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                      Neuroblastoma is the most common extracranial solid tumor in 
childhood, and it affects children at a very young age, with 41% of 
cancers in infants diagnosed within the fi rst 3 months of life ( 1 ). The 
5-year relative survival rate has increased from 54% for patients 
diagnosed in 1975 – 1984 to 68.5% for those diagnosed in 1996 – 2003 
( 1 ). Substantial variation in rates of 5-year relative survival exists 
among subpopulations of neuroblastoma patients based on age at 
diagnosis, extent of disease, and tumor biology. Such prognostic 
classifi cations have resulted in substantial changes in therapy during 
the past 40 years, which    include treatment with myeloablative 
therapy and autologous stem cell transplantation ( 2 , 3 ). 

 Ongoing research is providing important insights into the 
long-term health-related and psychosocial problems faced by 
some childhood cancer survivors. For example, in a large retro-
spective cohort study of 10   397 adult survivors of childhood cancer 
( 4 ), 62.3% of survivors of neuroblastoma had at least one chronic 
health condition and 27.5% had a severe or life-threatening condi-
tion, an average of 17.5 years (range = 6.0 – 31.0 years) after cancer 
diagnosis, and the likelihood of a chronic condition increased 
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   Background   The 5-year survival rate for individuals with neuroblastoma is approaching 70%. Few data exist, however, 
on the long-term outcomes of these patients, who are often treated at a very young age.  

   Methods   Outcome data were obtained for 954 5-year neuroblastoma survivors who were diagnosed in 1970 – 1986 
and enrolled in the Childhood Cancer Survivor Study (CCSS). Late mortality, second malignant neo-
plasms, and chronic health conditions were analyzed in relation to treatment factors using Poisson regres-
sion models and their modification with generalized estimating equations. Neuroblastoma survivors were 
compared with a cohort of 3899 siblings of CCSS participants for risk of chronic health conditions and 
selected sociodemographic outcomes. All statistical tests were two-sided.  

   Results   Six percent of patients died more than 5 years after their diagnosis (standardized mortality ratio = 5.6; 95% 
confidence interval [CI] = 4.4 to 6.9). The most common causes of death were disease recurrence (n = 43) 
and second malignant neoplasms (n = 13). The cumulative incidence of second malignant neoplasms was 
3.5% at 25 years and 7.0% at 30 years after diagnosis. Compared with the sibling cohort, survivors had an 
increased risk of selected chronic health conditions (risk ratio [RR] = 8.3; 95% CI = 7.1 to 9.7) with a 20-year 
cumulative incidence of 41.1%. The most prevalent outcomes involved the neurological, sensory, endo-
crine, and musculoskeletal systems, with 20-year cumulative incidences of 29.8%, 8.6%, 8.3%, and 7.8%, 
respectively. Neuroblastoma survivors who were treated with multimodality therapy were more likely 
to develop a chronic health condition than survivors treated with surgery alone (RR = 2.2; 95% CI = 1.6 
to 3.0). Neuroblastoma survivors were less likely than siblings to have ever been employed ( P  = .04) or to 
be married ( P  < .001) and had a lower personal income ( P  = .009).  

   Conclusions   Neuroblastoma survivors have an increased rate of mortality and second malignant neoplasms, relative to 
the age- and sex-comparable US population, and of chronic health conditions, relative to their siblings, 
which underscores the need for long-term medical surveillance.  
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substantially over time. Although most childhood cancer survivors 
remain psychologically healthy, certain subgroups of survivors, 
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including women   , survivors of solid tumors, and those with lower 
income and lower educational attainment, are at higher risk of 
psychological distress and poor health-related quality of life ( 5 , 6 ). 

 Currently available data regarding long-term treatment-related 
outcomes among neuroblastoma survivors are limited to a few case 
series and to small cohort studies of survivors with a combination 
of low- and intermediate-risk (mostly localized tumors) and high-
risk (mostly metastatic) disease. These studies have reported mus-
culoskeletal, neurological, and endocrine problems ( 7  –            13 ), as well 
as severe sensorineural hearing loss ( 14  –    16 ) and increased risk of 
second malignant neoplasms ( 17 ). 

 The study of long-term outcomes among neuroblastoma survi-
vors refl ects an excellent opportunity to assess the impact of a wide 
variety of treatment approaches, both in terms of modality and 
intensity, on cancer survivors who were diagnosed at very young 
ages ( 2 ). Here, we analyzed data from 954 participants in the 
Childhood Cancer Survivor Study (CCSS) to investigate the occur-
rence of, and risk factors for, selected long-term outcomes, includ-
ing sociodemographic outcomes (marital status, employment, 
personal income), mortality, second malignant neoplasms, and 
chronic health conditions (musculoskeletal, endocrine, sensory, 
neurological). To estimate the relative risk of these outcomes, the 

cohort of childhood cancer survivors was compared with a cohort 
of siblings. 

