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Abstract
BACKGROUND: Current risk stratification systems for neuroblastoma patients consider clinical, histopathological, and
genetic variables, and additional prognosticmarkers have been proposed in recent years.We here sought to select highly
informative covariates in a multistep strategy based on consecutive Cox regression models, resulting in a risk score that
integrates hazard ratios of prognostic variables. METHODS: A cohort of 695 neuroblastoma patients was divided into a
discovery set (n = 75) for multigene predictor generation, a training set (n = 411) for risk score development, and a
validation set (n = 209). Relevant prognostic variables were identified by stepwise multivariable L1-penalized least
absolute shrinkage and selection operator (LASSO) Cox regression, followed by backward selection in multivariable Cox
regression, and then integrated into a novel risk score. RESULTS: The variables stage, age, MYCN status, and two
multigene predictors, NB-th24 andNB-th44, were selected as independent prognosticmarkers by LASSOCox regression
analysis. Following backward selection, only themultigenepredictorswere retained in the finalmodel. Integration of these
classifiers in a risk scoring system distinguished three patient subgroups that differed substantially in their outcome. The
scoring system discriminated patients with diverging outcome in the validation cohort (5-year event-free survival,
84.9 ± 3.4 vs 63.6 ± 14.5 vs 31.0 ± 5.4; P b .001), and its prognostic value was validated by multivariable analysis.
CONCLUSION:Wehereproposea translational strategy fordeveloping risk assessment systemsbasedonhazard ratiosof
relevant prognostic variables.Our final neuroblastoma risk score comprised twomultigene predictors only, supporting the
notion that molecular properties of the tumor cells strongly impact clinical courses of neuroblastoma patients.
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Introduction
Neuroblastoma is the most common extracranial solid cancer in
childhood [1]. The clinical courses of the disease are remarkably
diverse, ranging from spontaneous regression to fatal progression
[2–4]. Accordingly, current treatment stratification systems cover a
broad spectrum of therapeutic strategies. These may vary between a
“wait-and-see” approach for patients in whom the tumor is expected
to regress spontaneously and intensive multimodal treatment for
patients who are at high risk to die from the disease. Accurate risk
assessment of neuroblastoma patients at diagnosis is thus essential for
selecting the most appropriate first-line therapy. In current treatment
stratification systems, the clinical prognostic variables “age at
diagnosis” and “stage of disease” are placed in the center of
neuroblastoma risk estimation [5–7], although their exact definition
is under continuous discussion [6,8].
A number of molecular markers have been established for

neuroblastoma risk assessment, some of which are currently in
clinical use. Among others, these markers include amplification status
of the proto-oncogene MYCN [9], copy number status of
chromosomes 1p and 11q [5,10,11], ploidy of the tumor cells
[12,13], and numerical and segmental copy number alterations
[14,15]. Furthermore, several other genetic alterations, such as
activating ALK mutations [16–18], inactivating mutations of the
ATRX gene [19,20], and rearrangements of the TERT locus [21,22],
have been reported to impact clinical outcome. In addition to
genomic alterations, gene expression–based classifiers have been
supposed to predict patient outcome with high accuracy [23–27]. In
Table 1. Patient Characteristics of the Entire Cohort, the Discovery Set, the Training Set, and the V

Entire Cohort Discovery

n % n

695 75

Age at diagnosis
b18 months 433 62 51
≥18 months 262 38 24
b30 months 512 74 58
≥30 months 183 26 17

Stage
Stage 1 156 22 27
Stage 2 116 17 14
Stage 3 91 13 3
Stage 4 252 36 18
Stage 4S 80 12 13

MYCN
Nonamplified 571 82 66
Amplified 118 17 8
N.D. 6 1 1

1p
No deletion 420 60 60
Deletion 146 21 13
N.D. 129 19 2

Gene expression–based classifier NB-th10
Favorable
Unfavorable

Gene expression–based classifier NB-th24
Favorable
Unfavorable

Gene expression–based classifier NB-th26
Favorable
Unfavorable

Gene expression–based classifier NB-th44
Favorable
Unfavorable

* Missing information on MYCN in 3/2 (1%/1%) and on chromosome 1p status in 85/42 (21%/20%) pat
† P value of Fisher's exact test comparing the distribution of the respective variables in the cohorts.
previous studies, the prognostic value of such novel biomarkers has
been examined in patient subgroups defined by well-established
markers, such as stage, age, and MYCN status, to assess whether the
new variables can contribute to already existing risk estimation
systems [23–27]. Due to the plethora of potentially relevant markers,
however, it has remained challenging to determine the most
appropriate combination of prognostic variables for optimal risk
assessment in neuroblastoma.

