adult survivors of childhood acute lymphoblastic
leukemia. Cancer. 2020;126(3):640-648.

63. Phillips NS, Khan RB, Li C, et al. Seizures’
impact on cognition and quality of life in childhood
cancer survivors. Cancer. 2022;128(1):180-191.

64. Barlow-Krelina E, Chen Y, Yasui Y, et al.
Consistent physical activity and future
neurocognitive problems in adult survivors of
childhood cancers. J Clin Oncol. 2020;38(18):2041-
2052.

65. Marchak JG, Christen S, Mulder RL, et al.
Recommendations for the surveillance of mental
health problems in childhood, adolescent, and
young adult cancer survivors. Lancet Oncol. 2022;
23(4):e184-e196.

66. Mojtabai R, Olfson M, Han B. National trends in
the prevalence and treatment of depression in
adolescents and young adults. Pediatrics. 2016;138
(6):e20161878.

67. Harvard Medical School. Table 2: 12-month
prevalence of DSM-IV/WMH-CIDI disorders by sex
and cohort in the National Comorbidity Survey.
Accessed August 7, 2023. https://www.hcp.med.
harvard.edu/ncs/ftpdir/table_ncsr_
12monthprevgenderxage.pdf

68. Barnes JM, Johnson KJ, Grove JL, et al. Risk of
suicide among individuals with a history of
childhood cancer. Cancer. 2022;128(3):624-632.

69. Nipp RD, Kirchhoff AC, Fair D, et al. Financial
burden in survivors of childhood cancer. J Clin Oncol.
2017;35(30):3474-3481.

70. Oeffinger KC, Hudson MM. Long-term
complications following childhood and adolescent
cancer. CA Cancer J Clin. 2004;54(4):208-236.

71. Kremer LC, Mulder RL, Oeffinger KC, et al.
A worldwide collaboration to harmonize guidelines
for the long-term follow-up of childhood and young
adult cancer survivors. Pediatr Blood Cancer. 2013;
60(4):543-549.

72. Signorelli C, Wakefield CE, Fardell JE, et al. The
role of primary care physicians in childhood cancer
survivorship care. Oncologist. 2019;24(5):710-719.

73. Wadhwa A, Chen Y, Bhatia S, Landier W.
Providing health care for patients with childhood
cancer and survivors. Cancer. 2019;125(21):3864-
3872.

Clinical Review & Education Review Clinical Care for People Who Survive Childhood Cancer: A Review

1186 JAMA September 26, 2023 Volume 330, Number 12 (Reprinted) jama.com

© 2023 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Duke Medical Center Library User  on 10/10/2023

