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Simple Summary: After leukemias, brain tumors are the most common cancers in children, and early,
accurate diagnosis is critical to improve patient outcomes. Beyond the conventional imaging methods
of computed tomography (CT) and magnetic resonance imaging (MRI), advanced neuroimaging
techniques capable of both structural and functional imaging are moving to the forefront to improve
the early detection and differential diagnosis of tumors of the central nervous system. Here, we

review recent developments in neuroimaging techniques for pediatric brain tumors.

Abstract: Central nervous system tumors are the most common pediatric solid tumors; they are
also the most lethal. Unlike adults, childhood brain tumors are mostly primary in origin and differ
in type, location and molecular signature. Tumor characteristics (incidence, location, and type)
vary with age. Children present with a variety of symptoms, making early accurate diagnosis
challenging. Neuroimaging is key in the initial diagnosis and monitoring of pediatric brain tumors.
Conventional anatomic imaging approaches (computed tomography (CT) and magnetic resonance
imaging (MRI)) are useful for tumor detection but have limited utility differentiating tumor types and
grades. Advanced MRI techniques (diffusion-weighed imaging, diffusion tensor imaging, functional
MR, arterial spin labeling perfusion imaging, MR spectroscopy, and MR elastography) provide
additional and improved structural and functional information. Combined with positron emission
tomography (PET) and single-photon emission CT (SPECT), advanced techniques provide functional
information on tumor metabolism and physiology through the use of radiotracer probes. Radiomics
and radiogenomics offer promising insight into the prediction of tumor subtype, post-treatment
response to treatment, and prognostication. In this paper, a brief review of pediatric brain cancers, by
type, is provided with a comprehensive description of advanced imaging techniques including clinical
applications that are currently utilized for the assessment and evaluation of pediatric brain tumors.

Keywords: pediatrics; brain tumor; positron emission tomography; volumetrics; elastography

1. Introduction

The most prevalent types of cancer in children in the United States (US) are leukemias,
brain and central nervous system (CNS) tumors, and lymphomas. The occurrence of types
of cancer varies by age and other factors. In the 0-14 years age group, leukemias, brain
and other CNS tumors, lymphomas, neuroblastoma, kidney tumors, and malignant bone
tumors are most common, while in adolescent children (aged 15 to 19 years), brain and
other CNS tumors and lymphomas most frequently occur, followed by leukemias and other
cancers [1]. The survivability of pediatric cancer has improved in recent decades due to
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treatments for leukemia, but now brain cancer is the leading cause of death in children [2].
Pediatric gliomas are the most common brain tumors in children [3]. Embryonal tumors
and pilocytic astrocytomas (PAs) are the most prevalent tumors before 9 years of age, and
gliomas grade II to Ill are most predominant until 19 years of age. The overall survival (OS)
of children with brain tumors is 70% at 10 years, but this figure includes benign tumors for
which complete resection is possible. OS is very low for some pediatric high-grade gliomas,
such as diffuse intrinsic pontine glioma (<10-15% survival at 5 years; mean survival,
11 months), while survival is higher in patients with medulloblastoma (all subgroups
combined, 53% at 10 years) [4]. In contrast, OS in children with low-grade gliomas is 85%
to 90%, including cases in which the tumor cannot be resected [4].

Neuroimaging plays an invaluable role in the diagnosis, treatment, and monitoring of
pediatric brain tumors. While traditional imaging techniques are good at detecting pedi-
atric brain cancer, they offer low specificity, lack of histological correlation [5], and have
limited capacity to evaluate therapeutic response evaluation. New targeted chemother-
apy and radiation therapies result in imaging changes, indicating either pseudo-response
or pseudo-progression, which are difficult to adequately assess with conventional mor-
phologic imaging techniques [6]. The incorporation of various advanced neuroimaging
strategies, such as magnetic resonance spectroscopy (MRS) and perfusion-weighted imag-
ing (PWI) has led to improved diagnostic accuracy in differentiating tumor recurrence from
treatment-induced changes [7-9]. Although studies utilizing positron emission tomography
(PET) with !8F- and ' C-labelled radiotracers and FDG (2-Deoxy-2-['8F]fluoro-D-glucose)
have demonstrated up to 96% accuracy in identifying pseudo-progression in high-grade
gliomas [9], head-to-head studies comparing nuclear medicine and advanced neuroimaging
techniques are not yet available [10].

Advanced imaging techniques, however, provide valuable insight about pediatric
brain tumors by offering the quantitative and qualitative assessment of brain microstruc-
tures and physiological changes due to pathology. Furthermore, advanced imaging tech-
niques allow for non-invasive “virtual histology” capabilities, the evaluation of function,
and the assessment of tissue properties. They also provide necessary information for surgi-
cal planning, the monitoring of treatment, and the evaluation of changes in tumor status.

In this paper, a brief review of pediatric brain cancers, by type, is provided followed
by a comprehensive description of advanced imaging techniques. These techniques include
both those with clinical applications that are currently utilized for the assessment and
evaluation of pediatric brain tumors and imaging modalities that are still being assessed
for their broader value in the clinic.

2. Pediatric Brain Tumors
2.1. Overview of Pediatric Brain Tumors

Pediatric brain tumors are the most common solid tumors in children. Traditionally
classified by location, age at presentation, and histological type, advances in molecular
biology and genetics have allowed for more refined subgrouping within major tumor types.
Given the major implications of molecular subgrouping for diagnosis, prognosis, and
treatment, in 2016, the World Health Organization (WHO) introduced a new framework
for the classification of CNS tumors by integrating molecular and genetic profiling into
diagnosis (Table 1) [11-15]. The fifth edition of the WHO classification of Tumors of the
Central Nervous System was recently published in 2021 and represents the sixth version of the
international standard for the classification of brain and spinal cord tumors [16]. Similarly,
the increasing ability of radiogenomics to correlate imaging features with underlying
disease biology and the advent of deep machine learning are expected to significantly
contribute to improving the accuracy of diagnosis, the prediction of disease outcomes, and
therapeutic decision-making for children diagnosed with brain tumors.
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Table 1. Pediatric brain tumors—an overview.

. Additional Subtyping Based on Frequent Molecular
Family Tumor Type Molecular Alterations Alterations (*)
CNS embryonal tumors
CTNNBI; often in conjunction
. with monosomy chromosome 6,
WNT-activated DDX3X, SMARCA4, and
TP53 mutations
SHH-activated (wildtype TP53) SHH-1, SHH-2, SHH-4 PTCH1, SUFU, SMO
Medulloblastomas SHH-activated with mutant TP53 SHH-3 TP53, MYCN a.rn.phflcatlon,
GLI2 amplification
MYC or MYC/MYCN
amplification, GFI/GFI1B
Non-WNT/non-SHH (Group 3 Subtvpes 1-8 alterations, OTX2, CDK6 or
and Group 4) YP SNCAP1 amplifications;
isochromosome 17; PRDMS6,
KBDBD4 mutations
Atypical teratoid/ ATRT-TYR, ATRT-SHH,

rhabdoid tumors

ATRT-MYC

Gliomas, glioneuronal and neuronal tumors

SMARCBI1, SHH, NOTCH, loss of
22q, tyrosinase overexpression,
MYC activation, HOXC

Diffuse high-grade
gliomas

Diffuse midline glioma, H3
K27-altered

H3.3 K27-mutant; H3.1 or H3.2 Histone 3 mutations, TP53,

K27-mutant; H3 wildtype with PPM1D, PDGFRA, PIK3CA,

EZHIP overexpression; EGFR PIK3R1, PTEN mutations, EZHIP
(and H3 K27) mutant overexpression, EGFR mutations

Diffuse hemispheric glioma, H3

Diffuse low-grade
gliomas

Histone 3 mutation, TP53,
G34-mutant ATRX mutations
Diffuse pediatric-type high-grade .
glioma, H3-wildtype and RTK1; RTK2; MYCN E““dl‘\ji é‘]’; f: 2 Glf flfé'tiiip Ror
IDH-wildtype P
Infant-type hemispheric glioma NTRK-altered; ROS1-altered; NTRKII/LXZZif?us;?onri‘Ij\SI)S % fusion
ALK-altered; MET-altered e .
amplification/fusion
MYB fusion or MYBL fusion
Diffuse astrocytoma MYB-altered; MYBLI-altered commonly with PCDHGAI,
MMP16 and MAML2

Angiocentric glioma

Polymorphous low-grade

MYB alterations, commonly fused
with QKI

neuroepithelial tumor

MAPK pathway-BRAF pV600E,
fusions with FGFR2 or FGFR3

Diffuse low-grade glioma, MAPK
pathway-altered

FGERI tyrosine Kinase MAPK pathway-FGFRI;
domain-duplicated; FGFR1 BRAF pV60OE
mutant; BRAF pV600E-mutant p

Astrocytic gliomas

Pilocytic astrocytoma

Pilomyxoid astrocytoma; pilocytic
astrocytoma with histological
features of anaplasia

KIA1549:BRAF fusion; NF1; BRAF
p-V600E; FGFR1 mutation/fusion;
KRAS; RAF1 or NTRK fusion

High-grade astrocytoma with
piloid features

NF1; FGFR; BRAF:KIAA1549
fusion; often with homozygous
deletion of CDKN2A/B

Pleomorphic xanthoastrocytoma

BRAF pV600E typically with
homozygous deletion
of CDKN2A/B

Subependymal giant
cell astrocytoma

Astroblastoma

MNT1 fusion with BEND2
or CXXC5
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Table 1. Cont.

Additional Subtyping Based on

Frequent Molecular

Family Tumor Type Molecular Alterations Alterations (*)
Glioneuronal/ Most commonly BRAF p.V600E
Ganglioglioma mutation, other MAPK

neuronal tumors

pathway alterations

Desmoplastic infantile
ganglioglioma/astrocytoma

BRAF or RAF1 fusions
or mutations

Dysembryoplastic
neuroepithelial tumor

FGFR1 mutation, fusion or
intragenic duplication

Diffuse glioneuronal tumor with
oligodendroglioma-like features
and nuclear clusters

Monosomy of chromosome 14

Diffuse leptomeningeal
glioneuronal tumor

With 1ggain; methylation class 1;
methylation class 2

KIAA1549:BRAF fusion or other
MAPK alteration, combined with
1p deletion

Multinodular and vacuolating
neuronal tumor

MAPK pathway

Ependymomas

Supratentorial ependymomas

ZFTA fusion-positive; YAP
fusion-positive; additional
molecular subgroups awaiting to
be defined

ZFTA fusion most commonly with
RELA; YAP1 fusion most
commonly with MAMLD1

Posterior fossa ependymomas

Group A (PFA); group B
(PFB)-retained H3K27
trimethylation; additional
molecular subgroups awaiting to

Loss of H3K27 trimethylation,
EZHIP overexpression

be defined

(*) Adapted from [16].

2.2. Medulloblastoma

Medulloblastoma, the most predominant malignant brain tumor in children, has been
at the forefront of the molecular subgrouping of pediatric brain tumors (Figure 1). Origi-
nating from precursor cells in the cerebellum or dorsal brainstem, medulloblastoma is an
embryonal tumor located in the posterior fossa and comprises up to 20% of all pediatric
brain tumors [17]. Previously classified into four different histological groups (classic,
desmoplastic/nodular, extensive nodularity, and large cell/anaplastic tumors), medul-
loblastoma has now been reclassified into four groups incorporating both histology and
molecular profiling. The present four distinct subgroups—wingless/integrated (WNT),
sonic hedgehog (SHH), Group 3, and Group 4—have different underlying genetic alter-
ations, distinct tumor biology, a diverse and wide range of phenotypes, and different
patient outcomes [18]. Radiomic and machine learning approaches are currently being
developed to predict the molecular subgroups of medulloblastoma by imaging [19].

Tumors of the WNT subgroup occur mostly in older children, account for about 10% of
medulloblastomas, are almost always of classic histology, and have the most favorable prog-
nosis among all medulloblastoma subgroups. Named after the aberrant activation of the
WNT signaling pathway caused by mutations of the CTNNBI gene that encodes 3-catenin,
WNT tumors are also reported to have monosomy chromosome 6, usually in conjunction
with CTNNBI mutations and mutations in DDX3X, SMARCA4, and TP53 [12-15,18]. WNT
medulloblastoma is thought to arise outside the cerebellum from cells of the dorsal brain-
stem, including the lower and upper rhombic lip [20]. Owing to this cellular origin, WNT
medulloblastomas are typically located in the posterior fossa with approximately 75% of
tumors occurring along the cerebellar peduncle and the cerebellopontine angle cistern,
yielding an imaging finding that is predictive of this subgroup [21].
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Figure 1. Five-year-old female presented with headache, vomiting and gait disturbance. Axial T2 (a);
axial DWI (b); axial SWAN (c); axial ASL-PWI (d); axial T1 fat saturated post contrast (e) images; and
long TE (144 msec) spectroscopy (f). There is a large heterogeneous, intermediate T2 signal mass cen-
tered in the fourth ventricle (solid white arrow). This mass demonstrates restricted diffusion (curved
black arrow) with numerous punctate foci of the hemorrhage (dashed arrow) and increased perfusion
(curved white arrow) in the center of the lesion. There is moderate heterogeneous enhancement after
contrast ministration (open arrow). Spectroscopy demonstrates Taurine peak at 3.4 ppm, high choline
(Cho) and undetectable N-acetylaspartate (NAA). There is also high lactate (Lac) demonstrated as
an inverted peak on this long TE spectroscopy. Final diagnosis was medulloblastoma, Group 3
(author’s institutional human ethics committee/institutional review board guidelines were followed
for anonymized images).

Comprising about 30% of medulloblastomas, SHH-driven tumors are the second most
common subgroup. Mutations of signaling molecules within the SHH pathway, such as
SUFU, smoothened (SMO), PTCH1, GLI1 and GLI2, are defining, and they are commonly
sought after as prime targets for small molecule inhibitors in medulloblastoma drug
discovery [12-15,18,22]. However, SHH tumors are indeed a highly heterogenous subgroup
with varied histology ranging from classic to large cell /anaplastic and SHH subtype-specific
desmoplastic/nodular medulloblastomas with extensive nodularity (MBEN). Like WNT
tumors, the SHH subgroup often presents with additional mutations such as MYCN
and TP53 that are defining for prognosis [23]. Because of this heterogeneity, the varying
propensity to metastasize, and the varied outcomes that are also dependent on age, SHH
medulloblastoma may be better defined by the following subtypes: SHH«, typically found
in children with TP53 mutations; SHHf, found in infants with poor prognosis; Shhy, found
in infants with good prognosis; and SHHA (or alternatively SHH1-4), tumors mostly found
in adults [18,24,25] (Table 1) [16]. Originating from precursor cells of cerebellar granule
neurons, SHH medulloblastomas are usually located in the cerebellar hemispheres but
radiologically can also be found in the midline and then are essentially indistinguishable
from Group 3 and Group 4 tumors [24].

Group 3 and Group 4 tumors are more heterogenous than WNT and SHH tumors
and are still less well understood in terms of underlying genetic mutations and cells of
origin. Group 3 medulloblastoma accounts for about 25% of medulloblastoma tumors
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and is a highly aggressive form with a propensity to metastasize. MYC amplification
is frequently found in Group 3 medulloblastoma and is associated with an overall poor
prognosis, but other pathways such as TNF (tumor necrosis factor)-f signaling can also
be affected in tumors of this subgroup [13-15]. Group 4 medulloblastoma accounts for
approximately 35% of tumors and, like Group 3, is biologically poorly characterized. The
loss of chromosomes 8, 11 and 17p, or the gain of chromosomes 7 and 17q have been found,
in addition to the amplification of CDK6, MYCN and SNCAP1 and aberrant ERBB4-SRC
and nuclear factor kappa B (NF-«B) signaling [12-15,18,26,27]. Following the lead of the
WNT and SHH subgroups in molecular and biological stratification, an international meta-
analysis study has recently suggested that Group 3/4 may be further divided into eight
subtypes (types 1-8) based on transcriptomes, DNA methylation profiling, and clinico-
pathological features [16,28]. Because the radiographic features of Group 3 and Group 4
medulloblastomas are similar with midline masses arising from the vermis, advanced
imaging methods are the most promising in delineating subgroup and subtype-specific
characteristics for a radiological differential diagnosis of these tumors (Table 2).

Table 2. Medulloblastoma: molecular subgroups [24,29,30].

Imaging

Characteristics

Wnt SHH Group 3 Group 4

Location

Cerebellar peduncle/

. Cerebellar hemispheres Midline/fourth ventricle Midline/fourth ventricle
cerebellopontine angle

Variable, can

Post-contrast enhancement Variable Present, intense Present .
be non-enhancing
Drop metastasis Rare Rare Frequent Frequent
Prominent c.holme and lipids, Readily detectable taurine Readily detectable taurine
MRS low creatine, no or small X X
and creatine levels and creatine levels

taurine peak

2.3. Glioma

Gliomas are a group of highly heterogenous tumors that represent 47% of all pediatric
brain tumor cases. Depending on the glial cell type of origin, gliomas are categorized into
astrocytomas, ependymomas, oligodendrogliomas or astrocytic gliomas, and can range
from rather benign low-grade gliomas (LGGs) to highly malignant high-grade tumors
(HGGs) [14,16,17,31,32].

