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abstract

For children with neuroblastoma, the likelihood of cure varies widely according to age at diagnosis, disease
stage, and tumor biology. Treatments are tailored for children with this clinically heterogeneous malignancy on
the basis of a combination of markers that are predictive of risk of relapse and death. Sequential risk-based,
cooperative-group clinical trials conducted during the past 4 decades have led to improved outcome for children
with neuroblastoma. Increasingly accurate risk classification and refinements in treatment stratification
strategies have been achieved with the more recent discovery of robust genomic and molecular biomarkers. In
this review, we discuss the history of neuroblastoma risk classification in North America and Europe and
highlight efforts by the International Neuroblastoma Risk Group (INRG) Task Force to develop a consensus
approach for pretreatment stratification using seven risk criteria including an image-based staging system—the
INRG Staging System. We also update readers on the current Children’s Oncology Group risk classifier and
outline plans for the development of a revised 2021 Children’s Oncology Group classifier that will incorporate
INRG Staging System criteria to facilitate harmonization of risk-based frontline treatment strategies conducted
around the globe. In addition, we discuss new approaches to establish increasingly robust, future risk clas-
sification algorithms that will further refine treatment stratification using machine learning tools and expanded
data from electronic health records and the INRG Data Commons.
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INTRODUCTION

Neuroblastoma is notable for its broad spectrum of
clinical behavior,1,2 and efforts to tailor treatment
according to the predicted clinical aggressiveness of
the tumor have been ongoing for decades.3 The first
risk classification algorithm used age, stage of disease,
and ferritin to subdivide patients into groups with good,
intermediate, or poor prognosis4 (Fig 1). The prog-
nostic strength of tumor histology,5 tumor cell ploidy,6

and MYCN status7 identified in the 1980s led to ad-
ditional refinements in treatment stratification and
improved survival.8-11 The North American cooperative
groups, Children’s Cancer Group (CCG) and Pediatric
Oncology Group (POG), developed classifiers using
these prognostic markers, although the risk criteria
differed12,13 (Fig 1).

During this era, therapy was also stratified in clinical
trials conducted in Europe on the basis of a combi-
nation of prognostic markers. However, instead of
designing risk-based clinical trials, treatment was tai-
lored according to tumor genomicmarkers among clinical
subsets of patients, including: (1) those with localized
resectable and unresectable disease,9,14 (2) children
. 1 year of age with disseminated neuroblastoma,15 and

(3) infants with metastatic neuroblastoma.16 The unique
eligibility criteria and nonstandardized methods of data
collection used by North American, European, and other
cooperative groups internationally impeded the compar-
ison of upfront neuroblastoma clinical trials conducted
around the world.

INTERNATIONAL NEUROBLASTOMA RISK GROUP
CLASSIFICATION SYSTEM

To establish a consensus approach for pretreatment risk
stratification, an International NeuroblastomaRisk Group
(INRG) Task Force representing the major pediatric
cooperative groups around the world was formed in
2005.17 Risk criteria incorporated into the INRG Clas-
sification System were based on statistical analyses of 13
potential prognostic factors in a cohort of 8,800 children
diagnosed with neuroblastoma between 1990 and 2002,
including patients from North America and Australia
(Children’s Oncology Group [COG]), Europe (International
Society of Pediatric Oncology Europe Neuroblastoma
Group [SIOPEN]), Germany (German Pediatric Oncology
andHematologyGroup), and Japan (JapaneseAdvanced
Neuroblastoma Study Group and the Japanese Infantile
Neuroblastoma Co-operative Study Group). Survival tree
analysis was performed and the most highly statistically
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significant and clinically relevant factors were included in the
INRG classifier. The task force also developed a new staging
system defined by imaging, the INRG Staging System
(INRGSS), for the pretreatment INRG Classification System.18

According to INRGSS criteria, locoregional tumors are
categorized as L1 or L2 based on the absence or presence
of tumor infiltration or invasion of nerves, vessels, and or-
gans (ie, image-defined risk factors [IDRFs]).18,19 IDRFs
have been shown to be associated with an increase in
intraoperative complications, incomplete tumor resection,
and worse survival in numerous studies.20-22

Although the INRG Classification System (Table 1) provides
a platform for uniformly defining risk, the more recently
discovered genomic and molecular biomarkers, including
segmental chromosome aberrations (SCAs) and copy
number changes,23 gene expression signatures,24 muta-
tional profiles,25 and telomere maintenancemechanisms,26

were not available during the development of this risk al-
gorithm. It is anticipated that incorporating these robust
prognostic markers in the next-generation INRG Classifi-
cation System will lead to refined treatment stratification
and improved survival.

