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Abstract
Background: Clinical, molecular, and histopathologic features guide treatment for 
neuroblastoma, but obtaining tumor tissue may cause complications and is subject 
to sampling error due to tumor heterogeneity. We hypothesized that image-defined 
risk factors (IDRFs) would reflect molecular features, histopathology, and clinical 
outcomes in neuroblastoma.
Methods: We performed a retrospective cohort study of 76 patients with neuroblas-
toma or ganglioneuroblastoma. Diagnostic CT scans were reviewed for 20 IDRFs, 
which were consolidated into five IDRF groups (involvement of multiple body com-
partments, vascular encasement, tumor infiltration of adjacent organs/structures, 
airway compression, or intraspinal extension). IDRF groups were analyzed for asso-
ciation with clinical, molecular, and histopathologic features of neuroblastoma.
Results: Patients with more IDRF groups had a higher risk of surgical complications 
(OR = 3.1, p = 0.001). Tumor vascular encasement was associated with increased 
risk of surgical complications (OR = 5.40, p = 0.009) and increased risk of undif-
ferentiated/poorly differentiated histologic grade (OR = 11.11, p = 0.013). Tumor 
infiltration of adjacent organs and structures was associated with decreased survival 
(HR = 8.90, p = 0.007), MYCN amplification (OR = 9.91, p = 0.001), high MKI 
(OR = 6.20, p = 0.003), and increased risk of International Neuroblastoma Staging 
System stage 4 disease (OR = 8.96, p < 0.001).
Conclusions: The presence of IDRFs at diagnosis was associated with high-risk 
clinical, molecular, and histopathologic features of neuroblastoma. The IDRF group 
tumor infiltration into adjacent organs and structures was associated with decreased 
survival. Collectively, these findings may assist surgical planning and medical man-
agement for neuroblastoma patients.
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1  |   INTRODUCTION

Neuroblastoma is the most common pediatric extracranial 
solid tumor, comprising approximately 10%–15% of all pe-
diatric cancer deaths.1,2 Over 50% of patients have metastatic 
disease at diagnosis, and most of these children have poor 
survival.3,4 The behavior of neuroblastoma is remarkably 
heterogeneous, ranging from spontaneous regression to rapid 
progression and death, depending on multiple clinical and 
biologic risk factors.3,5 While intensive multimodal therapy 
will cure only half of children older than 18  months with 
metastatic disease,6 many localized tumors with favorable 
biology may be cured with surgical resection alone.7 This 
remarkable breadth of outcomes in neuroblastoma makes it 
imperative to have a reliable and accurate staging and prog-
nostic classification system.

Over the last three decades the most common staging sys-
tem for neuroblastoma was the International Neuroblastoma 
Staging System (INSS).8,9 INSS staging relies on the extent 
of surgical resection, which in turn is contingent upon the 
degree of difficulty resecting the mass. Additionally, defini-
tive resection is often delayed weeks or months to allow for 
neoadjuvant chemotherapy. Surgical risk factors have been 
used for over a decade to characterize imaging features that 
predicted a challenging surgical resection.10,11 In the INSS 
paradigm, there is no method to stage disease before sur-
gery. In 2004, the International Neuroblastoma Risk Group 
Staging System (INRGSS) developed a pretreatment staging 
classification based upon image-defined risk factors (IDRFs) 
at diagnosis, which has now been adopted by most coopera-
tive clinical trials groups.9,12,13

The recent utilization of imaging features coincides with 
the increasing appreciation for the biologic diversity of neu-
roblastoma, underlining the importance of obtaining tumor 
material for determining therapy. The genetic landscape of 
neuroblastoma exhibits heterogeneity with frequent genomic 
amplifications and segmental chromosome aberrations.14-16 
These features, combined with gene mutations and histopa-
thology, confer prognostic information as well as potential 
therapeutic targets.17-19 However, biopsy or attempted resec-
tion of a newly diagnosed neuroblastoma has the potential for 
bleeding and organ damage, while a needle biopsy may not 
accurately reflect the total tumor heterogeneity. Employing 
imaging characteristics has the potential to offer a robust 
analysis of all tumors, both primary and metastatic, at a sin-
gle time.20,21

