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Abstract

Background: MYCN amplification represents a powerful prognostic factor in neuroblastoma (NB) and may occasionally ac-

count for intratumoral heterogeneity. Radiomics is an emerging field of advanced image analysis that aims to extract a large

number of quantitative features from standard radiological images, providing valuable clinical information Procedure: In this

retrospective study, we aimed to create a radiogenomics model by correlating computed tomography (CT) radiomics analysis

with MYCN status and overall survival (OS). NB lesions were segmented on pre-therapy CT scans and radiomics features

subsequently extracted using a dedicated library. Dimensionality reduction/features selection approaches were then used for

features procession and logistic regression models have been developed for the considered outcome. Results: Seventy-eight

patients were included in this study, 24 presented MYCN amplification. In total, 232 radiomics features were extracted. Eight

features were selected through Boruta algorithm and 2 features were lastly chosen through Pearson correlation analysis: mean

of voxel intensity histogram (p=0.0082) and zone size non-uniformity (p=0.038). Five-times repeated 3-fold cross-validation

logistic regression models yielded an Area Under the Curve (AUC) value of 0.879 on the training and 0.865 on the testing set for

MYCN. No statistical significant difference has been observed comparing radiomics predicted and actual OS data. Conclusions:

CT based radiomics is able to predict MYCN amplification status and OS in NB, paving the way to the in depth analysis of

imaging based biomarkers that could enhance outcomes prediction.

INTRODUCTION

Neuroblastoma (NB) is the most common extracranial solid tumor of childhood and arises in the developing
sympathetic nervous system, resulting in tumors of the adrenal glands and/or sympathetic ganglia. NB
exhibits different clinical presentations and outcomes, in function of tumor biology, ranging from extremely
aggressive behavior to spontaneous regression during infancy [1]. Treatment decisions in NB are based on
prognostic factors such as age at diagnosis, the tumor stage (according to the International Neuroblastoma
Staging System (INSS) [2] or the International Neuroblastoma Risk Grouping Staging System (INRGSS)
[3], the histology according to the International Neuroblastoma Pathology Classification (INPC) [4, 5], and
molecular and cytogenetic characteristics [6]. The molecular profiling of NB is based on biopsies or surgical
specimens following resection. However, a significant challenge for the accuracy of molecular profiling may
arise because of tumor heterogeneity and partial sampling of lesions. MYCN amplification occurs in around
20% of NB and is par excellence associated with poor survival with treatment implications [7].

MYCN amplification occasionally shows intratumoral heterogeneity (hetMNA) and may depend on the
analyzed amount of tumor material and on the applied techniques. More rarely, heterogeneity may occur
spatially within the tumor and metastases or temporally, during disease evolution. Due to the unclear
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. biological and clinical impact of hetMNA, no specific therapeutic strategies exist for those patients [8, 9].
Standard radiological imaging can identify macroscopic evidence of hetMNA, providing useful information on
disease status. Computed tomography (CT) and magnetic resonance imaging (MRI) are recommended for
diagnosis and staging of NB, although there currently is no consensus about the optimal imaging modality
for assessing local disease. Both techniques are routinely used, depending on availability and other factors.
CT uses ionizing radiation and contrast medium, but it is characterized by very fast acquisitions thereby
eliminating the need for sedation. MRI requires long acquisition times and is considered superior in patients
with intraspinal extension [10].

Radiomics is an emerging field of advanced image analysis that aims to extract a large number of quantitative
features from standard radiological images, providing valuable clinical information [11]. To date radiomics
is mainly used in oncology to predict diagnosis, survival, progression of disease and gene mutation (i.e.
radiogenomics) [12-15]. Since radiomics has the potential for predicting molecular characteristics, it can
potentially be used for determination of mutational or amplification status of specific genes, as suggested
by promising preliminary experiences also in the specific field. The purpose of this study was to evaluate if
radiomics features extracted from standard staging CT scans could help in predicting MYCN amplification
status in patients affected by NB.

METHODS

Patients selection and data collection

Patients affected by NB treated from March 2005 to March 2019 at the Bambino Gesù Children Hospital
of Rome, Italy, were retrospectively enrolled. The patient’s disease was staged according to age at the time
of diagnosis (< or [?] 18 months), INSS [2] and the INRGSS [3]. The amplification of MYCN gene was
determined by fluorescent in situ hybridization (FISH) [25]. Clinical and pathological data of all cases were
retrieved from the medical records available in the institutional archives. The inclusion criteria were defined
as follows: (i) patients affected by NB; (ii) patients who underwent MYCN gene determination; (iii) patients
with at least 6 months of follow up (iv) patients images had to be stored in Dicom format.