CONTEXT

Key Objective
To provide an overview of how risk classification algorithms have advanced treatment of children with neuroblastoma and

highlight new approaches for maximizing the scientific value of available data and accelerating the pace of developing
refined risk classification algorithms.

Knowledge Generated
Outcomes have been improved for children with neuroblastoma using risk-based treatment approaches, although the criteria

used to define risk differ around the world. Comparison of frontline clinical trials conducted in different geographic regions
has therefore been difficult.

Relevance
Refinements of the current risk classification system are needed to more precisely tailor treatment and improve outcomes for

patients with neuroblastoma. The International Neuroblastoma Risk Group Data Commons, electronic health records, and
new machine learning methods may accelerate the development of future risk classifiers. To further advance treatment,
international neuroblastoma community collaboration will be needed to develop harmonized approaches for risk
classification.
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FIG 1. Timeline of neuroblastoma risk classification schemas. CCG, Children’s Cancer Group; COG, Children’s Oncology Group; INRG, International
Neuroblastoma Risk Group; INRGSS, International Neuroblastoma Risk Group Staging System; POG, Pediatric Oncology Group.
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HISTORY OF COG NEUROBLASTOMA RISK STRATIFICATION

Criteria in the CCG classifier included Evans stage, age at
diagnosis, MYCN status, Shimada tumor histology, and
serum ferritin,12 whereas POG criteria included POG stage,
age at diagnosis, MYCN status, and tumor cell ploidy.13 In
parallel with the development of risk-based therapeutic
trials, POG also established the first neuroblastoma biology
protocol (9047), which was designed to collect tumor
samples for prospective analyses of potential prognostic
markers and was amended in 1998 to collect outcome
data. Initial markers included DNA content (ploidy),6

N-myc (MYCN) copy number,7 chromosome 1p loss,27

and multidrug resistance–related protein expression.28 As
new variables were identified, the study was amended to
evaluate the prognostic strength of additional genetic29-31

and molecular markers32 (Table 2).

POG 9047 also provided a mechanism for banking clini-
cally annotated neuroblastoma samples, which were made
available to the research community.33,34 This protocol
served as a template for the COG biology study (ANBL00B1;
ClinicalTrials.gov identifier: NCT00904241). The clinical,
genomic, specimen, and outcome data collected in these
biology studies were collated to generate the COG Neuro-
blastoma Virtual Tumor Bank, a resource that facilitated the
discovery of new genomic and molecular biomarkers.35,36

SIOPEN is currently developing a bioportal to establish
a similar virtual biobank.

Because neuroblastoma is a rare cancer, leaders from
POG, CCG, and the Cancer Therapy Evaluation Program at

the National Cancer Institute recognized that significant
efficiencies would be gained with the development of in-
tergroup (POG-CCG) risk-based clinical trials. A new
neuroblastoma risk classification schema was developed
for these intergroup clinical trials that included age, In-
ternational Neuroblastoma Staging System (INSS) stage,37

MYCN status, ploidy, and Shimada histology (Fig 1 and
Table 3). It is important to note that the legacy staging
systems cannot be directly mapped to INSS stage,38

and that the resulting neuroblastoma classification
system was based on consensus rather than a statistical
methods approach. Patient eligibility for the CCG-POG
intergroup low-risk (P9641; ClinicalTrials.gov identifier:
NCT00003119)),39 intermediate-risk (A3961; Clinical-
Trials.gov identifier: NCT00003093),40 and high-risk
(A3973; ClinicalTrials.gov identifier: NCT00004188)41

clinical trials were defined by this risk schema.