LGGs are the most common gliomas and are typically associated with the aberrant
activation of the Ras-mitogen-activated protein kinase (MAPK) signaling pathway. They
tend to be slow-growing, benign tumors, and in children malignant transformation is
uncommon. LGGs encompass a variety of histologically diverse neoplasms and include
pilocytic astrocytoma (grade I), subependymal giant cell astrocytoma (grade I), IDH mutant
diffuse astrocytoma (grade II), IDH mutant or 1p/19q deletion oligodendroglioma (grade II),
pleomorphic xanthoastrocytoma (grade II), angiocentric glioma (grade I), choroid glioma
of the third ventricle (grade I or II), gangliocytoma (grade I), ganglioglioma (grade I or II),
desmoplastic infantile astrocytoma, and ganglioglioma (grade I) [33,34]. Mutations usually
occur in the serine/threonine kinase B-Raf proto-oncogene (BRAF) within the RAS/MAPK
pathway, and specific mutations can be associated with a certain tumor type. For example,
KIAA1549:BRAF fusion is mostly found in pilocytic astrocytoma and the BRAF V600E
mutation is frequently detected in pilomyxoid astrocytoma and gangliogliomas [35]. Other
mutations such as kRAS, FGFR1, MYB/MYBL1, NTRK2, NF1, TSC1/2 and other genetic
alteration have also been identified but, unlike in adults, IDH mutations are almost absent in
pediatric LGGs [12-15,32,36,37]. Interestingly, recent studies have discovered some overlap
in molecular profiling between LGG and HGG, and BRAF V600E and FGFR1 mutations
can be found both in LGG and HGG [32,36], suggesting that LGG and HGG might share a
similar biological mechanism of tumor pathogenesis. While LGGs are heterogenous, the
spatial clustering of individual tumor phenotypes and the spatial enrichment of specific
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genetic mutations highlight the importance and potential of the radiohistogenomic profiling
of LGGs [38].

HGGs are relatively uncommon pediatric gliomas (comprising 3-7% of all pediatric
brain tumors), but they are highly aggressive and diffusely infiltrate malignant tumors
yielding a very poor prognosis. They pose a serious challenge in pediatric oncology.
Based on histological and radiological features, HGGs are subclassified into the following
groups: anaplastic astrocytoma (grade III), IDH wild-type glioblastoma (grade IV), IDH-
mutant glioblastoma (grade IV), H3K27M-mutant diffuse midline glioma (grade IV), IDH-
mutant with 1p/19q co-deletion anaplastic oligodendroglioma (grade III), and pleomorphic
anaplastic xanthoastrocytoma (grade III). Because of the therapeutic implications, genetic
testing should be performed for IDH, BRAF (epithelioid glioblastoma), MYC (glioblastoma
with PNET components), EGFR (small cell and granular glioblastoma) and H3K27M
(diffuse midline glioma) [32,34,39]. Histone mutations may vary according to the location of
the tumor. K27M mutations in H3F3A (encoding histone H3.3) or HISTIH3B/C (encoding
histone H3.1) are very common in tumors arising from the midline and pons, while G34R
(or rarely G34V) mutations in H3F3A (encoding histone H3.3) are mostly reported in
hemispheric HGGs. In addition, the RTK/RAS/PI3K pathway (e.g., PDGFRA, PIK3CA,
PIK3R1, or PTEN) and the p53/Rb pathway (e.g., TP53, CDKN2A, CDK4/6, CCND1-3) are
also dysregulated in pediatric HGG [12,13,22,32,36,37,40,41] (Figure 2).

Figure 2. Fourteen-year-old boy with headaches and episodes of right facial and hand numbness.
Axial T1 fat sat post contrast (a); axial DWI (b); axial ASL-PWI (c); coronal T1 tractography (d); and
functional (e,f) images. There are two well-defined lobulated heterogeneously enhancing lesions
within the posterior aspect of the left frontal lobe (solid white arrow). The lesions show restricted
diffusion (curved white arrow) and increased perfusion (arrowhead). The cortical spinal tracts
are identified tracking in between the two tumor masses (red—dashed arrows). The Broca’s area
is identified in the left inferior frontal gyrus anterior and inferior to the lateral frontal mass lesion
(dashed arrow). The motor cortex with right finger tapping is immediately posterior to the smaller
mass in the lateral aspect of the left frontal lobe (open arrow). Pathology: giant cell glioblastoma
(author’s institutional human ethics committee/institutional review board guidelines were followed
for anonymized images).
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2.4. Ependymoma

Ependymomas are the third most frequently occurring pediatric brain cancers and
represent 5-10% of all childhood primary brain tumors [14,17]. Ependymomas are thought
to originate from radial glial cells of the ependymal lining of the ventricles and the central
canal. More than 90% of ependymomas arise in the infratentorial and supratentorial re-
gions. Histologically, they are classified into four groups: subependymoma, myxopapillary
ependymoma, classic ependymoma, and anaplastic ependymoma. Based on histological
features, classic ependymoma is further subtyped into three groups: papillary, clear cell,
and tanycytic ependymoma. Together, classic and anaplastic ependymoma are the most
common subtypes in children [13,14]. Ependymomas can further be subclassified based on
location and molecular features predictive of outcome. For example, Group A (PF-EPN-A)
and Group B (PF-EPN-B) ependymomas are infratentorial posterior fossa (PF) tumors that
differ in their DNA methylation profile. PF-EPN-A tumors are hypermethylated, mostly
found in infants and young children, and yield a poorer outcome compared to PF-EPN-B
tumors. Supratentorial (ST) ependymomas in children have two major subgroups: RELA
fusion-positive (ST-EPN-RELA) ependymoma and YAP1 fusion-positive (ST-EPN-YAP1)
ependymoma. ST-EPN-RELA usually harbors the fusion protein of C11orf95 and RELA
and, in ST-EPN-YAP1 ependymoma, the transcriptional coactivator YAP1 fuses with other
genes such as MAMLDI1 and FAM118B, resulting in the upregulation of tumor promoting
signaling pathways [12-15,42—44]. Like in other pediatric brain cancers, ependymoma
location and molecular characteristics often correlate, highlighting the importance of tumor
imaging in early and accurate diagnosis.

3. MRI Techniques
3.1. Introduction to MRI Modalities

Magnetic resonance imaging (MRI) plays a pivotal role in the initial diagnosis, prog-
nostication, and follow-up of patients with pediatric brain tumors. While conventional MRI
is apt in the detection of a brain tumor, it performs poorly in the realm of histopathological
and molecular characterization [5]. Functional imaging approaches such as diffusion-
weighted imaging (DWI)/diffusion tensor imaging (DTI), perfusion imaging, magnetic
resonance spectroscopy (MRS), and magnetic resonance elastography (MRE) offer insights
into microstructural and physiological alterations associated with pathological states. These
techniques yield enhanced diagnostic performance, superior surgical planning, and im-
proved therapeutic evaluation.

3.2. Diffusion-Weighed Imaging (DWI)

The concept of diffusion-weighted imaging (DWI) stems from the impedance of the
free movement of water molecules in the cellular microenvironment which contrasts with
the constant random motion of free water molecules (Brownian motion) and is related
to their interactions with cellular compartments, including the cell wall and intracellular
organelles. The most common method used for DWI is to incorporate two symmetrical
motion-probing gradient pulses into a single spin-echo (SE) T2-weighted sequence on
either side of the 180° refocusing pulse (Stejskal-Tanner sequence) [45]. If there is no
net movement of water molecules, the inherent T2 signal is preserved with a resultant
hyperintense signal during DWI. In contrast, the net movement of water molecules along
the direction of the applied gradients causes dephasing with T2 signal loss, resulting in a
hypointense signal during DWI. A caveat, however, is an increased signal during DWIin
areas of the brain with inherently high T2 signal intensity, or the “T2 shine-through”. In
such an instance, apparent diffusion coefficient (ADC) maps are helpful to distinguish T2
shine-through from true restricted diffusion. Areas of T2 shine-through will be bright on
both DWI and its corresponding ADC map, whereas areas of true restricted diffusion will
appear bright on DWI and dark on ADC. One of the most common causes of restricted
diffusion is acute ischemic infarction. In the context of tumors, this restriction of water
molecules is directly proportional to the cellularity of the tissue [45] (Figures 1-3). For
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instance, in hypercellular tumors such as pediatric CNS embryonal tumors, DWTI is helpful
in both the diagnosis and detection of recurrence [46].

Figure 3. Five-month-old referred for increased head circumference. Sagittal T2 (a); axial DWI (b);
axial SWAN (c); axial T1 IR (inversion recovery) post contrast (d); short TE 35 millisecond spec-
troscopy (e); and axial non-contrast enhanced CT (f) post ventricular shunt placement. There is a
large heterogeneous solid ill-defined mass lesion involving the superior and anterior aspect of the ver-
mis (solid white arrow) effacing the fourth ventricle. There are multiple cystic areas within the lesion
demonstrating fluid/fluid levels. There is restricted diffusion (curved black arrow) and hemorrhage
(dashed arrow). No significant enhancement is identified (open arrow). Spectroscopy demonstrates
very high myoinositol (mlI), high choline (Cho) and decreased N-acetylaspartate (NAA). There is also
elevation of lactate (Lac). CT scan shows high density within the lesion, indicating acute hemorrhage
within the lesion (curved white arrow). Pathology confirmed an atypical teratoid rhabdoid tumor
(author’s institutional human ethics committee /institutional review board guidelines were followed
for anonymized images).

Multiple studies have reported apparent diffusion coefficient (ADC) values to deter-
mine cellularity and histologic subtype in pediatric brain tumors [47-55]. Hales et al. [5] in
their meta-analysis of nine studies (290 patients) demonstrated that pilocytic astrocytoma
had significantly higher ADC values compared to both medulloblastoma and atypical tera-
toid/rhabdoid tumors using both mean and minimum ADCRoy values (Figures 1 and 2).
Furthermore, the group suggested a mean ADCgoy threshold of 0.92 x 10~3 mm? /s for
differentiating low-grade from high-grade tumors with a sensitivity and specificity of 100%
and 92%, respectively, which was similar to that suggested by Orman et al. Novac et al.,
in a cohort of 124 patients, suggested a cut off of 0.984 x 10~3 mm? s~! for ADC mean
to differentiate between ependymomas and medulloblastoma with a sensitivity of 80.8%
and a specificity of 80.0% [56]. In clinical practice, increased diffusivity, as suggested by a
hyperintense signal on ADC maps, favors a low-grade tumor such as pilocytic astrocytoma,
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whereas restricted diffusion suggests a high-grade neoplasm such as medulloblastoma.
Of note, diffuse midline glioma is an outlier among high-grade tumors with ADC values
similar to low-grade tumors. Nevertheless, the development of new diffusion restriction
for patients with established diagnosis can help in identifying tumor metastasis, as in the
case of embryonal CNS tumors and high-grade gliomas [57,58].

Overall, DWI (with ADC data) has a higher utility in differentiating infratentorial
tumors as compared to supratentorial tumors [59]. However, challenges and limitations
remain, including an overlap of ADC values across various tumor types and grades [60].
Brain tumors can often be accompanied by a varying degree of hemorrhage, which can lead
to a confounding effect of lower ADC values and an increase in magnitude of diffusion
restriction [61]. Additionally, tumors such as meningioma, DNET, ependymoma and
pilocytic astrocytomas can be associated with tumoral calcification, adding a technical
challenge to the interpretation of DWI signal and ADC values [62].

The role of DWI and ADC signatures in detecting certain tumor genetic alterations is be-
ing investigated in the rapidly evolving fields of radiogenomics and precision medicine [63].
For instance, IDH wild-type gliomas have relatively lower ADC values when compared
to IDH-mutant gliomas, and IDH-mutant 1p19q co-deleted subtypes have a significantly
lower ADC mean when compared to the 1p19q intact subgroup [64]. In a recent pilot study
by Wu et al. of 131 patients with diffuse brain gliomas, a cutoff value of 1.08 for mean
relative ADC was able to differentiate IDH wild-type from IDH-mutant groups, with lower
ADC averages associated with poorer survival outcomes [65]. The aggressive biology of
H3F3A-mutated gliomas that is typically associated with increased cellularity and lower
diffusibility has been linked to lower ADC values in children with diffuse intrinsic pontine
gliomas [66]. Additionally, children with BRAF V600E-mutant pilocytic astrocytoma were
noted to have remarkably lower ADC means than the wild type and relatively unfavorable
clinical outcomes [67].

3.3. Diffusion Tensor Imaging (DTI) and Tractography

The diffusion within white matter is anisotropic, and is hindered to a greater extent
in the direction perpendicular to the axons than parallel to them [68]. Diffusion tensor
imaging (DTI) can detect such anisotropic diffusion, and needs diffusion to be measured in
at least six directions. The orientation of main white matter tracts dictates the direction of
the maximum diffusivity of the water molecules. The fractional anisotropy (FA) quantifies
such directed diffusion, with values ranging from 0 to 1. An FA value of 0 corresponds to
isotropic (undirected) diffusion which graphically translates to a sphere, while an FA value
of 1 signifies a totally directed diffusion which would graphically translate to a straight line
(and is not evident in biological tissues). Typically, in biological tissues including white
matter, the shape of the FA is an ellipsoid. The FA values can be processed into color-coded
tractography maps, with blue corresponding to tracts traveling in the superior-inferior
plane, red for tracts in the horizontal plane, and green for tracts in the anterior-posterior
plane. Fiber tracking can demonstrate neural tracts in 3D. In clinic, DTT has been used
to interrogate pathways, such as the corticospinal tract, optic tract, superior longitudinal
fasciculus, and arcuate fasciculus [69].

DTI provides in vivo visualization of white matter tracts in the brain and has become
an essential tool for pre-surgical planning (Figure 2d—f). DTI can demonstrate local effects
of tumors on white matter tracts, such as tract displacement (preserved signal with altered
direction/position), edema (decreased but preserved signal with normal orientation),
tumor infiltration (decreased signal with tract disruption), and the loss of anisotropic
signal (tract disruption). High correlation has been reported between DTI tractography
and direct electrical stimulation with a sensitivity and specificity of 92.6% and 93.2%,
respectively [69-71]. In addition, the acquisition of pre-operative DTI fiber tracking for
planning was found to decrease in postoperative deficits from 32.8% to 15.3%, with a
longer median survival in patients with high-grade gliomas [72]. Although useful in
pre-surgical planning, DTT has multiple limitations such as limited accuracy in areas of
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crossing fibers, limited reproducibility and accuracy due to a lack of standard analysis
protocols, the underestimation of functional white matter tracts in the presence of tumors,
and susceptibility to magnetic field inhomogeneity [69].

3.4. Functional MRI (fMRI)

Functional MRI is a non-invasive technique to map the eloquent areas of the brain,
commonly utilizes task-based paradigms, and is particularly useful in pre-operative sur-
gical planning in patients where tumor and/or resection possibly involves the eloquent
areas. Functional MRI exploits the difference in magnetic properties of oxy- and deoxy-
hemoglobin, with deoxyhemoglobin causing the local dephasing of protons leading to a
reduction in signal by creating microscopic field gradients within and in the vicinity of
blood vessels [73]. Cerebral blood flow is highly locally regulated in response to oxygen
and carbon dioxide concentrations. Performing a task leads to neuronal activation, result-
ing in increased cerebral blood flow to the corresponding eloquent cortex (neurovascular
coupling) which overcompensates for cerebral oxygen utilization. This yields an increase
in oxyhemoglobin as compared to deoxyhemoglobin with a resultant decrease in local
field inhomogeneity and an increase in MR signal, a phenomenon known as the blood
oxygen-level dependent (BOLD) effect [74]. Task-based presurgical BOLD fMRI represents
the best established and validated clinical application of fMRI. The typical functional MRI
entails performing a task such as finger tapping while the brain is being imaged using a
fast T2* sequence such as gradient echo (GRE) echo planar imaging [73]. A typical “block”
paradigm has subjects alternate between a resting state and an active task-performing state.
The statistical analysis of fMRI data seeks to identify regions of the brain depicting in-
creased or decreased responses in specific experimental conditions. An arbitrary statistical
threshold determines which voxel is considered active, and setting this correct threshold is
of paramount importance to limit noise and optimize sensitivity [69]. The laterality index,
a scoring system, is occasionally used to determine the dominant hemisphere, comparing
the total number of active voxels on each side [69,75]. The mapping of motor areas with
functional MRI correlates highly with the functional areas identified with direct cortical
stimulation with a reported sensitivity and specificity of 95-100% [69,76,77]. However, for
language mapping, fMRI sensitivity and specificity range between 37 and 91%, and 64 and
83% [69,76] (Figure 2ef).

fMRI has multiple limitations beyond the typical contraindications of MRI, such as
pacemakers, claustrophobia, or when the patient is unable to comprehend the request,
follow task commands, or pay attention. Neurovascular uncoupling, secondary to abnormal
vascularity associated with high-grade gliomas, can interfere with BOLD signals, producing
false negative fMRI results and making fMRI unreliable for surgical planning [69,77-79].
Similarly, false positive results may also be related to brain plasticity and perilesional
edema [69]. In addition, susceptibility artifacts related to blood products and metallic
artifacts from surgical hardware may also contribute to suboptimal BOLD signals.

