Glioma Grade Classification via Omics Imaging

Lucia Maddalena' ©?, Ilaria Granata' ©°, Ichcha Manipur', Mario Manzo?©°

and Mario R. Guarracino!®4

Unst. for High-Performance Computing and Networking, National Research Council, Via P. Castellino, 111, Naples, Italy

2 Information Technology Services, University of Naples “L’Orientale”, Via Nuova Marina, 59, Naples, Italy

Keywords:

Abstract:

Glioma Grade Classification, Metabolic Networks, Omics Imaging.

Omics imaging is an emerging interdisciplinary field concerned with the integration of data collected from
biomedical images and omics experiments. Bringing together information coming from different sources, it
permits to reveal hidden genotype-phenotype relationships, with the aim of better understanding the onset
and progression of many diseases, and identifying new diagnostic and prognostic biomarkers. In this work,
we present an omics imaging approach to the classification of different grades of gliomas, which are primary
brain tumors arising from glial cells, as this is of critical clinical importance for making decisions regarding
initial and subsequent treatment strategies. Imaging data come from analyses available in The Cancer Imag-
ing Archive, while omics attributes are extracted by integrating metabolic models with transcriptomic data
available from the Genomic Data Commons portal. We investigate the results of feature selection for the two
types of data separately, as well as for the integrated data, providing hints on the most distinctive ones that
can be exploited as biomarkers for glioma grading. Moreover, we show how the integrated data can provide
additional clinical information as compared to the two types of data separately, leading to higher performance.

We believe our results can be valuable to clinical tests in practice.

1 INTRODUCTION

Gliomas are neuroepithelial tumors affecting glial
cells of the central nervous system (CNS) and are the
most common primary form of brain tumors. The
classification and grading of gliomas have evolved
over time, since 1926 until the modern classifica-
tion based on the World Health Organization (WHO)
classification of CNS tumors, first published in 1979
and then revised several times, most recently in
2016 (Louis et al., 2016). The WHO classifica-
tion system categorizes gliomas from grade I (lowest
grade) to grade IV (highest grade), based on several
morphologic, histological, and molecular attributes.
The differentiation between low-grade gliomas
(LGGs) and high-grade gliomas (HGGs) is critical,
since the prognosis, and thus the therapeutic strategy,
could differ substantially depending on the grade. In-
deed, HGGs are usually treated with surgical resec-
tion, followed by radiation therapy and chemother-
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apy. If they are misdiagnosed as LGGs, then they
will be treated less effectively (Togao et al., 2016).
A further distinction has to be made in the context
of HGGs, where the last grade, namely GlioBlas-
toma Multiforme (GBM), is the most aggressive dif-
fuse heterogeneous glioma with poor prognosis and
complex treatment, so much to be considered almost
untreatable (Soeda et al., 2015).

The extraction of large amounts of quantitative
features from medical images, often referred to as ra-
diomics (Lambin et al., 2012; Kumar et al., 2012),
has emerged in the last decade as a powerful method-
ology to quantify the characteristics of tumors in a
non-invasive manner, providing imaging biomarkers
for supporting clinical decision-making (Cho et al.,
2018). This approach has been investigated also for
the classification of glioma grades (Law et al., 2003;
Zacharaki et al., 2009; Togao et al., 2016; Cho et al.,
2018; Ertosun and Rubin, 2015; Khawaldeh et al.,
2018), where conventional and advanced Magnetic
Resonance Imaging (MRI) techniques are adopted to
extract a variety of imaging features.

With the advent of high-throughput arrays and
Next Generation Sequencing technologies, it is
now possible to integrate information coming from
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biomedical images with the omics data, i.e., those ob-
tained by the large-scale characterization and quan-
tification of molecules present in cells. A new in-
terdisciplinary field is emerging, concerned with the
integration of data collected from biomedical images
and omics analyses. Often named imaging genomics
(Hariri and Weinberger, 2003; Jaffe, 2012; Lee et al.,
2017) or radiogenomics (Acharya et al., 2018; Gillies
et al.,, 2016; Sala et al., 2017), we refer to it as
omics imaging (Antonelli et al., 2019), to better re-
flect the wide variety of omics (genomics, transcrip-
tomics, proteomics, other omics) data that can be ex-
ploited and combined with structural, functional, and
molecular imaging data. Bringing together informa-
tion coming from different sources, it permits to re-
veal hidden genotype-phenotype relationships, with
the aim of better understanding the onset and progres-
sion of various diseases, and identifying new diagnos-
tic and prognostic biomarkers (Ranjbar and Mitchell,
2017).

Several omics imaging studies investigated the re-
lationship between GBM imaging phenotypes, eval-
uated by MR images (Diehn et al., 2008; Zinn
et al., 2011; Beig et al., 2017) or CT images (Jain
et al., 2012), and gene-expression profiles, assessed
by cDNA microarray (Diehn et al., 2008; Zinn et al.,
2011; Smedley and Hsu, 2018) or RNA-seq analy-
ses (Beigetal., 2017). Some of them also investigated
the possible predictive value of the omics imaging ap-
proach for the survival of GBM patients (e.g., (Diehn
et al., 2008; Gevaert et al., 2014)). However, to our
knowledge, none of them was devoted to the classifi-
cation of the glioma grades.