  Methods 
  Childhood Cancer Survivor Study 

 CCSS is a multicenter retrospectively ascertained cohort of 20   346 
childhood cancer survivors diagnosed before age 21 years between 
1970 and 1986 and of approximately 4000 siblings of survivors, 
who serve as a comparison group ( 18 , 19 ). The cohort was assem-
bled through the efforts of 26 participating clinical research cen-
ters in the United States and one in Canada (see Supplementary 
Materials available online for a complete list of participating cen-
ters). Recruitment began in August 1994 for cancer survivors and 
in 1996 for siblings, and participants remain in active follow-up. 
The detailed methods that were used to establish the CCSS cohort 
of 5-year survivors of childhood cancer have been described previ-
ously ( 18  –    20 ). The CCSS was initiated to establish a resource for 
assessing a broad spectrum of late adverse effects following treat-
ment for childhood and adolescent cancer. The study and baseline 
questionnaires were approved by the Institutional Review Board at 
all participating centers at the initiation of the study. Participating 
survivors and siblings provided written informed consent for study 
participation and medical record release when they were recruited 
in the cohort ( 20 ). 

 When recruited in the study between 1994 and 1996, CCSS 
participants completed a comprehensive baseline questionnaire, 
which was answered by the survivor if aged 18 years or older or by 
a parent proxy if younger than 18 years or deceased, with follow-up 
surveys distributed in 2000 and 2002. These questionnaires col-
lected data on sociodemographic outcomes (marital status, employ-
ment, personal income), the occurrence of second malignant 
neoplasms, and chronic health conditions, which were self-reported. 
At the time of study entry, detailed information was abstracted 
from the medical record of each participant including all treat-
ments related to diagnosis and any relapse(s). Information was 
collected on 42 chemotherapeutic agents, including cumulative 
dose for 22 specifi c drugs (distribution of cumulative doses for all 
drugs are provided at   www . stjude . org / ccss   under supplementary 
information for reference 18). Alkylating agent exposure was cal-
culated according to the method described by Tucker et al. ( 21 ). 
Radiation therapy records were photocopied and sent to the CCSS 
Radiation Physics Center to abstract relevant data and assess 
patient exposures in terms of fi eld size, site, and dose. Surgical 
procedures were classifi ed according to  International Classifi cation 
of Diseases, Ninth Revision , procedure codes. Copies of medical 
record abstraction forms and study questionnaires are available at 
  www . stjude . org / ccss    

  Neuroblastoma Study Population 

 Of the 1375 neuroblastoma survivors eligible for the CCSS cohort, 
954 completed the baseline questionnaire (participating survivors 
for self-reported outcomes) and 421 were excluded for the follow-
ing reasons: 186 (8.9%) declined participation, 230 (16.7%) were 
considered to be lost to follow-up after extensive attempts to trace 
them, four (<1%) were unable to participate because they spoke 
neither English nor Spanish fluently, and one participated only in 

  CONTEXT AND CAVEATS 

  Prior knowledge 

 Very limited information has been available about long-term out-
comes among survivors of childhood cancers including neuroblas-
toma. The Childhood Cancer Survivor Study (CCSS) was initiated 
to study long-term outcomes among those diagnosed in the United 
States and Canada in 1970 – 1986.  

  Study design 

 Late mortality was assessed among 1358 5-year survivors of neu-
roblastoma who were CCSS participants. Of these, 954 participat-
ing survivors self-reported demographic information, second 
malignant neoplasms, and chronic health conditions, from which 
cumulative incidences could be calculated. Data from 3899 nondis-
eased siblings were used as a control.  

  Contribution 

 Nearly 6% of patients died more than 5 years after diagnosis, usu-
ally from disease recurrence or second malignant neoplasms. 
Neuroblastoma survivors were eight times more likely than the 
sibling cohort to have chronic health conditions, and by 20 years, 
nearly a third would develop neurological complications and about 
8% each would develop endocrine, sensory, and musculoskeletal 
complications. Those who received multimodality therapy were 
more than twice as likely to develop a chronic health condition as 
those treated by surgery alone.  

  Implications 

 Emerging therapies should be evaluated for their potential long-
term effects.  

  Limitations 

 The data gathered were for participants only, demographic and 
medical outcomes among survivors were self-reported, and data 
concerning neuroblastoma stage at diagnosis were unavailable. 

  From the Editors    
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the follow-up surveys ( Figure 1 ). The CCSS previously compared 
demographic and cancer-related characteristics for the entire 
cohort among participants, nonparticipants, and those who were 
lost to follow-up and found that these three groups were similar 
( 18 , 22 ). For the neuroblastoma survivors cohort, comparison of 
demographic and cancer-treatment characteristics of the 954 par-
ticipating survivors with the 421 nonparticipating survivors 
revealed that both groups were similar overall, except that the 
participating survivors were more likely to be female (52% of the 
participating group was female vs 40% of the nonparticipating 
group;  P  < .001) and to have been diagnosed during a later time 
period (41% of the participating group vs 48% of the nonpartici-
pating group was diagnosed between 1970 and 1978 and 59% of 
the participating group vs 52% of the nonparticipating group was 
diagnosed between 1979 and 1986).     

 A comparison group of nearest-age siblings was identifi ed from 
randomly selected participating CCSS survivors across all cancer 
diagnoses. Of the 4892 randomly selected siblings, 3899 (80%) 
were available for inclusion in the analysis ( Figure 1 ). 