In children and in patients who are unable to follow commands for task-based fMRI,
resting state fMRI (RS-fMRI) offers a viable alternative. RS-fMRI evaluates low-frequency
fluctuations in BOLD signals while the subject is at rest and reveals areas of the brain
experiencing synchronous activity called resting-state networks (RSNs). Multiple RSNs
have been described, including the somatosensory, language, and visual networks. Among
the several analysis methods used to identify RSN, the seed-based method is the simplest
and entails the selection of regions of interests (e.g., hand motor area to identify the
sensorimotor network), averaging the time course of voxels within the region of interest,
and correlating it with the time course of all other regions to determine the connectivity
matrix of the brain [80]. Preclinical studies in animal models have shown evidence of tumor-
induced changes in resting brain connectivity, as well as intra-tumor connectivity changes
in reference to tumor volume and angiogenesis using BOLD RS-fMRI [81]. Additionally,
in vivo studies on brain network disruption and alterations in anatomical dysconnectivity
(or connectomes) in patients with brain tumors of glial cell origin have contributed to
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advancing our knowledge of the complex nature of the structural-functional coupling of
brain tumors [82,83]. Although still under investigation, multiple studies to date have
demonstrated the concordance of RS-fMRI with task-based fMRI or intraoperative mapping,
substantiating its clinical utility [69,80,84-88]. Whether the presence of certain connectome
patterns can serve as a biomarker of cognitive outcomes of pediatric brain tumors is a
subject of ongoing research [89].

3.5. Arterial Spin Labeling (ASL) Perfusion Imaging

Arterial spin labeling (ASL) perfusion imaging is a promising alternative to dynamic
susceptibility contrast (DSC), and exploits the process of magnetically labelling spins
of water protons within the arterial blood by utilizing radiofrequency pulses, which
then acts as an endogenous tracer that is delivered to and diffuses throughout the brain
parenchyma [90]. Studies have suggested that ASL perfusion imaging can give equivalent
useful information, if not superior information, to the DSC-MRI regarding the real-time
precision of brain perfusion mapping [91,92]. Moreover, ASL comes with a benefit of avoid-
ing the need for leakage calculation and correction [93]. Of note, ASL allows a more reliable
distinction between the progression and pseudo-progression of glial tumors with more than
92% accuracy [94,95]. The non-invasive and non-ionizing acquisition of ASL is specifically
beneficial for children and other susceptible patients such as those with decreased renal
function. In addition, ASL is particularly well-suited to pediatric brain imaging because
children possess higher cerebral water content and generally higher cerebral blood flow,
allowing for a higher signal-to-noise ratio and reduced artifacts that might otherwise ad-
versely affect adult studies [90]. The technique of ASL entails three steps: labeling, post
labeling delay, and readout. There are three main ASL labeling techniques: continuous
arterial spin labeling (CASL), pulsed arterial spin labeling (PASL), and pseudo-continuous
arterial spin labeling (pCASL). A detailed review of the principles of ASL is beyond the
scope of this paper; interested readers can find more information in another publication by
Kerner et al. [90]. Cerebral blood flow (CBF), displayed with color maps, can be quantified
in units of mL/100 g/min by placing a region of interest (ROI), or compared as a ratio to a
ROl in the contralateral hemisphere or cerebellum.

Neovascularization is an important pathogenic mechanism in tumor growth and does
not correspond with degree of post-contrast enhancement [96]. Perfusion techniques such
as ASL are well-suited to evaluate tumoral neovascularization. Hales et al. [5] in their
meta-analysis of five studies (252 patients) suggested that although there was considerable
overlap, CBF increased with the grade of the tumor [97-101]. ASL can be particularly
useful in grading of non-enhancing astrocytomas with nearly 100% sensitivity using the
corresponding absolute ratio parameter (TBF max ratio) [102]. Diffuse midline glioma
remains an outlier among high-grade tumors, with CBF values similar to low-grade glial
tumors. Dangouloff-Ros et al. [97] suggested a cutoff of 50 mL /100 g/min for the differen-
tiation of high-grade from low-grade tumors. This value was most reliable for hemispheric
tumors but showed a sensitivity of only 65% for posterior fossa tumors. Yeom et al. found
that the maximal relative tumor blood flow of high-grade tumors (grades III and IV) was
significantly higher than that of low-grade tumors (grades I and II), with a wider relative
tumor blood flow range among high-grade tumors (2.14 &+ 1.78) compared with low-grade
tumors (0.60 &= 0.29) (p < 0.001). Although the relative tumor blood flow did not distinguish
individual histology among posterior fossa tumors, relative tumor blood flow was signifi-
cantly higher for medulloblastoma compared with pilocytic astrocytoma, with a cut-off
value of the ratio of tumoral CBF to the brain parenchyma of 0.51, offering a sensitivity of
88% and specificity of 75% [103]. In a cohort of 24 patients, ASL was found to be highly
accurate in distinguishing pilomyxoid astrocytoma, a WHO grade II tumor, from pilocytic
astrocytoma, a WHO grade I tumor, with 77% sensitivity and 100% specificity using a
threshold ratio value of 0.91 [104]. In the cohort of 17 patients reported by Gareton et al,
pilocytic astrocytoma with anaplastic features (PAAF) depicted higher CBF values on ASL
PWI as compared to classical PA and this finding was applicable to both posterior fossa PA
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with anaplasia and optic pathways PA with anaplasia. There is a debate on whether the rare
phenomenon of the anaplastic variant of pilocytic astrocytoma is applicable only to adults
rather than pediatric tumors [105]. In addition, ASL is highly useful in differentiating
highly vascular hemangioblastoma from the more common pilocytic astrocytoma with ‘cyst
with mural nodule’ morphology [96]. In our experience, the marked increased perfusion
within the solid nodule, the ‘light bulb’ sign, is highly suggestive of hemangioblastoma
(Figure 4). ASL is promising in distinguishing choroid plexus carcinoma from papilloma,
with carcinoma exhibiting significantly higher relative CBF ratio [98,101] (Figure 5). Of note,
studies evaluating post-treatment changes in patients with high-grade glioma using ASL
are sparse and have small number of subjects, but more evidence is slowly emerging [106].

Figure 4. Sixteen-year-old female presented with headaches awakening her from sleep. Sagittal T2 (a);
axial FLAIR (b); axial ASL-PWI (c); axial DWI (d); axial SWAN (e); and axial T1 fat saturated post
contrast (f) images. There is a large cystic lesion within the right cerebellar hemisphere (solid white
arrow) with a solid component within its posterior and inferior aspect (curved black arrow). The solid
component of the tumor is hyperintense on T2 /FLAIR images with multiple prominent flow voids
indicating a highly vascular tumor. There is marked increased perfusion (arrowhead) of the solid
component without associated restricted diffusion (curved white arrow). There is no calcification or
hemorrhage within the solid component (dashed arrow), with the solid component demonstrating
intense enhancement (open arrow) on the post-contrast image. Features are highly specific for
hemangioblastoma (pathology proven). Author’s institutional human ethics committee/institutional
review board guidelines were followed for anonymized images.
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Figure 5. Eight-month-old male referred for bulging fontanelle. Axial CT (a); axial T2 (b); axial
DWI (c); axial ASL-PWI (d); axial T1 fat saturated post contrast (e) images; and short TE 35 millisecond
spectroscopy (f). CT scan demonstrates mildly hyperdense mass (arrow) with its epicenter in
the region of the right foramen of Luschka. The mass is heterogeneously hyperintense on the
T2 weighted image (curved arrow). There is no restricted diffusion (dashed arrow). Increased
perfusion is identified (curved black arrow) with avid enhancement (open arrow). Spectroscopy
demonstrates very high myoinositol (mlI), high choline (Cho) and decreased N-acetylaspartate (NAA).
There is also elevation of lactate (Lac). Pathology confirmed an atypical choroid plexus papilloma.
Author’s institutional human ethics committee/institutional review board guidelines were followed
for anonymized images.

3.6. Magnetic Resonance Spectroscopy (MRS)

Magnetic resonance spectroscopy (MRS) offers a non-invasive approach to map the
tissue metabolic profile and plays a complimentary role in the pre- and post-therapeutic
evaluation of pediatric brain tumors, inherited metabolic disorders, neonatal hypoxic
ischemic insults, demyelinating disorders, and infections [107]. 'H MR spectroscopy is
most widely utilized in clinical practice; however, spectra can be acquired with any nucleus
possessing a non-zero spin such as (1°N) nitrogen, (13C) carbon, (°F) fluorine, (**Na)
sodium, and (3'P) phosphorus [108].

In contrast to conventional MRI, 'H MRS probes signals of hydrogen attached to
various molecules with an output of a plot representing hydrogen nuclei in different chemi-
cal environments. The basic “readout” of MR spectroscopy is a spectrum and consists of
resonances or peaks representing signal intensities as a function of frequency expressed
as parts per million. The x-axis of the spectrum is called the ‘chemical shift” axis and
depicts the frequency shift of a proton relative to a universally accepted reference com-
pound (TetraMethylSilane, TMS) at 0 parts per million. The y-axis determines the signal
intensity; the area under the resonance peak is proportional to the metabolite concentration
and to the number of protons contributing to the signal [109]. The typical measurable
metabolites on 'H MR spectroscopy include N-acetylaspartate (NAA, the neuronal metabo-
lite), choline-containing compounds including glycerophosphocholine and phosphocholine
(tCho, marker of cellular membrane turnover), creatine, phosphocreatine, myo-inositol
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(mIns, the glial metabolite), glutamate and x-aminobutyric acid (neurotransmitters), glu-
tamine, lipids, and lactate [107]. Spectroscopic data in clinical settings are almost exclusively
acquired using either localized single voxel or 2D /3D multivoxel (chemical shift imaging)
techniques [110]. The vendors commonly provide PRESS (point resolved spectroscopy),
STEAM (stimulated echo acquisition mode), and ISIS (image selected in vivo spectroscopy)
sequences for data acquisition, and can be acquired at long TEs (TE > 135 ms), and short
TEs [110]. The detailed description of data acquisition strategies and post-processing
are beyond the scope of this review. However, the prior mentioned sequences differ in
the way the radiofrequency pulses and gradient pulses are organized to achieve localiza-
tion. On a spectrum of the brain from healthy subjects acquired using STEAM and short
TE (time to echo), if the four main peaks of the spectrum (mlIns, Cho, Cr and NAA) are
connected by a manually drawn line, this will form an angle of 45° with respect to the
x-axis—the Hunter angle. Studies have reported few differences between short TE and
long TE regarding the evaluation of brain tumors [111]. For instance, short TE MRS allows
a better spatial coverage and a higher resolution in larger and heterogenous tumors with
higher lipid content due to necrosis [112]. Over the past few years, the improvement in ac-
quisition strategies such as 2D or, more recently 3D MRS, have resulted in the introduction
of and the better understanding of the concept of the onco-metabolite evaluation of D-2
hydroxyglutarate (2-HG) in patients with IDH-mutated gliomas [113,114].

The majority (approximately 60%) of pediatric brain tumors originate within the pos-
terior fossa, with medulloblastoma, pilocytic astrocytoma, diffuse midline glioma, and
ependymoma accounting for the overwhelming majority [109,110]. 'H MRS plays a com-
plimentary role in the diagnoses of these tumors (Figures 1, 3 and 5). The choline peak in
medulloblastoma typically reflects a malignant nature and can distinguish medulloblas-
toma from its benign mimicker cerebellar dysplastic gangliocytoma, or Lhermitte-Duclos
disease [115]. The elevation in creatine and lactate metabolites in children with diffuse
fibrillary WHO grade II astrocytoma was found to be helpful in the differentiation from
WHO grade I pilocytic astrocytoma [116]. A taurine peak has been consistently identified
within the solid components of medulloblastomas, which in conjunction with tumor loca-
tion and morphology aids in narrowing the diagnosis [109,110,117-120] (Figure 1). Notable
exceptions to this include the desmoplastic/nodular medulloblastoma subtype and tumors
with dominant cystic/hemorrhagic components, limiting optimal sampling. In addition,
medulloblastomas usually demonstrate relatively higher choline levels corresponding to
their high cellularity. Markedly low creatine levels, low myoinositol, diminished choline
concentrations reflective of low cellularity, and high lactate are characteristic spectroscopic
findings of pilocytic astrocytomas, while ependymomas have relatively high myoinositol
levels compared to medulloblastomas and pilocytic astrocytomas [109,110].

In the case of supratentorial tumors, a characteristic spectroscopic finding of choroid
plexus papilloma is a markedly high ‘sky-rocketing” myoinositol level, which aids in
not only differentiating it from other neoplasms but also from choroid plexus carci-
noma [109,110] (Figure 5). With astrocytomas, although accurate grading based on MRS
alone is unreliable, evidence suggests that mean choline concentrations increase with grade.
Choi et al., using MRS, non-invasively detected ‘oncometabolite’ 2-HG in patients with
gliomas and showed its presence concordant with IDH1/2 mutations [121]. This finding
was further substantiated by Tietze et al. In their cohort, MRS for 2-HG using a 2 mM
threshold accurately identified IDH mutation status in 88.6% of patients with a sensitivity
and specificity of 89.5%, and 81.3%, respectively [122]. IDH-mutant diffuse gliomas are
exceptionally rare in young children, but are more common in adolescent 14 years of age
and above, reaching up to 16% [123]. The presence of 2-HG suggests a better prognosis in
adults; it likely portends a worse prognosis in children in comparison to other indolent
molecular subtypes (NF1-associated gliomas) [124]. In optic pathway glioma, a charac-
teristic tumor in children with NF1, choline peak and ratio appear to correlate with the
tumor grade [125]. Moreover, changes in tumoral NAA /Cho and Lac/NAA can serve as
predictors of treatment responsiveness and clinical outcomes in some patients [126].
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In addition to initial diagnosis, MRS also has a complimentary role in distinguish-
ing post-therapy changes versus tumor recurrence, and neoplastic versus non-neoplastic
processes. Overall, pediatric brain tumors tend to have a stereotypical metabolite profile
during relapse, making it amenable and plausible to use MRS to assess pattern similarity in
comparison with the original tumor, and thus improve the diagnostic certainty of radiolog-
ical recurrence [127]. Low tCho/Cr or tCho/NAA ratios suggest post-operative changes
and radiation necrosis. In contrast, elevated /increasing Cho or tCho/NAA ratios favor
residual or recurrent tumors and can serve as prognostic markers [109,110,128-131]. For
instance, a ctCho/tNAA ratio greater than 1.3 was found to have a sensitivity of 100% and a
specificity of 94.7% for the detection of glioblastoma relapse [132]. In contrast to neoplastic
processes which typically demonstrate elevated tCho and reduce NAA, non-neoplastic
pathologies such as abscesses and tuberculous granulomas frequently demonstrate elevated
amino acids (isoleucine, leucine, and valine in the 0.95-1.05 ppm range) and lipids [107].
A reduction in myoinositol can be helpful in the differentiation of acute encephalitis from
neoplastic processes [110].

3.7. Magnetic Resonance Elastography (MRE)

Magnetic resonance elastography (MRE) is a novel, rapidly evolving, phase-contrast-
based MRI technique capable of generating quantitative images depicting material proper-
ties of tissues such as shear modulus [133], and is inspired by the long-established value
of palpation. MRE can be thought of as quantitative, non-invasive palpation. Viscoelas-
tic properties measured with MRE reflect critical information about the microstructural
tissue integrity, including the organization and distribution of neurons and axons, glia,
and extracellular matrix [134]. The original concept of MR elastography was described by
researchers at the Mayo Clinic [135].

The technique of MRE entails three basic steps: the generation of shear waves in the
brain tissue by an external driver; imaging the propagation of the induced shear waves
using a phase-contrast pulse sequence; and the conversion of the displacement data to
mechanical properties utilizing inversion algorithms [133]. The shear waves are most
commonly generated by an external driver system which has two components: an active
driver (vibration source) and a passive driver (acts as an interphase for transmission).
The speaker system (active) connects to a pillow-like passive driver via a pneumatic hose.
The majority of the brain MRE studies are performed at frequencies ranging from 25 to
62.5 Hz [136], with a frequency of 50 Hz typically used by our group. At 50 Hz, the high
amplitude response of the driver is capable of delivering sufficient shear wave motion
into the brain parenchyma. MRE obtained at multiple frequencies aids a more complete
determination of the rheological behavior of brain tissue [136,137]. Following the generation
of shear waves, a phase-contrast-based MR sequence is used to encode the shear wave
motion into the MR phase signal using a series of motion-encoding gradients (MEG). The
most common pulse sequence used is single-shot echo-planar imaging (EPI) [136], with
a typical scan time of 3 min and 15 s. MRE studies are well tolerated with no significant
risks (Figure 6).