In this work, we present an omics imaging ap-
proach to the classification of glioma grades. We start
integrating a dataset with both imaging and omics
data for each patient, collecting the data from publicly
available sources. Imaging features extracted by MRI
data come from publicly available analyses (Bakas
etal., 2017a), while, based on previous work (Granata
et al., 2019), we show how to integrate omics vari-
ables to span a new feature space. Finally, we re-
port and analyze results using or not feature selection
and oversampling, empirically proving that the inte-
gration of imaging and omics features, together with
these techniques, can lead to improved performance.

2 MATERIALS AND METHODS

2.1 Data

Omics data come from The Cancer Genome Atlas
(TCGA, tcga-data.nci.nih.gov), a multi-institutional

Glioma Grade Classification via Omics Imaging

comprehensive collection of various molecularly
characterized tumor types, whose data are avail-
able through the NCI’s Genomic Data Commons
portal (gdc.cancer.gov). Specifically, we exploited
FPKM (fragments per kilobase per million reads
mapped) normalized gene counts from RNA sequenc-
ing data of two brain cancer projects, TCGA-GBM
and TCGA-LGG. TCGA-GBM contains data for 161
samples, while TCGA-LGG contains data for 511
samples (see the “O” column in Table 1). For these

Table 1: Number of samples for the Omics dataset (O), the
Imaging dataset (I), and their intersection (OI).

Collection O I (0]
TCGA-GBM | 161 | 135 | 30
TCGA-LGG | 511 | 108 | 104
Total 672 | 243 | 134

data, we extracted features based on a metabolic
model of brain tissue (Agren et al., 2012), down-
loaded from the Metabolic Atlas database (metabol-
icatlas.org).  Specifically, by combining samples
of gene expression data with the tissue-specific
metabolic model, a weighted directed multigraph for
each sample is obtained (Granata et al., 2019). Its
nodes represent the involved metabolites; the edges
connect interacting metabolites, and their weights are
the expression values of the enzymes catalyzing the
reactions in which the couple of metabolites is in-
volved. The multigraphs are reduced to simple graphs
as in (Granata et al., 2018), by taking the mean of the
expression values for multiple enzymes connecting
two nodes in the same reaction and then summing up
the means of different reactions connecting the couple
of metabolites. This way, each network contains 8458
edges, reduced to 1375 by eliminating edges having
weights common to all samples, used in the follow-
ing as omics features (O). The scheme of the proce-
dure for collecting omics features is reported in Fig.
1 (left).

Imaging data consist of multimodal MRI im-
ages publicly available from The Cancer Imag-
ing Archive (TCIA, cancerimagingarchive.net) (Clark
et al.,, 2013), where case-linked diagnostic pre-
surgical images are available for a large subset of the
TCGA genomically analyzed cases. Imaging features
are those available in the TCIA archive as analysis re-
sults provided by Bakas et al. (Bakas et al., 2017a;
Bakas et al., 2017b; Bakas et al., 2017c), extracted
from images of the TCGA-GBM and TGCA-LGG
collections. A subset of the available radiological
data was selected by the authors, including those that
refer to pre-operative baseline scans with available
MRI modalities of at least T1-weighted pre-contrast
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Figure 1: Omics and Imaging data. Omics data (left) are
obtained by the simplification of multigraphs constructed
by the metabolic model of brain tissue used for the RNA
sequencing data. Imaging data (right) consist of radiomics
features volumetrically extracted by MRI images.

(T1), T1-weighted post-contrast (T1-Gd), T2, and
T2-FLAIR. After pre-processing and segmentation of
different glioma sub-regions, a panel of more than
700 features was extracted volumetrically by the se-
lected image data. These features provide quantita-
tive information regarding intensity, volumes, mor-
phology, histogram-based, and textural parameters, as
well as spatial information and parameters extracted
from glioma growth models. The features have been
computed by the authors for 135 TCGA-GBM sub-
jects and 108 TGCA-LGG subjects (see “I” column
in Table 1). Among them, those for 102 GBM and 65
LGG samples are publicly available through TCIA,
while the remaining features, used for the MICCAI
Brain Tumor Segmentation 2018 (BraTS 2018)! test
data set, are available upon demand.

Matching the subject IDs of imaging and omics
data, we obtained a total of 30 samples from TCGA-
GBM and 104 samples from TCGA-LGG having both
omics and imaging data (see “OI” column in Table 1).
In the following, the whole sets of omics, imaging,
and omics imaging features for the matched samples
will be denoted as O, I, and OI, respectively.