 Assessment of late mortality included 1358 patients of the 1375 
eligible 5-year neuroblastoma survivors and excluded 17 Canadians 
who were not included in the US National Death Index (NDI). 
Analysis of the self-reported outcomes (second malignant neo-
plasms, chronic health conditions, and sociodemographic factors) 
was restricted to the 954 subjects who completed the baseline 
questionnaire. Analysis of risk factors for chronic health conditions 
was restricted to the 832 survivors who completed the baseline 
questionnaire and for whom we had abstracted medical records. 
For analyses of sociodemographic outcomes (eg, highest level of 
schooling, employment history, total household and personal 
income, health insurance, and marital history), only survivors and 
siblings aged 25 years and older at last follow-up were included 
because this was an age at which independence from parents might 
be anticipated.  

  Statistical Analyses 

 Descriptive data were summarized for 954 neuroblastoma survi-
vors and compared with those of the 3899 siblings. Age-adjusted 
comparisons were also made between the two groups for demo-
graphics and health status using bootstrap techniques to account 
for potential within-family correlations ( 23 ). 

 Overall and cause-specifi c mortality among the 1358 eligible 
survivors were assessed according to our previously described 
methods ( 24 ). In brief, participants whose vital status as of 
December 31, 2002, was unknown and those who were reported 
to have died after cohort entry were included in a NDI search for 
deaths that occurred between January 1, 1979, and December 31, 
2002. For those who died in the United States, cause of death 
information was provided by the NDI. For deaths that occurred 
in 1975 through 1978 (ie, the years not covered by the NDI), 
copies of the death certifi cates were requested from all states 
where such deaths occurred. Canadian participants were cen-
sored on the last survey date (because the survey response was 
the only indicator for their survival status) or on December 31, 
2002, whichever came earlier. Death certifi cates were not avail-
able for Canadian participants, so they were excluded from the 
cause-specifi c mortality analysis but were included in all other 
analyses. Standardized mortality ratios (SMRs) were computed 
by dividing the observed number of deaths by the expected num-
ber of deaths, which was calculated based on age-, sex-, and cal-
endar year – specifi c US mortality rates. A 95% confi dence 
interval (CI) for each SMR was calculated based on Poisson 
probability models ( 25 ). 

 Cumulative incidence of second malignant neoplasms was esti-
mated by considering death as a competing risk ( 26 ). Standardized 
incidence ratios (SIRs) of overall and specifi c types of second 
malignant neoplasms that occurred following the cohort entry 
were calculated using the US Surveillance, Epidemiology, and End 
Results cancer incidence rates ( 1 ). 

    Figure 1  .    Flow diagram of participants in study cohorts. CCSS = Childhood Cancer Survivor Study; NB = neuroblastoma.     
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 Health status ( 27 ) and chronic health conditions were assessed 
from the study questionnaires; the criteria for defi ning specifi c 
chronic health conditions are provided in the footnotes of  Table 3    . 
Cumulative incidence of chronic health conditions was also esti-
mated by considering death as a competing risk. A subset of female 
neuroblastoma survivors were analyzed for the incidence of acute 
ovarian failure using the methods previously reported ( 28 ). Poisson 
regression models modifi ed with generalized estimating equations 
( 25 ) were used to compare age-adjusted risk of chronic health 
conditions between survivors and siblings. Similarly, Poisson 
regression was used for case-to-case comparisons among survivors, 
adjusting for attained age (natural cubic spline with knots at 5, 15, 
25, and 35 years), age at diagnosis (categorical, <1, 1 – 4, 5+ years), 
year of diagnosis (categorical, 1970 – 1975, 1976 – 1980, 1981 – 1986), 
and sex. The constancy of the multiplicative effect of each covari-
ate was assessed by testing an interaction of the covariate by time. 

 Second malignant neoplasms and chronic health conditions 
that fi rst occurred during the fi rst 5 years after diagnosis of neuro-
blastoma were included as prevalent cases at the cohort entry, 
except for the standardized incidence ratio calculation of second 
malignant neoplasms, following the method of Oeffi nger et al. ( 4 ). 
All statistical tests were two-sided.   

  Results 
 Characteristics of the 954 neuroblastoma survivors and 3899 siblings 
are provided ( Table 1 ). The median age of the survivors was 0.9 
years (range = 0 – 20.7 years) at diagnosis, 17.2 years (range = 5.7 – 44.2 
years) at baseline survey, and 23.3 years (range = 5.7 – 45.2 years) at 
completion of the latest questionnaire. Neuroblastoma survivors 
were less likely to be married than their nonafflicted siblings (54.9% 
vs 67.9%;  P  < .001) and more likely to have been never employed 
(1.3 % vs 0.2%;  P  = .04). Both personal and household incomes were 
also lower among the neuroblastoma survivors than the siblings 
( Table 2 ). The disparity between neuroblastoma survivors and their 
siblings in terms of marital rate, employment rate, and income levels 
showed no statistical association with age (data not shown).             

  Late Mortality 

 Among the 1358 neuroblastoma survivors for whom mortality data 
were available, 84 deaths occurred more than 5 years after diagnosis, 
resulting in a 25-year cumulative mortality of 6% ( Figure 2 ). The 
SMR for all causes of death was 5.6 (95% CI = 4.4 to 6.9). The most 
common cause of late mortality was disease recurrence (43 patients; 
51% of all deaths). Other causes of death included second malignant 
neoplasms (n = 13; SMR = 10.9, 95% CI = 5.8 to 18.7), pulmonary 
complications (n = 4; SMR = 11.4, 95% CI = 3.1 to 29.3), cardiac 
complications (n = 3; SMR = 5.0, 95% CI = 1.0 to 14.6), external 
causes (n = 11; SMR = 1.1, 95% CI = 0.5 to 1.9), other causes (n = 
6), and unknown causes (n = 7). Cumulative mortality was associated 
with older age at diagnosis, such that patients who were diagnosed 
at 5 years of age or older demonstrated an absolute 23 percentage 
point increase in 25-year cumulative mortality ( Figure 2 ).      