To calculate the complex shear modulus, inverse reconstruction algorithms are used to
convert the acquired displacement data to mechanical properties. The viscoelastic complex
shear modulus (G*) has two components expressed as the real and imaginary components
of the complex quantity: G* = G’ + iG”. G’ is the shear stiffness also referred to as the
elasticity or storage modulus and is mainly reflected in the wavelength of the propagating
shear waves. An increase in stiffness results in shear waves travelling faster with a resultant
increase in wavelength. G” is the shear viscosity or loss modulus and is reflected in the
attenuation of the waves as they travel through a medium. Commonly reported stiffness (u)
and damping ratio (&) are calculated from the viscoelastic complex shear modulus. The
detailed review of the principles underlying MRE is beyond the scope of this paper.
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Stiffness (kPa)

Figure 6. Eight-year-old boy with worsening headaches. Axial T2-weighted image (a) demon-
strates a hyperintense, heterogeneous mass centered in the optic-chiasmatic, hypothalamic region
(arrow). On the post-contrast T1-weighted image (b) there is moderate enhancement (arrow), with
increased diffusivity on the ADC map (c) (arrow). On the stiffness map (d), the mass demonstrates
heterogenous decreased stiffness (ROI) as compared to the uninvolved white matter. The tumor
stiffness measured 2.48 + 0.70 kPa, while the average brain stiffness excluding the tumor measured
2.83 £ 0.72. Pathology confirmed a ganglioglioma WHO grade I, with Ki-67: 3-4%. Genetic analysis
depicted KIAA1549-BRAF fusion. Author’s institutional human ethics committee/institutional
review board guidelines were followed for anonymized images.

Pre-operative assessment of brain tumor stiffness has potential implications in surgical
planning in regard to the determination of surgical approach, instrument selection, and
resection strategy, and has been linked to postoperative complication risk and the extent
of resection [138,139]. There is a significant dearth of studies assessing the role of MRE
in pediatric brain tumors. However, multiple studies have evaluated the role of MRE
in various brain tumors in adults including gliomas, meningioma, pituitary adenomas,
and metastases [140-145]. Pepin et al. studied the relationship of tumor stiffness (G¥)
with tumor grade and isocitrate dehydrogenase 1 (IDH1) mutation status and reported
an inverse relationship between glioma grade and stiffness. Interestingly, within their
cohort, the reported IDH1 wild-type tumors (n = 12) depicted lower stiffness as compared
to IDH1 mutant tumors [142]. Murphy et al., in their cohort of 12 cases of meningiomas,
concluded that the ratio of tumor stiffness to the stiffness of surrounding brain tissue
correlated positively with the surgeon’s qualitative assessment of the tumor, utilizing a
5-point scale ranging from 1 (soft: 100% removable by suction) to 5 (hard: uniformly hard,
the majority requiring ultrasonic aspiration) [145]. Whether the inclusion of MRE data in
ever-evolving radiogenomics models could improve the accuracy of phenotypic—genotypic
correlation imaging for brain tumors is currently unknown, though it seems that it could
add potentially important prognostic information and improve clinical decision-making.

3.8. Amide Proton Transfer (APT)-Weighted Imaging

Amide proton transfer (APT)-weighted imaging is a type of chemical exchange satura-
tion transfer (CEST)-based imaging with a heightened sensitivity to endogenous mobile
proteins and peptides, and it has shown promise in characterizing brain tumors [146-149].
The difference (increase) in the contents of mobile protons and peptides in the tumor
tissue relative to the surrounding parenchyma leads to an increased APT signal [150], with
high-grade/malignant brain tumors exhibiting a high degree of protein content. There is
an expanding role for APT-weighted imaging in the detection, grading, evaluation of recur-
rence versus post-treatment effects, and the identification of the genetic markers of brain
tumors. Jiang et al. reported the APT signal as a valuable biomarker aiding the pre-surgical
differentiation of primary central nervous system lymphomas (PCNLs) from high-grade
gliomas [151]. Similarly, Yu et al. reported the high accuracy of APT-weighted imaging
(82.5%) for distinguishing solitary brain metastasis (SBM) from glioblastoma (GBM) [148].
Interestingly, although the APTw values in the tumor core were not significantly different
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between the SBM and GBM groups, the APTw values in the peritumoral brain zone (PBZ)
were significantly lower in the SBM group than in the GBM group. Suh et al., in a recent
meta-analysis, reported the pooled sensitivity and specificity of APT-weighted imaging for
differentiating low-grade and high-grade tumors to be 88% and 91%, respectively [152].

3.9. Radiomics and Radiogenomics

Radiomics is a growing field that involves converting radiological images into high-
dimensional mineable data which can be further used to create machine learning mod-
els predict clinical outcomes. In contrast to visual assessment—which offers informa-
tion on macroscopic tumor characteristics such as size, location, enhancement, and dif-
fusion restriction—computer vision has potential to uncover clinically significant high-
dimensional features concealed to the human eye. The field of radiogenomics may poten-
tially aid in the non-invasive histological and genetic classification of brain tumors.

Despite significant advances in imaging approaches, challenges remain for the accurate
non-invasive prediction of tumor grade/subtype, post-treatment response evaluation, and
prognostication. Opportunities for improvement are numerous. Furthermore, advances in
the understanding of the molecular pathogenesis of gliomas have not been optimally trans-
lated into the recognition of characteristic imaging phenotypes. Stereotactic brain biopsy
remains the reference standard for histological and genetic classification despite being
invasive, underpinning the need for the identification of imaging surrogates. In addition,
there is a greater need for incorporating data from various advanced functional imaging
techniques such as DWI/DTI, MRS, MRE, PWI and radiotracer imaging into diagnostic
pipelines. Multiple recent studies have shown the prognostic value of multiparametric
magnetic resonance imaging in the context of brain tumors [153-159].

Radiomics workflow entails multiple steps such as image acquisition and reconstruc-
tion, pre-processing, the identification of regions of interest, feature extraction, quantifica-
tion, selection, and building predictive/prognostic models with machine learning [153].
The features extracted in radiomics are morphological (perimeter, elongation factor, and
surface curvature attributes), textural (Gabor descriptors, histograms of oriented gradients
(HOG), and local binary patterns (LOG)), and functional. Functional radiomics features
are a new class of markers aimed at capturing physiologic properties such as angiogenesis
(properties of feeding vessels such as convolutedness and density) [153]. Radiogenomics is
an advancing field of radiomics which involves associating genetic mutations and pathways
with distinct imaging phenotypes [160].

Multiple studies have reported the application of radiomics/radiogenomics pipelines
in both adult and pediatric neuro-oncology. Tian et al., using the texture analysis of an
multiparametric MRI, reported an accuracy of 96.8% for classifying LGGs from HGGs and
98.1% for classifying grade III from grade IV [161]. In pediatric low-grade gliomas, patients
with BRAF fusion and neurofibromatosis type 1 have favorable outcomes compared to
those with BRAF V600E mutation, particularly in association with cyclin-dependent kinase
inhibitor 2A (CDNK2A) deletion. Wagner et al., using radiomics features such as histogram,
shape, and texture to predict BRAF status, reported an area under the curve (AUC) of
0.75 on the internal validation cohort, and an AUC of 0.85 for the external validation
cohort [162]. A recent multi-institutional study in children with diffuse intrinsic pontine
glioma demonstrated that a combined model incorporating clinical variables and radiomics
features was superior in predicting overall survival as compared to clinical variables alone,
with a concordance index (CI) of 0.7 and 0.59 in the training and testing datasets [163].

3.10. Response Evaluation of Pediatric Brain Tumors

Magnetic resonance imaging is heavily relied upon for determining responses to
therapy. Over the years, the criteria and endpoints used to assess response to therapy
have evolved. Until 2010, most neuro-oncologists and neuro-radiologists relied upon
MacDonald and the Response Evaluation Criteria in Solid Tumors (RECIST). MacDonald
criteria were preferentially used because it was thought that the use of two orthogonal
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diameters (2D) might be advantageous in comparison to the single longer diameter (1D) used
in the RECIST criteria. Both criteria had significant limitations, as they addressed only
the contrast-enhancing portion of the tumor [164]. The Response Assessment in Neuro-
Oncology Working Group (RANO) is an international, multidisciplinary effort working
to standardize the assessment of tumor response radiographically in conjunction with
clinical evaluation. This group addressed the limitations of earlier response assessment
criteria and most notably concluded that contrast enhancement is non-specific and does not
reflect therapeutic response [165]. The RANO working group is subdivided into specific
groups: RANO-HGG, RANO-LGG, RANO seizures, RANO-BM, RANO-LM, iRANO,
NANO, RAPNO, SPINO, RANO meningioma, RANO PET, the RANO surgery group,
RANO steroid, and RANO patient-reported outcomes. Given that pediatric brain tumors
are molecularly and clinically different than adult brain tumors, the Response Assessment
in Pediatric Neuro-Oncology (RAPNO) has outlined criteria for response assessment in
pediatric high-grade and low-grade gliomas [166-168]. The RAPNO committee’s goal is to
establish standardized protocols that can be applied internationally without substantial
confounding factors. These consensus recommendations, however, need to be validated in
prospective clinical trials.

4. Positron Emission Tomography (PET) Imaging
4.1. Introduction to PET Imaging

Positron emission tomography (PET) is a powerful imaging modality aiding the real-
time quantification of various biological processes such as enzyme and receptor levels,
blood flow, and metabolic rates, utilizing a radiolabeled molecule (radiotracer). PET uses
radioactive isotope-labeled compounds to aid in diagnosis, monitoring disease progres-
sion, and identifying response to treatment. Due to the small carrier mass of the labeled
molecules, the PET imaging agents are also called radioactive tracers or radiotracers. The
radiotracers emit positively charged anti-electrons called positrons. The positron travels
a short distance and annihilates with an electron to give two photons. The photons have
an energy of 511 kiloelectron volts (keV) and travel at almost 180° to each other. Multiple
detectors surrounding the subjects within the PET scanner detect these high-energy pho-
tons. The images are then reconstructed using computer software to localize the origin of
the photons in the body by a back-projection method. The PET radiotracer injected during
imaging procedures undergoes whole-body distribution, accumulation, and excretion. The
positron decay of the radiolabeled molecule aids in the detection of the tracer location and
its magnitude of accumulation.

PET imaging has a very high sensitivity and specificity. Isotopes as low as 100 pi-
comolar levels can be detected in the target tissues; this microdose property often leads
to a negligible physical effect on the living subjects. Thus, PET is ideal for studying the
mechanism of action and whole-body distribution independent of any physiological con-
sequences [169]. In addition, PET scans possess millimeter-level spatial resolution, which
can be used in preclinical research and clinical investigation for drug development and
daily clinical practice. So far, PET is the most sensitive and specific technique for probing
functional changes at a molecular level [170].

4.2. Investigational Probes

The use of PET is rapidly growing in the care of children and pediatric-related research.
The development of fused imaging modalities, such as PET/computed tomography (CT)
and PET/magnetic resonance imaging (MRI), has further advanced pediatric research
and clinical applications. FDG is the predominant PET radiotracer for pediatric brain
tumors. FDG continues to provide critical information aiding in diagnosis, staging, grading,
prognosis, evaluating recurrence, treatment planning, and assessing the treatment response
of pediatric brain tumors [171,172]. However, FDG PET is limited by high uptake in the
cerebral gray matter of the normal brain, leading to a low ratio of tumor to normal tissue
uptake [173]. There is also nonspecific uptake associated with inflammatory CNS lesions
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and, therefore, false positives have been noted in neuroinflammatory conditions [173].
Furthermore, most low-grade brain tumors display low metabolism for FDG, and tumors
cannot be readily detected with this tracer [174]. Therefore, there is an increasing interest
in non-FDG-PET tracers to provide complementary information for pediatric brain tumors.
In addition to commercially available FDG, amino acid-based radiotracers are the
most often used PET imaging agents in the evaluation of pediatric brain tumors. Amino
acid PET has significant advantages over FDG PET due to its high uptake in brain tumors,
including low-grade gliomas with superior tumor-to-nontumor ratios, and low uptake
in normal brain, resulting in more specificity for detecting brain tumors and the more
precise delineation of tumor boundaries [175]. In a retrospective study of 17 children aged
2-16 years with brain tumors, Driever et al. reported that MRI identified new lesions
during or at the end of the cancer treatment, demanding further management. The brain
tumors included ependymoma, medulloblastoma, low-grade glioma, high-grade glioma,
germ cell tumor, and choroid plexus tumor. O-(2-['8F]-fluoroethyl)-tyrosine (['®F]FET)
imaging was performed for compassionate use to help with clinical decisions. PET scans
were performed 10 min after the intravenous injection of 70-200 MBq ['8F]FET in a weight-
adapted fashion. The results showed that ['"®F]FET readily differentiated tumor tissues
from post-therapeutic changes in 16 of 17 patients. Among them, lesions in 13 patients
were tumor tissues, and 3 were post-therapeutic changes. While the study had a limited
sample size, it demonstrated the benefit of using ['®FJFET PET as a promising diagnostic
tool in pretreated children and adolescents with equivocal brain lesions [176]. Dunkl et al.
used ['8F]FET on 26 children and adolescents (1-18 years old) with newly diagnosed
brain tumors. The results showed that when the maximum tumor-to-background ratio
reached 1.7 or above, [\8F]FET detected tumor tissues with the highest accuracy (77%). In
addition, the study found that ['®FJFET added valuable information for diagnosing tumor
progression or recurrence when evaluating response to chemotherapy [177]. Misch et al.
reported that ['8F]FET correctly diagnosed 20 out of 24 evaluable patients with various
brain tumors; only two pretreated patients received false positive results [178].
18F.3,4-Dihydroxyphenylalanine (['*F]DOPA) was approved by the U.S. Food and
Drug Administration (FDA) for the early detection of suspected parkinsonian syndromes
(PS) in adult patients in 2019. ['8F]DOPA has been widely used for imaging pediatric
brain tumors. Morana et al. used [®®F]DOPA combined with conventional MRI to as-
sess 13 patients with infiltrative astrocytomas (8 boys and 5 girls). The results showed
that ['8F]DOPA uptake displayed a heterogeneous distribution in all positive cases. Sig-
nificantly higher tumor uptake in high-grade tumors compared with low-grade lesions
was observed. Furthermore, ['8FJDOPA uptake correlated well with progression-free sur-
vival [179]. The same team used ["®F]DOPA combined with MRS to assess supratentorial
infiltrative gliomas in 27 pediatric patients (4-17 years old) and found significant pos-
itive correlation between the MRS data and ['®F]DOPA parameters, with the strongest
correlation between [**F]DOPA uptake and the Cho/NAA ratio. ['8F]DOPA uptake and
proton MRS ratios were significantly higher in high-grade tumors than their low-grade
counterparts. ["®FJDOPA uptake correlated with progression-free survival and overall
survival [180]. Later on, Morana et al. used ['8F]DOPA PET/CT and fused PET/MRI to
evaluate striatal involvement in children with primary, residual, or recurrent gliomas. In
the 28 pediatric patients (1-18 years old), ['¥F]DOPA PET/MRI showed 100% accuracy, 93%
sensitivity, 89% specificity, and 100% positive predictive value. ["*F]DOPA PET/MRI also
showed significantly higher accuracy than ["®FJ]DOPA PET/CT. Basal ganglia involvement
with physiological striatal ®F-DOPA uptake did not seem to severely interfere with imag-
ing interpretation. The use of fused 'F-DOPA PET/MRI further improved the accuracy
compared to the single imaging modality [181]. Gauvain and colleagues evaluated the
response to bevacizumab antibody therapy with F-DOPA in six children with relapsed
gliomas (8-12 years old). The results showed '®F-DOPA PET/MRI was well tolerated by all
patients and visualized all tumors. The percent of metabolic tumor volume at the 4-week
scan correlated with progression-free survival [182]. More recently, Morana et al. also used



Cancers 2022, 14, 3401

21 of 34

['8F]DOPA combined with DWI and ASL MRI sequences to assess diffuse astrocytic tumors
in 26 pediatric patients (2-17 years old). The study found a significant correlation between
maximal CBF, DWI-derived minimum apparent diffusion coefficient, and ['*F[DOPA up-
take. The combined PET and MRI increased prognostic ability. There was also a significant
difference in ['8FJDOPA uptake between low- and high-grade tumors [183].

