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A B S T R A C T

Purpose
This report provides an overview of current childhood cancer statistics to facilitate analysis of the
impact of past research discoveries on outcome and provide essential information for prioritizing
future research directions.

Methods
Incidence and survival data for childhood cancers came from the Surveillance, Epidemiology, and
End Results 9 (SEER 9) registries, and mortality data were based on deaths in the United States
that were reported by states to the Centers for Disease Control and Prevention by underly-
ing cause.

Results
Childhood cancer incidence rates increased significantly from 1975 through 2006, with increasing
rates for acute lymphoblastic leukemia being most notable. Childhood cancer mortality rates
declined by more than 50% between 1975 and 2006. For leukemias and lymphomas, significantly
decreasing mortality rates were observed throughout the 32-year period, though the rate of
decline slowed somewhat after 1998. For remaining childhood cancers, significantly decreasing
mortality rates were observed from 1975 to 1996, with stable rates from 1996 through 2006.
Increased survival rates were observed for all categories of childhood cancers studied, with the
extent and temporal pace of the increases varying by diagnosis.

Conclusion
When 1975 age-specific death rates for children are used as a baseline, approximately 38,000
childhood malignant cancer deaths were averted in the United States from 1975 through 2006 as
a result of more effective treatments identified and applied during this period. Continued success
in reducing childhood cancer mortality will require new treatment paradigms building on an
increased understanding of the molecular processes that promote growth and survival of specific
childhood cancers.

J Clin Oncol 28:2625-2634. © 2010 by American Society of Clinical Oncology

INTRODUCTION

Childhood cancer is a success story of modern med-
icine in which effective treatments have been identi-
fied for previously untreatable diseases. Pediatric
cancer statistics are widely reported with conflicting
inferences, creating questions and uncertainty. Are
childhood cancers increasing in incidence? If so,
does this increase apply to all cancer types or just a
few? Are improvements in childhood cancer out-
come stalled? If so, does this apply uniformly or are
there some cancers for which outcomes continue to
improve? What are the major causes of childhood
cancer mortality and how have these changed over
the past 30 years?

This report provides an overview of current
childhood cancer statistics. The data underscore

progress for multiple cancer types and focus atten-
tion on diagnoses for which current treatments
remain inadequate. Understanding incidence, sur-
vival, and mortality data is important for analyzing
the impact of past research discoveries on outcome
and provides essential information for prioritizing
future research directions.

METHODS

Study Populations

The surveillance period included the years from 1975
through 2006. Incidence and survival rates were based on
data from the Surveillance, Epidemiology, and End Results
9 (SEER 9) registries (Atlanta, Connecticut, Detroit, Ha-
waii, Iowa, New Mexico, San Francisco-Oakland, Seattle-
Puget Sound, Utah), which cover approximately 10% of
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the U.S. population.1 Deaths in the United States were reported by states to the
Centers for Disease Control and Prevention by underlying cause. Rates were
age-adjusted to the U.S. 2000 standard population.2 The 2005 and 2006 pop-
ulation estimates were adjusted to account for hurricane-related shifts in the
Gulf Coast area. Rates were examined by age group: 0, 1 to 4, 5 to 9, 10 to 14, 15
to 19, � 15, and � 20 years of age. Age-adjusted incidence and mortality rates
and relative survival rates were calculated.

Incidence Data

Incident cancer cases were defined according to the third edition of the
International Classification of Childhood Cancer (ICCC)3 for the following
cancer types: cancer of the CNS, lymphoid leukemias, all other cancers, and all
cancers combined.

Mortality Data

Age-adjusted cancer mortality rates were examined for leukemia and
lymphoma combined and all other cancers combined, as well as for all cancers.
We determined the proportions of childhood cancer deaths in 1975 and 2006
due to cancers of the following sites: brain and other nervous system, leukemia
(including acute lymphoblastic leukemia [ALL] and acute myeloid leukemia
[AML]), lymphomas (with Hodgkin’s lymphoma and non-Hodgkin’s lym-
phoma [NHL] separately), bones and joints, soft tissue (including heart),
gonads (ovary and testis), liver and intrahepatic bile duct, kidney, neuroblas-
toma, and other cancers combined.