Multimodality imaging is an integral part of the work up 
of a new patient with neuroblastoma, but the amount of infor-
mation obtained has traditionally been limited to metastatic 
distribution, tumor location, and tumor volume.22 Our group 
hypothesized that we can apply IDRFs of staging CT scans 
at diagnosis to assess if there is an association between imag-
ing characteristics and the underlying histologic and genetic 

aberrations of neuroblastoma, and investigate the possible re-
lationship between IDRFs and clinical outcomes.

2  |   METHODS

2.1  |  Patient selection of the analytic cohort

This retrospective cohort study was compliant with HIPAA 
guidelines. IRB approval was granted for this retrospective 
study and informed consent was waived. Inclusion criteria 
in our analytic cohort consisted of patients with a pathologic 
diagnosis of neuroblastoma or ganglioneuroblastoma who 
were enrolled on the Children's Oncology Group (COG) biol-
ogy study, ANBL00B1, from 2000 to 2015 at UCSF Benioff 
Children's Hospital San Francisco and Oakland, thus, en-
suring centralized histopathology and molecular biology. 
Electronic medical records of 125 patients were reviewed 
(Figure 1). Forty-nine patients were excluded, including five 
with a diagnosis of ganglioneuroma, 23 without an avail-
able staging CT scan at diagnosis, and 21 who were missing 
all essential medical information for the analyses. The final 
sample size was 76 patients (Figure 1).

2.2  |  Data collection

Clinical, surgical, and pathologic information was obtained 
from detailed chart review. Electronic medical records 
(EMR) and available paper charts were reviewed from all 
patients, including review of available pathology and opera-
tive reports. The following information was collected: gen-
der, age at diagnosis, location of primary tumor (abdomen, 
pelvis, thorax, neck, cervicothoracic, thoracoabdominal, and 
abdominal-retroperitoneum-pelvis), presence of metastases, 
INSS stage, presence, severity and type of surgical complica-
tions, grade of neuroblastic differentiation based on revised 
International Neuroblastoma Pathology Classification, meta-
iodobenzylguanidine avidity, MYCN amplification, mitosis-
karyorrhexis index (MKI), DNA ploidy, and clinical outcome 
(time to death or disease event). Events were defined as dis-
ease relapse, progression, death, or development of a second 
malignancy. INSS was used for staging in this analysis be-
cause the INRGSS relies on IDRFs, and because in this pa-
tient cohort INSS had been used in the medical record.

2.3  |  Classification of surgical complications

Surgical complications were defined and adapted from crite-
ria by von Allmen et al.10 Major intraoperative or postopera-
tive hemorrhage was defined as blood loss greater than 10% 
of the estimated blood volume (EBV). EBV was calculated 
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using patient's weight at the time of surgery. Renal injury in-
cluded postoperative development of acute kidney injury or 
nephrectomy. If primary tumor invaded into the renal capsule 
and a nephrectomy was performed, this was not considered 
a surgical complication. Pulmonary complications were de-
fined as development of a pleural effusion requiring chest 
tube placement or a pneumothorax. If the primary tumor 
was located in the thoracic cavity, pleural effusions and 
pneumothoraces were not considered complications. Wound 
complications were defined as wound dehiscence, abscess 
formation, or development of cellulitis around the surgical 
incision site. Vascular injury was defined as any vascular 
damage intraoperatively that resulted in subsequent clini-
cally significant complications. Some examples of vascular 
injury included hepatic artery tear with resulting postopera-
tive liver ischemia, thrombosis of vessels in the postoperative 
period requiring anticoagulation, or sacrifice of major blood 
vessels. For seven patients, the presence of surgical compli-
cations was unable to be determined due to missing clinical 
data. These patients were excluded from analysis pertaining 
to surgical complications.