In case of feature selection (see Sect. 2.2.1), two
integration strategies will be considered: 1) the inte-
grated data consists of the features selected among the
whole OI concatenated set (again referred to as OI),
and 2) the integrated data consists of the concatena-
tion of the two sets of selected omics and imaging
features (referred to as Opl).

2.2 Classification Procedure

The procedure adopted for classification follows a
typical workflow, as reported in Fig. 2. The input

Uhttps://www.med.upenn.edu/sbia/brats2018.html
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data (either O, I, or OI features) is partitioned into a
training and a testing set containing 66% and 33% of
the samples, respectively. The partitioning is chosen
randomly, taking care to have the same distribution of
samples over classes, both in training and in test set.
The training set is used to determine an optimal subset
of features (see Sect. 2.2.1). This subset is extracted
from both the training and the testing set and used for
classification (see Sect. 2.2.2).

| Stratified random partition of data ‘

Select NoF
features
Extract the Extract the
NoF features NoF features

l

‘ Classify | ‘

Classify ‘

Figure 2: Scheme of the classification procedure. Data is
partitioned into a training and a testing set. The training
set is used to determine an optimal subset of features. This
subset is extracted from both the training and the testing set
and used for classification.

2.2.1 Feature Selection

It is well-known that feature selection is generally a
fundamental step prior to classification (Wang et al.,
2016). This is even more compelling in the case of
omics imaging. Indeed, first of all, the overall number
of features is in the order of tens of thousand, giving
rise to the well-known curse of dimensionality. The
associated mathematical problem is ill-posed because
the number of variables is generally far larger than
the number of samples. When the number of sam-
ples is low, the features might appear highly corre-
lated. Moreover, the number of features represent-
ing the two types of data is very unbalanced: omics
data are described by tens of thousands of variables,
whereas the imaging variables are usually in the order
of hundreds. This imbalance produces a high proba-
bility of selecting features by chance from the omics
data. Finally, the information-to-noise ratio is differ-
ent in imaging and omics data, which might lead to
overfitting classification models.

For feature selection, we use SVM-RFE (Guyon
et al., 2002), a wrapper method based on recursive
feature elimination using Support Vector Machines
(SVM) (Vapnik, 1995), that provides a ranked list



of features ordered according to their relevance. To
choose the optimal number of features to be selected
from a dataset, we perform a k-fold cross-validation
(CV) of a classification model (see Sect. 2.2.2)
trained using the first NoF sorted features of the train-
ing data and choose the value of NoF that maximizes
the achieved performance across niter iterations of
the process (see Fig. 3). In the experiments, we set
k=5 and niter=10; NoF is searched in the interval
[10,20], experimentally proved to be suitable for all
0, I, and OI data, maximizing the AUC measure.

Trainingdata T

| SortedFeatures = FeatureSelection(T) ‘

nF = nFmin, ..., nFmax
i=1,.. nlter

| Estimate, = CV(T(SortedFeatures(1:nF))) |
|

v

E.r = mean(Estimate)

|
v

NoF = argmax(E)

Figure 3: Selection of NoF features. Once features from
the training data are ranked, their optimal number NoF is
chosen as the one that maximizes average performance, es-
timated through CV.

2.2.2 Classification

For supervised classification, as well as for choos-
ing the optimal number of selected features, several
classifiers can be considered. In the experiments, we
report results using the k-Nearest Neighbor classifier
(k=1), deemed to be among the top 10 techniques for
data mining (Wu et al., 2007).

2.2.3 Evaluation

For evaluating the classification results, the classifica-
tion procedure of Fig. 2 is repeated a number numlter
of times (in the experiments, numlter is set to 50),
each time randomly permuting the data and validat-
ing the classification of the extracted features through
k-fold CV (see Fig. 4). In the experiments, k is set to
5. Overall performance values are obtained as the av-
erage of those obtained at each iteration (i.e., for each
of the partitions).

Glioma Grade Classification via Omics Imaging

Test Training
Fold1| |

Avg

Foldk | -

Figure 4: Scheme of k-fold cross-validation. Data is divided
into k subsets. At each of the k iterations, one subset is
used as the test set and the other k-1 subsets are used as the
training set. The k results are averaged to produce a single
estimation.

2.2.4 Handling Imbalanced Data

Considering a binary classification problem, a dataset
is said to be imbalanced if there exists an under-
represented concept (a minority class) when com-
pared to the other (a majority class). The imbalance
ratio (IR), i.e., the ratio of the cardinalities of the ma-
jority and the minority classes, is usually adopted to
establish the imbalance severity. Prediction models
built from imbalanced datasets are often biased to-
wards the majority concept, which is especially crit-
ical when there is a higher cost of misclassifying the
minority examples, as in our case for diagnosing the
highest glioma grade. For recent discussions on han-
dling imbalanced data, see (Peeken et al., 2018; San-
tos et al., 2018; Manzo, 2019). The problem is even
more challenging in the context of omics imaging,
since imaging and omics techniques analyze phenom-
ena that might have intrinsic differences and different
sensitivity levels (Antonelli et al., 2019).