Incidence and Mortality Trends

Long-term trends (1975-2006) in age-standardized cancer incidence and
death rates were described using join point regression analysis (Joinpoint 3.3;
Information Management Services, Silver Spring, MD), which fits a series of
joined straight lines on a logarithmic scale to annual age-standardized rates.4 A
maximum of four join points were allowed.4 Trends of varying time periods
were described by annual percentage change (APC), that is, the slope of the
line segment.4

Deaths Averted

The number of childhood malignant cancer deaths averted in the
United States from 1975 through 2006 was estimated on the basis of
observed deaths per year versus expected deaths, had there been no de-
crease in rate since 1975. Observed annual age-specific counts of deaths
due to malignant cancer were determined by age group: 0, 1 to 4, 5 to 9, 10
to 14, and 15 to 19 years of age. Age-specific expected deaths were esti-
mated by multiplying 1975 age-specific rates by annual age-specific popu-
lations from 1975 through 2006. Estimated deaths averted were differences
between expected and observed deaths. Total childhood cancer deaths
averted were the sum across age strata.

Survival Data

By using the ICCC classification system,3 5-year survival rates for selected
childhood age groups were examined during successive 4-year periods from
1975-1978 through 1999-2002. The year 2002 was the last year included in
survival analyses to allow up to 5 years of follow-up from time of diagnosis. For
all malignant cancers combined, age groups of interest were � 1, 1 to 14, and
15 to 19 years. When survival rates were examined by cancer site, age groups of
interest were generally � 15 and 15 to 19 years. Five-year survival data were
presented for the following cancer sites: lymphoid leukemia, AML, NHL
(including Burkitt’s lymphoma, miscellaneous lymphoreticular lymphomas,
and unspecified lymphomas), and Hodgkin’s lymphoma. Survival rates were
presented for malignant bone tumors, including Ewing tumor and related
sarcomas of the bone and all cancers of the bone combined, rhabdomyosar-
coma, and for germ cell and trophoblastic tumors of the gonads by primary
site. Neuroblastoma survival was examined for children younger than 1 year of
age and children 1 to 14 years of age. Five-year survival rates were examined for
Wilms tumor (0 to 14 years of age) and for brain and CNS tumors including
medulloblastoma only, and other cancers of the CNS (0 to 4, 5 to 14, and 15 to
19 years of age).

RESULTS

Incidence

Incidence rates of all cancers combined increased significantly
(P � .05) among children younger than 20 years from 1975 through
2006 (Fig 1). One join point segment fit the trend (Table 1). The
average annual percentage changes for the recent 5-year and 10-year
surveillance periods and the 32-year APC were identical (0.6%). Lym-
phoid leukemia incidence rates increased significantly from 1975
through 2006 (APC � 0.8%). For CNS and miscellaneous intracranial
and intraspinal (CNS) cancers, a three–join point segment model fit
incidence trends. A nonsignificant increase in CNS cancer incidence
rates (APC � 10.6%) occurred in the mid-1980s, with stable rates for
the 21-year period from 1986 through 2006. After exclusion of
lymphoid leukemia and CNS tumors, a modest, statistically signif-
icant increase was seen for all other cancers between 1975 and 2006
(APC � 0.4%).

Cancer Mortality and Causes of Cancer Death in 1975

and 2006

Mortality rates for all malignant childhood cancers combined
declined by more than 50% between 1975 and 2006 (Table 2). The
decline was led by a 64% reduction in leukemia mortality rate, an 85%
reduction in gonadal cancer mortality rate, 75% declines in NHL and
Hodgkin’s lymphoma mortality rates, and 35% to 40% declines in
neuroblastoma and bone cancer mortality rates. In both 1975 and
2006, leukemia (including AML and ALL) was the leading cause of
cancer death in children, followed by cancer of the brain and other
nervous system tumors (Table 2). The proportion of cancer deaths
due to brain and other nervous system tumors increased from 17.8%

Brain and CNS
APC: 1975–1983 = - 0.7
APC: 1983–1986 = 10.6
APC: 1986–2006 = - 0.3