Here, we developed an alternative approach to integrate prognostic
markers for risk estimation of neuroblastoma patients. We
implemented a multistep strategy based on consecutive Cox
regression models, thereby avoiding subgroup analyses completely.
We considered all prognostic variables currently used for treatment
stratification in Germany as well as four distinct multigene classifiers
developed previously [23]. Relevant variables were first selected in a
stepwise procedure and then integrated in a prognostic index that was
translated into a new risk score. The final risk score consists of two
gene expression–based classifiers only, thus emphasizing the power of
gene expression–based classification for outcome prediction in
neuroblastoma.

Patients and Methods

Patient Cohort
The study was performed on a neuroblastoma patient cohort that

has been described previously (n = 709) [23]. All patients were
alidation Set; Absolute and Relative Frequencies Are Indicated

Set Training Set Validation Set P †

% n % n %

411 209

68 251 61 131 63 .528
32 160 39 78 37
77 300 73 154 74 .775
23 111 27 55 26

.002
36 90 22 39 19
19 68 17 34 16
4 61 15 27 13
24 156 38 78 37
17 36 9 31 15

.281
88 337 82 168 80
11 71 17 39 19
1 3 1 2 1

.253
80 238 58 122 58
17 88 21 45 22
3 85 21 42 20

1.000
248 60 126 60
163 40 83 40

1.000
228 56 116 56
183 45 93 45

.733
228 56 119 57
183 44 90 43

.726
257 63 127 61
154 38 82 39

ients of the training/validation cohort, respectively.
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registered in the respective clinical trials with informed consent. We
considered only patients below 10 years of age since neuroblastoma in
adolescents and adults is rare (b5% of all neuroblastomas [28]), and
both patient clinical courses and molecular profiles of the tumors
differ from neuroblastoma of younger children [29,30]. In order to
prevent outlier effects of these atypical courses on model develop-
ment, we therefore excluded 14 patients older than 10 years at
diagnosis (2%), leaving a cohort of 695 patients for analysis. The
entire cohort was divided into discovery, training, and validation sets
(Table 1 and Figure 1). The discovery set (n = 75) was used for
generation of gene expression–based classifiers, the training set (n =
411) for score building, and the validation set (n = 209) for external
validation of the score. Thus, score building and validation were
performed on two independent data sets to address multiple testing
issues and potential overfitting of underlying models.
Entire c
n=7

Trainin
n=4

Discovery set
n=75

Generation of gene
expression classifiers

Definition o
of vari

Selection of
relevant va
LASSO p

Buildin
prognostic

stratification
risk gr

Selection of
relevant va
backward

1*

2*

3*

4*

5*

0*

6*
Internal co

check of
Sco

Figure 1. Flow diagram of the study. The entire patient cohort was div
excluded from the study (n = 14). In a previous step (step 0), gene exp
risk score (referred to as NB-Risk Score) was developed and evaluate
the risk score in predicting patient outcome was evaluated in an indep
Score building and validation procedure are numbered in the approp
Generation of Gene Expression–Based Classifiers
Gene expression profiles of all 695 neuroblastoma samples had been

generated previously using customized 4x44K oligonucleotide microar-
rays (Agilent Technologies) [23]. Gene expression–based classifiers had
been developed on a cohort of 75 tumors (discovery set) from patients
with maximally divergent clinical courses as described elsewhere [23] (see
Supplementary Material). Expression data and basic clinical information
are available through ArrayExpress (http://www.ebi.ac.uk/arrayexpress;
accession: E-MTAB-1781). As the classifiers led to discrepant results for a
number of patients in the training set (Figure 2A), we considered all four
predictors for risk score building.

NB-Risk Score Building and Validation Procedure
A stepwise modeling strategy was implemented to ensure reliable