Rosenfeld et al. used both FDG and L—(methyl—[HC])methionine ([M'CIMET) to evalu-
ate diffuse intrinsic brainstem gliomas in 30 children (2-13 years old). Both tracers showed
focal and generalized metabolic activity, but no correlation with survival was observed.
Patients with negative scans for both tracers had a longer survival rate than those with
positive scans. However, patients with negative FDG scans and positive [!!C]MET scans
had the shortest survival time [184]. Laser reported [M'C]MET PET in 10 pediatric patients
(5-19 years old) with craniopharyngioma prior to proton therapy. The maximum standard-
ized uptake value (SUVmax) showed that [''C]JMET had a high tumor to background ratio
compared to FDG [185]. In another study involving 65 patients (12 children, 53 adults,
2-83 years old), Laukamp et al. found that [''CJMET PET was useful in delineating and
grading the gliomas. The authors used binary logistic regression models to differentiate
WHO tumor types and grades with an accuracy of 80%. The results showed that [\!C]MET
PET could visualize tumor activity where MRI findings were negative [186]. Phi et al. used
[''CIMET in the differential diagnosis of pediatric epilepsy in patients with focal corti-
cal dysplasia (FCD), dysembryoplastic neuroepithelial tumor (DNET), or ganglioglioma.
Among the thirty patients studied (11 months to 17 years old), FDG was non-contributary
to the differential diagnosis, and there was no significant difference in the lesion-to-gray
matter ratio between the groups; however, ['!CIMET PET identified a significant differ-
ence among the diseases, and correlated well with the pathological spectrum in pediatric
patients with lesional epilepsy [187]. Rheims et al. summarized ['!CIMET scan results
in 77 patients with focal epilepsy related to a chronic progressing brain tumor found on
MRI. Fifty-two of the patients (3-39 years old) had definite histopathology. Semiquantita-
tive analyses showed that a normal [''C]JMET uptake was correlated with DNET, while
moderate and high tumor uptake indicated gliomas or gangliogliomas. ['!C]MET could
distinguish DNETs from other tumor types with 90% specificity and 89% sensitivity [188].
Pirotte et al. summarized 400 consecutive pediatric brain tumors treated between 1995 and
2005. Among them, 126 children underwent either FDG or [LC]MET scans in the diagnostic
workshop. The team found that PET imaging was beneficial in 30% of all pediatric brain
tumor patients, particularly when there was a debate between surgery and conservative
MR follow-up or poor MRI quality for the choice between biopsy and resection [189].

o-[1!C]-methyl-L-tryptophan (['!C]JAMT) has been investigated for mapping sero-
tonin synthesis, detecting epileptogenic lesions, and guiding epilepsy surgery [190-194].
[''CJAMT also finds extensive application in pediatric brain tumors. Peng et al. reported
the utility of ['!CJAMT for assessing an isolated optic pathway glioma (OPG) in a 16-year
girl. Twenty minutes after the administration of ['!CJAMT, PET images were reconstructed
with co-registered MRI images. The results showed [''CJAMT had increased uptake by
OPG, while MRI was inconclusive for morphological changes. After chemotherapy, the
tracer uptake was dramatically decreased. ['!C]JAMT PET subsequently identified a new
tumor lesion when the patient developed a vision problem, with no interval morphological
changes. Upon the completion of external beam radiotherapy, the vision was significantly
improved. ['!CJAMT may be helpful for monitoring the progression and response to treat-
ment for OPGs [195]. Luat et al. reported an 11-year-boy with a large oligodendroglioma
of the right temporal lobe. The boy presented with attention-deficit hyperactivity disorder
(ADHD), obsessive compulsive disorder (OCD), and stimulant-induced tic disorder, and
later on seizures. The [!!CJAMT PET scan showed asymmetric uptake in the basal ganglia
and high uptake in the tumor. After surgery, the child was ADHD-free and with only
minimal symptoms of OCD [196]. The same group evaluated indoleamine 2,3-dioxygenase
(IDO) expression (a rate-determining enzyme in the tryptophan metabolism) in resected
brain tumor specimens from 15 patients (4-67 years old). The patients underwent ['!CJAMT
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PET scans before tumor resection. The results showed that six of seven low-grade tumors
presented IDO immunoreactivity; this was only observed in one of eight high-grade tumors.
['1C]JAMT metabolic rates correlated well with IDO expression levels. Therefore, [1CJAMT
PET helps to identify brain tumors with differential IDO express levels [197]. Juhasz et al.
reported the utility of ['!CJAMT PET to measure the primary brain tumor uptake of trypto-
phan and standardized uptake values (SUVs) in 40 patients (1.5-67 years old, 16 children).
The results showed that 95% of grade II to IV gliomas and glioneuronal tumors, including
recurrent and residual tumors, presented with increased SUV, while 77% showed decreased
or normal FDG uptake [198]. In a subsequent study, the team applied ['!C]JAMT to study
temporal lobe DNETs in 11 children (2-18 years old). The results showed that ['!C]JAMT
was particularly sensitive for detecting DNETs and had much higher tumor-to-cortex ratios
than FDG. The accumulation of [''CJAMT in DNETs was driven by the L-type amino acid
transporter 1. The study also found that ['!C]JAMT uptake extended to the extratumoral
cortex, indicating ['!CJAMT may detect the extratumoral epileptogenic cortex and predict
the likelihood of recurrent seizures [199]. Juhasz et al. examined ['!C]JAMT PET to detect
low-grade gliomas and glioneuronal tumors in 23 patients (3-57 years old). The team used
tumor dynamic PET, blood input data, and metabolic rates to measure the unidirectional
uptake rate and volume of distribution (VD). Increased tumor/cortex ratios or VD ratios
were observed with [(1C]JAMT PET. [''CJAMT PET could identify most low-grade gliomas
and DNETs with high tracer uptake, even when there was no enhancement on MRI for these
tumors [200]. Bosnyéak and colleagues studied tryptophan metabolism in meningiomas
and compared it with gliomas using ['!CJAMT for 47 patients (10-91 years old). Kinetic
analysis showed that ['!C]JAMT could differentiate grade I meningiomas from their grade
II/1II counterparts with a k3’ tumor-to-cortex ratio. Furthermore, [HC]AMT could also
differentiate meningiomas from low-grade and high-grade gliomas [201].

In addition to amino acid tracers, choline-based radiotracers have also been used in the
PET imaging of pediatric tumors; these tracers were initially developed to image prostate
cancers [202]. Fraioli et al. studied astrocytic brain tumors in 12 pediatric patients with
I8F_fluoroethylcholine (*8F-choline) and MRI. The results showed a negative correlation
trend between SUV 5« and the mean ADC value; a positive correlation between SUV yax
and tumor size was observed. A concordant decrease in the mean size of the tumor,
SUV, and an increase in ADC suggested a correlation between cellularity and metabolic
activity [203]. Later, the same group used '®F-choline to detect residual tumor cells in
patients with intracranial non-germinomatous germ cell tumors. Tumor viability correlated
well with 8F-choline uptake. Viable tumors had persistent tracer uptake, while there was
no tracer uptake in patients with negative histology post-treatment [204].

Other non-small molecular radiotracers have been investigated for imaging pedi-
atric brain tumors. In a case report, Arunraj et al. found that the ®Ga-labeled peptide
[68Ga]DOTANOC could detect medulloblastoma recurrence in an adolescent patient. The
neuroendocrine tumors, including paraganglioma, medulloblastoma, and meningioma,
had a high expression of somatostatin receptors, and the peptide possessed a good binding
affinity targeting the receptor. In addition, the radionuclide ®Ga has a half-life of 68 min and
is readily available through the [®®Ge]/[®Ga] generator. The radiolabeling can be applied
using the bifunctional chelator (BFC) to bridge %8Ga and the biomolecules [205]. In another
case report, Veldhuijzen van Zanten, et el. used a 8°Zr-labeled antibody & Zr-bevacizumab
for PET imaging for a 12-year-old girl with DIPG. The results showed heterogeneous uptake
between tumor lesions with 8Zr-bevacizumab imaging. In addition, the tracer uptake
correlated with the tumor histological analysis at postmortem examination [206].

Overall, most investigational PET tracers for pediatric brain tumors are amino acid-
based derivatives. With these radiotracers, the PET imaging of pediatric brain tumors
has several advantages: low background uptake, high tumor target-to-nontarget ratios,
optimized biopsy targeting, and enhanced accuracy in detecting tumor recurrence. Fur-
thermore, the natural amino acid analog with minimal carrier mass is expected to possess
negligible toxicity for the radiolabeled radiotracers [207]. Peptide and antibody PET tracers
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for pediatric brain tumors are emerging with promising results, while more studies with a
large sample size are needed to validate the findings. The integration of PET/MRI decreases
radiation dose, improves motion correction, and facilitates a combined exam, adding the
most significant value for PET utilization in pediatric brain tumors.

5. Single-Photon Emission Computed Tomography (SPECT) Investigative Tracers

SPECT, a nuclear medicine technique, has been in common use since the 1990s. Com-
pared to PET, SPECT is much more available, cheaper, and widely used. However, SPECT
typically needs a longer scan time, has a lower resolution, and is prone to artifacts and at-
tenuation [208-210]. It has been mainly used to estimate perfusion and cerebral blood flow,
and studies in pediatric brain tumors have been relatively scarce. Most of the studies were
reported in the late 1980s and 1990s before the widespread availability of advanced MRI and
PET imaging. Thallium-201 (2°'TI, half-life 73 h) and **™technetium (*™Tc, half-life 6 h) are
the two common gamma-emitting isotopes used for pediatric brain tumors. 2! TT is highly
specific for studying the metabolic activity of pediatric brain tumors. In a study involving
19 children with brain tumors, the authors compared *™Tc-2-methoxy-isobutyl-isonitrile
(**mTc-MIBI) with 2! TI-based agents. The results showed that ™Tc-MIBI had a better
signal-to-noise ratio with a sensitivity of 67% and a specificity of 100% [211]. In another
prospective and comparative study of 24 pediatric brain tumors with 2! TI SPECT and MR,
201TT uptake was shown in 14 lesions. The study found that 2! TI imaging underestimated
tumor burden. Furthermore, the accumulation of 2! TT did not correlate with tumor type,
grade, or malignancy. The authors concluded that 2! TI SPECT did not provide helpful
information over gadolinium-enhanced MRI [212]. Kirton et al. reported using **™Tc-MIBI
SPECT to evaluate 20 children with brain tumors. The results showed that specific tumors,
including brain stem glioma, glioblastoma, pilocytic astrocytoma, and choroid plexus
carcinoma, had ?*™Tc-MIBI uptake. However, no tracer uptake was observed in DNET or
medulloblastoma. The study concluded that ™ Tc-MIBI might be used for the differential
diagnosis of various tumor types [213]. In three pediatric cases of temporal lobe seizure
due to calcified glioma, 2°!TI chloride and %I-isopropyl iodoamphetamine (}2I-IMP)
showed high uptake in one tumor. Both tracers provided further information on tumors,
including malignancy. High 2°'TI chloride and 23I-IMP uptake correlated with high-grade
gliomas [214]. Amino acids labeled with SPECT isotopes have also been reported to image
pediatric brain tumors. For example, L-3-['?*T]iodo-a-methyl tyrosine (IMT)-SPECT has
been used to image pediatric pilocytic astrocytoma. IMT-SPECT displayed high tumor
uptake in 7 out of 16 cases [215], and was comparable with FDG in 7 out of 10 patients. The
results demonstrated that glucose metabolism and amino acid transporters were increased
in the tumors. Overall, SPECT investigative tracers for pediatric brain tumors are relatively
rare due to their lower resolution and longer scan time. However, they are complementary
to PET and MRI imaging modalities, and are becoming a standard of care for pediatric
imaging [216].

6. Multimodality Fusion Techniques and Treatment Planning

Computed tomography (CT) simulation has been the cornerstone of radiotherapy
planning for the past several decades and is utilized to determine target volumes, including
gross tumor volume (GTV), clinical tumor volume (CTV), and planning target volume
(PTV), which are contoured onto CT images. The critical organs at risk such as the optic
nerve, optic chiasm, hippocampi, brain stem, spinal cord, and cochleae are also contoured
to minimize toxicity. Additionally, CT simulation provides a spatial electron density map
(calculated from CT-derived Hounsfield units) which is vital for radiation dose calcula-
tion [217,218]. However, CT imaging is critically met with poor soft tissue contrast within
the neuroaxis. One of the most common strategies to circumvent this limitation is to fuse
or co-register MRI sequences providing superior soft tissue contrast and resolution with
CT simulation imaging. The most commonly utilized MRI sequences to determine tumor
volumes include post contrast T1-, and T2 /FLAIR-weighted sequences.
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Multiple studies have demonstrated that the utilization of MRI co-registration results
in significant changes in contoured target volumes and at-risk organs, with an increasing
number of institutions pursuing the use of dedicated MRI simulators [217,219,220]. In
children, MRI-only RT planning alleviates the need for multiple episodes of sedation,
consolidating simulation to a single scan with improved workflow. However, MRI alone is
not sufficient for RT planning due to absence of electron density information for radiation
dose calculation. A viable solution to derive electron density information from MRI data
includes the generation of synthetic CT images. Multiple approaches have been described
to generate synthetic CT images, such as atlas-based deformable image registration, MR
bone imaging-based tissue classification or segmentation, and machine learning-based
convolutional neural networks (CNNs) [218].

There is increasing interest in incorporating advanced /functional MRI techniques
into treatment planning and response evaluation, such as DWI and MRS [217,220]. MRS,
given its ability to provide metabolic data, including those related to cell turnover and
hypoxia, can potentially impact treatment planning and response [217]. The incorporation
of functional imaging techniques into radiotherapy planning and follow-up offers the
potential for improving clinical outcomes.

7. Conclusions

Brain and central nervous system tumors are the most lethal and the most common
solid tumors in children. The type, location, and molecular signature of brain tumors in chil-
dren differ from adults. Furthermore, tumor incidence, type and location vary in children
by age and other factors. Children present with a variety of symptoms, making early iden-
tification and accurate diagnosis especially challenging. Neuroimaging plays a vital role in
diagnosis, treatment planning, and the monitoring of disease progression and response to
therapy. Standard MRI provides information for tumor detection. Advanced MR imaging
techniques, including diffusion-weighed imaging (DWI), diffusion tensor imaging (DTI),
functional MR, arterial spin labeling (ASL) perfusion imaging, MR spectroscopy (MRS),
and magnetic resonance elastography (MRE), provide additional and improved structural
and functional information, and when combined with positron emission tomography (PET)
or single-photon emission computed tomography (SPECT), provide functional information
on tumor metabolism and physiology through the use of radiotracer probes. Radiomics and
radiogenomics offer promising insight into the prediction of tumor subtype, post-treatment
response to treatment, and prognostication. Advanced neuroimaging in conjunction with
evolving criteria for the evaluation of response to treatment, as well as the emergence of
high-quality portable imaging devices [221-223], will aid in improved care and treatment
for children with the currently most lethal form of pediatric cancer: brain tumors.

Author Contributions: RM.N. and S.A L. conceptualized the manuscript; RM.N., X.Y,, GK.,, VK,
AK.,HHK., LW.A.and S.A.L. contributed to the writing, review, and editing of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This work has been supported by the Nemours Diagnostic & Research PET/MRI Center, the
Do Believe Foundation, and the Departments of Biomedical Research and Radiology at Nemours Chil-
dren’s Health. The work was further supported by an Institutional Development Award (IDeA) from
the National Institute of General Medical Sciences of the National Institutes of Health under grant
number U54-GM104941 (PI: Hicks), a Delaware INBRE Pilot Project Award from the National Institute
of General Medical Sciences of the National Institutes of Health under grant number P20GM103446
(PI: Stanhope/Duncan) and a National Cancer Institute award 1R01CA263216-01A1 (S.A.L.).

Conflicts of Interest: The authors declare no conflict of interest.



Cancers 2022, 14, 3401 25 of 34

References

1.  Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer Statistics, 2021. CA Cancer |. Clin. 2021, 71, 7-33. [CrossRef] [PubMed]

2. Curtin, S.C.; Minino, A.M.; Anderson, R.N. Declines in Cancer Death Rates among Children and Adolescents in the United States,
1999-2014. In NCHS Data Brief; Department Of Health and Human Services, Centers for Disease Control and Prevention, National
Center for Health Statistics: Hyattsville, MA, USA, 2016; pp. 1-8.