As the IR in our datasets is quite high (IR=3.47),
in our experiments, we adopted the Adaptive syn-
thetic sampling approach for imbalanced learning
(ADASYN) oversampling method (Haibo He et al.,
2008), an extension of Synthetic Minority Over-
sampling Technique (SMOTE) (Chawla et al., 2002)
that synthetically creates new samples of the minority
class via linear interpolation between existing minor-
ity class samples. Those minority samples that are
harder to learn are given greater importance; thus,
they are oversampled more often. Therefore, most of
the new samples lay in the vicinity of the boundary
between the two classes, rather than in the interior of
the minority class.

2.2.5 Cross Validation for Imbalanced Data

In our framework, CV is adopted for both feature se-
lection (see Sect. 2.2.1) and overall evaluation (see
Sect. 2.2.3). It is well known that the joint appli-
cation of CV with oversampling should be handled
with care (Santos et al., 2018). Specifically, over-
sampling should not be applied to the entire original
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data, over which to perform CV and model evaluation,
as this procedure would lead to building biased mod-
els and producing overoptimistic error estimates. In-
stead, oversampling should be applied during CV (see
Fig. 5), only on the training data of each fold, so that
exact or similar replicas of a given pattern produced
by oversampling cannot be found in both the training
and test sets. In our experiments using oversampling,

Test Training__ Test Oversampled Training
GGHEE I B EE II B =B B

_ Tainin _ est Oversampled Training Test
Pk BN M H B B B B)

Figure 5: Scheme of k-fold cross-validation with oversam-
pling. At each step, oversampling (for balancing green and
red classes) is performed only on subsets used for training.
Red samples with * indicate artificial samples added to the
minority (red) class.

the standard CV (as depicted in Fig. 4) is replaced by
the CV with oversampling sketched in Fig. 5, for both
feature selection and evaluation.

3 RESULTS AND DISCUSSION

3.1 Performance Measures

In our experiments, we consider several performance
metrics, defined in terms of the number of true pos-
itives (TP), true negatives (TN), false positives (FP)
and false negatives (FN)

* Accuracy (Acc): measures the percentage of cor-

rectly classified examples and is computed as
TP+TN .
TP+FN+FP+TN’

 Specificity (Spec): measures the percentage of

negative examples correctly identified and is de-
fined as

(D

Acc =

= @
+FP
 Sensitivity (Sens): also referred to as Recall, it
measures the percentage of positive examples cor-
rectly classified and is computed as
TP
TP+FN’
* Precision (Prec): corresponds to the percentage
of positive examples correctly classified, consid-
ering the set of all the examples classified as pos-
itive, and is defined as

Spec

Sens =

3)

TP

Prec = ——;
TP+FP

“4)
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* F-measure (Fg): shows the compromise between
sensitivity and precision, obtained as

Fy=(1+p%-

Prec- Sens

(B2 - Prec) + Sens’ )

where B € R weights the role of sensitivity and
precision. In our experiments, we consider Fj
(i.e., B=1);

e Adjusted F-measure (AGF): addresses imbal-
anced data, giving more weight to patterns
correctly classified in the minority (positive)
class (Maratea et al., 2014). It is defined as

AGF = vV Fz 'InVFoj, (6)

where F, is computed as in Eq. (5) for =2 and
InvF) 5 is computed for =0.5 and through an in-
version of the confusion matrix, where positive
samples become negative and vice versa;

* G-mean (Gm): represents the geometric mean of
the accuracy of both classes and is defined as

Gm = +/Sens - Spec; @)

¢ Area Under the ROC Curve (AUC): makes use
of the Receiver Operating Characteristics (ROC)
curve to exhibit the trade-off between the classi-
fier’s TP and FP rates (He and Garcia, 2009).

For all the above metrics, higher values indicate better
performance results. Besides completeness, the rea-
son for using so many metrics, rather than only the
frequently adopted Acc, is that, in the case of un-
balanced datasets, Acc is biased towards the major-
ity class (He and Garcia, 2009). In the experiments,
the majority class (LGG) is assumed as the negative
class, while the minority class (GBM) is assumed as
the positive class.

3.2 Performance Analysis

Performance results on the testing sets are reported in
Table 2. Here, we compare the results obtained with-
out feature selection (“All features”) with those ob-
tained applying feature selection (“Selected features™)
as well as those obtained using oversampling (right)
with those obtained without oversampling (left). The
sets of features considered are only imaging features
(D), only omics features (O), and omics imaging fea-
tures (OI). In the case of feature selection, we further
consider the second integration strategy described in
Sect. 2.1, i.e., the set of omics imaging features (Opl)
obtained by concatenating, for each patient, the I and
O features separately selected (i.e., feature selection
is not performed on OI, but only separately on I and
0).
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Table 2: Testing performance (%) with/without feature selection (All features/Selected features), as well as with/without
oversampling, on the I, O, and OI features. In case of feature selection, we also consider the omics imaging features (Opl)
obtained by concatenating the I and O features separately selected.