Lymphoid Leukemia
APC: 1975–2006 = 0.8*

Cancers other than CNS
and lymphoid leukemia
APC: 1975–2006: 0.4*

All cancers combined
APC*: 1975–2006 = 0.6*
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Fig 1. Incidence rates for all cancers combined, cancers other than CNS and
lymphoid leukemia, lymphoid leukemia, and brain and CNS cancers among children
younger than 20 years of age, according to data from Surveillance, Epidemiology,
and End Results 9 (SEER 9) Registries, 1975 through 2006. (*) The slope of the join
point regression trend line is significantly different from zero (P � .05). The 95% CIs
of annual percentage changes (APCs) are presented in Table 1.
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in 1975 to 25.7% in 2006. The proportion of deaths due to leukemia
declined from 38.9% to 30.4%, and for NHL, it declined from 8.8% to
4.4%. Compared with NHL as a cause of childhood death in 1975,
NHL was surpassed by three cancer sites—neuroblastoma (9.1%),
bones and joints (8.6%), and soft tissues (6.9%)—as a cause of child-
hood death in 2006. In addition to Hodgkin’s lymphoma, cancers of
the kidney and renal pelvis, liver and intrahepatic bile duct, and go-
nads each accounted for less than 3% of cancer deaths in 1975 and
2006. All other cancers accounted for less than 10% of cancer deaths in
both years.

Mortality Rates and Deaths Averted

The age-adjusted mortality trend for cancer deaths among chil-
dren had one join point in 1996, with significant (P � .05) decreasing
rates from 1975 to 1996 (APC � �2.7) and 1996 to 2006 (APC �
�1.1; Fig 2). The decline was more pronounced for leukemias and
lymphomas than for other cancers (ie, solid and CNS tumors). For
leukemias and lymphomas (Fig 3), significantly decreasing death rates
were observed throughout the 32-year period, though the rate of
decline slowed somewhat in recent years (1998-2006, APC � �2.2)
versus earlier years (1975-1998, APC � �3.6). For remaining child-
hood cancers (Fig 4), significantly decreasing rates were observed

from 1975 to 1996 (APC � �1.9%), with stable mortality rates from
1996 to 2006 (APC � �0.3%).

When 1975 age-specific death rates for children were used as a
baseline, an estimated 38,032 childhood cancer deaths were averted in
the United States from 1975 through 2006. Of the estimated averted
deaths, 56% were in children younger than 10 years of age and 44%
were in children 10 to 19 years of age.

Survival

Among children younger than 1 year of age, 5-year survival rates
for all cancers combined in the late 1970s and 1980s exceeded 60% and
reached 78.2% by 1999-2002 (Fig 4). Among children 1 to 14 years of
age, 5-year survival rates increased from approximately 60% in 1975-
1978 to 80.6% in 1999-2002. Among children 15 to 19 years of age,
5-year survival rates increased from 67.6% in 1975-1978 to 79.4%
in 1999-2002.

The 5-year and 10-year survival rates for all cancers combined for
children diagnosed in 1994-1997 were similar (ie, values within ap-
proximately 3%; Appendix Table A1, online only). Greater differences
in 5-year and 10-year survival rates, generally in the 5% to 10% range,
were observed for cancers of the brain, osteosarcoma, and Ewing
sarcoma. Further discussion focuses on 5-year survival rates, since for
most diagnoses, this is a relatively good reflection of long-term sur-
vival. As described below, the overall changes in survival rates by age
group over time mask differences in survival by age and cancer type.

ALL. Five-year survival rates for children younger than age 15
years with ALL improved from 61.0% in 1975-1978 to 88.5% in
1999-2002 (Fig 5). Adolescents 15 to 19 years of age also showed
improvement in survival over the same period, although their out-
come in recent periods (eg, 50.1% 5-year survival in 1999-2002) was
lower than that among children younger than age 15 years. This lower
survival rate partially reflects differences in tumor biology between
children and older adolescents and likely also reflects differences in the
way medical oncologists and pediatric oncologists have historically
treated ALL arising in this age group.5,6 Survival for infants remains
poor compared with that for children 1 to 14 years of age, although
5-year survival rates have increased from 22% in 1975-1978 to 62% in
1999-2002 (data not shown). Poor outcome is largely attributable to
the high percentage of ALL cases with mixed lineage leukemia (MLL)
gene rearrangements among infants.7,8