THE 2000 COG NEUROBLASTOMA RISK CLASSIFICATION
SYSTEM AND 2006 REVISION

In 2000, COG adopted the POG-CCG Intergroup Neuro-
blastoma Risk Classification System (Fig 1). The COG bi-
ology study ANBL00B1 serves as the infrastructure for
rapid and reliable acquisition of tumor prognostic markers
used for risk classification and clinical trial eligibility, and
approximately 500 to 600 patients per year are enrolled in
this biology study. In 2006, the COG Neuroblastoma Risk
Classification System was revised based on studies dem-
onstrating the poor outcome of symptomatic infants with
stage 4S disease42,43 and that 18 months is a more optimal

TABLE 1. INRG Risk Classification System

INRG Stage Age (months) Histologic Category
Tumor

Differentiation MYCN
11q

Aberration Ploidy
Pretreat Risk

Group

L1/L2 GN maturing; GNB intermixed Very low

L1 Any, except GN maturing or
GNB intermixed

Nonamplified Very low

Amplified Intermediate

L2 , 18 Any, except GN maturing or
GNB intermixed

Nonamplified

≥ 18 GNB nodular; neuroblastoma Differentiating Nonamplified No Low

Nonamplified Yes Intermediate

Poorly differentiated
or undifferentiated

Nonamplified Intermediate

Amplified High

M , 18 Nonamplified Hyper Low

, 12 Nonamplified Diploid Intermediate

12 to , 18 Nonamplified Diploid Intermediate

, 18 Amplified High

≥ 18 High

MS , 18 Nonamplified No Very low

Nonamplified Yes High

Amplified High

Abbreviations: GN, ganglioneuroma; GNB, ganglioneuroblastoma; INRG, International Neuroblastoma Risk Group.
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age cutoff than 12 months for clinically relevant risk
stratification44,45 (Fig 1 and Table 4). In addition, the COG
2006 classifier categorized histology according to In-
ternational Neuroblastoma Pathology Classification System
(INPC).46 The revised schema also classified patients with
2A/B tumors as low versus intermediate risk according to

the degree of tumor resection based on the treatment
approaches used in the COG P9641 clinical trial.39

SIOPEN CLINICAL TRIALS

Risk-based treatment strategies are also used in Euro-
pean clinical trials. Eligibility for the high-risk phase III