Data || Acc [ Sens [ Spec [Prec | F; [ Gm [ AUC[AGF || Acc [Sens | Spec [Prec | F; | Gm [ AUC [ AGF
Testing WITH oversampling Testing WITHOUT oversampling
All features All features

I 67.387.0|61.5(40.8|54.7|70.2| 742|752 |72.7|82.0|69.9 |46.2|57.7|72.2|76.0 | 75.5

(0] 92.1193.091.9|81.7|84.9(91.8| 92.5 [ 92.5{/91.2|70.0 | 97.4 |90.0 | 75.8|79.7 | 83.7 | 79.7

OI |/ 89.8(98.0|87.4(74.3|82.7|92.2|92.7|93.5(93.3/90.0|94.2|86.3|859|91.3|92.1|91.7

Selected features Selected features

I 80.5]69.5|83.758.2160.3(70.6|76.6 | 71.7 |/ 81.2|60.4 | 87.3 {58.2(56.3[64.9|73.9 | 65.5

(0] 95.1190.7 | 96.5|90.8 | 88.9(92.2| 93.6 | 92.5 |94.3 | 84.9 | 97.1 | 90.3 | 85.4|88.6| 91.0 | 88.7

OI [[95.0(91.1]96.1 90.2|88.8(92.4]93.6|92.7(94.6|86.0(97.190.5|86.2(89.3|91.5|89.5

OpI |/92.8(90.1 | 93.7 [85.3]85.2190.6|91.9 |91.2{92.4|82.0|955|86.4|81.4|86.0| 88.7 | 86.3

From Table 2, it can be observed that feature se- L SNE(NH=0785185) 1o SNE (NH = 0.912063)

lection almost always leads to a substantial improve- o g?‘%ﬁ s by £
ment according to any performance measure. Excep- 2 N ° G ahak A
. SR . . Lle A0 4 A AR A
tions can be observed for Sensitivity in testing with NI VN . o %ﬁi@fs
oversampling (bottom-left of Table 2), which is re- HES :EAAAAAAA — a2y 5 8 e
duced from 87%, 93%, and 98% to 69.5%, 90.7%, ol : D:m pea .
and 91.1% for the I, O, and Ol features, respectively. Al features Selected features
Consequently, also AGF is reduced, as it weighs more (a)
the correct classification of mil}ority samples. How- 5 "S”Zgz;{’gj:;’é . "S”;:N”:O-g
ever, these performance reductions are compensated et o 2 ;ﬁé =,
in terms of augmented values for all the other met- RSN TV o8 W gfffi A
rics. Instead, in case of results obtained without over- slo e hash o 2 z{%@ﬁfﬁ -
sampling (right part of Table 2), we can observe more & Hmga 2y 3™
cases where performance decreases when using fea- g B 5 o o
ture selection, especially for the imaging features. - ®) g e

The beneficial role of feature selection is con- SNE (NH =0911111) L USNE(NH=1000000)
firmed by the visual analysis based on T-distributed s, o [ 2] s
Stochastic Neighbor Embedding (t-SNE), reported 0 E%‘?Aﬁi a1 ot a2 g gNa
in Fig. 6. t-SNE is a nonlinear dimensional- A A‘Aﬁfﬁ o KAAA%AAAAAAAAAA “
ity reduction technique that allows embedding of LB o - ’ “ -
high-dimensional data for visualization in a low- % op°8"

dimensional space (van der Maaten and Hinton,
2008). It models each high-dimensional sample by
a two- or three-dimensional point in such a way that
similar samples are modeled by nearby points and dis-
similar samples are modeled by distant points with
high probability. It is capable of retaining the local
structure of the high-dimensional data, while also re-
vealing some important global structure, such as the
presence of clusters at several scales. Figs. 6-(a)-(c)
provide visual representations of the glioma data used
for training mapped into the 2D Euclidean space by t-
SNE, considering both all the features (left plots) and
the selected features (right plots). Data are colored
to reflect the ground truth classification (red squares
for GBM and blue triangles for LGG). In addition
to showing these scatterplots, we also display a met-
ric called neighborhood hit (NH) (Paulovich et al.,
2008). For a given number of neighbors & (in our ex-

Al features Selected features

©
Figure 6: Role of feature selection: t-SNE of (a) I, (b) O,
and (c) OI data considering all the features (left plots) or
the selected features (right plots) for training data, where
feature selection is performed.