  Chronic Health Conditions 

 The 20-year cumulative incidence of a chronic health condition 
was 41.1% for neuroblastoma survivors. Compared with siblings, 

 Table 1  .    Characteristics of neuroblastoma survivors    and siblings 
cohorts  

  Characteristic

Survivors 

(n = 954), 

No. (%)

Siblings 

(n = 3899), 

No. (%)  P   *   

  Sex 
     Male 455 (48) 1875 (48) .83 
     Female 499 (52) 2024 (52)  
 Vital status at 
  baseline questionnaire 
     Alive 919 (96)   
     Dead 35 (4)   
 Age at interview 
  at baseline, y 
     <10 33 (3) 76 (2) <.001 
     10 – 19 616 (65) 1010 (26)  
     20 – 29 280 (29) 1381 (35)  
     30 – 39 23 (2) 1116 (29)  
     40 – 49 2 (0) 316 (8)  
 Age at interview at 
  latest follow-up, y 
     <10 10 (1) 12 (<1) <.001 
     10 – 19 263 (28) 379 (10)  
     20 – 29 519 (54) 1353 (35)  
     30 – 39 155 (16) 1332 (34)  
     40 – 49 7 (1) 823 (21)  
 Age at diagnosis, y 
     <1 525 (55) NA  
     1 – 4 340 (36) NA  
     5 – 9 66 (7) NA  
     10 – 14 15 (2) NA  
     15 – 21 8 (1) NA  
 Year of diagnosis 
     1970 – 1975 228 (24) NA  
     1976 – 1980 291 (31) NA  
     1981 – 1986 435 (46) NA  
 Survival time at baseline, y 
     5 – 9 103 (11) NA  
     10 – 14 344 (36) NA  
     15 – 19 283 (30) NA  
     20 – 24 187 (20) NA  
     >25 37 (4) NA  
 Survival time at 
  latest follow-up, y 
     5 – 9 32 (3) NA  
     10 – 14 62 (6) NA  
     15 – 19 272 (29) NA  
     20 – 24 298 (31) NA  
     >25 290 (30) NA  
 Treatment group  †   
     Surgery only 200 (24) NA  
     Surgery + chemotherapy 216 (26) NA  
     Surgery + radiotherapy 132 (16) NA  
     Surgery + chemotherapy    + 
  radiotherapy

268 (32) NA  

     Other  ‡  16 (2) NA   

  *   Survivors and siblings were compared using  �  2  tests with bootstrap to 
account for potential within-family correlations. All statistical tests were 
two-sided.  

   †    Based on the 832 patients with medical records abstracted. Of these 
patients, 20 had bone marrow transplantation in addition to treatment 
described, including 16 who received total body irradiation.  

   ‡    Among 16 patients who did not have surgery, four had chemotherapy only, 
three had radiotherapy only, six had both chemotherapy    and radiotherapy, 
and three had no treatment.   
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neuroblastoma survivors were at increased risk for at least one of 
the following chronic health conditions: musculoskeletal and neu-
rological complications, endocrine complications, and sensory 
complications (RR = 8.3; 95% CI = 7.1 to 9.7;  Table 3 ) as further 
described below. Survivors who were treated with multimodality 
therapy were more than twice as likely to develop any chronic 
health condition as survivors who were treated with surgery alone 
(RR = 2.2; 95% CI = 1.6 to 3.0) ( Figure 2 ).  

  Musculoskeletal and Neurological Complications 

 The 20-year cumulative incidence of musculoskeletal complica-
tions was 7.8% for neuroblastoma survivors, who were 20.1 times 
(95% CI = 12.1 to 35.3 times) more likely than siblings to report 
any musculoskeletal conditions. For example, survivors had a much 
higher risk of severe scoliosis that required surgery as compared 
with siblings (RR = 27.0; 95% CI = 13.6 to 53.4). Laminectomy 
(RR = 11.0; 95% CI = 5.8 to 21.1), thoracotomy (RR = 3.1; 95% 
CI = 1.6 to 6.1), and radiotherapy to the spine (RR = 5.6; 95% 
CI = 1.7 to 18.4) were statistically significantly associated with 
the development of severe scoliosis. 

 Survivors have a 20-year cumulative incidence of neurological 
complications of 29.8% and were more likely to report neurologi-
cal conditions than siblings (RR = 7.6; 95% CI = 6.4 to 9.1). 
Statistically signifi cant risk factors for the development of a neuro-
logical complication included diagnosis at less than 1 year of age 
(RR = 2.6; 95% CI = 1.9 to 3.5) and laminectomy (RR = 4.0; 95% 
CI = 2.7 to 5.9). There was no difference in the risk of developing 
any neurological complication between survivors who received 
surgery alone and survivors who received other therapies in addi-
tion to surgery ( P  = .08). When risk of developing neurological 
complications was analyzed with respect to chemotherapy expo-
sure alone, there was no statistically signifi cant difference in risk 
between survivors who were and were not so exposed ( P  = .54).  