Ethics Statement

This study was conducted in accordance with the declaration of Helsinki and approved by the local institu-
tional review board. All patients guardians signed a consent form allowing the use of their data for clinical
research purposes.

Radiomics analysis

The available staging CT imaging data were manually retrieved from the institutional Picture archiving
and communication system (PACS) system and anonymized according to study protocol before being ana-
lyzed by the Fondazione Policlinico Universitario “A. Gemelli” Radiomics lab of Rome, Italy. Images were
reviewed by two experienced pediatric radiologists in consensus (PLD and DC) for quality check and NB
were manually contoured in their entire extension, defining a single region of interest (ROI) per lesion on
Eclipse Treatment Planning System (Varian Medical Systems, Palo Alto, CA, USA). In figure 1 is shown
an example of NB lesion segmentation. All exams were acquired according to standard CT protocols after
intravenous administration of iodinated contrast medium [26]. Equilibrium contrast phase was preferred
for image segmentation as the enhancement obtained better delineates the main radiological features of NB
[26, 27]. A subsequent independent check of the segmentations has been provided by a radiation oncologist
belonging to the radiomics analysis team, in order to ensure ROI integrity and anatomical coherence of the
segmented volumes. Radiomics features extraction was then performed using the MODDICOM R library,
according to the standard recommended by the image biomarker standardisation initiative (IBSI), [16, 28].

Statistical analysis and predictive model set up

Radiomics features can be strongly correlated with each other, so that clusters of similarly distributed ones
could be identified. The reduction of features’ space dimensionality allows to reduce the probability of over-
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. fitting the data. Radiomics features were normalized according to Z-score and feature selection was performed
via Boruta algorithm with 3-fold cross validation repeated 5 times. . Features, which were Boruta-selected
at least 7 times out of 15, were kept for the next analysis phase. These selected features were then tested
for reciprocal pairwise correlation with Pearson correlation test, and only those with a correlation value
below 0.8 were kept as the final set of features. Finally, logistic regression models were trained with the
selected features in 3-fold cross-validation repeated 5 times with the same dataset splits used in the feature
selection step, with the aim to predict MYCN amplification status. Area Under the Curve (AUC) values
and classification matrix statistics at prediction 0.3 cut-off (positive case prevalence) were averaged among
the cross-validation results to obtain an estimate of the model out-of-sample performance. Furthermore, the
identified radiomics features were also pooled with patients follow up information, in order to verify their
OS prediction capability.

RESULTS

Patients Clinical Characteristics

This study included 81 patients diagnosed with NB between March 2005 and March 2019. Three patients
have been discarded from the analysis due to lack of data regarding MYCN status. Of the remaining 78, 50
were male and 28 female, with a median age at diagnosis of 28 months (range 14 days-199 months). Table
1 summarizes the characteristics of patients. Patients were divided in three categories according to MYCN
gene amplification: amplified (24), not amplified (43) and gain (11). Both a three (amplified versus not
amplified versus gain) and a two variables (amplified plus gain versus not amplified) analysis were performed
in order to test model’s performance. At the time of the analysis, mean OS was 47 months (range: 17-171).

Radiomics features selection and modeling

All CT scans, derived from 78 patients, were considered technically adequate for the purpose of the analysis
and therefore included in the study. In the figure 2 is shown the workflow of the study. Images were acquired
on two different scanners (SOMATOM Plus 4 before 2011, SOMATOM Definition Flash after 2011, Siemens
Healthineers, Erlangen, Germany). Mean pixel spacing was 0.44 (0.42-0.45) while mean slice thickness 2.6
mm (1-5 mm). In total, 232 radiomics features have been firstly extracted, belonging to the following
feature classes: 20 statistical features (grey-level histogram); 14 morphological features; 100 texture features
GLCM (grey level co-occurrence matrix); 66 texture features GLRLM (grey level run length matrix); 32
texture features GLSZM (grey level size zone matrix). After the Boruta selection procedure, 8 features
were selected and addressed to the further step (Figure 3). After Pearson correlation analysis, 2 features
were lastly retained: F stat.mean (mean of voxel intensity histogram) and F szm 2.5D.zsnu (zone size non-
uniformity, computed in the 2.5D version). According to IBSI definition, F stat.mean is a morphological
intensity-based statistical feature that describes the distribution of the grey levels within the considered
ROI.F szm 2.5D.zsnu is a textural feature that assesses the distribution of zone counts over the different
zone sizes. The uniformity of the zone sizes is low when the zone counts are distributed equally along zone
sizes [16].