The improved survival for children with ALL reflects the impact
of well-designed clinical trials conducted during this period, with

Table 2. Cancer Deaths

Cancer Site

Cancer Deaths per 100,000

1975 % 2006 %

All malignant cancers 5.14 100.0 2.48 100.0
Leukemia 2.03 38.9 0.75 30.4
Brain and other nervous system 0.93 17.8 0.64 25.7
Lymphoma 0.56 11.4 0.14 5.5

Non-Hodgkin’s 0.44 8.8 0.11 4.4
Hodgkin’s 0.12 2.6 0.03 1.1

Neuroblastoma 0.36 6.6 0.23 9.1
Bones and joints 0.35 7.2 0.21 8.6
Soft tissue including heart 0.17 3.4 0.17 6.9
Kidney and renal pelvis 0.14 2.6 0.07 2.7
Liver and intrahepatic bile duct 0.09 1.7 0.05 2.2
Gonad (ovary and testis) 0.13 2.7 0.02 0.9
All other cancer sites 0.38 7.6 0.2 8.1

NOTE. There were 3,992 malignant cancer deaths reported in children
younger than 20 years of age in the United States during 1975 compared with
2,035 such deaths during 2006.

Table 1. Malignant Cancer Incidence Trends Among Children Younger Than Age 20 Years in the SEER 9 Registries From 1975 Through 2006

Cancer Site

Joinpoint Trend 1 Joinpoint Trend 2 Joinpoint Trend 3 1997-2006 2002-2006

Years APC 95% CI Years APC 95% CI Years APC 95% CI AAPC 95% CI AAPC 95% CI

All cancers combined 1975-2006 0.6 0.4 to 0.7 0.6 0.4 to 0.7 0.6 0.4 to 0.7
Lymphoid leukemias 1975-2006 0.8 0.5 to 1.2 0.8 0.5 to 1.1 0.8 0.5 to 1.1
CNS and miscellaneous

intracranial and
intraspinal
neoplasms 1975-1983 �0.7 �3.9 to 2.6 1983-1986 10.6 �16.9 to 47.2 1986-2006 �0.3 �1.0 to 0.4 �0.3 �1.0 to 0.4 �0.3 �1.0 to 0.4

All other cancers 1975-2006 0.4 0.2 to 0.5 0.4 0.2 to 0.5 0.4 0.2 to 0.5

NOTE. Joinpoint 3.3 analyses allowed up to four join points. Best fitting models are presented.
Abbreviations: SEER, Surveillance, Epidemiology, and End Results; APC, annual percentage change; AAPC, average annual percentage change.
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treatment based on risk assessment (including response to initial treat-
ment). While clinical features (eg, age and WBC at presentation) were
primarily used for risk stratification before the 1990s, risk-based
treatment assignment now considers the prognostic significance of
specific cytogenetic abnormalities and other biologic characteristics
of patients’ leukemia cells. In the early 1980s, the Berlin-Frankfurt-
Muenster (BFM) group showed that the use of intensive induction,
consolidation, and a delayed intensification phase for patients with
ALL produced an approximately 70% cure rate.9 Subsequent trials
have refined this treatment strategy, identifying the superior outcome
achieved with dexamethasone versus prednisone and identifying the
superior outcomes associated with specific augmentations of the BFM
regimen in postinduction phases of therapy.10-12 Importantly, im-
provements in survival have been achieved while reducing the per-
centage of children who receive cranial radiation as a component
of treatment.

AML. Five-year survival rates for children younger than age 15
years with AML increased from � 20% in 1975-1978 to 58% in
1999-2002 (Fig 5). Pediatric AML clinical trials during this period
generally evaluated increasingly intensive regimens. Factors leading to

improved outcome likely include incorporation of high-dose cytara-
bine as postconsolidation therapy and improved supportive care al-
lowing more intensive induction and consolidation therapy to be
administered with relative safety. Other contributory factors include
more effective use of allogeneic stem-cell transplantation for selected
patients with AML and the decreased transplantation-related mortal-
ity during recent time periods.13 Improvement in outcome for chil-
dren with acute promyelocytic leukemia through the introduction of
all-trans retinoic acid into front-line therapy14 and recognition that
most children with Down syndrome and AML can be successfully
treated with less aggressive regimens15 also contributed to improved
outcome for childhood AML. For older adolescents (age 15-19 years),
outcome was similar to that of younger children in 1975-1978 but has
remained lower at 35% to 40% since the late 1980s.