  Endocrine Complications 

 Neuroblastoma survivors were statistically significantly more 
likely to report an endocrine condition, as compared with siblings 
(RR = 13.0; 95% CI = 8.9 to 19.1). The cumulative 20-year inci-
dence of an endocrine complication was 8.3%. Hypothyroidism 
was reported by 3.5% of the survivors, an 8.4-fold increase when 
compared with the siblings (95% CI = 5.1 to 13.6). Exposure to 
radiotherapy to the neck was associated with an increased risk 
of hypothyroidism. Neuroblastoma survivors who did have neck 
radiotherapy were much more likely to be hypothyroid than 
survivors who did not (RR = 17.9; 95% CI = 8.0 to 40.0). 

 Growth hormone (GH) defi ciency was reported by 3.3% of 
neuroblastoma survivors (RR = 38.5; 95% CI = 15.2 to 97.3), and 
75% of those who were GH defi cient reported receiving GH 
replacement therapy. Exposure to cranial radiotherapy was statisti-
cally signifi cantly associated with risk of developing GH defi ciency 
(RR = 33.0; 95% CI = 14.7 to 73.9). 

 Thirteen of 204 evaluable women    developed ovarian failure. 
Univariate analysis showed that radiotherapy to the ovaries (odds 
ratio [OR] = 8.4, 95% CI = 1.1 to 67.7), exposure to alkylating 
agents with a score of 3 (OR = 12, 95% CI = 2.0 to 71.0) or 2 
(OR = 2.0, 95% CI = 1.0 to 33.2), and exposure to cumulative doses 
of cyclophosphamide above 5 g (OR = 7.1, 95% CI = 1.5 to 34.0) 

 Table 2  .    Demographics and health status of study subjects (age 
adjusted)  

  Characteristic

Survivors, % 

(n = 954)

Siblings, % 

(n = 3899)  P   *   

  Highest level of schooling  †   
     Not high school graduate 3.2 2.7 .68 
     High school graduate 48.3 45.4  
     College graduate 48.5 51.9  
 Ever employed  †   
     No 1.3 0.2 .04 
 Total household income, $  †   
     <19   999 14.7 10.4 .003 
     20   000 – 39   999 30.9 24.2  
     40   000 – 59   999 22.9 23.3  
     More than 60   000 31.5 42.1  
 Total personal income, $  †   
     <19   999 40.7 31.9 .009 
     20   000 – 39   999 35.6 36.9  
     40   000 – 59   999 16.8 18.3  
     More than 60   000 6.9 12.9  
 Health insurance  †   
     Yes 80.0 79.5 .51 
     No 13.1 11.7  
     Canadian 6.9 8.8  
 Ever married  †   
     Yes 54.9 67.9 <.001 
 General health status  ‡   
     Not adverse 91.5 95.4 .006 
     Adverse 8.5 4.6  
 Mental health status  ‡   
     Not adverse 93.9 95.6 .33 
     Adverse 6.1 4.4   

  *   Survivors and siblings were compared using  �  2  tests with bootstrap to 
account for potential within-family correlations. All statistical tests were two-
sided.  

   †    Demographic data shown are for neuroblastoma survivors and siblings aged 
25 years and older at last follow-up (to allow for independence from parents).  

   ‡    Health status data are shown only for those who were aged 18 years and 
older at baseline.   

were statistically signifi cantly associated with the development of 
ovarian failure. In a multivariable logistic regression model that 
considered age at diagnosis, cyclophosphamide exposure, radio-
therapy, surgery, and alkylating agent score as potential covariates 
to enter the model in a stepwise variable selection, only radio-
therapy to the ovaries emerged as a statistically signifi cant risk 
factor for ovarian failure ( P  < .05).  

  Sensory Complications 

 Neuroblastoma survivors were 8.0 times (95% CI = 5.6 to 11.3) 
more likely than siblings to report any sensory complication, with a 
cumulative 20-year incidence of 8.6%. Survivors reported hearing 
loss more often than siblings (RR = 8.7; 95% CI = 5.2 to 14.6). 
Hearing loss was statistically significantly associated with cumula-
tive exposure to cisplatin and cranial radiotherapy ( Table 4 ). 
Survivors were also 6.9 times more likely than siblings to be blind 
(95% CI = 4.0 to 11.8) and 16.2 times more likely to have cataract 
(95% CI = 7.3 to 35.8). Cranial radiotherapy was a statistically sig-
nificant risk factor for the development of adverse visual outcome 
(RR = 20.3; 95% CI = 9.7 to 42.7) and blindness (RR = 13.6; 95% 
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CI = 7.7 to 24.0). Survivors who did not receive cranial radiation 
therapy also had a mildly increased risk of blindness (RR = 2.9; 95% 
CI = 1.2 to 7.2) compared with the sibling group.      