Model Prediction

The five-times repeated 3-fold cross-validation logistic regression models with the 2 selected radiomics fea-
tures yielded a mean AUC value of 0.879 (SD=0.04) on the training and 0.865 (SD=0.08) on the testing
set (prediction cut off = 0.3) for MYCN amplification status prediction (Figure 4A). After the first binary
outcome identification (i.e. MYCN amplified versus not amplified), a following analysis considering also the
additional “gain” mutational status was ran. Interestingly out of the 11 gain patients, nine were located
under the amplification prediction cutoff threshold of 0.3. Figure 4B discloses the gain patients in the gen-
eral model. This may support the existence of a common radiomics pattern between non amplified and
gain patients, confirming the similar clinical behavior within the two classes. In order to test the ability
of the two selected radiomics features to predict survival outcomes, actual OS data were plotted with ra-
diomics based predictions and relative Kaplan-Meier curves were designed. Log-rank tests have been done
between observed and predicted amplified and not amplified patients curves (p=0.003 and 0.05 respectively),

3



P
os

te
d

on
A

u
th

or
ea

23
J
an

20
21

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
61

14
41

28
.8

06
77

26
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. while no statistical significant difference has been observed between the observed and actual curves (p=not
significant), (Figure 5).

DISCUSSION

Several somatic genetic alterations, that provide critical prognostic information, have been described in NB.
Among those, MYCN amplification is a crucial prognostic factor, being associated to advanced tumor stage
and poor outcome, and is central to the risk stratification systems. According to the recommendations of
the INRG Biology Committee, the methods accepted for detecting MYCN amplification are represented by
FISH, Polymerase Chain Reaction (PCR), Array comparative genomic hybridization (aCGH) and Multiple
Ligation dependent Probe Amplification (MLPA) on tumor tissue [17]. In clinical practice, the availability
of tumor material is sometimes challenging even if biopsy remains the gold standard for the diagnosis of
NB. Several minimally invasive surgical approaches have been adopted, including samples from fine-needle
aspirates, but they result to be burdened by a significant risk of hetMNA, giving clinicians only partial infor-
mation that could be misleading in the choice of the most appropriate therapeutic approach. Furthermore,
MYCN amplification may rarely show hetMNA itself, making the sampling and following diagnosis even more
challenging. Recently, other experimental methods to detect MYCN amplification by using cell-free DNA in
serum and plasma have been developed in patient affected by NB [18, 19]. However, these approaches have
not been validated yet in the current clinical practice. In this context, radiomics and radiogenomics, may
play a significant role thanks to the quantitative noninvasive and repeatable analysis of standard clinical
imaging that encompasses the whole tumor volume, taking into account the hetMNA. Radiomics features
may be associated with specific molecular pathways or mutations, offering reliable predictive tools for clin-
icians in breast cancer [20], glioma [14], lung cancer [15, 21] and even in healthy tissue [22]. Furthermore,
CT represent the most common modality used to diagnose and stage NB and for this reason the images
are easily accessible even for retrospective analysis. Brisse and colleagues correlate semantic features to the
genomic profile of NB, showing a significant relationships among the sympathetic origin of the tumor, its
genomic profile and the outcome [23]. In our preliminary study we aimed to develop a radiomics single phase
CT based predictive model as a convenient and reliable biomarker for MYCN amplification status in NB.
The proposed radiomics signature was set up to differentiate among MYCN amplified and MYCN wild types
tumors, representing a promising tool for prognostic prediction in a particularly innovative scenario. Wu
and colleagues have recently published a similar model, achieving similar results in MYCN prediction using
a combined clinical-radiomics modeling approach. Despite the similar structure of the two experiences, our
model focuses only on one CT sequence, reducing the foreseen workload for a real-world application of our
approach in clinical practice and is based on a lower number of radiomics features (2 versus 7), reducing the
computational burden and offering a more immediate workflow [24].

In conclusion, this preliminary study suggests that standard post-contrast CT logistic radiogenomics classifier
may help to identify MYCN amplification status, which may successfully integrate the traditional invasive
MYCN status testing and provide survival predictions for patients presenting amplification. The limitations
of this study are represented by the relatively small sample size, which cannot reflect the overall MYCN status
population, and the retrospective and single-institution nature. Further prospective multicenter validation
studies are necessary to confirm the generalizability of the observed results and to externally validate the
proposed model.
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FIGURE LEGENDS

Figure 1 . Abdominal NB lesion segmented on CT image

Figure 2 Workflow of the study showing the methodology used and radiomics data analysis.
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. Figure 3 . Radiomics features identification and selection procedure with Boruta selection algorithm.

Figure 4 . A) MYCN mutational status for binary prediction performance. Red dots represent non amplified
patients, blue dots amplified ones. B) MYCN mutational status for three tiers prediction performance. Red
dots represent non amplified patients, blue dots amplified ones and green dots gain patients.

Figure 5 . Kaplan-Meier curves for radiomics based survival prediction and observed data
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