NHL. The five-year survival rate for children younger than age
15 years with NHL has improved dramatically, increasing from 45%
in 1975-1978 to 88% in 1999-2002 (Fig 5). Throughout the decades
covered in this report, a series of clinical trials defined more effective
treatments for the types of NHL that predominate in children. A study
initiated in the 1970s identified a leukemia-like regimen as more
effective for lymphoblastic lymphoma and a four-drug regimen as
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more effective for nonlymphoblastic lymphoma.16,17 In the 1980s,
high-dose methotrexate was incorporated into treatment regimens for
B-cell NHL, as exemplified by the “Total B” regimen.18,19 In the past
decade, an international clinical trial refining the highly effective Study
of the French Society of Pediatric Oncology (SFOP) regimen for
Burkitt’s lymphoma and diffuse large B-cell lymphoma boosted
event-free survival (EFS) rates to more than 90% for many children
with B-cell NHL.20-23 For lymphoblastic lymphoma, the applica-
tion of ALL-based regimens has resulted in EFS rates of approxi-
mately 80%.24,25

For 15- to 19-year-olds with NHL, outcome improved from 47%
in 1975-1978 to 77% in 1999-2002. An important distinction between
NHL in younger children versus 15- to 19-year-old children is that
diffuse large B-cell lymphoma constitutes a higher proportion of cases
in the latter population.26

Hodgkin’s lymphoma. Outcome for children with Hodgkin’s
lymphoma was relatively favorable in 1975-1978 (81%). Since the
1990s, 5-year survival rates have exceeded 90% (Fig 5). Outcome for
15- to 19-year-old adolescents is comparable to that of younger pedi-
atric populations, in contrast to differential outcomes for ALL, AML,
and NHL among older adolescents versus younger children. In the
past decade, clinical trials for Hodgkin’s lymphoma have focused
on maintaining high survival rates while minimizing risks of long-
term sequelae including second cancers, cardiac toxicity, and im-
paired fertility.

Brain tumors. Brain tumor survival rates were examined inde-
pendently for children ages younger than 5, 5 to 14, and 15 to 19 years,
given the different treatment strategies for younger versus older chil-
dren (eg, delay or avoidance of radiation therapy in young children).
Five-year survival rates increased substantially for all age groups (Fig
6), with the youngest children showing the greatest improvements.
Survival rates exceed 70% for all age groups in the most recent
reporting period, with temporal paces of improvement differing by
age group.

For children and adolescents with nonmedulloblastoma brain
tumors, there were modest improvements in outcome between 1975-
1978 and 1999-2002. Younger children (age 0 to 4 years) showed the
largest improvement in 5-year survival rates, from 53.1% in 1975-
1978 to 73.1% in the most recent reporting period (Fig 6). Because
progress in the use of systemic chemotherapy for nonmedulloblas-
toma brain tumors has been limited, much of the improvement in
outcome for these tumors may be attributable to advances in neuro-
surgery and radiation therapy.

Outcome for patients with medulloblastoma improved between
1975 and 2006, with 5-year survival rates increasing from � 50% in
the 1970s to 73% for 1999-2002. The improvement in outcome was
most notable for the 5- to 14-year-old age group, with 5-year survival
increasing from 44% in 1975-1978 to more than 80% by 1991-1994
(Fig 6). Standard treatment for medulloblastoma during this period
evolved from craniospinal radiation without adjuvant chemotherapy
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to craniospinal radiation with cisplatin-based chemotherapy admin-
istered following completion of radiation treatments.27,28 An apparent
improvement in outcome for younger children with medulloblas-
toma for the most recent reporting period may reflect increasing use of
intensive chemotherapy, with or without autologous stem cell rescue,
to delay or eliminate use of radiation therapy.29,30

Bone sarcomas (osteosarcoma and Ewing sarcoma). Improved
survival has been observed for both osteosarcoma and Ewing sarcoma