  Second Malignant Neoplasms 

 Thirty neuroblastoma survivors developed a second malignant 
neoplasm (SIR = 8.0; 95% CI = 5.4 to 11.4) 5 or more years fol-
lowing the diagnosis. In addition, three second malignant neo-
plasms (acute lymphoblastic leukemia, thyroid cancer, and soft 
tissue sarcoma) occurred before entry into the cohort (ie, within 5 
years of the diagnosis of neuroblastoma). The cumulative inci-
dence of second malignant neoplasms after 5 years from diagnosis 
was 3.5% (95% CI = 2.1% to 4.9%) at 25 years after diagnosis 
( Figure 2 ). The second malignant neoplasms that occurred 5 or 

more years after the original cancer diagnosis were thyroid cancer 
(n = 8; SIR = 23.6, 95% CI = 10.2 to 46.5), renal cell carcinoma (n 
= 5; SIR = 89.4, 95% CI = 28.8 to 208.7), soft tissue sarcomas (n = 
3; SIR = 20.6, 95% CI = 4.1 to 60.1), acute myeloid leukemia (n = 
2; SIR = 186.9, 95% CI = 21.0 to 674.9), breast cancer (n = 2; SIR 
[among female survivors] = 12.8, 95% CI = 1.4 to 46.2), brain 
tumor (n = 1; SIR = 5.2, 95% CI = 0.6 to 18.9), acute lymphoblastic 
leukemia (n = 1), Hodgkin lymphoma (n = 1), and others (n = 7). 
The other secondary cancers included two case patients with 
squamous cell carcinoma (one on the border of the tongue and the 
other at the cervix uteri), two serous cystadenomas of the ovary, 
one mucoepidermoid carcinoma (in the submandibular gland), one 
bladder cancer, and one teratoma (of the pineal gland). Two of the 
eight survivors who developed thyroid cancer were known to have 

 Figure 2  .    Cumulative incidence of mortality, second malignant neo-
plasms, and selected chronic health conditions among 5-year survi-
vors of neuroblastoma. The mortality curves are statistically 
signifi cantly different across the categories of sex ( P  < .001) and 
treatment ( P  < .001). The chronic condition curves are statistically 

signifi cantly signifi cant across the categories of sex ( P  = .01), age 
at diagnosis ( P  < .001), year of diagnosis ( P  < .001), and treatment 
( P  < .001). Cumulative incidence curves were compared using Gray’s 
method (29). All statistical tests were two-sided. CI = confi dence 
interval.    
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 Table 3  .    Age-adjusted rate ratios of selected chronic health conditions first occurring 5 or more years following diagnosis in neuroblas-
toma survivors compared with siblings *   

  Condition

Cumulative incidence 

at 20 y since diagnosis 

of survivors (%) Survivors Siblings RR (95% CI)  P   

  Any condition 41.1 252.2 30.4 8.3 (7.1 to 9.7) <.001 
 Musculoskeletal conditions 7.8 53.2 2.6 20.1 (12.1 to 35.3) <.001 
     Severe scoliosis  †  5.8 42.9 1.6 27.0 (13.6 to 53.4) <.001 
     Osteoporosis 2.3 12.5 0.9 13.2 (5.5 to 32.1) <.001 
 Neurological conditions 29.8 152.9 20.0 7.6 (6.4 to 9.1) <.001 
     Weakness in arms or legs 13.7 35.3 1.6 22.7 (16.4 to 31.6) <.001 
     Decreased sense of touch and feeling in hands, 
  fingers, arms, or legs

10.7 45.5 4.4 10.2 (7.6 to 13.7) <.001 

     Prolonged pain or abnormal 
  sensations in arms, legs, or back

13.7 82.4 11.8 7.0 (5.4 to 9.1) <.001 

     Problems with balance 8.1 36.4 3.8 9.6 (6.8 to 13.5) <.001 
     Seizures 6.6 24.4 4.1 6.0 (4.2 to 8.7) <.001 
     Tremor or movement problems 5.4 13.7 1.2 11.2 (7.0 to 18.0) <.001 
     Paralysis, unspecified 5.5 14.5 1.3 11.3 (7.3 to 17.5) <.001 
 Endocrine conditions 8.3 67.9 5.21 13.0 (8.9 to 19.1) <.001 
     Medication needed to initiate puberty 3.1 41.7 0.8 55.4 (16.1 to 191.1) <.001 
     Growth hormone deficiency 4.2 24.6 0.6 38.5 (15.2 to 97.3) <.001 
     Growth hormone injections 2.8 14.3 0.4 37.0 (12.7 to 107.6) <.001 
     Hypothyroidism 4.1 33.7 4.0 8.4 (5.1 to 13.6) <.001 
 Sensory conditions 8.6 22.6 2.8 8.0 (5.6 to 11.3) <.001 
     Cataract 3.1 10.8 0.7 16.2 (7.3 to 35.8) <.001 
     Hearing loss/deafness  ‡  3.8 6.8 0.8 8.7 (5.2 to 14.6) <.001 
     Blindness § 3.1 11.0 1.6 6.9 (4.0 to 11.8) .004  

  *   Rates are listed per 10   000 person-years. Two-sided statistical inference (Wald confidence intervals and tests) from Poisson regression was used with the modi-
fication by generalized estimating equations to account for potential within-family correlation. Incidence rates per 10   000 person-years were age-adjusted rates at 
age 15 years. Statistical tests were two-sided. CI = confidence interval; RR = rate ratio.  

   †    Severe scoliosis was further analyzed within survivors in relation to receiving laminectomy, thoracotomy, and radiotherapy to the spine: The results are described 
in the text.  

   ‡    Hearing loss requiring a hearing aid or deafness not corrected by a hearing aid.  