3. Rineer, ].; Schreiber, D.; Choi, K.; Rotman, M. Characterization and outcomes of infratentorial malignant glioma: A population-
based study using the Surveillance Epidemiology and End-Results database. Radiother. Oncol. 2010, 95, 321-326. [CrossRef]
[PubMed]

4. Lannering, B.; Sandstrom, P-E.; Holm, S.; Lundgren, ].; Pfeifer, S.; Samuelsson, U.; Stromberg, B.; Gustafsson, G. For the Swedish
Childhood CNS Tumor Working Group (VCTB) Classification, incidence and survival analyses of children with CNS tumours
diagnosed in Sweden 1984-2005. Acta Paediatr. 2009, 98, 1620-1627. [CrossRef] [PubMed]

5. Hales, PW.,; D’Arco, E; Cooper, J.; Pfeuffer, J.; Hargrave, D.; Mankad, K.; Clark, C. Arterial spin labelling and diffusion-weighted
imaging in paediatric brain tumours. Neurolmage Clin. 2019, 22, 101696. [CrossRef]

6.  Thust, S.C.; Bent, M.J.V.D.; Smits, M. Pseudoprogression of brain tumors. J. Magn. Reson. Imaging 2018, 48, 571-589. [CrossRef]

7. Lee, ].; Wang, N.; Turk, S.; Mohammed, S.; Lobo, R.; Kim, J.; Liao, E.; Camelo-Piragua, S.; Kim, M.; Junck, L.; et al. Discriminating
pseudoprogression and true progression in diffuse infiltrating glioma using multi-parametric MRI data through deep learning.
Sci. Rep. 2020, 10, 20331. [CrossRef]

8. Li,M,; Ren, X;; Dong, G.; Wang, ].; Jiang, H.; Yang, C.; Zhao, X.; Zhu, Q.; Cui, Y.; Yu, K,; et al. Corrigendum: Distinguishing
Pseudoprogression From True Early Progression in Isocitrate Dehydrogenase Wild-Type Glioblastoma by Interrogating Clinical,
Radiological and Molecular Features. Front. Oncol. 2021, 11, 700599. [CrossRef]

9.  Zikou, A; Sioka, C.; Alexiou, G.A.; Fotopoulos, A.; Voulgaris, S.; Argyropoulou, M.I. Radiation Necrosis, Pseudoprogression,
Pseudoresponse, and Tumor Recurrence: Imaging Challenges for the Evaluation of Treated Gliomas. Contrast Media Mol. Imaging
2018, 2018, 6828396. [CrossRef]

10. Le Fevre, C.; Constans, J.-M.; Chambrelant, I.; Antoni, D.; Bund, C.; Leroy-Freschini, B.; Schott, R.; Cebula, H.; Noél, G.
Pseudoprogression versus true progression in glioblastoma patients: A multiapproach literature review. Part 2—Radiological
features and metric markers. Crit. Rev. Oncol. 2021, 159, 103230. [CrossRef]

11. Louis, D.N,; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P,; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef]

12.  Wells, E.M.; Packer, R.J. Pediatric Brain Tumors. Contin. Minneap. Minn. 2015, 21, 373-396. [CrossRef] [PubMed]

13.  Dang, M.; Phillips, P.C. Pediatric Brain Tumors. Contin. Minneap. Minn. 2017, 23, 1727-1757. [CrossRef] [PubMed]

14. Udaka, Y.T.; Packer, R.J. Pediatric Brain Tumors. Neurol. Clin. 2018, 36, 533-556. [CrossRef] [PubMed]

15.  Pollack, LE; Agnihotri, S.; Broniscer, A. Childhood brain tumors: Current management, biological insights, and future directions.
J. Neurosurg. Pediatr. 2019, 23, 261-273. [CrossRef] [PubMed]

16. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, L.A.; Figarella-Branger, D.; Hawkins, C.; Ng, HK,; Pfister, SM.;
Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021,
23,1231-1251. [CrossRef]

17.  Ostrom, Q.T.; Gittleman, H.; Truitt, G.; Boscia, A.; Kruchko, C.; Barnholtz-Sloan, J.5. CBTRUS Statistical Report: Primary Brain
and Other Central Nervous System Tumors Diagnosed in the United States in 2011-2015. Neuro-Oncology 2018, 20, iv1-iv86.
[CrossRef]

18.  Northcott, P.A.; Robinson, G.W.; Kratz, C.P.; Mabbott, D.]J.; Pomeroy, S.L.; Clifford, S.C.; Rutkowski, S.; Ellison, D.W.; Malkin, D.;
Taylor, M.D.; et al. Medulloblastoma. Nat. Rev. Dis. Primers 2019, 5, 11. [CrossRef]

19. Iv,M,; Zhou, M,; Shpanskaya, K.; Perreault, S.; Wang, Z.; Tranvinh, E.; Lanzman, B.; Vajapeyam, S.; Vitanza, N.; Fisher, P.; et al.
MR Imaging—Based Radiomic Signatures of Distinct Molecular Subgroups of Medulloblastoma. Am. J. Neuroradiol. 2018, 40,
154-161. [CrossRef]

20. Gibson, P; Tong, Y.; Robinson, G.; Thompson, M.C.; Currle, D.S.; Eden, C.; Kranenburg, T.; Hogg, T.; Poppleton, H.; Martin, J.; et al.
Subtypes of medulloblastoma have distinct developmental origins. Nature 2010, 468, 1095-1099. [CrossRef]

21. Patay, Z.; Desain, L.A.; Hwang, S.N.; Coan, A.; Li, Y.; Ellison, D.W.; April, A.C. MR Imaging Characteristics of Wingless-Type-
Subgroup Pediatric Medulloblastoma. Am. J. Neuroradiol. 2015, 36, 2386-2393. [CrossRef]

22. Lin, CY,; Erkek, S.; Tong, Y.; Yin, L.; Federation, A.J.; Zapatka, M.; Haldipur, P.; Kawauchi, D.; Risch, T.; Warnatz, H.-J.; et al.
Active medulloblastoma enhancers reveal subgroup-specific cellular origins. Nature 2016, 530, 57-62. [CrossRef]

23. DeSouza, R-M.; Jones, B.R.; Lowis, S.P.; Kurian, K.M. Pediatric medulloblastoma—update on molecular classification driving
targeted therapies. Front. Oncol. 2014, 4, 176. [CrossRef] [PubMed]

24. AlRayahi, J.; Zapotocky, M.; Ramaswamy, V.; Hanagandi, P.; Branson, H.; Mubarak, W.; Raybaud, C.; Laughlin, S. Pediatric Brain
Tumor Genetics: What Radiologists Need to Know. Radio Graph. 2018, 38, 2102-2122. [CrossRef] [PubMed]

25. Huang, S.; Yang, ].-Y. Targeting the Hedgehog Pathway in Pediatric Medulloblastoma. Carncers 2015, 7, 2110-2123. [CrossRef]

26. Cavalli, EM.; Remke, M.; Rampasek, L.; Peacock, J.; Shih, D.J.; Luu, B.; Garzia, L.; Torchia, J.; Nor, C.; Morrissy, A.S.; et al.

Intertumoral Heterogeneity within Medulloblastoma Subgroups. Cancer Cell 2017, 31, 737-754.e6. [CrossRef]


http://doi.org/10.3322/caac.21654
http://www.ncbi.nlm.nih.gov/pubmed/33433946
http://doi.org/10.1016/j.radonc.2010.04.007
http://www.ncbi.nlm.nih.gov/pubmed/20451276
http://doi.org/10.1111/j.1651-2227.2009.01417.x
http://www.ncbi.nlm.nih.gov/pubmed/19594464
http://doi.org/10.1016/j.nicl.2019.101696
http://doi.org/10.1002/jmri.26171
http://doi.org/10.1038/s41598-020-77389-0
http://doi.org/10.3389/fonc.2021.700599
http://doi.org/10.1155/2018/6828396
http://doi.org/10.1016/j.critrevonc.2021.103230
http://doi.org/10.1007/s00401-016-1545-1
http://doi.org/10.1212/01.CON.0000464176.96311.d1
http://www.ncbi.nlm.nih.gov/pubmed/25837902
http://doi.org/10.1212/CON.0000000000000545
http://www.ncbi.nlm.nih.gov/pubmed/29200119
http://doi.org/10.1016/j.ncl.2018.04.009
http://www.ncbi.nlm.nih.gov/pubmed/30072070
http://doi.org/10.3171/2018.10.PEDS18377
http://www.ncbi.nlm.nih.gov/pubmed/30835699
http://doi.org/10.1093/neuonc/noab106
http://doi.org/10.1093/neuonc/noy131
http://doi.org/10.1038/s41572-019-0063-6
http://doi.org/10.3174/ajnr.A5899
http://doi.org/10.1038/nature09587
http://doi.org/10.3174/ajnr.A4495
http://doi.org/10.1038/nature16546
http://doi.org/10.3389/fonc.2014.00176
http://www.ncbi.nlm.nih.gov/pubmed/25101241
http://doi.org/10.1148/rg.2018180109
http://www.ncbi.nlm.nih.gov/pubmed/30422762
http://doi.org/10.3390/cancers7040880
http://doi.org/10.1016/j.ccell.2017.05.005

Cancers 2022, 14, 3401 26 of 34

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Neumann, J.E.; Swartling, FJ.; Schiiller, U. Medulloblastoma: Experimental models and reality. Acta Neuropathol. 2017, 134,
679-689. [CrossRef]

Sharma, T.; Schwalbe, E.C.; Williamson, D.; Sill, M.; Hovestadt, V.; Mynarek, M.; Rutkowski, S.; Robinson, G.W.; Gajjar, A.;
Cavalli, F; et al. Second-generation molecular subgrouping of medulloblastoma: An international meta-analysis of Group 3 and
Group 4 subtypes. Acta Neuropathol. 2019, 138, 309-326. [CrossRef]

Colafati, G.S.; Voicu, I.P; Carducci, C.; Miele, E.; Carai, A.; Di Loreto, S.; Marrazzo, A.; Cacchione, A.; Cecinati, V,;
Tornesello, A.; et al. MRI features as a helpful tool to predict the molecular subgroups of medulloblastoma: State of the art. Ther.
Adv. Neurol. Disord. 2018, 11. [CrossRef]

Bliml, S.; Margol, A.S.; Sposto, R.; Kennedy, R.J.; Robison, N.J.; Vali, M.; Hung, L.T.; Muthugounder, S.; Finlay, J.L.;
Erdreich-Epstein, A.; et al. Molecular subgroups of medulloblastoma identification using noninvasive magnetic resonance
spectroscopy. Neuro-Oncology 2015, 18, 126-131. [CrossRef]

Blionas, A.; Giakoumettis, D.; Klonou, A.; Neromyliotis, E.; Karydakis, P.; Themistocleous, M.S. Paediatric gliomas: Diagnosis,
molecular biology and management. Ann. Transl. Med. 2018, 6, 251. [CrossRef]

Sturm, D.; Pfister, S.; Jones, D.T.W. Pediatric Gliomas: Current Concepts on Diagnosis, Biology, and Clinical Management. ]. Clin.
Oncol. 2017, 35, 2370-2377. [CrossRef] [PubMed]

Ruda, R; Reifenberger, G.; Frappaz, D.; Pfister, 5.M.; Laprie, A.; Santarius, T.; Roth, P.; Tonn, J.C.; Soffietti, R.; Weller, M.; et al.
EANO guidelines for the diagnosis and treatment of ependymal tumors. Neuro-Oncology 2017, 20, 445-456. [CrossRef] [PubMed]
Cosnarovici, M.M.; Cosnarovici, R.V,; Piciu, D. Updates on the 2016 World Health Organization Classification of Pediatric Tumors
of the Central Nervous System—A systematic review. Med. Pharm. Rep. 2021, 94, 282-288. [CrossRef] [PubMed]

Penman, C.L.; Efaulkner, C.; Lowis, S5.P; Kurian, K.M. Current Understanding of BRAF Alterations in Diagnosis, Prognosis, and
Therapeutic Targeting in Pediatric Low-Grade Gliomas. Front. Oncol. 2015, 5, 54. [CrossRef] [PubMed]

Sturm, D.; Filbin, M.G. Gliomas in Children. Skull Base 2018, 38, 121-130. [CrossRef] [PubMed]

Ferris, S.P.; Hofmann, ].W.; Solomon, D.A ; Perry, A. Characterization of gliomas: From morphology to molecules. Virchows. Arch.
2017, 471, 257-269. [CrossRef]

Bag, A.K.; Chiang, J.; Patay, Z. Radiohistogenomics of pediatric low-grade neuroepithelial tumors. Neuroradiology 2021, 63,
1185-1213. [CrossRef]

Jones, C.; Karajannis, M.A.; Jones, D.T.W.; Kieran, M.W.; Monje, M.; Baker, S.J.; Becher, O.].; Cho, Y.-].; Gupta, N.; Hawkins, C.; et al.
Pedjiatric high-grade glioma: Biologically and clinically in need of new thinking. Neuro-Oncology 2016, 19, 153-161. [CrossRef]
Modzelewska, K.; Boer, E.; Mosbruger, T.L.; Picard, D.; Anderson, D.; Miles, RR.; Kroll, M.; Oslund, W.; Pysher, TJ;
Schiffman, J.D.; et al. MEK Inhibitors Reverse Growth of Embryonal Brain Tumors Derived from Oligoneural Precursor Cells.
Cell Rep. 2016, 17, 1255-1264. [CrossRef]

Diaz, A.K.; Baker, S.J. The Genetic Signatures of Pediatric High-Grade Glioma: No Longer a One-Act Play. Semin. Radiat. Oncol.
2014, 24, 240-247. [CrossRef]

Pajtler, KW.; Witt, H.; Sill, M.; Jones, D.T.; Hovestadt, V.; Kratochwil, F.; Wani, K.; Tatevossian, R.; Punchihewa, C.; Johann, P; et al.
Molecular Classification of Ependymal Tumors across All CNS Compartments, Histopathological Grades, and Age Groups.
Cancer Cell 2015, 27, 728-743. [CrossRef] [PubMed]

Khatua, S.; Ramaswamy, V.; Bouffet, E. Current therapy and the evolving molecular landscape of paediatric ependymoma. Eur. J.
Cancer 2016, 70, 34-41. [CrossRef] [PubMed]

Vitanza, N.A; Partap, S. Pediatric Ependymoma. J. Child Neurol. 2016, 31, 1354-1366. [CrossRef] [PubMed]

Malayeri, A.A.; El Khouli, R.H.; Zaheer, A.; Jacobs, M.A.; Corona-Villalobos, C.P.; Kamel, I.R.; Macura, K.J. Principles and
Applications of Diffusion-weighted Imaging in Cancer Detection, Staging, and Treatment Follow-up. Radio Graph. 2011, 31,
1773-1791. [CrossRef] [PubMed]

Morana, G.; Alves, C.A.; Tortora, D.; Severino, M.; Nozza, P; Cama, A.; Ravegnani, M.; D’Apolito, G.; Raso, A.; Milanaccio, C.; et al.
Added value of diffusion weighted imaging in pediatric central nervous system embryonal tumors surveillance. Oncotarget 2017,
8, 60401-60413. [CrossRef]

Bull, J.G.; Saunders, D.E.; Clark, C.A. Discrimination of paediatric brain tumours using apparent diffusion coefficient histograms.
Eur. Radiol. 2011, 22, 447-457. [CrossRef]

Chang, Y.-W.; Yoon, H.-K,; Shin, H.-J.; Roh, H.G.; Cho, .M. MR imaging of glioblastoma in children: Usefulness of
diffusion/perfusion-weighted MRI and MR spectroscopy. Pediatr. Radiol. 2003, 33, 836-842. [CrossRef]

Chen, H.; Panigrahy, A.; Dhall, G.; Finlay, J.; Nelson, M.; Bliiml, S. Apparent Diffusion and Fractional Anisotropy of Diffuse
Intrinsic Brain Stem Gliomas. Am. J. Neuroradiol. 2010, 31, 1879-1885. [CrossRef]

Choudhri, A.F; Whitehead, M.T.; Siddiqui, A.; Klimo, P.; Boop, A.F. Diffusion characteristics of pediatric pineal tumors.
Neuroradiol. ]. 2015, 28, 209-216. [CrossRef]

Gimi, B.; Cederberg, K.; Derinkuyu, B.; Gargan, L.; Koral, K.M.; Bowers, D.C.; Koral, K. Utility of Apparent Diffusion Coefficient
Ratios in Distinguishing Common Pediatric Cerebellar Tumors. Acad. Radiol. 2012, 19, 794-800. [CrossRef]

Koral, K.; Mathis, D.; Gimi, B.; Gargan, L.; Weprin, B.; Bowers, D.C.; Margraf, L. Common Pediatric Cerebellar Tumors: Correlation
between Cell Densities and Apparent Diffusion Coefficient Metrics. Radiology 2013, 268, 532-537. [CrossRef] [PubMed]

Kralik, S.F; Taha, A.; Kamer, A.P; Cardinal, J.S.; Seltman, T.A.; Ho, C.Y. Diffusion Imaging for Tumor Grading of Supratentorial
Brain Tumors in the First Year of Life. Am. J. Neuroradiol. 2013, 35, 815-823. [CrossRef] [PubMed]


http://doi.org/10.1007/s00401-017-1753-3
http://doi.org/10.1007/s00401-019-02020-0
http://doi.org/10.1177/1756286418775375
http://doi.org/10.1093/neuonc/nov097
http://doi.org/10.21037/atm.2018.05.11
http://doi.org/10.1200/JCO.2017.73.0242
http://www.ncbi.nlm.nih.gov/pubmed/28640698
http://doi.org/10.1093/neuonc/nox166
http://www.ncbi.nlm.nih.gov/pubmed/29194500
http://doi.org/10.15386/mpr-1811
http://www.ncbi.nlm.nih.gov/pubmed/34430849
http://doi.org/10.3389/fonc.2015.00054
http://www.ncbi.nlm.nih.gov/pubmed/25785246
http://doi.org/10.1055/s-0038-1635106
http://www.ncbi.nlm.nih.gov/pubmed/29548059
http://doi.org/10.1007/s00428-017-2181-4
http://doi.org/10.1007/s00234-021-02691-1
http://doi.org/10.1093/neuonc/now101
http://doi.org/10.1016/j.celrep.2016.09.081
http://doi.org/10.1016/j.semradonc.2014.06.003
http://doi.org/10.1016/j.ccell.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25965575
http://doi.org/10.1016/j.ejca.2016.10.013
http://www.ncbi.nlm.nih.gov/pubmed/27866097
http://doi.org/10.1177/0883073815610428
http://www.ncbi.nlm.nih.gov/pubmed/26503805
http://doi.org/10.1148/rg.316115515
http://www.ncbi.nlm.nih.gov/pubmed/21997994
http://doi.org/10.18632/oncotarget.19553
http://doi.org/10.1007/s00330-011-2255-7
http://doi.org/10.1007/s00247-003-0968-8
http://doi.org/10.3174/ajnr.A2179
http://doi.org/10.1177/1971400915581741
http://doi.org/10.1016/j.acra.2012.03.004
http://doi.org/10.1148/radiol.13121362
http://www.ncbi.nlm.nih.gov/pubmed/23564715
http://doi.org/10.3174/ajnr.A3757
http://www.ncbi.nlm.nih.gov/pubmed/24200900

Cancers 2022, 14, 3401 27 of 34

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.
75.
76.