periments, k=6), the NH for a projected point p € R?
is defined as the ratio of its k-nearest neighbors (ex-
cept p itself) that belong to the same class as the cor-
responding observation. The NH for a projection is
defined as the average NH over all its points. Intu-
itively, a high NH corresponds to a projection where
the real classes (ground truth) are visually well sep-
arated. Therefore, as suggested in (Rauber et al.,
2018), the NH metric provides a good quantitative
characterization of a t-SNE projection. Fig. 6-(a) re-
ports the t-SNE visual representations for one of the
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random partitions of the imaging data. Here, we ob-
serve that the two classes do not appear well sepa-
rated when using all the features (left plots). Instead,
using the subset of selected features (right plots) al-
lows to better group data belonging to the same class
in periphery areas of the 2D plane, even though the
groups are still not spatially separated. The gain in us-
ing feature selection is well reflected by the increase
in the NH value. From the visual representations for
the omics data reported in Fig. 6-(b), we observe that
the two classes appear better separated than for the
imaging data, also when using all the features. Using
the subset of selected features leads to data clusters
that are much more spatially separated, also showing
much higher NH values. Similar observations can be
done for the omics imaging data, whose t-SNE visual
representations are reported in Fig. 6-(c), showing
that the subset of selected features leads to correctly
cluster the mapped data in separate plane regions in a
way that is consistent with their classification and the
NH values when using only the selected features are
extremely high.

The above analysis based on both performance
metrics and visual representations by t-SNE high-
lights the higher discriminating power of omics imag-
ing data, especially if coupled with feature selection
and oversampling, as compared to any of the types of
data separately.

3.2.1 Comparisons with Other Methods

To complete our analysis and discussion of the pro-
posed framework, we wish to compare our results
with those obtained by different approaches. How-
ever, due to the novelty of our omics imaging ap-
proach, to the best of our knowledge, no other method
exists that has been evaluated on the same dataset
and that can be compared for glioma grade classifi-
cation. Therefore, in Table 3, we summarize the per-
formance of several methods for classifying glioma
grades, bearing in mind that each has been validated
by its authors on a different set of data.

The method in (Law et al., 2003) uses relative
cerebral blood volume (rCBV) measurements derived
from perfusion MRI and metabolite ratios from pro-
ton MR spectroscopy, with a cohort of 160 patients.
Table 3 reports sensitivity and specificity for discrim-
inating the 120 HGG and 40 LGG samples (computed
by the authors for correct identification of HGGs,
i.e., assuming HGG as positive) achieved both using
solely rCBV and combining rCBV with metabolite ra-
tios (m.r.).

The work in (Togao et al., 2016) investigates the
diagnostic performance of intravoxel incoherent mo-
tion imaging for glioma grade classification using
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Table 3: Performance (%) of methods for glioma grades
classification.

Method Acc | Sens | Spec | AUC
Law2003-rCBV 95.0 | 57.5
Law2003-rCBV+m. r. 93.3 1 60.0
Togao2016 96.6 | 81.2 1 95.0
Zacharaki2009 87.8184.6 9551 89.6
Cho2018 88.5195.1|70.2 | 90.3
Ertosun2015 96.0198.0 | 94.0
Khawaldeh2018 91.3|87.5[953
I 80.5|69.5 | 83.7 | 76.6
(0] 95.1190.7 [ 96.5 | 93.6
Ol 95.0]91.1 | 96.1 | 93.6

several parameters, with a cohort of 45 patients. Ta-
ble 3 reports their best sensitivity, specificity, and
AUC values for discriminating the 29 HGG and 16
LGG samples, obtained based on the volume fraction
within a voxel of water flowing in perfused capillars.

The method in (Zacharaki et al., 2009) is based
on a total of 161 imaging features, including shape,
intensity, and texture features, extracted by different
MRI modalities on a set of 74 brain tumors. Fea-
ture selection is obtained using a SVM-based recur-
sive feature elimination process similar to the one we
adopted, but using a leave-one-out CV. Table 3 reports
the accuracy, sensitivity, specificity, and AUC values
achieved by weighted SVM to differentiate between
the 22 LGG and 52 HGG samples.

Cho et al. (Cho et al., 2018) quantify gliomas
with a radiomics approach and use the results to dif-
ferentiate between 210 GBM and 75 LGG samples.
They consider data from the MICCAI Brain Tumor
Segmentation 2017 Challenge (Menze et al., 2015),
derived from the TCGA-GBM and TGCA-LGG col-
lections. A set of 468 quantitative radiomics features
(based on shape, histogram, texture, and intensity)
is computed from four MRI modalities, considering
three glioma sub-regions. The minimum redundancy
maximum relevance algorithm is adopted to select
five features, used to build three different classifier
models. Table 3 reports the average accuracy, sen-
sitivity, specificity, and AUC values achieved by the
classifiers in the testing cohort as defined in the BraTS
challenge.

Two deep learning-based methods have recently
been proposed for classifying glioma grades. In (Er-
tosun and Rubin, 2015), a deep learning-based clas-
sification pipeline is proposed using digital pathology
images of whole tissue slides obtained by TCGA. Ta-
ble 3 reports the accuracy, sensitivity, and specificity
values obtained by the authors to differentiate be-
tween the 52 LGG and 48 GBM microbiopsy samples
randomly selected from independent test slides. Deep



learning-based classification for grading of glioma tu-
mors is also considered in (Khawaldeh et al., 2018).
However, the model is trained using single 2D slices
of FLAIR MRI images available in TCIA. The label-
ing available for each patient was extended to label,
for each MRI, a subset of slices showing the lesion.
Table 3 reports the accuracy, sensitivity, and speci-
ficity values computed by the confusion matrix pub-
lished by the authors for a (more difficult) three-class
classification problem on 587 samples (213 GBM,
235 LGG, and 139 healthy).