TABLE 2. Neuroblastoma Risk Criteria

Risk Factor

POG
Classifier
1990-2000

CCG
Classifier

Before 2000

COG
Classifier
2000

COG
Classifier
2006

INRG
Classifier
2009

COG
Classifier
2021

Age (, 12 months, ≥ 12 months) RA RA RA

Age (, 18 months, ≥ 18 months) RA RA RA

POG stage RA

Evans stage RA

INSS stage RA RA

INRGSS stage RA RA

Ploidy RA RA RA RA RA

MYCN status RA RA RA RA RA RA

VMA/HVA MD MD MD

INPC (Shimada histology) RA RA RA TBD

Histologic category RA TBD

Grade of differentiation RA TBD

MKI TBD

Serum LDH MD MD MD

Serum ferritin MD MD MD

Symptomatic RA RA

Extent of primary tumor resection RA RA

1p LOH RS TS

11q LOH RS TS RA

IDRFs RS

MRP RS

NGF RS

TrkA receptors RS

p75 NTR receptors RS

14q LOH RS

17q gain RS

SCAs (1p, 3p, 4p,11q loss and 1q, 2p, 17q gain) RA

TMM (ALT, TERT) RS RS RS

ALK TS TS

RAS/MAPK RS RS RS

RNA expression signatures RS RS RS

Abbreviations: ALK, anaplastic lymphoma kinase; ALT, alternative lengthening of telomeres; CCG, Children’s Cancer Group; COG, Children’s
Oncology Group; HVA, homovanillic acid; IDRF, image-defined risk factor; INPC, International Neuroblastoma Pathology Classification; INRG,
International Neuroblastoma Risk Group; INRGSS, International Risk Group Staging System; INSS, International Neuroblastoma Staging System;
LDH, lactate dehydrogenase; LOH, loss of heterozygosity; MD, criteria used to monitor disease response; MKI, mitosis-karyorrhexis index; MRP,
multidrug resistance protein; NGF, nerve growth factor; p75 NTR, p75 neurotrophin receptor; POG, Pediatric Oncology Group; RAS/MAPK, Ras/
mitogen-activated protein kinase; RA, criteria used for risk assignment; RS, criteria collected for research studies; SCA, segmental chromosomal
aberration; TBD, to be determined; TERT, telomerase reverse transcription; TMM, telomere maintenance mechanism; TrkA receptor, tyrosine
kinase A receptor; TS, criteria used for treatment stratification within a risk group; VMA, vanillymandelic acid.
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(HR-NBL1) SIOPEN trial included children with INSS stage
2, 3, 4S or tumors with MYCN amplification, and patients
age 12 months or older with INSS stage 4 disease.47 In the
European Low- and Intermediate-Risk Neuroblastoma
Protocol (ClinicalTrials.gov identifier: NCT01728155), risk
is defined by age, INRGSS stage, MYCN status, SCAs,
grade of differentiation, and the presence of life-threatening
symptoms. This study assesses a reduction of therapy
question in a subset of low-risk patients with L2 tumors
without SCAs and no life-threatening symptoms. For infants
with localized suprarenal masses discovered before birth or
neonatally, the primary aim is to maintain a 3-year event-
free survival of ≥ 80% with a nonoperative therapeutic
approach. The study is also evaluating the efficacy of
adding radiotherapy and 13-cis retinoic acid to the multi-
agent chemotherapy regimen used in the legacy SIOPEN
study48 in a subset of intermediate-risk patients ≥ 18
months of age with L2 tumors with poorly differentiated or
undifferentiated histology.

COG NEUROBLASTOMA RISK CLASSIFICATION SYSTEM:
2021 REVISION

In an effort to harmonize risk-based frontline treatment
strategies around the world, COG has replaced INSS stage
with the INRGSS to determine eligibility in current high-risk
and non–high-risk clinical trials (ClinicalTrials.gov identi-
fiers: NCT03126916, NCT03786783, and NCT02176967);
however, the 2006 COG neuroblastoma risk classification
system has not yet been modified to include INRGSS. Re-
cently, a comprehensive analysis of IDRF data collected on
4,569 patients enrolled in the ANBL00B1 biology study

between 2006 and 2016 was performed to assess the
prognostic significance of INRGSS stage.49 Results of these
analyses provide a statistical framework to develop a revised
COG risk classification incorporating the INRGSS (Table 2).

Additional analyses are ongoing to determine which
prognostic variables should be included in the revised 2021
COG risk classifier. In addition to INRGSS stage, the current
plan is to include the established risk criteria age, MYCN
status, and ploidy. SCAs will also be incorporated on the
basis of their prognostic strength,50 especially in subgroups
of patients with locoregional disease and otherwise favor-
able features.51 INPC is another powerful prognostic
marker,49 and tumor histology will be included in the re-
vised classifier. However, age at diagnosis is used as
a criterion to define favorable versus unfavorable INPC
histology52; therefore, its inclusion within a classification
schema that also includes age as a separate variable results
in a duplication of the prognostic contribution (confound-
ing) of age to define risk, obscuring the effect of age on the
dependent variable, event-free survival.

In an effort to develop a neuroblastoma classifier that
eliminates the confounding of age and facilitates more
precise prognostication, a recent study analyzed INRG data
from more than 18,000 patients with known tumor
histology.53 The study demonstrated the independent
prognostic significance of age and each histologic feature
that underlies INPC, including histologic category, mitosis-
karyorrhexis index (MKI), and grade of differentiation.
Furthermore, survival tree regression analyses revealed
a novel, unfavorable prognostic subgroup of patients