77.

Orman, G.; Bosemani, T.; Higgins, L.; Carson, K.A.; Huisman, T.A.; Poretti, A. Pediatric Cerebellar Tumors: Does ADC Analysis
of Solid, Contrast-Enhancing Tumor Components Correlate Better with Tumor Grade than ADC Analysis of the Entire Tumor? J.
Neuroimaging 2014, 25, 785-791. [CrossRef]

Poretti, A.; Meoded, A.; Cohen, K.J.; Grotzer, M.A; Boltshauser, E.; Huisman, T.A. Apparent diffusion coefficient of pediatric
cerebellar tumors: A biomarker of tumor grade? Pediatr. Blood Cancer 2013, 60, 2036-2041. [CrossRef] [PubMed]

Novak, J.; Zarinabad, N.; Rose, H.; Arvanitis, T.; MacPherson, L.; Pinkey, B.; Oates, A.; Hales, P.; Grundy, R.; Auer, D.; et al.
Classification of paediatric brain tumours by diffusion weighted imaging and machine learning. Sci. Rep. 2021, 11, 2987.
[CrossRef]

Chamdine, O.; Broniscer, A.; Wu, S.; Gajjar, A.; Qaddoumi, I. Metastatic Low-Grade Gliomas in Children: 20 Years” Experience at
St. Jude Children’s Research Hospital. Pediatr. Blood Cancer 2015, 63, 62-70. [CrossRef]

Shih, R.Y.; Koeller, K.K. Embryonal Tumors of the Central Nervous System: From the Radiologic Pathology Archives. Radio Graph.
2018, 38, 525-541. [CrossRef]

Pierce, T.; Kranz, P.G.; Roth, C.; Leong, D.; Wei, P.; Provenzale, ]. M. Use of Apparent Diffusion Coefficient Values for Diagnosis of
Pediatric Posterior Fossa Tumors. Neuroradiol. ]. 2014, 27, 233-244. [CrossRef]

Jaremko, J.; Jans, L.; Coleman, L.; Ditchfield, M. Value and limitations of diffusion-weighted imaging in grading and diagnosis of
pediatric posterior fossa tumors. Am. J. Neuroradiol. 2010, 31, 1613-1616. [CrossRef]

Al-Sharydah, A M.; Al-Arfaj, HK.; Al-Muhaish, H.S.; Al-Suhaibani, S.S.; Al-Aftan, M.S.; Almedallah, D.K.; Al-Abdulwahhab,
A.H.; Al-Hedaithy, A.A.; Al-Jubran, S.A. Can apparent diffusion coefficient values help distinguish between different types of
pediatric brain tumors? Eur. J. Radiol. Open 2019, 6, 49-55. [CrossRef]

Koob, M.; Girard, N. Cerebral tumors: Specific features in children. Diagn. Interv. Imaging 2014, 95, 965-983. [CrossRef] [PubMed]
Kazerooni, A.F,; Bagley, S.J.; Akbari, H.; Saxena, S.; Bagheri, S.; Guo, J.; Chawla, S.; Nabavizadeh, A.; Mohan, S.; Bakas, S.; et al.
Applications of Radiomics and Radiogenomics in High-Grade Gliomas in the Era of Precision Medicine. Cancers 2021, 13, 5921.
[CrossRef] [PubMed]

Thust, S.C.; Hassanein, S.; Bisdas, S.; Rees, ].H.; Hyare, H.; Maynard, J.A.; Brandner, S.; Tur, C.; Jager, H.R.; Yousry, T.A,; et al.
Apparent diffusion coefficient for molecular subtyping of non-gadolinium-enhancing WHO grade II/III glioma: Volumetric
segmentation versus two-dimensional region of interest analysis. Eur. Radiol. 2018, 28, 3779-3788. [CrossRef]

Wu, C.-C,; Jain, R.; Radmanesh, A.; Poisson, L.; Guo, W.-Y.; Zagzag, D.; Snuderl, M.; Placantonakis, D.; Golfinos, J.; Chi, A.
Predicting Genotype and Survival in Glioma Using Standard Clinical MR Imaging Apparent Diffusion Coefficient Images: A
Pilot Study from The Cancer Genome Atlas. Am. ]. Neuroradiol. 2018, 39, 1814-1820. [CrossRef] [PubMed]

Jaimes, C.; Vajapeyam, S.; Brown, D.; Kao, P-C.; Ma, C.; Greenspan, L.; Gupta, N.; Goumnerova, L.; Bandopahayay, P.;
Dubois, F; et al. MR Imaging Correlates for Molecular and Mutational Analyses in Children with Diffuse Intrinsic Pontine
Glioma. Am. . Neuroradiol. 2020, 41, 874-881. [CrossRef]

Ramaglia, A.; Tortora, D.; Mankad, K.; Lequin, M.; Severino, M.; D’Arco, F; Lobel, U.; Benenati, M.; de Leng, WW.].; De
Marco, P; et al. Role of diffusion weighted imaging for differentiating cerebral pilocytic astrocytoma and ganglioglioma BRAF
V600E-mutant from wild type. Neuroradiology 2019, 62, 71-80. [CrossRef] [PubMed]

Hagmann, P,; Jonasson, L.; Maeder, P.; Thiran, J.-P.; Wedeen, V.J.; Meuli, R. Understanding Diffusion MR Imaging Techniques:
From Scalar Diffusion-weighted Imaging to Diffusion Tensor Imaging and Beyond. Radio Graph. 2006, 26, S205-5223. [CrossRef]
Salama, G.R.; Heier, L.A.; Patel, P.; Ramakrishna, R.; Magge, R.; Tsiouris, A.]J. Diffusion Weighted /Tensor Imaging, Functional
MRI and Perfusion Weighted Imaging in Glioblastoma—Foundations and Future. Front. Neurol. 2018, 8, 660. [CrossRef]
Potgieser, A.R.; Wagemakers, M.; van Hulzen, A.L.; de Jong, B.M.; Hoving, EZW.; Groen, R.J. The role of diffusion tensor imaging
in brain tumor surgery: A review of the literature. Clin. Neurol. Neurosurg. 2014, 124, 51-58. [CrossRef]

Zhu, E-P; Wu, J.-S.; Song, Y.-Y.; Yao, C.-].; Zhuang, D.-X,; Xu, G.; Tang, W.-].; Qin, Z.-Y.; Mao, Y.; Zhou, L.-F. Clinical Application
of Motor Pathway Mapping Using Diffusion Tensor Imaging Tractography and Intraoperative Direct Subcortical Stimulation in
Cerebral Glioma Surgery: A prospective cohort study. Neurosurgery 2012, 71, discussion 1170-1184. [CrossRef]

Wu, ].-S.; Zhou, L.-F; Tang, W.-].; Mao, Y.; Hu, J.; Song, Y.-Y,; Hong, X.-N.; Du, G.-H. Clinical evaluation and follow-up outcome
of diffusion tensor imaging-based functional neuronavigation: A prospective, controlled study in patients with gliomas involving
pyramidal tracts. Neurosurgery 2007, 61, discussion 935-949. [CrossRef] [PubMed]

Chavhan, G.B.; Babyn, P.S.; Thomas, B.; Shroff, M.M.; Haacke, E.M. Principles, Techniques, and Applications of T2*-based MR
Imaging and Its Special Applications. Radio Graph. 2009, 29, 1433-1449. [CrossRef] [PubMed]

Stippich, C.; Blatow, M. Clinical Functional MRI, Presurgical Functional Neuroimaging; Springer: Berlin/Heidelberg, Germany, 2007;
ISBN 3540244697.

Seghier, M.L. Laterality index in functional MRI: Methodological issues. Magn. Reson. Imaging 2008, 26, 594—601. [CrossRef]
Trinh, V.T.; Fahim, D.K.; Maldaun, M.V,; Shah, K.; McCutcheon, LE.; Rao, G.; Lang, F.; Weinberg, J.; Sawaya, R.; Suki, D.; et al.
Impact of Preoperative Functional Magnetic Resonance Imaging during Awake Craniotomy Procedures for Intraoperative
Guidance and Complication Avoidance. Ster. Funct. Neurosurg. 2014, 92, 315-322. [CrossRef] [PubMed]

Ottenhausen, M.; Krieg, S.M.; Meyer, B.; Ringel, F. Functional preoperative and intraoperative mapping and monitoring:
Increasing safety and efficacy in glioma surgery. Neurosurg. Focus 2015, 38, E3. [CrossRef] [PubMed]


http://doi.org/10.1111/jon.12199
http://doi.org/10.1002/pbc.24578
http://www.ncbi.nlm.nih.gov/pubmed/23940008
http://doi.org/10.1038/s41598-021-82214-3
http://doi.org/10.1002/pbc.25731
http://doi.org/10.1148/rg.2018170182
http://doi.org/10.15274/NRJ-2014-10027
http://doi.org/10.3174/ajnr.A2155
http://doi.org/10.1016/j.ejro.2018.12.004
http://doi.org/10.1016/j.diii.2014.06.017
http://www.ncbi.nlm.nih.gov/pubmed/25150727
http://doi.org/10.3390/cancers13235921
http://www.ncbi.nlm.nih.gov/pubmed/34885031
http://doi.org/10.1007/s00330-018-5351-0
http://doi.org/10.3174/ajnr.A5794
http://www.ncbi.nlm.nih.gov/pubmed/30190259
http://doi.org/10.3174/ajnr.A6546
http://doi.org/10.1007/s00234-019-02304-y
http://www.ncbi.nlm.nih.gov/pubmed/31667545
http://doi.org/10.1148/rg.26si065510
http://doi.org/10.3389/fneur.2017.00660
http://doi.org/10.1016/j.clineuro.2014.06.009
http://doi.org/10.1227/NEU.0b013e318271bc61
http://doi.org/10.1227/01.neu.0000303189.80049.ab
http://www.ncbi.nlm.nih.gov/pubmed/18091270
http://doi.org/10.1148/rg.295095034
http://www.ncbi.nlm.nih.gov/pubmed/19755604
http://doi.org/10.1016/j.mri.2007.10.010
http://doi.org/10.1159/000365224
http://www.ncbi.nlm.nih.gov/pubmed/25247627
http://doi.org/10.3171/2014.10.FOCUS14611
http://www.ncbi.nlm.nih.gov/pubmed/25552283

Cancers 2022, 14, 3401 28 of 34

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Fujiwara, N.; Sakatani, K.; Katayama, Y.; Murata, Y.; Hoshino, T.; Fukaya, C.; Yamamoto, T. Evoked-cerebral blood oxygenation
changes in false-negative activations in BOLD contrast functional MRI of patients with brain tumors. Neurolmage 2004, 21,
1464-1471. [CrossRef]

Ulmer, J.L.; Hacein-Bey, L.; Mathews, V.P.; Mueller, WM.; DeYoe, E.A.; Prost, R W.; Meyer, G.A.; Krouwer, H.G.; Schmainda, K.M.
Lesion-induced Pseudo-dominance at Functional Magnetic Resonance Imaging: Implications for Preoperative Assessments.
Neurosurgery 2004, 55, discussion 569-581. [CrossRef]

Lee, M.H.; Miller-Thomas, M.M.; Benzinger, T.; Marcus, D.S.; Hacker, C.D.; Leuthardt, E.C.; Shimony, J.S. Clinical Resting-state
fMRI in the Preoperative Setting: Are We Ready for Prime Time? Top. Magn. Reson. Imaging 2016, 25, 11-18. [CrossRef]
Hadjiabadi, D.H.; Pung, L.; Zhang, J.; Ward, B.; Lim, W.-T.; Kalavar, M.; Thakor, N.V.; Biswal, B.B.; Pathak, A.P. Brain tumors
disrupt the resting-state connectome. Neurolmage Clin. 2018, 18, 279-289. [CrossRef]

Nenning, K.-H.; Furtner, J.; Kiesel, B.; Schwartz, E.; Roetzer, T.; Fortelny, N.; Bock, C.; Grisold, A.; Marko, M.; Leutmezer, F.; et al.
Distributed changes of the functional connectome in patients with glioblastoma. Sci. Rep. 2020, 10, 18312. [CrossRef]

Chen, Z.; Ye, N.; Teng, C.; Li, X. Alternations and Applications of the Structural and Functional Connectome in Gliomas: A
Mini-Review. Front. Neurosci. 2022, 16, 856808. [CrossRef] [PubMed]

Hou, B.L.; Bhatia, S.; Carpenter, ].S. Quantitative comparisons on hand motor functional areas determined by resting state and
task BOLD fMRI and anatomical MRI for pre-surgical planning of patients with brain tumors. NeuroImage Clin. 2016, 11, 378-387.
[CrossRef] [PubMed]

Sair, H.I; Yahyavi-Firouz-Abadi, N.; Calhoun, V.D.; Airan, R.D.; Agarwal, S.; Intrapiromkul, J.; Choe, A.S.; Gujar, S.K.; Caffo, B.;
Lindquist, M.A; et al. Presurgical brain mapping of the language network in patients with brain tumors using resting-state f
MRI: Comparison with task f MRI. Hum. Brain Mapp. 2015, 37, 913-923. [CrossRef] [PubMed]

Tie, Y,; Rigolo, L.; Norton, .H.; Huang, R.; Wu, W.; Orringer, D.; Mukundan, S., Jr.; Golby, A.J. Defining language networks from
resting-state fMRI for surgical planning-a feasibility study. Hum. Brain Mapp. 2013, 35, 1018-1030. [CrossRef]

Branco, P; Seixas, D.; Deprez, S.; Kovacs, S.; Peeters, R.; Castro, S.L.; Sunaert, S. Resting-State Functional Magnetic Resonance
Imaging for Language Preoperative Planning. Front. Hum. Neurosci. 2016, 10, 11. [CrossRef]

Lemée, J.; Berro, D.H.; Bernard, F.; Chinier, E.; Leiber, L.; Menei, P.; Ter Minassian, A. Resting-state functional magnetic resonance
imaging versus task-based activity for language mapping and correlation with perioperative cortical mapping. Brain Behav. 2019,
9, e01362. [CrossRef]

Stavinoha, P.L.; Askins, M.A.; Powell, S.K.; Smiley, N.P.; Robert, R.S. Neurocognitive and Psychosocial Outcomes in Pediatric
Brain Tumor Survivors. Bioengineering 2018, 5, 73. [CrossRef]

Kerner, D.M.; Nikam, R.; Kandula, V.V.; Averill, L.W. Pearls and Pitfalls in Arterial Spin Labeling Perfusion-Weighted Imaging in
Clinical Pediatric Imaging. Semin. Ultrasound CT MRI 2022, 43, 19-30. [CrossRef]

Ata, E.S,; Turgut, M.; Eraslan, C.; Dayanir, Y. Comparison between dynamic susceptibility contrast magnetic resonance imaging
and arterial spin labeling techniques in distinguishing malignant from benign brain tumors. Eur. J. Radiol. 2016, 85, 1545-1553.
[CrossRef]

Luan, J.; Wu, M.; Wang, X.; Qiao, L.; Guo, G.; Zhang, C. The diagnostic value of quantitative analysis of ASL, DSC-MRI and DKI
in the grading of cerebral gliomas: A meta-analysis. Radiat. Oncol. 2020, 15, 204. [CrossRef]

Kitajima, M.; Uetani, H. Arterial Spin Labeling for Pediatric Central Nervous System Diseases: Techniques and Clinical
Applications. Magn. Reson. Med. Sci. 2022. [CrossRef] [PubMed]

Jovanovic, M.; Radenkovic, S.; Stosic-Opincal, T.; Lavrnic, S.; Gavrilovic, S.; Lazovic-Popovic, B.; Soldatovic, I.; Maksimovic, R.
Differentiation between progression and pseudoprogresion by arterial spin labeling MRI in patients with glioblastoma multiforme.
J. BUON 2017, 22, 1061-1067. [PubMed]