2.4  |  Radiologic analysis

Staging CT scans were reviewed and scored for IDRFs by 
a board-certified radiologist with subspecialty certification 
in pediatric radiology who was blinded to any clinical infor-
mation and the radiology reports. IDRFs were grouped and 

divided into five separate binary variable categories for the 
logistic regression, adapted from Monclair et al12: (1) pres-
ence of vascular encasement; (2) involvement of multiple 
body compartments; (3) infiltration of adjacent organs and/or 
structures; (4) airway compression; and (5) intraspinal tumor 
extension (Table 1). IDRFs were determined based on the 
primary tumor and were defined using criteria published by 
Monclair et al.12

2.5  |  Statistical analysis

Spearman rank correlations were performed between and 
within the statistical outcomes and the IDRFs to assess col-
linearity prior to performing regressions. If two outcomes or 
IDRFs were highly correlated, only one was selected, to avoid 
multiple testing burden for variables with similar amount of 
information as well as potential collinearity problems.

The association between each of the statistical outcome 
variables was modeled, hereafter referred to as “character-
istics” (including clinical, surgical, and histopathologic fea-
tures of neuroblastoma) and the number of IDRFs (predictor) 
was modeled using a separate logistic regression for each 
characteristic and adjusting for age:

For the survival characteristic time to event, the following 
Cox proportional hazard model was used:

(1)
P (Y = 1) = logit−1 (�0 + �1Age + � Number of IDRFs) .

F I G U R E  1   Diagram for patient inclusion

Total number of patients with 
neuroblastoma enrolled on ANBL00B1 
from January 1, 2000 – December 31, 

2015 (N = 125)

Met exclusion criteria (N = 28)
• Ganglioneuroma diagnosis (N = 5)
• No staging CT scan at diagnosis (N = 23)

Met inclusion criteria (N = 97)

Missing clinical information
(N = 21)

Included in data analysis (N = 76)

Tumors with at least one 
IDRF (N = 59)

Tumors without IDRFs
(N = 17)
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where β represent the log(Hazard Ratio) for each unit increase 
in the number of IDRFs, a positive coefficient indicates worse 
survival and a negative coefficient indicates better survival for 
the variable in question.

The association between each of the characteristics and 
the number of IDRFs was tested:

using a Likelihood Ratio Test (LRT). The false discovery rate 
(FDR) across characteristics was controlled using the 
Benjamini–Hochberg (BH) method. The association was mod-
eled between each of the characteristics, except survival, and 
each of the IDRFs using a logistic regression and adjusting for 
age:

For the survival characteristic time to event, the following 
Cox proportional hazard model was used:

The association between each of the characteristics and 
each of the IDRFs was tested:

using a LRT.
The FDR across characteristics and IDRFs was controlled 

using the hierarchical procedure described in Peterson et al.23 

That is, the characteristics significantly associated with at 
least one IDRF were identified using the Simes method to 
obtain p-values for each characteristic and controlling the 
FDR at 5% using the BH procedure.

Then, the BH was applied within each characteristic 
to identify IDRFs significantly associated with each of 
the significant characteristics from the first step, with 
the appropriate adjustment for the selection bias intro-
duced in step 1. To control FDR at 5%, the BH-adjusted 
p-values within each characteristic need to be smaller 
than 5%  ×  number of significant characteristics/num-
ber of characteristics tested. Since all characteristics 
were significant in step one, the BH-adjusted p-value 
threshold is 5%. The BH-adjusted p-values are listed 
in Table 2.

In addition, a Kaplan–Meier analysis was performed with 
the log rank test of overall survival for the presence versus 
absence of IDRFs (Figure S1) and for the presence or ab-
sence of tumor infiltration (Figure 3). Overall survival was 
defined as the time in days from diagnosis to death or last 
clinical follow up. All statistical tests were performed in R 
(version 3.4.0) except for the Kaplan–Meier analysis which 
was performed in STATA.