TABLE 3. Children’s Oncology Group Risk Classification System: 2000

INSS Stage Age
MYCN
Status

Shimada
Histology

DNA
Ploidy Risk Group/Study

1 0-21 years Any Any Any Low

2A/2B , 365 days Any Any Any Low

≥ 365 days-21 years Nonamplified Any — Low

≥ 365 days-21 years Amplified Favorable — Low

≥ 365 days-21 years Amplified Unfavorable — High

3 , 365 days Nonamplified Any Any Intermediate

, 365 days Amplified Any Any High

≥ 365 days-21 years Nonamplified Favorable — Intermediate

≥ 365 days-21 years Nonamplified Unfavorable — High

≥ 365 days-21 years Amplified Any — High

4 , 365 days Nonamplified Any Any Intermediate

, 365 days Amplified Any Any High

≥ 365 days-21 years Any Any — High

4S , 365 days Nonamplified Favorable . 1 Low

, 365 days Nonamplified Any = 1 Intermediate

, 365 days Nonamplified Unfavorable Any Intermediate

, 365 days Amplified Any Any High

Abbreviation: INSS, International Neuroblastoma Staging System.
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≥ 547 days old with stage 1 or 2, MYCN nonamplified,
diploid tumors with intermediate/high MKI.53 Taken to-
gether, these results provide statistical methodologic
support to incorporate histologic category, MKI, and grade
instead of INPC category in a future COG classifier.

A revised COG neuroblastoma risk classification schema
that includes risk criteria harmonized with those currently
used by SIOPEN and other pediatric cooperative groups
around the world is needed to compare clinical trial re-
sults. The proposed changes in the revised 2021 classifier
will modify risk assignment, treatment stratification, and
treatment intensity for specific subsets of patients com-
pared with the 2006 risk algorithm. Future studies will be
needed to assess whether the change in treatment
stratification for these subsets of patients leads to im-
proved outcomes. As new genomic and molecular bio-
markers are identified, it will be important to test the
independent prognostic strength of these factors. Can-
didate genomic biomarkers currently being prospectively
studied that may be incorporated into risk classifiers in the
next 5 to 10 years include specific mutations (eg, ALK,
RAS-MAPK pathway)54 and alterations in telomere mainte-
nance mechanisms (eg, high TERT expression, status of the
alternative lengthening of telomeres).26

NEUROBLASTOMA RISK SCORES

The current neuroblastoma classification systems use
a rules-based table to assign risk groups based on cate-
gorical prognostic variables.17,45 The use of categorical
variables allows for ease of calculation but lacks precision;
lost is the gradation of risk associated with continuous
variables. The resulting risk groupings are clinically useful
for initial treatment assignment, but lack precision in risk
determination. For example, within the high-risk neuro-
blastoma grouping, there is evidence of an ultra–high-risk
subgroup with worse prognosis that cannot be identified
using current risk classification algorithms.55 A risk score, in
addition to a risk group assignment, may provide more
accurate information regarding the patient’s risk relative to
others receiving the same therapy. As proof of principle,
Moreno et al developed a nomogram that calculates a risk
score using threemarkers prognostic of overall survival56. In
a discovery and validation cohort of high-risk patients (≥
18 months old with metastatic neuroblastoma), the risk
score could be used to identify patients at greatest risk of
death within 3 years. Similarly, in an analysis of data from
the HR-NBL1/SIOPEN trial (ClinicalTrials.gov identifier:
NCT01704716), Morgenstern et al, developed a risk score
based on age, serum LDH and metastatic site index (MSI)

TABLE 4. Children’s Oncology Group Neuroblastoma Risk Classification System: 2006
Stage Age MYCN Ploidy INPC Other Risk Group