https://www.ncbi.nlm.nih.gov/pubmed/30865918
https://www.ncbi.nlm.nih.gov/pubmed/30865918
https://www.ncbi.nlm.nih.gov/pubmed/22835387
https://www.ncbi.nlm.nih.gov/pubmed/22835387
https://www.ncbi.nlm.nih.gov/pubmed/15576413
https://www.ncbi.nlm.nih.gov/pubmed/15576413
https://www.ncbi.nlm.nih.gov/pubmed/36227603
https://www.ncbi.nlm.nih.gov/pubmed/36227603
https://www.ncbi.nlm.nih.gov/pubmed/24752044
https://www.ncbi.nlm.nih.gov/pubmed/31260644
https://www.ncbi.nlm.nih.gov/pubmed/31260644
https://www.ncbi.nlm.nih.gov/pubmed/26700127
https://www.ncbi.nlm.nih.gov/pubmed/26700127
https://www.ncbi.nlm.nih.gov/pubmed/31075046
https://www.ncbi.nlm.nih.gov/pubmed/19620485
https://www.ncbi.nlm.nih.gov/pubmed/19620485
https://www.ncbi.nlm.nih.gov/pubmed/33272980
https://www.ncbi.nlm.nih.gov/pubmed/33272980
https://www.ncbi.nlm.nih.gov/pubmed/19610069
https://www.ncbi.nlm.nih.gov/pubmed/19610069
https://www.ncbi.nlm.nih.gov/pubmed/15950715
https://www.ncbi.nlm.nih.gov/pubmed/30099534
https://www.ncbi.nlm.nih.gov/pubmed/30099534
https://www.ncbi.nlm.nih.gov/pubmed/28339329
https://www.ncbi.nlm.nih.gov/pubmed/28339329
https://www.ncbi.nlm.nih.gov/pubmed/29165710
https://www.ncbi.nlm.nih.gov/pubmed/29165710
https://www.ncbi.nlm.nih.gov/pubmed/22795729
https://www.ncbi.nlm.nih.gov/pubmed/22795729
https://www.ncbi.nlm.nih.gov/pubmed/22665546
https://www.ncbi.nlm.nih.gov/pubmed/19996459
https://www.ncbi.nlm.nih.gov/pubmed/19996459
https://www.ncbi.nlm.nih.gov/pubmed/12123328
https://www.ncbi.nlm.nih.gov/pubmed/20660845
https://www.ncbi.nlm.nih.gov/pubmed/20660845
https://www.ncbi.nlm.nih.gov/pubmed/34450551
https://www.ncbi.nlm.nih.gov/pubmed/34450551
https://www.ncbi.nlm.nih.gov/pubmed/23680033
https://www.ncbi.nlm.nih.gov/pubmed/23680033
https://www.ncbi.nlm.nih.gov/pubmed/35674343
https://www.ncbi.nlm.nih.gov/pubmed/35674343
https://www.ncbi.nlm.nih.gov/pubmed/24002505
https://www.ncbi.nlm.nih.gov/pubmed/24002505
https://www.ncbi.nlm.nih.gov/pubmed/23537607
https://www.ncbi.nlm.nih.gov/pubmed/23537607
https://www.ncbi.nlm.nih.gov/pubmed/25403639
https://www.ncbi.nlm.nih.gov/pubmed/25403639
https://www.ncbi.nlm.nih.gov/pubmed/36513116
https://www.ncbi.nlm.nih.gov/pubmed/36513116
https://www.ncbi.nlm.nih.gov/pubmed/30481777
https://www.ncbi.nlm.nih.gov/pubmed/30481777
https://www.ncbi.nlm.nih.gov/pubmed/35713625
https://www.ncbi.nlm.nih.gov/pubmed/27023263
https://www.ncbi.nlm.nih.gov/pubmed/27023263
https://www.ncbi.nlm.nih.gov/pubmed/27821322
https://www.ncbi.nlm.nih.gov/pubmed/27821322
https://www.ncbi.nlm.nih.gov/pubmed/26811531
https://www.ncbi.nlm.nih.gov/pubmed/21484777
https://www.ncbi.nlm.nih.gov/pubmed/21484777
https://www.ncbi.nlm.nih.gov/pubmed/29088360
https://www.ncbi.nlm.nih.gov/pubmed/29088360
https://www.ncbi.nlm.nih.gov/pubmed/31219514
https://www.ncbi.nlm.nih.gov/pubmed/31219514
https://www.ncbi.nlm.nih.gov/pubmed/31631333
https://www.ncbi.nlm.nih.gov/pubmed/34468985
https://www.ncbi.nlm.nih.gov/pubmed/32330104
https://www.ncbi.nlm.nih.gov/pubmed/32330104
https://www.ncbi.nlm.nih.gov/pubmed/35358467
https://www.ncbi.nlm.nih.gov/pubmed/35358467
https://www.ncbi.nlm.nih.gov/pubmed/27940701
https://www.ncbi.nlm.nih.gov/pubmed/27940701
https://www.hcp.med.harvard.edu/ncs/ftpdir/table_ncsr_12monthprevgenderxage.pdf
https://www.hcp.med.harvard.edu/ncs/ftpdir/table_ncsr_12monthprevgenderxage.pdf
https://www.hcp.med.harvard.edu/ncs/ftpdir/table_ncsr_12monthprevgenderxage.pdf
https://www.ncbi.nlm.nih.gov/pubmed/34693522
https://www.ncbi.nlm.nih.gov/pubmed/28817372
https://www.ncbi.nlm.nih.gov/pubmed/28817372
https://www.ncbi.nlm.nih.gov/pubmed/15253918
https://www.ncbi.nlm.nih.gov/pubmed/23281199
https://www.ncbi.nlm.nih.gov/pubmed/23281199
https://www.ncbi.nlm.nih.gov/pubmed/30171066
https://www.ncbi.nlm.nih.gov/pubmed/31287565
https://www.ncbi.nlm.nih.gov/pubmed/31287565
http://www.jama.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jama.2023.16875