and robust model development and validation. The endpoint
Validation set
n=209 

ohort
09

g set
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ables
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riables by
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ided into three subsets. All patients older than 10 years of age were
ression–based classifiers had been generated on a discovery set. A
d on a separate training set (steps 1-6). Finally, the performance of
endent validation set (steps 7 and 8). The different steps of NB-Risk
riate order.
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Figure 2. (A) Venn diagram of concordant and discordant classification results of the four different gene expression classifiers (NB-th10,
-th24, -th26, and -th44) within the training set. The numbers of tumors classified as favorable or unfavorable are highlighted in green and
red, respectively. (B) Schematic representation of the NB-Risk Score that considers classification results and hazard ratios of the two gene
expression–based classifiers, NB-th24 and NB-th44. Favorable classification, 0; unfavorable classification, 1; LR, low risk; IR,
intermediate risk; HR, high risk.
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event-free survival (EFS) was used for score building. Score validation
was performed on both EFS and overall survival (OS). EFS was
calculated from time of diagnosis until event, defined as recurrence,
progression ,or death from disease, and OS was calculated from time
of diagnosis until death from disease or last contact for patients alive.
Cases of death due to other causes occurred in 10 patients of the
entire cohort and were considered as censoring events. Selection of
prognostic markers for model building consisted of consecutive
univariable Cox regression, multivariable L1-penalized least absolute
shrinkage and selection operator (LASSO) Cox regression, and
backward selection based on Wald test in a multivariable Cox model.
We used the LASSO procedure [31], which simultaneously performs
variable selection and shrinkage of regression coefficients, to reduce
the number of potentially relevant variables to the most relevant ones.
This step enabled backward selection on the remaining variables,
leading to further reduction to the final set of variables that are
relevant and can be estimated with adequate precision. The parameter
estimates from the final model were used to build a prognostic index
defined as the linear predictor function of the final Cox regression
model, and three risk groups were built based on an optimal
stratification of the prognostic index, referred to as NB-Risk Score.
Detailed information on the consecutive steps as well as the statistical
analyses of the NB-Risk Score building and validation procedure is
given in the Supplementary Material.

Analysis of Genetic Alterations
Global copy number alterations of the tumors were assessed by

array-based comparative genomic hybridization (aCGH) as described
previously [32]. Copy number alterations at chromosome 11q and
the ALK locus were determined by fluorescence in situ hybridization
as described [33]. Whole-genome sequencing data of tumors and
matched normal controls have been published elsewhere [21]. Single
nucleotide variants of ALK were determined by dideoxy-sequencing or
targeted massively parallel sequencing as described previously [17,21].
Results

Development of the NB-Risk Score
Gene expression–based classifiers had been developed in our

previous work on the discovery set [23] (step 0). As a first step in
NB-Risk Score development, we determined the prognostic value of
each variable separately in the training set by univariable analysis



Table 2. Selection of Prognostic Variables in Step 3 of the Score Building Procedure Using Multivariable Backward Selection in a Cox Regression for EFS

Variable Available Cases (n)* HR 95% CI P

NB-th24 †

Unfavorable vs favorable 144 vs 253 2.64 1.38-5.08 .004
NB-th44 †

Unfavorable vs favorable 171 vs 226 2.40 1.31-4.40 .005
MYCN amplification ‡

Yes vs no 394 - - N/S (.246)
Stage
1, 4S, 2, 3, or 4, ref.: 1 397 - - N/S (.092)

Age at diagnosis
≥30 vs b 30 months 397 - - N/S (.364)

N/S, not selected; P, P value of Wald/score test at the final step of backward selection for selected/not selected variables; HR, hazard ratio; CI, confidence interval.
* Available cases n = 397 (145 events), missing information on EFS in 14 patients.
† No interaction terms were selected, indicating that the simultaneous risk of both NB-th24 and NB-th44 results in a multiplied HR of 6.4.
‡ Missing information on MYCN in 3 patients.
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(step 1). As expected, all markers turned out to be highly informative
and robustly discriminated patients with favorable and unfavorable EFS
(P b .001 each; Supplementary Table 1). At step 2 of the score building
procedure, we performed multivariable Cox regression analysis according
to the LASSOprocedure [31]. A LASSOparameter of λopt = 7.01 turned
out to be optimal, maximizing the cross-validated log likelihood
(Supplementary Figure 1A). We found that only five variables were
retained after this step at the optimal LASSO tuning parameter: stage of
disease, age at diagnosis (≤30 vs N30 months), MYCN amplification
status, and the gene expression classifiers NB-th24 and NB-th44
(Supplementary Figure 1B).

To improve model precision, we next performed backward
selection based on Wald test in a Cox regression model including
the five previously identified variables (step 3). We observed that only
the gene expression–based classifiers NB-th24 and NB-th44
contributed independently to the final model (Table 2). As both
classifiers discriminate only between favorable (0) and unfavorable (1)
outcome, we thus obtained a simple prognostic index (PI, step 4) that is
calculated for every patient considering both the individual classification
result (0 vs 1) and the hazard ratio of each gene expression–based classifier
(Supplementary Material). Several of the genes included by the classifiers
NB-th24 and NB-th44 have been related to neuroblastoma previously
(e.g., CD47 [34], CNR1 [35,36], and DST [36]; Supplementary
Table 2). To determine which molecular pathways or processes may be
represented by the genes of the classifiers, we performed Gene Ontology
enrichment analysis; however, no functional category was identified by
this approach.