1 Any Any Any Any Low

2A/2B Any Nonamplified Any Any Resection ≥ 50% Low

Any Nonamplified Any Any Resection , 50% Intermediate

Any Nonamplified Any Any Biopsy only Intermediate

Any Amplified Any Any Any degree of resection High

3 , 547 days Nonamplified Any Any Intermediate

≥ 547 days Nonamplified Any Favorable Intermediate

Any Amplified Any Any High

≥ 547 days Nonamplified Any Unfavorable High

4 , 365 days Amplified Any Any High

, 365 days Nonamplified Any Any Intermediate

365 to , 547 days Amplified Any Any High

365 to , 547 days Any DI = 1 Any High

365 to , 547 days Any Any Unfavorable High

365 to , 547 days Nonamplified DI . 1 Favorable Intermediate

≥ 547 days Any Any Any High

4S , 365 days Nonamplified DI . 1 Favorable Asymptomatic Low

, 365 days Nonamplified DI = 1 Any Asymptomatic or symptomatic Intermediate

, 365 days Missing Missing Missing Too sick for biopsy Intermediate

, 365 days Nonamplified Any Any Symptomatic Intermediate

, 365 days Nonamplified Any Unfavorable Asymptomatic or symptomatic Intermediate

, 365 days Amplified Any Any Asymptomatic or symptomatic High

Abbreviations: DI, DNA index; INPC, International Neuroblastoma Pathology Classification.
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that identified an ultra-high-risk cohort with 5-year event-
free survival of , 10%.57 Future risk scores that include
continuous risk variables and additional tumor biomarkers
may provide more precise prognostic information.

REFINING FUTURE NEUROBLASTOMA RISK CLASSIFIERS:
CHALLENGES AND OPPORTUNITIES

Refinements of neuroblastoma risk classification are made
through an iterative process akin to the rapid-learning
health care model, described more than 10 years ago.58

In the rapid-learning system for cancer care, data routinely
generated through patient care and clinical research feed
into an ever-growing set of coordinated databases and
registries, driving the scientific discovery that subsequently
leads to improved patient care (Fig 2). For risk algorithms,
data from clinical trials, clinical registries, tumor biology
studies, data commons, and other sources are analyzed to
identify factors that are predictive of survival. An updated
risk classification schema that incorporates new knowledge
is then developed and the proposed risk classification
schema is validated through clinical trials, leading to the
beginning of the next cycle. Each iteration results in an
increasingly `accurate and robust risk classification model.

Two major limitations to using this rapid-learning model to
refine the neuroblastoma classifier are the length of time an
iteration takes and the paucity of data available for mod-
eling. It commonly takes 5 to 10 years to obtain results from
a clinical trial in which survival is a primary end point,
representing a major bottleneck. In addition, as neuro-
blastoma is a rare disease, the number of patients enrolled
in these studies and the amount of data generated are
limited. Methods that can maximize the scientific value of
available data and accelerate the pace of risk classification
development are needed to further refine treatment ap-
proaches that will ultimately improve outcomes for children
with neuroblastoma.

INRG DATA COMMONS

One way to address the paucity of available data in neu-
roblastoma and other rare diseases is by combining data
from multiple sources. There is a culture of international
collaboration and data sharing within the pediatric oncology
community and, in particular, within neuroblastoma, as
demonstrated by the development of uniform staging
systems,37 the INRG Risk Classification System,17 and the
International NeuroblastomaResponse Criteria.59 In addition,
the international neuroblastoma community has pioneered
emerging data-sharing models within pediatric oncology
through the development of the INRG database.1,17 Clinical
information from patients enrolled in the COG, SIOPEN,
German Pediatric Oncology and Hematology Group, Japa-
nese Advanced Neuroblastoma Study Group, and Japanese
Infantile Neuroblastoma Co-operative Study Group studies
included in this database are available to the research
community and have enabled studies that were not pre-
viously possible with smaller patient cohorts.60 In 2015,
phenotype data were uploaded into the INRG Data Com-
mons, which was established at the University of Chicago
as an international, centralized ecosystem for neuroblas-
toma data analysis.61 This cloud-based infrastructure co-
locates neuroblastoma-related data, analysis tools, and high-
performance computational resources in a secure envi-
ronmental that adheres to FAIR (Findable, Accessible, In-
teroperable, Reusable) principles for data sharing and is
interoperable with the National Cancer Institute’s cancer
research data commons infrastructure.61 The INRG Data
Commons currently houses data from more than 20,000
individual patients with neuroblastoma, the largest such
neuroblastoma data repository in the world, with a subset
linked to biospecimen and genomic data through a common
identifier62 . It serves as a model and integral data repository
within the University of Chicago’s Pediatric Cancer Data
Commons, a data commons for all pediatric oncology data63.