(Fig 7), although the time periods in which improvements were ob-
served differed by tumor type. For osteosarcoma in children younger
than 15 years of age, 5-year survival increased from 40% in 1975-1978
to 68% in 1987-1990, without improvement during more recent time
periods. A similar pattern was observed for 15- to 19-year-olds. Thus,
there was little improvement in survival for osteosarcoma after the
introduction of cisplatin-based adjuvant therapy in the 1980s.31

Five-year survival rates for older adolescents 15 to 19 years of age
with Ewing sarcoma showed steady improvement from approxi-
mately 20% in 1975-1978 to 54% in l983-1986, with no additional51
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Fig 6. Five-year survival rates for (A) medulloblastoma and other CNS tumors,
(B) CNS tumors other than medulloblastoma, and (C) medulloblastoma among
children by age group and period of diagnosis from 1975 through 2002, with
follow-up of vital status through 2006, according to data from the Surveillance,
Epidemiology, and End Results 9 (SEER 9) Registries. Medulloblastoma survival
rates for the 15- to 19-year-old age group were suppressed when there were �
25 patients during the time period.
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to data from Surveillance, Epidemiology, and End Results 9 (SEER 9) registries.
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increases in subsequent years (Fig 7). Prognosis also improved among
patients younger than age 15 years, for whom 5-year survival rates
increased to 74% in 1991-1994 with stable rates thereafter. The im-
proved outcome noted in the early 1990s and thereafter may reflect
benefits of ifosfamide and etoposide, which in a randomized study
improved outcome in patients with localized Ewing sarcoma family of
tumors.32 For both osteosarcoma and Ewing sarcoma, patients pre-
senting with metastatic disease continue to have poor outcomes.33-35

Soft tissue sarcoma (rhabdomyosarcoma). Five-year survival
rates for children younger than 15 years of age with rhabdomyosar-
coma improved from 53% in 1975-1978 to 68% in 1979-1982.
Thereafter, rates showed no discernible trend (Fig 7). For 15- to
19-year-olds, the pattern is similar, with 30% 5-year survival in
1975-1978 and rates in subsequent years ranging between 40% and
54%. Children and adolescents with metastatic rhabdomyosarcoma
and high-risk clinical features continue to have poor outcomes.36

Germ cell tumors (non-CNS). Outcome for children age 0 to 14
years and older adolescents age 15 to 19 years with non-CNS germ cell
tumors was highly favorable for the period 1999-2002 (Fig 8).37-39

Five-year survival rates among 15- to 19-year-olds increased in the late
1970s and have exceeded 90% since the early 1980s. This corresponds
with the time period when cisplatin-based regimens became standard
therapy for young adults with testicular and other germ cell tumors.40

Five-year survival for children with gonadal germ cell tumors has
exceeded 90% since the early 1980s. For children younger than age 15
years with non-gonadal germ cell tumors, 5-year survival was � 50%
in the early 1980s but surpassed 80% by the early 1990s.

Renal tumors (Wilms). Wilms tumor comprises the majority of
renal tumors among children. It is notable for the early success
achieved in improving outcome through combined multimodality
approaches with systematic testing of these approaches in controlled
clinical trials (Fig 8). Wilms tumor was also one of the first tumor types
that had a research focus on tailoring treatment to avoid late effects of
therapy. In 1975-1978, the 5-year survival was 74%, which reflected
the use of vincristine and dactinomycin combined with surgery and
radiation therapy.39 The improved outcome observed with the addi-
tion of doxorubicin to treatment regimens for patients with higher-
stage disease likely contributed to the increase in 5-year survival rates
to � 90% by 1987-1990.38,41 Since the late 1980s, 5-year survival rates
have been consistently above 90%. This favorable outcome occurred
despite reductions in the length of therapy, dose of radiation, extent of
fields irradiated, and percentage of patients receiving radiation thera-
py.42,43 Unfortunately, patients with anaplastic Wilms tumors have
not benefited from advances in therapy to the same extent as those
with more favorable histology.44

Neuroblastoma. Five-year survival rates for infants with neuro-
blastoma have been relatively stable since the mid-1970s, ranging
from 78% to 95% (Fig 8). Neuroblastoma in infants often has a
favorable biology with a high likelihood of disease regression even
when little or no cytotoxic chemotherapy is administered.45,46