3  |   RESULTS

3.1  |  Patient characteristics

The clinical and biological features of the 76 eligible patients 
are shown in Table 3, with the number of patients available 
in each category and the percent with IDRFs.

log(h( t ) ) = log(h0 ( t) ) + �1Age + � Number of IDRFs) ,

H0: � = 0 vs. H1: � ≠ 0,

(2)P(Y = 1) = logit−1 (�0 + �1Age + � IDRF).

log(h( t) ) = log(h0 ( t) ) + �1Age + � IDRF).

H0: � = 0 vs. H1: � ≠ 0,

IDRF group Components of each IDRF group

Vascular encasement 1.	Tumor encasing carotid artery, vertebral artery, internal jugular 
vein, subclavian vessels

2.	Tumor encasing the aorta, major aortic vesselsa , and/or vena cava
3.	Tumor encasing iliac vessels

Involvement of 
multiple body 
compartments

Tumor involvement into two adjacent body compartments: neck/
chest, chest/abdomen, abdomen/pelvis

Infiltration of 
adjacent organs 
and/or structures

Tumor infiltration into the porta hepatis, pericardium, diaphragm, 
kidney, liver, duodeno-pancreatic block, or mesentery

Airway compression Tumor compressing the trachea or mainstem bronchi

Intraspinal tumor 
extension

1.	Tumor extension more than one third into the intraspinal space in 
the axial plane

2.	Tumor involvement in leptomeningeal space
3.	Abnormal spinal cord signal, or involvement in the sciatic 

foramen
aMajor aortic vessels include superior mesenteric artery, celiac artery, and iliac vessels. 

T A B L E  1   Definition of image-
defined risk factor (IDRF) groups, adapted 
from Monclair et al.12 The full list of all 
individual IDRFs is available from Monclair 
et al.12 Monclair et al analyzed IDRFs by 
anatomic compartment, while here IDRFs 
were organized into IDRF groups without 
regard to anatomic compartment to facilitate 
radiologic and statistical analysis
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3.2  |  Assessment of collinearity among 
variables included in analysis

To exclude variables that demonstrated collinearity, a 
Spearman Rank correlation matrix was performed between 
all characteristics and IDRF groups (Figure  2). Death and 
disease events were moderately correlated (Spearman's 
ρ  =  0.63). Additionally, disease event information was 
missing for three patients, so it was excluded from further 
analyses. Overall, there was not a significant degree of col-
linearity among the remainder of variables included in the 
study (Figure 2).

3.3  |  Association of IDRF groups with 
clinical and histopathologic characteristics in 
neuroblastoma

Association testing was performed between the different 
clinical and biologic characteristics, and also between these 
characteristics and each IDRF. All clinical, molecular, and 
histopathologic features were associated with at least one 
IDRF group (Tables 2 and 4). Patients with more IDRF 
groups had a higher risk of surgical complications (OR = 3.1, 
p = 0.001; Table 4). Regarding specific IDRF groups, tumor 
vascular encasement was associated with increased risk of 
surgical complications (OR = 5.40, p = 0.009; Table 2) and 
increased risk of an undifferentiated/poorly differentiated 
histologic grade (OR = 11.11, p = 0.013; Table 2). Tumor 
infiltration of adjacent organs and structures was associated 
with decreased survival (HR = 8.90, p = 0.007; Table 2), in-
creased risk of INSS stage 4 disease (OR = 8.96, p < 0.001; 
Table 2), MYCN amplification (OR = 9.91, p = 0.001; Table 
2), and high MKI (OR = 6.20, p = 0.003; Table 2). The 5-year 
overall survival was increased in patients who did not have 
tumor infiltration into adjacent organs/structures, compared 

to patients who had tumor infiltration (p = 0.002; Figure 3). 
However, patients whose tumors did not have IDRFs did not 
have a significantly better survival than those who had one 
more IDRFs (p = 0.34; Figure S1).