For direct comparison, in Table 3, we also re-
port the best performance results for the proposed ap-
proach using feature selection and oversampling on I,
O, and OI features. Overall, we can conclude that the
proposed approach based on using OI features shows
performance similar to or higher than all the com-
pared methods in terms of all the considered perfor-
mance metrics.

3.3 Analysis of Selected Features

Table 4 reports the most frequently selected features
from I, O, and OI data, respectively. These have been
collected, for each dataset, as those selected in the
training set of each of the 50 iterations of the eval-
uation procedure. The numbers on the left indicate
the number of times (over 50) each feature has been
selected. Among the 704 imaging features (named ac-
cording to the nomenclature provided by the authors
(Bakas et al., 2017b; Bakas et al., 2017c)), only 193
of them have been selected at least once when pro-
cessing imaging data. The most frequently selected
concern volume, histogram, intensity, spatial, and tex-
tural properties of the MRI images. Among the 1375
omics features (named according to the acronyms of
the involved metabolites), only 153 of them have been
selected at least once when processing omics data.
Only 131 of the 2079 omics imaging features have
been selected at least once when processing omics
imaging data. Among them, the most frequently se-
lected imaging features concern volume and spatial
properties, while the most frequently selected omics
features are also those most frequently chosen while
applying feature selection to O alone.

The strategy of integrating omics data into
metabolic models is proper to systems biology ap-
proach, where the integration of multiple informa-
tion coming from different data sources is exploited
to investigate the links among molecular components
of varying nature. Here we used the gene expres-
sion data and the gene-protein-reaction relationships
(GPR) to weight the connections among metabolites
consumed and produced in enzymes-catalyzed reac-
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tions. Through this approach, we can get insights
into the metabolism even starting from gene-level
data. Indeed, the extracted features are metabolites
connections, and thus, we can recover useful infor-
mation from single metabolites, whole reactions, be-
longing subsystems, and enzymes, providing a wider
choice of candidate biomarkers. Furthermore, focus-
ing our attention on metabolites, we aim at overcom-
ing the limit imposed by gene expression quantifica-
tion, which requires the extraction of the RNA from
the brain tissue. Indeed, it is possible to measure the
metabolites abundance through LC-MS/MS-based
quantification in both cerebrospinal fluid and brain
(Fuertig et al., 2016), through in-vivo proton magnetic
resonance spectroscopy (1H-MRS) (Jansen et al.,
2006). The first three mostly recurrent features ob-
tained from omics and omics imaging are exactly the
same, confirming their strong discriminative power.
In particular, the first two are selected in almost all
the iterations, and the third one in half of them. All
features highlight an increased nutrient request in
more aggressive cancers, made of cells that prolifer-
ate and invade more rapidly. Indeed, the first metabo-
lite couple (m00247¢_m00569c¢), 1,3-bisphospho-D-
glycerate — 2,3-bisphospho-D-glycerate, is part of
the Glycolysis/Gluconeogenesis subsystem, and the
associated reaction is catalyzed by PGAMI1. The lat-
ter is the brain isoform of the phosphoglyceric acid
mutase, a well-known enzyme in cancer research,
since it is involved in the so-called Warburg effect,
the aerobic glycolisis that provides a selective ad-
vantage to cancer cells for growing and proliferat-
ing. Its abundance is highly correlated to aggres-
siveness and poor prognosis of tumors (Sun et al.,
2018). The second omics and omics imaging feature
(m02579¢_-m02579s) is the transport of ammonium
ions NH4+ from cytoplasm to extracellular compart-
ment. Several studies have associated ammonium
ions to growth, death, and regulation of apoptotic pro-
cesses, depending on cell types. It is generally rec-
ognized as a waste product of glutaminolysis, a fun-
damental energy source for proliferating cells, and is
deleterious to cells; that is the reason for finding the
transport toward the outside of cells. Surely NH4+
abundance and transport are correlated to the rate of
energy production (Abusneina and Gauthier, 2016).
The third metabolites link (m019721.m014301) in-
volves the following reaction: glucosylceramide pool
+ H20 — ceramide pool + glucose. It is part of the
glycosphingolipid metabolism in lysosomes, which
are lipids particularly abundant in the nervous system,
involved in many biological processes. The impair-
ment of their production or catabolism leads to differ-
ent lysosome storage diseases, which are a hallmark
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Table 4: Most frequently selected imaging, omics, and omics imaging features, with their frequency.