Older children with neuroblastoma have a less biologically favor-
able disease than that which occurs in infants, with characteristics
including MYCN amplification, deletions on the short arm of
chromosome 1, allelic loss on the long arm of chromosome 11, and
additional copies of the long arm of chromosome 17.45 Five-year
survival rates have improved for older children with neuroblas-
toma from approximately 40% before 1985 to 65% in the most
recent time period (Fig 8). Therapeutic interventions evaluated in

phase III trials that may account in part for the improvements in
survival for children with high-risk neuroblastoma include high-
dose chemotherapy with autologous stem-cell transplantation and
the use of isotretinoin as maintenance therapy.47,48

CONCLUSIONS AND FUTURE DIRECTIONS

The primary sustained changes in childhood cancer incidence over the
past three decades have been for ALL, with an annual percentage
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increase approximately twice that for other non-CNS childhood can-
cers. The reason for the increasing ALL incidence is not known. Hy-
potheses have focused on the relationship between delayed exposure
to infectious agents and leukemia risk and the relationship between
high birth weight and ALL risk.49-52 An increasing incidence of ALL is
reported for European countries as well, suggesting that causative
factors are shared among countries of North America and Europe.53,54

For brain tumors, incidence increased in the mid-1980s but was stable
thereafter. This temporal pattern of increase in incidence without a
corresponding increase in mortality is consistent with enhanced de-
tection and reporting of low-grade brain cancers in the mid-1980s,
perhaps resulting from the dissemination of magnetic resonance im-
aging of the CNS during this period.55

Survival rates for some childhood cancers, primarily leukemias
and lymphomas, have continued to improve over the past decade.
Within the coming 5 years, cancers with 5-year survival rates exceed-
ing 90% for children younger than age 15 years may expand to include
ALL and NHL, in addition to Hodgkin’s lymphoma, non-CNS germ
cell tumors, and Wilms tumor.56 By contrast, 5-year survival rates for
pediatric and adolescent solid tumors other than neuroblastoma have
not changed over the past 10 to 20 years. This is particularly true for
pediatric and adolescent sarcomas, including Ewing sarcoma, osteo-
sarcoma, and rhabdomyosarcoma. Similarly, improvements in sur-
vival for pediatric brain tumors have been modest over the past 10 to
15 years for most age groups.

Trends in childhood cancer mortality mirror those for survival
and are notable for differences in rates of decline in mortality for
leukemias and lymphomas compared with those for solid tumors.
Declines in mortality for leukemias and lymphomas have slowed in
the past decade but continue at an annual decline of approximately
2%. Most childhood leukemias and lymphomas are diseases of lym-
phoid progenitor cells and thus are predisposed to undergo apoptosis.
This lymphoid derivation likely contributes to their responsiveness to
DNA damaging agents and antimetabolites and to the success of
researchers in identifying effective therapies for these diagnoses using
combinations of standard cytotoxic agents. In contrast to mortality
rates for leukemia and lymphoma, declines in mortality rates for
pediatric solid tumors are modest, and in the past decade, there has
been no decline for specific cancers, notably sarcomas of soft tissue
and bone.

One explanation for the lack of progress for solid tumors and
brain cancers compared with that for leukemias is the lower incidence
of the former, which affects the number of phase III studies that can be
performed for these diagnoses. For example, during the 17-year pe-
riod from 1993 to 2009, there were 14 phase III trials activated by the
Children’s Oncology Group (COG) for ALL, compared with only two
each for osteosarcoma and Ewing sarcoma, despite international col-
laboration. Limited opportunities for defining the effectiveness for
new treatment strategies of solid tumors makes it more difficult to
refine treatments and to reliably define the contribution of new treat-
ment strategies. While the limited number of clinical trials for pediat-
ric solid tumors and CNS tumors may contribute to the lack of
progress, there is little evidence that more effective use of available
cytotoxic agents will be sufficient for substantial progress. Given the
intensive chemotherapy that is currently used and the dearth of alter-
native standard or novel cytotoxic agents with compelling single-agent
activity, the stable mortality rates suggest that innovative treatment
strategies are needed to improve outcome. Hence, childhood cancer

clinical researchers will need to focus on developing novel therapies
that build on increased understanding of cellular pathways promoting
tumor cell growth and survival to reduce cancer-related mortality and
to reduce the incidence and severity of late effects that diminish the
long-term quality of survivorship.