4  |   DISCUSSION

Our work shows that the presence and number of IDRFs were 
associated with various important clinical, surgical, and his-
topathologic characteristics of neuroblastoma, and that cer-
tain radiologic features present at diagnosis serve as imaging 
biomarkers to predict tumor behavior. Our findings build on 
the work of Brisse and colleagues.24 Their work specifically 
analyzed anatomic location of tumors along the sympathetic 
chain and tumor volume, and how these features correlated 
with genomic aberrations, MYCN amplification, and survival. 
Brisse et al found that the presence of IDRFs was associated 
with MYCN amplification. Our group validated this and fur-
ther determined that the presence of IDRFs was associated 
with the grade of neuroblastic differentiation and high MKI. 
Interestingly, when each individual group of IDRFs was ana-
lyzed, we found that tumor infiltration into adjacent organs or 
structures was associated with MYCN amplification and high 
MKI, and that tumor vascular encasement was associated 
with grade of neuroblastic differentiation. To our knowledge, 
this is the first report showing that IDRFs are associated with 
histopathology in addition to MYCN amplification. It is also 
the first time, to our knowledge, that specific imaging bio-
markers in neuroblastoma, such as tumor vascular encase-
ment and tumor infiltration of adjacent organs or structures, 
were associated with histopathology.

Additionally, we demonstrated that a specific IDRF group, 
tumor infiltration into adjacent organs and/or structures at diag-
nosis, is associated with decreased survival. However, we did not 
find that the presence of any IDRF is associated with survival, 

T A B L E  2   Association of specific image-defined risk factor (IDRF) groups with clinical, surgical, and histopathologic features of 
neuroblastoma. To explore associations between an IDRF group (predictor) and clinical, surgical, or histopathologic features of neuroblastoma 
(outcome), a separate logistic regression was performed for each combination of IDRF group and feature of neuroblastoma, controlling for patient 
age (Model 2). The false discovery rate across all characteristics and IDRFs tested was controlled using the multi-outcome hierarchical FDR 
procedure described by Peterson et al.23 Survival analysis was performed as a Cox Proportional Hazard regression model with time-to-event 
endpoint controlling for age to calculate the hazard ratio for survival. Shown are odds/hazard ratio estimates and nominal p-values for all significant 
associations

Characteristic Predictor Odds ratio/hazard ratio 95% Confidence interval p-value

Surgical complications Vascular encasement 5.40 1.65–21.72 0.009

Undifferentiated/poorly differentiated 
grade

Vascular encasement 11.11 1.98–103.5 0.013

Survival Tumor infiltration 8.90 1.83–43.32 0.007

INSS stage 4 Tumor infiltration 8.96 2.99–30.29 <0.001

MYCN amplification Tumor infiltration 9.91 2.59–46.59 0.001

High MKI Tumor infiltration 6.20 1.95–21.29 0.003
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which is consistent with the work of Brisse et al24 and Phelps 
et al.25 One of the ultimate goals of using noninvasive imaging 
biomarkers in neuroblastoma is to achieve prognostic informa-
tion and de-escalate therapies that may have excessive toxicity.26

Future studies could build on the findings of Avanzini 
et al27 and Irtan et al28 to further elucidate how IDRF evolution 

over the course of treatment is associated with overall sur-
vival and event-free survival. Other studies might analyze the 
disappearance of IDRFs over the course of disease as a proxy 
for disease response. Phelps et al25 analyzed “IDRF decay” 
over the course of eight chemotherapy cycles, and determined 
that there was an overall decrease in the number of IDRFs. 