  §   Legally blind or loss of an eye.   

causes of death being disease recurrence and second malignant 
neoplasms. 

 The published literature on late outcomes for neuroblastoma 
survivors, which is based on case series and small cohorts of 
neuroblastoma survivors, reports treatment-related outcomes 
including musculoskeletal and neurological problems ( 7  –      10 ), 
severe sensorineural hearing loss ( 14  –    16 ), endocrine defi cits 
( 8 , 9 , 11  –    13 ), and increased risk of second malignant neoplasms 

 Table 4  .    Specific risk factors for the occurrence of hearing loss 
and deafness in survivors *   

  Treatment RR (95% CI)  P   

  Cisplatin 
     None 1.0  
     0.1 – 299 mg/m 2 0.0 (0.0 to 999)  
     300 – 600 mg/m 2 13.1 (4.7 to 36.9) <.001 
     >600 mg/m 2 69.0 (25.8 to 184) <.001 
 Cranial radiation therapy 
     Yes 3.2 (1.0 to 10.3) .046 
     No 1.00   

  *   Age, age at diagnosis, year at diagnosis, and sex adjusted. Two-sided statisti-
cal inference (Wald confidence intervals and tests) from Poisson regression 
was used. CI = confidence interval; RR = rate ratio.   

received radiotherapy to the neck, one had received total body 
irradiation, and one additional patient had received radiotherapy 
but the exact site was unknown. Two of the five survivors who 
developed renal cell carcinoma had received radiotherapy to the 
abdomen. One of the two patients who developed acute myeloid 
leukemia received etoposide, and the patient who developed breast 
cancer received chest radiotherapy. In the multivariable Poisson 
regression analysis, exposure to any radiotherapy ( P  = .05) and to 
etoposide ( P  = .01) were statistically significant risk factors for the 
development of a second malignant neoplasm.   

  Discussion 
 In this study of 5-year neuroblastoma survivors, we observed that 
the cumulative 20-year incidence of a chronic health condition is 
41.1%, with an 8.3-fold increased risk when compared with their 
siblings. The most prevalent outcomes involved the neurological, 
sensory, endocrine, and musculoskeletal systems, with 20-year 
cumulative incidences of 29.8%, 8.6%, 8.3%, and 7.8%, respec-
tively. Survivors treated with multimodality therapy were at 
increased risk of developing a chronic health condition compared 
with those treated with surgery alone. Six percent of patients died 
more than 5 years after their diagnosis, with the most common 
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( 17 ). The current study of more than 900 neuroblastoma survi-
vors who were followed up    to 30 years from diagnosis, to our 
knowledge, represents the largest comprehensive investigation 
of long-term outcomes in this specifi c population. Our data 
confi rm the results of many of the previous smaller studies and 
provide additional information regarding the incidence or 
prevalence and risk factors for specifi c outcomes. We demon-
strate that the risks of mortality and of developing a chronic 
health condition are statistically signifi cantly higher for neuro-
blastoma survivors than would be expected in the general popu-
lation or observed among siblings. In expanding on our previous 
report about chronic health conditions 30 years after a diagno-
sis of neuroblastoma ( 4 ), we now demonstrate that risks were 
particularly high for development of a second malignant neo-
plasm and musculoskeletal or neurological complications. It is 
also noteworthy that neuroblastoma survivors who were diag-
nosed and treated more recently (1981 – 1986) had the highest 
cumulative rate of chronic health conditions. The latter fi nding 
may refl ect the introduction of more intensive therapies for 
patients who were judged by risk stratifi cation to have a poor 
prognosis and the treatment of low- or intermediate-risk 
patients with relapsed disease. Increased therapeutic exposure 
in this population could result from greater dose intensity, stem 
cell transplantation, and regimens using multimodality 
approaches ( 2 , 3 ). 

 The 25-year cumulative risk of late mortality in this study was 
6%. Main causes for late mortality were disease recurrence, second 
malignant neoplasms, and cardiac complications. These fi ndings 
are similar to those reported for survivors of all types of childhood 
cancer ( 30 ). Also, the increased risk of late mortality for patients 
who were older than 5 years at diagnosis is consistent with the 
fi ndings of previous studies of childhood cancer survivors ( 30 , 31 ). 

 Similar to observations among all survivors of childhood cancer 
combined ( 32 ), the cumulative incidence of second malignant neo-
plasm among neuroblastoma survivors was 3.5% at 25 years and 
increased to 7.0% at 30 years, with risk being statistically signifi -
cantly associated with exposure to radiation therapy. As in previous 
smaller series, thyroid cancer, breast cancer, and acute myeloid 
leukemia were among the most common second malignant neo-
plasms observed in neuroblastoma survivors ( 13 , 17 , 32 , 33 ). The 
occurrence of fi ve patients with renal cell carcinoma in our cohort 
is particularly noteworthy. The occurrence of renal cell carcinoma 
after neuroblastoma has been described previously ( 34 ). Although 
some cases of renal cell carcinoma have occurred following expo-
sure to chemotherapy, particularly with cyclophosphamide, the 
fact that others have occurred in neuroblastoma patients who were 
not exposed to any chemotherapy suggests the possibility of an 
underlying genetic predisposition ( 35 ). Recently, Altinok et al. ( 36 ) 
described an Xp11.2/ TFE3     translocation in a neuroblastoma 
patient who developed renal cell carcinoma after exposure to che-
motherapy. The same translocation has been described in patients 
with renal cell carcinoma after chemotherapy in individuals with 
diagnoses other than neuroblastoma, suggesting that cytotoxic 
chemotherapy may predispose to the development of this specifi c 
form of renal cell carcinoma ( 35 ). 