We next used the prognostic index to define three risk groups
based on optimal stratification of the training set patients according to
EFS (step 5). The final risk stratification, referred to as NB-Risk
Score, is thus a two-step dichotomous decision process that considers
NB-th24 prediction on the first level and NB-th44 prediction on the
second level to allocate neuroblastoma patients to three distinct risk
groups (Figure 2B).

Validation of the Prognostic Value of the NB-Risk Score
We first evaluated the prognostic accuracy of the NB-Risk Score

internally in the training set that had been used for model
development (step 6). In this cohort, clinical outcome of patients
in the three risk groups differed substantially in terms of both EFS
(5-year EFS, 0.832 ± 0.026 vs 0.648 ± 0.090 vs 0.320 ± 0.040;
P b .001) and OS (5-year OS, 0.995 ± 0.005 vs 0.840 ± 0.060 vs
0.490 ± 0.042; P b .001; Supplementary Figure 1C). We also
assessed the prognostic value of the NB-Risk Score and NB2004
risk stratification by multivariable Cox regression analysis and
observed that only the NB-Risk Score variables “intermediate risk”
(P = .008) and “high risk” (P b .001) were retained in the final
model based on EFS (Supplementary Figure 1D). Analogous models
for OS could not be fitted, indicating substantial convergence of the
NB-Risk Score and NB2004 stratification system for OS.

To validate the NB-Risk Score, we examined the performance of
the score externally in the validation set (n = 209, step 7) by
confirmatory hypothesis testing (Supplementary Material). The
validity of the prognostic index in predicting EFS was substantiated
by Cox regression analysis (step 8; βPI = 1.000; 95% confidence
interval = 0.702-1.230). Allocation of patients to low-,
intermediate-, and high-risk groups according to the NB-Risk Score
demonstrated that clinical outcome of validation set patients differed
substantially between the three risk groups for both EFS (5-year EFS,
0.849 ± 0.034 vs 0.636 ± 0.145 vs 0.310 ± 0.054) and OS
(5-year-OS, 0.962 ± 0.019 vs 1.000 ± 0.000 vs 0.498 ± 0.060;
Figure 3A). Patients of the low-risk group had significantly better EFS
and OS than high-risk patients (P b .001 each; rejection of null
hypotheses H2 and H5, see Supplementary Material). In addition,
intermediate-risk patients had significantly worse EFS than low-risk
patients, while OS of intermediate-risk patients was significantly
better than that of high-risk patients (P = .011 each; rejection of
hypotheses H1 and H6). We did not observe differences in terms of
EFS between the intermediate- and high-risk group and in terms of
OS between the low- and intermediate-risk group (P = .283 and P =
.773, respectively; no rejection of hypotheses H3 and H4). This
finding may suggest that the NB-Risk Score identifies children as
intermediate-risk patients who are at increased risk for disease
progression or relapse but may have excellent overall survival with
appropriate treatment.

We next aimed to assess the prognostic value of NB-Risk Score
classification in comparison to stratification by the NB2004 system.
Kaplan-Meier estimates for EFS and OS were similar between both
stratification systems (Figure 3, A and B), except that EFS of patients
of the NB2004 intermediate-risk group (MRG) was exceptionally
favorable. This observation may be due to a sampling bias of this
minor patient subgroup. Alternatively, it has to be considered that the
majority of patients in the NB2004 observation group (OG) did not
receive chemotherapy, which may have resulted in relatively worse
EFS of OG patients in comparison to MRG patients. We finally
assessed performances of the NB-Risk Score and the NB2004 system
in the validation cohort by multivariable Cox regression analysis built
on EFS. We found that only the NB-Risk Score strata “intermediate
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risk” (P = .007) and “high risk” (P b .001) were independent
prognostic variables (Figure 3C). Examination of patients who were
discordantly classified by the two risk estimation systems revealed
that, within the NB2004 observation group, patients classified as
intermediate or high risk by the NB-Risk Score had worse outcome
than those classified as low risk (Figure 3D). Conversely, patients
classified as low or intermediate risk by the NB-Risk Score within the
NB2004 high-risk group had better outcome than those classified
as high risk, although statistical significance was marginal in
this subgroup (P = .063; Figure 3D). Together, these findings
demonstrate that the NB-Risk Score consisting of two multigene
predictors only is able to accurately predict outcome of neuroblas-
toma patients.