T A B L E  3   Patient characteristics

Characteristic
Total number of patients with each characteristic who have 
at least one IDRF

Percentage of patients with 
each characteristic who 
have at least one IDRF (%)

Age ≥547 days (N = 37) N = 28 75.7

Age <547 days (N = 39) N = 31 79.5

Female sex (N = 37) N = 32 86.5

Male sex (N = 39) N = 27 69.2

Primary tumor site

Abdomen (N = 46) N = 38 82.6

Neck (N = 2) N = 2 100

Thorax (N = 12) N = 4 33.3

Pelvis (N = 1) N = 0 0

Cervicothoracic (N = 3) N = 3 100

Thoracoabdominal (N = 2) N = 2 100

Abdomen-pelvisa  (N = 10) N = 10 100

INSS stage 4 (N = 30) N = 26 86.7

Non-INSS stage 4b  (N = 46) N = 33 71.7

Surgical complications (N = 30)b  N = 30 100

Absence of surgical complications (N = 36) N = 20 55.6

Unknownc  (N = 10)

Gross total resection (N = 54) N = 41 75.9

Partial resection (N = 12) N = 10 83.3

Unknownc  (N = 10)

Grade of differentiation

Undifferentiated or poorly differentiated 
(N = 62)

N = 49 79.0

Differentiating (N = 8) N = 4 50.0

Unknown (N = 6)

MIBG avidity (N = 62) N = 48 77.4

MIBG non-avid (N = 6) N = 6 100

Unknown (N = 8)

MYCN amplified (N = 15) N = 14 93.3

MYCN nonamplified (N = 52) N = 39 75.0

Unknown (N = 9)

High MKI (N = 19) N = 16 84.2

Low/intermediate MKI (N = 48) N = 35 72.9

Unknown (N = 9)

Abbreviations: IDRF, image-defined risk factor; INSS, International Neuroblastoma Staging System; MIBG, metaiodobenzylguanidine
aAbdomen-pelvis includes tumors with primary location in the abdomen, retroperitoneum, or pelvis. 
bNon-INSS stage 4 disease includes stage 1, 2a, 2b, 3, and 4S. 
cTen patients either did not have surgery, or there is insufficient data available to determine if surgery was performed. 
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They also found that there were different rates of IDRF de-
crease among MYCN-amplified versus nonamplified tumors. 
Yoneda et al29 investigated how IDRFs within a tumor can 
change over the course of neoadjuvant chemotherapy. Further 

studies are needed to better elucidate how changes in IDRF 
number over the entire treatment course may be clinically rel-
evant. Future studies could also investigate which organs are 
infiltrated by tumor in order to determine which structures 

F I G U R E  2   A Spearman Rank correlation matrix was created between all characteristics and image-defined risk factor (IDRF) groups to 
determine if collinearity was present. Survival and EFS were moderately correlated (Spearman's ρ = 0.63). Additionally, EFS information is 
missing for three patients, so EFS was excluded from further analysis. Spine, intraspinal extension; Grade, differentiating histologic grade; Air, 
airway compression; Surv, survival; EFS, event-free Survival; MKI, mitosis-karyorrhexis index; Infil, tumor infiltration into adjacent organs and 
structures; INSS, international neuroblastoma staging system stage 4; MYCN, MYCN amplification; Vasc, tumor vascular encasement; Surg_
Comp, surgical complications; Body, tumor involvement of multiple body compartments

T A B L E  4   The number of image-defined risk factor (IDRF) groups is associated with various clinical, surgical, and histopathologic features 
of neuroblastoma. To explore associations between the number of IDRF groups and each clinical, surgical, and histopathologic feature of 
neuroblastoma (characteristic), univariate logistic regression was performed for each characteristic with the number of IDRF groups as predictor, 
adjusting for age (Model 1), and controlling for multiple comparisons across features using the Benjamini–Hochberg procedure. Survival analysis 
was performed as a Cox Proportional Hazard regression model with time-to-event endpoint controlling for age to calculate the hazard ratio for 
survival. Shown are the odds/hazard ratios and adjusted p-values

Characteristic Odds ratio/hazard ratio 95% Confidence interval Adjusted p-value

Survival 2.03 1.01–4.05 0.092

INSS stage 4 1.85 1.11–3.27 0.051

Surgical complications 3.10 1.6–6.7 0.001

Undifferentiated/poorly differentiated grade 0.73 0.29–1.64 0.454

MYCN amplification 1.81 0.92–3.86 0.132

High MKI 1.47 0.85–2.63 0.197
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are associated with decreased survival and histopathology 
such as MYCN amplification and high MKI.