The premise behind molecularly targeted agents as effective
cancer treatments is that cancers have oncogenic dependencies that
create “Achilles heels” that can be exploited for therapeutic benefit.
Proof of concept for the dramatic impact of effective targeted
agents in the pediatric setting is seen for both all-trans retinoic acid
for acute promyelocytic leukemia14 and for imatinib for Philadel-
phia chromosome–positive ALL.57,58 In each case, the targeted agent
blocked the activity of a cancer-specific oncogenic protein on which
cancer cell growth and survival depended. In the pediatric solid tumor
setting, the anti-GD2 antibody ch14.18 was shown to improve EFS when
used as part of an immunotherapy regimen after autologous stem-cell
transplantation therapy in a randomized trial for children with high-risk
neuroblastoma.59 This highlights the potential of immune-based tar-
geted therapy to improve outcome for high-risk pediatric cancers.

One prerequisite for developing molecularly targeted agents for
childhood cancers is establishing a comprehensive catalog of the
genomic abnormalities present in each childhood cancer. The Child-
hood Cancer Therapeutically Applicable Research to Generate Effec-
tive Treatments (TARGET) Initiative (http://target.cancer.gov/) and
related large-scale genomic projects are seeking to accomplish this goal
through the systematic application of next-generation sequencing
methods and array-based approaches to characterize DNA mutations,
gene expression profiles, copy number alterations, and epigenomic
profiles of selected childhood cancers. Early results support the poten-
tial of this strategy. The TARGET ALL pilot project identified IKZF1
alterations60 and activating mutations in Janus kinase (JAK) family
members in leukemia cells from children with high-risk B-precursor
ALL.61 The latter discovery will be translated into clinical application
by studying JAK inhibitors for children with JAK-mutant ALL.

Clinical trials for both adults and children with cancer will in-
creasingly focus on smaller patient populations that possess specific
biologic characteristics and genomic alterations. One implication of
the increasing need to study biologically defined patient subsets and to
evaluate individualized treatment approaches according to specific
genetic lesions is that national and international cooperation by child-
hood cancer clinical trials groups will be more important than ever,
because it will be feasible to study these relatively uncommon patient
populations only in the context of such collaborations. Another im-
plication is that it will be impossible to evaluate some of these agents
using the historically successful standard phase III clinical trial ap-
proach because of the small size of the affected population for which
the targeted agent is relevant. This emphasizes the need for accurately
defining reliable historical control populations and for optimizing
clinical trial designs to support the necessary historical comparisons.

From 1975 through 2006, approximately 38,000 childhood
cancer-related deaths were averted as a result of treatment advances
since 1975. This highlights the continuing return on past investments
in childhood cancer research and how the benefit of today’s discover-
ies will increase over time. However, childhood cancer clinical re-
search now stands at a crossroad. The era of consistent improvements
in outcome from sequential clinical trials by optimizing delivery of
standard cytotoxic agents and other conventional therapeutic ap-
proaches (eg, surgery, radiation therapy, and hematopoietic stem-cell
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transplantation) is coming to an end, while the era of targeted thera-
peutics is in its infancy. Early success in the childhood cancer setting
showed improved outcome for targeted agents such as imatinib for
Philadelphia chromosome–positive ALL and the anti-GD2 antibody
ch14.18 for neuroblastoma highlight the promise of this strategy.
Programs like the Childhood Cancer TARGET Initiative and the Pe-
diatric Preclinical Testing Program62 can help usher in the new era by
providing the preclinical rationale for prioritizing specific molecular
targets and agents for study in selected childhood cancers. At the same
time, the pediatric clinical trials infrastructure must become more
proficient in defining molecular subclasses and evaluating new thera-
pies in genomically defined subtypes of childhood cancers. This will
increasingly involve international collaborations so that sufficient pa-
tient numbers can be attained and will require innovative clinical trial
designs that can efficiently and effectively evaluate new treatment
approaches. These and other adaptations in both the preclinical and
clinical arenas will be required so that progress toward the goal of
curative therapy with a life free of long-term sequelae for every child
diagnosed with cancer can continue in the twenty-first century.
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