 Musculoskeletal and neurological late effects have been reported 
in small series of low- or intermediate-risk neuroblastoma survi-

vors ( 7 ). The most common of these is the development of scoliosis 
that is associated with moderate to high doses of radiation therapy 
(1500 – 5000 cGy, frequently administered in an asymmetric spinal 
fi eld). Neurological complications, including mild to severe pare-
sis, paraplegia, and neurogenic bladder, have also been described. 
These conditions, which occurred at 3- to 20-fold higher rates in 
neuroblastoma survivors than siblings, could be disease related (eg, 
intraspinal tumors) and/or could be complications of surgery. In 
addition, the data indicated that age at diagnosis was a statistically 
signifi cant risk factor for the development of a neurological com-
plication, with infants who were diagnosed at less than 1 year of 
age being at greatest risk. This increased risk may be a refl ection 
of the diffi culties inherent in operating on small infants, in cases of 
epidural neuroblastoma. 

 We also found that the risk of blindness was increased in neu-
roblastoma survivors compared with siblings. Cranial radiation 
therapy was associated with increased risk of blindness. Blindness 
was most likely to be due to disease that involved either the base of 
the skull or the orbits and that was treated with radiation therapy. 

 Not unexpectedly, we found neuroblastoma survivors to be at a 
statistically signifi cantly increased risk of hearing loss. Exposure to 
cisplatin was the major risk factor for hearing loss. Hearing loss at 
a young age has a substantial impact on speech acquisition and 
academic achievement and may contribute to an increased need for 
special education services ( 37 ). Nonetheless, neuroblastoma survi-
vors reported educational attainment similar to siblings. However, 
the neuroblastoma survivors differed substantially from the sibling 
cohort in psychosocial outcomes, including having never been 
employed, having lower individual and household income, and 
being less likely to have ever married. These outcomes are sugges-
tive of a diminished level of social integration among neuroblas-
toma survivors. Few studies have specifi cally investigated the 
quality of life of neuroblastoma survivors ( 16 , 38 , 39 ). A recent 
Children’s Oncology Group study ( 16 ) found that the 137 neuro-
blastoma survivors did not score substantially different from popu-
lation norms on validated quality-of-life measures but those with 
hearing loss had substantially increased risk of academic problems 
and indicators of psychosocial distress. Barrera et al. ( 38 ) also 
reported neuroblastoma survivors to be at risk for decreased 
emotional well-being and adverse social outcomes. 

 Several issues need to be considered when interpreting our 
fi ndings. First, the medical conditions are self-reported without 
external verifi cation, with the exception of mortality and second 
malignant neoplasms, and self-reporting has the potential to result 
in misclassifi cation of outcome status and imprecision in risk esti-
mates. Second, it was necessary to restrict the current report to 
selected outcomes because it is not possible to adequately present 
results on the full range of potential late effects. Many additional 
possible outcomes (eg, chronic pain, hepatitis C, posttraumatic 
stress, etc) will be the subject of future CCSS publications and will 
present fi ndings stratifi ed on initial diagnosis. 

 Third, the CCSS cohort is hospital based as opposed to popula-
tion based, and a proportion of eligible subjects did not participate 
in the baseline survey and thus are not included in analyses of risk 
factors for chronic health conditions. These features must be con-
sidered within the context of the generalizability of the results and 
the potential validity of the rates obtained. Although the similarity 
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of demographic- and treatment-specifi c characteristics of partici-
pants and nonparticipants is reassuring, it is still possible that 
nonparticipants systematically differ with respect to prevalence of 
chronic health conditions, thus resulting in biased estimates. 
Nonetheless, previously published results from the CCSS relative 
to late mortality and morbidity are similar to those in smaller 
population-based studies from Europe ( 40  –      43 ). With this in mind, 
it is still important to note that the population of neuroblastoma 
survivors in the current project represents one of the largest series 
reported to date. 

 Fourth, neuroblastoma staging was not collected for partici-
pants in the CCSS cohort. Although lack of staging data might 
appear to be a limitation, it actually had minimal consequences 
because there has been a marked shift in risk- and stage-based 
tailoring of therapy, which makes it more relevant to considering 
late effects among survivors relative to the actual treatment expo-
sure of the patients rather than to their stage of disease. 

 In summary, young adult neuroblastoma survivors who were 
treated in the 1970s and 1980s are at risk for many adverse out-
comes, including second malignant neoplasms, chronic health 
conditions, and unfavorable psychosocial outcomes. It will be 
important to continue to follow this relatively young adult cohort 
of survivors to determine whether the pattern of adverse outcomes 
will change as they age. For children who are currently undergoing 
intensive treatment for neuroblastoma, the results of the current 
study are quite relevant and underscore the need for close surveil-
lance and lifelong follow-up to ameliorate potential medical and 
psychosocial late effects. Future research should build on these 
data and investigate risk factors for long-term complications of 
neuroblastoma treatment and second malignant neoplasms, includ-
ing genetic studies for the risk of renal cell carcinoma.     
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