A robust body of literature suggests that IDRFs are asso-
ciated with surgical complications.11,24,25,30-32 We expanded 
this understanding by showing that the number of IDRF 
groups is also associated with surgical complications, and 
that the presence of vascular encasement at diagnosis is as-
sociated with surgical complications. Future studies could 
further explore which specific surgical complications occur 
depending upon which IDRF group is present.

Certain features of our study design limit the generaliz-
ability of our work. We decided to cluster IDRFs into five 
groups, and this method of consolidating IDRFs may make 
direct comparison with other investigations challenging. In 
addition, a single pediatric radiologist scored the IDRFs. 
We also had a relatively low sample size, with patients from 
only two institutions. Numerous patients had some missing 
data, including clinical, surgical, or histopathologic features, 
which limit the conclusions of this study. Patients were more 
likely to have missing data if they were diagnosed closer to 
the year 2000. This is probably because paper charts were 
more likely to be used in the early 2000s, with some paper 
chart information being lost or not recorded in the electronic 
medical record. It is possible that patients with missing in-
formation who were diagnosed in the early 2000s were more 
likely to have worse outcomes because neuroblastoma treat-
ment evolved significantly during the 15-year period from 
the year 2000–2015. Furthermore, differences in surgical 
expertise may limit the generalizability of relationships to 

surgical complications and to survival. IDRFs are also used 
to define INRGSS stage, so using IDRFs to potentially influ-
ence treatment decisions will be confounded with INRGSS. 
Future studies should compare the performance of MRI and 
CT scans in determining the presence of IDRF groups at di-
agnosis. We anticipate similar results between CT and MRI 
scans, as both are recommended for initial staging of neu-
roblastoma. Based on the work by Sarioglu et al, MRI was 
superior for detecting intraspinal extension, involvement of 
multiple body compartments, and metastatic disease, while 
CT scans were superior at detecting vascular involvement.33 
Another limitation was that we only controlled for one clini-
cal characteristic, age, because the other characteristics were 
statistical outcomes. The main point of this study was to 
assess if preoperative imaging was associated with clinical 
and biological characteristics, and thus, this could not be ad-
justed. We acknowledge that other factors, such as institution 
or specific surgeon, could also confound the results.

Pathology is traditionally paramount in terms of provid-
ing information about tumors, but with utilizing additional 
imaging characteristics there is potential for clinicians to 
have unfiltered access to neuroblastoma tumor biology in a 
noninvasive fashion.21 With the numerous advances in im-
aging techniques, this technology helps provide a new in-
tersection between molecular oncology, precision medicine, 
and radiology.20 Histological markers, as well as genetic 
and genomic anomalies in neuroblastoma, may change the 
imaging characteristics of neuroblastoma. In this manner, 
employing imaging information and their association with 

F I G U R E  3   Kaplan–Meier curves for 57 patients, stratified by the presence or absence of tumor infiltration. At 5 years, the overall survival 
(OS) in the presence of tumor infiltration was 62% (95% CI, 36%–80%), and the OS in the absence of tumor infiltration was 97% (95% CI, 
80%–99%)
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clinical and histopathologic features of neuroblastoma offers 
the potential to obtain prognostic information at diagnosis. 
It is clear further studies are indicated to elucidate how im-
aging information may predict tumor behavior and response 
to treatment.

In conclusion, the presence of IDRFs is predictive of sur-
gical complications and correlates with decreased survival 
and high-risk histologic features. If imaging principles that 
incorporate IDRFs and other valuable radiologic features of 
tumor behavior can be successfully applied to neuroblastoma, 
a “personalized medicine” approach could be employed using 
histology, genetics, imaging, and clinical data to cater early 
treatment to each patient's individual tumor.
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