Analyze
data

Integrate data and
update commons

Identify prognostic
factors

Revise risk
classifier

Validate risk classifier
via clinical trials

Incorporate other
information

Data
commons

Rapid Learning
for Risk Classifier

Development

FIG 2. Rapid learning health
care model.
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Clinical data within the INRG Data Commons can be linked
with tumor genomic data in the TARGET (Therapeutically
Applicable Research to Generate Effective Treatments)
database64 and the Gabriella Miller Kids First Data
Resource,65 as well as data generated in neuroblastoma
laboratories around the world. By providing qualified re-
searchers easy access to both the data and the computa-
tional resources necessary to perform secondary analyses,
the INRG Data Commons has the potential to accelerate risk
classification development.

ELECTRONIC HEALTH RECORD DATA

Another way to address the paucity of neuroblastoma data
is to expand available data sources, which currently include
clinical trials, tumor biology studies, and clinical registries.
These data are high quality and meticulously collected.
However, data analysis is limited to the data variables that
were defined and collected prospectively; uncollected
variables are obviously not available. Electronic health re-
cord (EHR) data would allow investigators to explore all
clinical data that were captured during routine clinical care,
including detailed information about treatments received,
toxicities, responses, and long-term health outcomes,
expanding the spectrum of potential questions that can be
asked.66 The EHR has been leveraged to analyze real-
world performance of treatments in patients with adult
malignancies.67 Whereas the lack of interoperability and
standardization has traditionally hampered the widespread
use of EHR data for research, new initiatives, such as the
eMERGE consortium, demonstrate that large EHR data sets
may be used successfully to uncover previously unknown
associations between specific clinical variables and rare
conditions, such as specific genomic variants.68 Enriching
the INRG data repository with linked EHR data could lead to
the discovery of previously unconsidered prognostic factors
that are unavailable in the existing data set.

COMPUTER-ASSISTED IMAGE CLASSIFICATION

The prognostic value of current risk criteria may be im-
proved using machine learning methods to analyze path-
ologic and radiographic images. Classification of image-
based findings is a task for which machine learning is well
suited,69 and classification algorithms have been applied to

radiographic and histopathologic images to assist with
classifying prognostic image-based findings.70 Computer-
assisted image interpretation allows for the development of
more precise prognostic variables. In addition, when ra-
diographic and histopathologic data are linked to clinical
data, machine learning may be used to identify novel
image-based predictive factors. Recent studies have
demonstrated that machine learning techniques that
quantitatively analyze radiologic or pathologic image fea-
tures provide valuable prognostic information in adults with
various malignancies, including lung and breast cancer,71

and in children with neuroblastoma.72 The INRG Data
Commons has recently linked patient data with meta-iodo-
benzylguanidine imaging studies and computed tomog-
raphy, and the prognostic value of imaging data patterns is
currently being analyzed using machine learning data
processing methods.

CONCLUSION

Although risk-based treatment approaches have led to im-
provements in outcomes for children with neuroblastoma,1

comparison of frontline clinical trials conducted in different
regions around the world has been difficult as a result of the
lack of uniform eligibility criteria. The INRG Risk Classifi-
cation System was established to provide a consensus ap-
proach for pretreatment risk stratification17; however, the
classifier, which was developed more than 10 years ago,
does not include more recently identified genomic and
molecular biomarkers that are currently used to tailor
treatments.73-75 To further advance treatment, nimble ap-
proaches must be developed to identify the most robust
prognostic markers for future neuroblastoma risk classifiers,
testing biomarkers, such as telomere lengthening/mainte-
nance pathways, the composition of the tumor microenvi-
ronment, and host germline aberrations.2 More rapid
refinements in risk classification may be achieved using
machine learning tools and expanded data from EHRs and
the INRG Data Commons. To optimize the treatment of
individual patients, close collaboration between the in-
ternational neuroblastoma community and data scientists
will be needed to ensure that harmonized criteria are used to
define risk and guide therapy.
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