Comparison of Prognostic Genomic Alterations with NB-Risk
Score Classification

We finally evaluated the association of NB-Risk Score classification
with genomic alterations that are supposed to impact clinical courses
in neuroblastoma. Genomic loss of 11q occurred in 73/334 cases of
the combined training and validation set, and was significantly
associated with high-risk classification by the NB-Risk Score
(P b .001; Supplementary Table 3). We also assessed the prognostic
impact of numerical and segmental copy number alterations
according to Janoueix-Lerosey and coworkers [14] in 150 cases that
had been analyzed by aCGH. In line with that study, we found that
numerical copy number alterations were associated with excellent
outcome, while outcome of patients whose tumors harbored
segmental alterations or MYCN amplification was significantly
worse (Supplementary Figure 2A). Comparison of the copy
number–based classification with that of the NB-Risk Score revealed
that genomic subgroups bearing numerical alterations only and
MYCN amplification were significantly associated with the low-risk
and high-risk groups of the NB-Risk Score, respectively (both
P b .001; Supplementary Table 4). By contrast, the genomic
subgroup bearing segmental alterations was separated by the
NB-Risk Score into low-, intermediate-, and high-risk subgroups,
corresponding to favorable, intermediate, and poor patient outcome
(Supplementary Figure 2B).

Genomic alterations of several genes have been suggested to impact
clinical outcome of neuroblastoma patients. We determined single
nucleotide variants and copy numbers of ALK in 244 and 185 cases,
respectively. While ALK amplification occurred exclusively in the
high-risk group (n = 4, P = .002; Supplementary Table 5), we did
not observe a significant association of ALK single nucleotide variants
with risk groups defined by the NB-Risk Score (P = .644;
Supplementary Table 5). While ALK mutations have been previously
associated with unfavorable clinical courses in general, it has been also
demonstrated that such alterations occur in neuroblastomas covering
the entire spectrum of the disease [16,17], which may explain the lack
of significance in our cohort. In addition, we took whole-genome
sequencing data of 32 cases into account and found that
rearrangements of the TERT locus (high risk, n = 5; intermediate
risk, n = 1), ATRX mutations (high risk, n = 2), PTPRD deletion
(high risk, n = 1), and chromothripsis (high risk, n = 2; intermediate
risk, n = 1) were predominantly detected in tumors classified as high
risk by the NB-Risk Score. Similarly, evidence for alternative
lengthening of telomeres was mainly found in patients classified to
be at high risk (high risk, n = 4; intermediate risk, n = 1; low risk,
n = 1). While these findings may be limited by the small sample
size, they point towards association of unfavorable molecular
alterations with high-risk classification by the NB-Risk Score.

Discussion
Current risk assessment systems for neuroblastoma patients are taking
combinations of clinical, histopathological, and genetic prognostic
markers into account [5,6]. Results from clinical and molecular
studies suggest that current risk assessment systems are still imperfect
[4,11,23,37], resulting in over- or undertreatment of a fraction of
patients. Over recent years, several studies have proposed that
molecular markers such as gene expression classifiers [23–27], copy
number alteration alterations [10,11,14,33,38], and somatic muta-
tion patterns [16,17,19–22] may precisely reflect the biology of the
tumor. In a study of Tomioka and coworkers, both gene expression–
and copy number–based signatures were accurate and independent
prognostic markers, suggesting that combination of both may
improve treatment stratification of the patients [15]. It has remained
unclear to date, however, how these novel biomarkers can be
integrated best into existing risk estimation systems.

In a classical approach, the potential clinical utility of prognostic
biomarkers is being examined by determining their predictive power
in patient subgroups, defined by established prognostic variables
[14,23–27]. While this strategy can provide valuable information on
how to integrate such biomarkers in existing risk stratification, it may
prevent substitution of established markers by novel variables. In
contrast to this practice, we here present an unbiased strategy to
develop risk assessment systems that renounce completely on
subgroup analyses. In this approach, we selected the most informative
variables in a stepwise procedure in consecutive Cox regression
analyses [39,40] and integrated them along with their hazard ratios in
a prognostic index. We hypothesized that the combination of
different statistical approaches in a sequential model building strategy
may multiply their benefits and compensate for potential shortcom-
ings of the approaches, thus resulting in increased model stability.