Imaging Omics Omics&Imaging
36| VOLUME_NET over_TC 49 |m00247¢c_m00569¢ (47 |m00247c_m00569¢c
32|VOLUME_ET _over_TC 47|m02579c_m02579s |43 |m02579c_m02579s
30| VOLUME_ET_OVER_WT 241m019721-m014301 |28 |m019721_-m014301
26| HISTO_ED_FLAIR_Bin10 231m01990c_m01992¢ |24 |m01688c_m01680c
25| SPATTAL Temporal 21|m02133c_m02471c |23 |m02344c_m02344s
25| TEXTURE_GLSZM_ED_FLAIR_SZHGE 20|m02344c_m02344s |19 |m01990c_.m01992c
23|INTENSITY_STD_NET_T1Gd 19/m01688c_m01680c |18 |m02133c_m02471c
21| TEXTURE_GLSZM_ED_T1Gd_LGZE 18|m02845¢_m02806¢c |12|VOLUME_ET_OVER_WT
21| TEXTURE_GLSZM_NET_T1Gd_SZHGE 15{m01307c_m02335¢c |11|{m00809c_m00968c
18|HISTO_ED_T1_Bin3 13{m01972¢_m01430c |11|m01868g_-m01869¢g
16| HISTO_ED_T1_Bin2 11{m01939c¢_m00247¢c |11|{m02658c_m02812c
16 | HISTO_NET_FLAIR _Bin10 10/m01913s_-m01910s  |10|SPATIAL _Insula
IS|INTENSITY_STD_ET_T1Gd 9Im01307c_m02818c |10(m01115¢c_m02471c
14|HISTO_ET_T1Gd_Bin7 9/m020081-m019101 | 10{m01939c_m00247c
14| TEXTURE_.GLCM_NET_T1Gd_AutoCorrelation| 8|m00826m-m02189m |10 m01965¢c_m01965g
14| TEXTURE_GLRLM_NET_T1Gd_SRLGE 8|m01821s_m01822s | 9(m019135_-m01910s
13|HISTO_ED_T1_Bin6 81m01965¢_.m01965g | 9|m020081-m019101
13| TEXTURE_.GLCM_NET_T1Gd_SumAverage 8|m02658c_m02812c | 7| VOLUME_ET_OVER_BRAIN
12| TEXTURE_GLSZM_ED_T1Gd_SZLGE 7/m00351c_-m00349¢c | 7|m00554c_-m00555¢
10| TEXTURE_GLSZM_NET_T1Gd_SZE 7|m00809c_m00968c | 7|m01307c_m02335¢c

9|HISTO_NET_T1Gd_Bin10 71m01968c_m01968r | 7|m01673c_m01755¢c
9|SPATIAL _Insula 6|m00554c_m00555¢ | 7|m01690c_-m01939c
9|TEXTURE_GLSZM_ET_T2_SZHGE 6|m01690c_.m01939¢c | 7|m02845¢c_m02806¢

of neuronopathic forms of the disease (Boomkamp
and Butters, 2008; Russo et al., 2018).

4 CONCLUSIONS

The availability of data from both omics and imaging
experiments for each patient provides deeper insight
into the classification of disease states, as in the case
of brain tumors. In this work, we analyze in detail
the problem of integrating publicly available data to
discriminate between brain tumor subtypes. Imaging
features come from analyses available in the TCIA
archive, while, in the case of transcriptomic data, fea-
tures are extracted in terms of metabolic information
through the integration of gene expression values into
a genome-wide metabolic model of the brain tissue.
This approach allows us to get a broader range of in-
formation, going from the enzymes to the metabo-
lites and the associated reactions. Focusing on the
metabolic alterations is a widespread strategy in can-
cer research, both because the transformed cells adopt
an energy/metabolic reprogramming (Jeon and Hay,
2018) and because the metabolites and the enzymes
represent good targets for diagnostic and therapeu-
tic challenges (Luengo et al., 2017). The adopted
framework takes into account several strategies that
can lead to better and fairer results, including feature
selection and data balancing, and their correct incor-
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poration in the entire procedure. We show that the
integration of omics and imaging data, also thanks to
these precautions, can provide more accurate results
than their separate use, even using a small number
of significant features from both the types of exper-
iments.

Future research will be devoted to both new meth-
ods and data. Indeed, our implementation choices
have been guided by the established literature, rather
than by their specific suitability for the problem at
hand. It will be interesting to further investigate
whether the adoption of different classifier models,
data balancing strategies or feature selection algo-
rithms specifically devised for integrating multimodal
data, may lead to even better results for this or sim-
ilar applications. Moreover, we will try to integrate
larger volumes of data coming from different experi-
ments and to generalize our findings to more massive
datasets of various diseases. This means, on the one
hand, producing imaging features with standard and
FAIR procedures, like those adopted in this study. On
the other hand, this leads our attention to other types
of omics data (e.g., those coming from the blood)
that could help reducing invasive interventions. This
would facilitate and enhance the role of omics imag-
ing studies as a support to the medical doctors.
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