Using our stepwise model building approach, we demonstrate that
risk stratification of neuroblastoma patients is highly accurate when
considering gene expression information only, even in the absence of
established prognostic markers such as stage, age, and MYCN status.
In addition, we show that integration of more than one gene
expression–based classifier in a risk estimation score may improve
outcome prediction of patients. Stratification according to the
NB-Risk Score readily discriminated two major subgroups, consisting
of patients with excellent outcome and patients who are at high risk to
die from the disease. In addition, the NB-Risk Score delineated a
small group of intermediate-risk patients, similar to current risk
stratification systems. In the validation set, these patients had
relatively poor EFS but excellent OS. Events had occurred in 5 of the
12 patients in this subgroup, 3 of which were localized progressions in
clinically low-risk patients who had not been treated with
chemotherapy upfront but only at the time of progression. Today,
all three patients have survived without further events for 4 years or
more. One event occurred as localized progression in a 17-month-old
patient with stage 4 disease following chemotherapy. The tumor was
resected after one additional cycle of chemotherapy. Since histology
turned out to be ganglioneuroblastoma, cytotoxic treatment was
discontinued, and the patient has survived event-free for more than
9 years to date. Finally, one event occurred in a 4-year-old patient
with stage 4 disease, who relapsed after treatment according to the
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high-risk protocol. After having received second-line chemotherapy,
the patient has now survived event-free for more than 3 years. Four of
the remaining 7 patients had received chemotherapy upfront, one
patient had been resected completely, and one had been observed
only; for one patient, no information on treatment was available.
Together, these data suggest that the majority of patients classified as
intermediate risk by the NB-Risk Score may have favorable outcome
with appropriate therapy.
We found that genomic alterations associated with unfavorable

disease, such as 11q loss, occurred predominantly in patients classified
as high risk by the NB-Risk Score, thus supporting the notion that
molecular characteristics of the tumor strongly impact clinical
outcome of the patients. As an exception, we observed that patients
whose tumors harbored segmental copy number alterations [14] were
separated into subgroups with favorable, intermediate, and poor
outcome. These data suggest that gene expression–based classification
may be able to improve stratification based on copy number
alterations; however, this finding needs to be validated in larger and
independent patient cohorts.
Various gene expression–based classifiers have been proposed by

different research groups [23–27]. As gene signatures of the distinct
classifiers hardly overlap, concerns have been raised on their general
applicability. Taking the enormous number of genes differentially
expressed between favorable and unfavorable neuroblastoma subtypes
into account [41], however, it is comprehensible that different
bioinformatics algorithms applied on different gene expression
datasets generated on different platforms may not yield exactly the
same results. In fact, the reliability and robustness of gene expression–
based risk assessment in neuroblastoma have been demonstrated by 1)
validation of the prognostic value of an expression signature in a
prospective setting [24] and 2) demonstrating that prognostic
signatures developed on microarray-based expression profiles can be
readily transferred to RNA-seq data and vice versa [42].
It has to be considered that our study has been performed in

retrospect on neuroblastoma patients who had been treated in
different trials, both from Germany and from other countries [23].
The clinical value of risk estimation by evaluating prognostic variables
retrospectively may be limited by the fact that treatment effects on
patient outcome cannot be taken fully into account, which applies
not only to the NB-Risk Score but also to the NB2004 stratification
system in this study. The fact that the NB-Risk Score performed
excellently in the independent validation cohort, however, substan-
tiates its robustness. Nevertheless, the clinical relevance of our novel
risk stratification system needs to be validated in prospective clinical
trials. Based on our previous studies [24], we expect that about 75%
of neuroblastoma samples in Germany will currently meet the
requirements for microarray-based expression analysis (e.g., sufficient
amount of tumor tissue, tumor infiltration grade of at least 50%,
high-quality RNA). Implementation of a risk estimation system based
on multigene predictors thus appears to be feasible.

Conclusion
Together, we here propose amultistep strategy to establish risk estimation
systems by identifying and integrating prognostic variables using
consecutive multivariable Cox regression analyses. Using this strategy,
we developed a highly accurate neuroblastoma risk assessment system
consisting of prognostic information from two gene expression–based
classifiers only. Our results support the notion that neuroblastoma is a
molecularly defined disease [1,14,15,19–21,24,26,27] and that clinical
variables, such as stage of disease or age at diagnosis, are essentially
reflected by the genetic properties of the tumor cells.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.neo.2017.09.006.
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