Manning, P.; Daghighi, S.; Rajaratnam, M.K.; Parthiban, S.; Bahrami, N.; Dale, A.M.; Bolar, D.; Piccioni, D.E.; McDonald, C.R,;
Farid, N. Differentiation of progressive disease from pseudoprogression using 3D PCASL and DSC perfusion MRI in patients
with glioblastoma. J. Neuro-Oncol. 2020, 147, 681-690. [CrossRef] [PubMed]

Averill, L.W.; Kandula, V.V.R. Utility of Arterial Spin Labeling MRI in Pediatric Neuroimaging: A Pictorial Essay. Curr. Radiol.
Rep. 2017, 5, 37. [CrossRef]

Dangouloff-Ros, V.; Deroulers, C.; Foissac, F.; Badoual, M.; Shotar, E.; Grévent, D.; Calmon, R.; Pages, M.; Grill, J.; Dufour, C.; et al.
Arterial Spin Labeling to Predict Brain Tumor Grading in Children: Correlations between Histopathologic Vascular Density and
Perfusion MR Imaging. Radiology 2016, 281, 553-566. [CrossRef]

Dangouloff-Ros, V.; Grevent, D.; Pages, M.; Blauwblomme, T.; Calmon, R.; Elie, C.; Puget, S.; Sainte-Rose, C.; Brunelle, F;
Varlet, P; et al. Choroid Plexus Neoplasms: Toward a Distinction between Carcinoma and Papilloma Using Arterial Spin-
Labeling. Am. J. Neuroradiol. 2015, 36, 1786-1790. [CrossRef]

Kikuchi, K.; Hiwatashi, A.; Togao, O.; Yamashita, K.; Yoshimoto, K.; Mizoguchi, M.; Suzuki, S.O.; Iwaki, T.; Suzuki, Y.; Honda, H.
Correlation between arterial spin-labeling perfusion and histopathological vascular density of pediatric intracranial tumors. J.
Neuro-Oncol. 2017, 135, 561-569. [CrossRef] [PubMed]

Morana, G.; Tortora, D.; Stagliano, S.; Nozza, P.; Mascelli, S.; Severino, M.; Piatelli, G.; Consales, A.; Lequin, M.; Garre, M.L,; et al.
Pediatric astrocytic tumor grading: Comparison between arterial spin labeling and dynamic susceptibility contrast MRI perfusion.
Neuroradiology 2018, 60, 437-446. [CrossRef] [PubMed]


http://doi.org/10.1016/j.neuroimage.2003.10.042
http://doi.org/10.1227/01.NEU.0000134384.94749.B2
http://doi.org/10.1097/RMR.0000000000000075
http://doi.org/10.1016/j.nicl.2018.01.026
http://doi.org/10.1038/s41598-020-74726-1
http://doi.org/10.3389/fnins.2022.856808
http://www.ncbi.nlm.nih.gov/pubmed/35478847
http://doi.org/10.1016/j.nicl.2016.03.003
http://www.ncbi.nlm.nih.gov/pubmed/27069871
http://doi.org/10.1002/hbm.23075
http://www.ncbi.nlm.nih.gov/pubmed/26663615
http://doi.org/10.1002/hbm.22231
http://doi.org/10.3389/fnhum.2016.00011
http://doi.org/10.1002/brb3.1362
http://doi.org/10.3390/bioengineering5030073
http://doi.org/10.1053/j.sult.2021.05.003
http://doi.org/10.1016/j.ejrad.2016.05.015
http://doi.org/10.1186/s13014-020-01643-y
http://doi.org/10.2463/mrms.rev.2021-0118
http://www.ncbi.nlm.nih.gov/pubmed/35321984
http://www.ncbi.nlm.nih.gov/pubmed/28952228
http://doi.org/10.1007/s11060-020-03475-y
http://www.ncbi.nlm.nih.gov/pubmed/32239431
http://doi.org/10.1007/s40134-017-0232-x
http://doi.org/10.1148/radiol.2016152228
http://doi.org/10.3174/ajnr.A4332
http://doi.org/10.1007/s11060-017-2604-8
http://www.ncbi.nlm.nih.gov/pubmed/28856499
http://doi.org/10.1007/s00234-018-1992-6
http://www.ncbi.nlm.nih.gov/pubmed/29453753

Cancers 2022, 14, 3401 29 of 34

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Yeom, K.W.; Mitchell, L.A.; Lober, R.M.; Barnes, P.D.; Vogel, O.H.; Fisher, P.; Edwards, M.S. Arterial Spin-Labeled Perfusion of
Pediatric Brain Tumors. Am. J. Neuroradiol. 2013, 35, 395-401. [CrossRef]

Khashbat, D.; Harada, M.; Abe, T.; Ganbold, M.; Iwamoto, S.; Uyama, N.; Irahara, S.; Otomi, Y.; Kageji, T.; Nagahiro, S. Diagnostic
Performance of Arterial Spin Labeling for Grading Nonenhancing Astrocytic Tumors. Magn. Reson. Med. Sci. 2018, 17, 277-282.
[CrossRef]

Duc, N.M. Three-Dimensional Pseudo-Continuous Arterial Spin Labeling Parameters Distinguish Pediatric Medulloblastoma
and Pilocytic Astrocytoma. Front. Pediatr. 2021, 8, 598190. [CrossRef] [PubMed]

Nabavizadeh, S.A.; Assadsangabi, R.; Hajmomenian, M.; Santi, M.; Vossough, A. High accuracy of arterial spin labeling perfusion
imaging in differentiation of pilomyxoid from pilocytic astrocytoma. Neuroradiology 2015, 57, 527-533. [CrossRef] [PubMed]
Gareton, A.; Tauziede-Espariat, A.; Dangouloff-Ros, V.; Roux, A.; Saffroy, R.; Castel, D.; Kergrohen, T.; Fina, F.; Figarella-Branger,
D.; Pages, M.; et al. The histomolecular criteria established for adult anaplastic pilocytic astrocytoma are not applicable to the
pediatric population. Acta Neuropathol. 2019, 139, 287-303. [CrossRef] [PubMed]

Henriksen, O.M.; Alvarez-Torres, M.D.M.; Figueiredo, P.; Hangel, G.; Keil, V.C.; Nechifor, R.E.; Riemer, F.; Schmainda, K.M.;
Warnert, E.A.H.; Wiegers, E.C.; et al. High-Grade Glioma Treatment Response Monitoring Biomarkers: A Position Statement on
the Evidence Supporting the Use of Advanced MRI Techniques in the Clinic, and the Latest Bench-to-Bedside Developments.
Part 1: Perfusion and Diffusion Techniques. Front. Oncol. 2022, 12, 810263. [CrossRef]

Oz, G.; Alger, ].R.; Barker, P.B.; Bartha, R.; Bizzi, A.; Boesch, C.; Bolan, PJ.; Brindle, KM.; Cudalbu, C.; Dinger, A.; et al. Clinical
Proton MR Spectroscopy in Central Nervous System Disorders. Radiology 2014, 270, 658-679. [CrossRef]

Ulmer, S.; Backens, M.; Ahlhelm, EJ. Basic Principles and Clinical Applications of Magnetic Resonance Spectroscopy in Neurora-
diology. J. Comput. Assist. Tomogr. 2016, 40, 1-13. [CrossRef]

Liserre, R.; Pinelli, L.; Gasparotti, R. MR spectroscopy in pediatric neuroradiology. Transl. Pediatr. 2021, 10, 1169-1200. [CrossRef]
Panigrahy, A.; Nelson, M.D.; Bliiml, S. Magnetic resonance spectroscopy in pediatric neuroradiology: Clinical and research
applications. Pediatr. Radiol. 2009, 40, 3-30. [CrossRef]

Sitter, B.; Sjobakk, T.E.; Larsson, H.B.W.; Kvistad, K.A. Clinical MR spectroscopy of the brain. Tidsskr. Den. Nor. Legeforening
2019, 139. [CrossRef]

Li, Y;; Lafontaine, M.; Chang, S.; Nelson, S.J. Comparison between Short and Long Echo Time Magnetic Resonance Spectroscopic
Imaging at 3T and 7T for Evaluating Brain Metabolites in Patients with Glioma. ACS Chem. Neurosci. 2017, 9, 130-137. [CrossRef]
Bisdas, S.; Chadzynski, G.L.; Braun, C.; Schittenhelm, J.; Skardelly, M.; Hagberg, G.E.; Ethofer, T.; Pohmann, R.; Shajan, G.;
Engelmann, J.; et al. MR spectroscopy for in vivo assessment of the oncometabolite 2-hydroxyglutarate and its effects on cellular
metabolism in human brain gliomas at 9.4T. ]. Magn. Reson. Imaging 2016, 44, 823-833. [CrossRef]

Li, X.; Strasser, B.; Jafari-Khouzani, K.; Thapa, B.; Small, ].; Cahill, D.P; Dietrich, ]J.; Batchelor, T.T.; Andronesi, O.C. Super-
Resolution Whole-Brain 3D MR Spectroscopic Imaging for Mapping D-2-Hydroxyglutarate and Tumor Metabolism in Isocitrate
Dehydrogenase 1-mutated Human Gliomas. Radiology 2020, 294, 589-597. [CrossRef]

Brandao, L.A.; Poussaint, T.Y. Posterior Fossa Tumors. Neuroimaging Clin. N. Am. 2017, 27, 589-597. [CrossRef] [PubMed]
Porto, L.; Kieslich, M.; Franz, K.; Lehrbecher, T.; Pilatus, U.; Hattingen, E. Proton magnetic resonance spectroscopic imaging in
pediatric low-grade gliomas. Brain Tumor Pathol. 2010, 27, 65-70. [CrossRef] [PubMed]

Tong, Z.; Yamaki, T.; Harada, K.; Houkin, K. In vivo quantification of the metabolites in normal brain and brain tumors by proton
MR spectroscopy using water as an internal standard. Magn. Reson. Imaging 2004, 22, 1017-1024. [CrossRef]

Kovanlikaya, A.; Panigrahy, A.; Krieger, M.D.; Gonzalez-Gomez, I.; Ghugre, N.; McComb, J.G.; Gilles, EH.; Nelson, M.D.; Bliiml, S.
Untreated Pediatric Primitive Neuroectodermal Tumor in Vivo: Quantitation of Taurine with MR Spectroscopy. Radiology 2005,
236, 1020-1025. [CrossRef] [PubMed]

Moreno-Torres, A.; Martinez-Pérez, I.; Baquero, M.; Campistol, J.; Capdevila, A.; Arus, C.; Pujol, J. Taurine Detection by Proton
Magnetic Resonance Spectroscopy in Medulloblastoma: Contribution to Noninvasive Differential Diagnosis with Cerebellar
Astrocytoma. Neurosurgery 2004, 55, 824-829. discussion 829. [CrossRef]

Wilke, M.; Eidenschink, A.; Muller-Weihrich, S.; Auer, D.P. MR diffusion imaging and 1H spectroscopy in a child with medul-
loblastoma. A case report. Acta Radiol. 2001, 42, 39-42.

Choi, C.; Ganji, S.K.; DeBerardinis, R.J.; Hatanpaa, K.J.; Rakheja, D.; Kovacs, Z.; Yang, X.-L.; Mashimo, T.; Raisanen, ].M.;
Marin-Valencia, I; et al. 2-hydroxyglutarate detection by magnetic resonance spectroscopy in IDH-mutated patients with gliomas.
Nat. Med. 2012, 18, 624-629. [CrossRef]

Tietze, A.; Choi, C.; Mickey, B.; Maher, E.A.; Ulhei, B.P; Sangill, R.; Lassen-Ramshad, Y.; Lukacova, S.; Ostergaard, L.; von Oettingen, G.
Noninvasive assessment of isocitrate dehydrogenase mutation status in cerebral gliomas by magnetic resonance spectroscopy in
a clinical setting. J. Neurosurg. 2018, 128, 391-398. [CrossRef]

Pollack, LE; for the Children’s Oncology Group; Hamilton, R.L.; Sobol, R.; Nikiforova, M.N.; Lyons-Weiler, M.A;
La Framboise, W.A.; Burger, P.C.; Brat, D.J.; Rosenblum, M.K,; et al. IDH1 mutations are common in malignant gliomas
arising in adolescents: A report from the Children’s Oncology Group. Child’s Nerv. Syst. 2010, 27, 87-94. [CrossRef]

Ryall, S.; Tabori, U.; Hawkins, C. Pediatric low-grade glioma in the era of molecular diagnostics. Acta Neuropathol. Commun. 2020,
8, 30. [CrossRef] [PubMed]

Park, E.S.; Park, ].B.; Ra, Y.-S. Pediatric Glioma at the Optic Pathway and Thalamus. J. Korean Neurosurg. Soc. 2018, 61, 352-362.
[CrossRef] [PubMed]


http://doi.org/10.3174/ajnr.A3670
http://doi.org/10.2463/mrms.mp.2017-0065
http://doi.org/10.3389/fped.2020.598190
http://www.ncbi.nlm.nih.gov/pubmed/33763392
http://doi.org/10.1007/s00234-015-1497-5
http://www.ncbi.nlm.nih.gov/pubmed/25666232
http://doi.org/10.1007/s00401-019-02088-8
http://www.ncbi.nlm.nih.gov/pubmed/31677015
http://doi.org/10.3389/fonc.2022.810263
http://doi.org/10.1148/radiol.13130531
http://doi.org/10.1097/RCT.0000000000000322
http://doi.org/10.21037/tp-20-445
http://doi.org/10.1007/s00247-009-1450-z
http://doi.org/10.4045/tidsskr.17.1099
http://doi.org/10.1021/acschemneuro.7b00286
http://doi.org/10.1002/jmri.25221
http://doi.org/10.1148/radiol.2020191529
http://doi.org/10.1016/j.nic.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27889018
http://doi.org/10.1007/s10014-010-0268-6
http://www.ncbi.nlm.nih.gov/pubmed/21046307
http://doi.org/10.1016/j.mri.2004.02.007
http://doi.org/10.1148/radiol.2363040856
http://www.ncbi.nlm.nih.gov/pubmed/16118174
http://doi.org/10.1227/01.NEU.0000137655.53303.C8
http://doi.org/10.1038/nm.2682
http://doi.org/10.3171/2016.10.JNS161793
http://doi.org/10.1007/s00381-010-1264-1
http://doi.org/10.1186/s40478-020-00902-z
http://www.ncbi.nlm.nih.gov/pubmed/32164789
http://doi.org/10.3340/jkns.2018.0040
http://www.ncbi.nlm.nih.gov/pubmed/29742884

Cancers 2022, 14, 3401 30 of 34

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Novak, J.; Wilson, M.; MacPherson, L.; Arvanitis, T.N.; Davies, N.P.; Peet, A.C. Clinical protocols for 31P MRS of the brain and
their use in evaluating optic pathway gliomas in children. Eur. J. Radiol. 2013, 83, e106—e112. [CrossRef] [PubMed]

Gill, S.K.; Wilson, M.; Davies, N.P.; MacPherson, L.; English, M.; Arvanitis, T.N.; Peet, A.C. Diagnosing relapse in children’s brain
tumors using metabolite profiles. Neuro-Oncology 2013, 16, 156-164. [CrossRef]

Lazareff, J.A.; Gupta, R.K.; Alger, J. Variation of Post-treatment H-MRSI Choline Signal Intensity in Pediatric Gliomas. ].
Neuro-Oncol. 1999, 41, 291-298. [CrossRef]

Warren, K.E,; Frank, J.A.; Black, J.L.; Hill, R.S.; Duyn, ].H.; Aikin, A.A.; Lewis, B.K.; Adamson, P.C.; Balis, EM. Proton Magnetic
Resonance Spectroscopic Imaging in Children With Recurrent Primary Brain Tumors. . Clin. Oncol. 2000, 18, 1020. [CrossRef]
Tzika, A.A.; Astrakas, L.G.; Zarifi, M.K.; Zurakowski, D.; Poussaint, T.Y.; Goumnerova, L.; Tarbell, N.J.; Black, PM. Spectroscopic
and perfusion magnetic resonance imaging predictors of progression in pediatric brain tumors. Cancer 2004, 100, 1246-1256.
[CrossRef]

Wald, L.; Nelson, S.J.; Day, M.R.,; Noworolski, S.E.; Henry, R.G.; Huhn, S.L.; Chang, S.; Prados, M.D.; Sneed, PK.; Larson, D.A.; et al.
Serial proton magnetic resonance spectroscopy imaging of glioblastoma multiforme after brachytherapy. J. Neurosurg. 1997, 87,
525-534. [CrossRef]

Kazda, T,; Bulik, M.; Pospisil, P.; Lakomy, R.; Smrcka, M.; Slampa, P,; Jancalek, R. Advanced MRI increases the diagnostic accuracy
of recurrent glioblastoma: Single institution thresholds and validation of MR spectroscopy and diffusion weighted MR imaging.
NeuroImage Clin. 2016, 11, 316-321. [CrossRef]

Manduca, A.; Bayly, PJ.; Ehman, R.L.; Kolipaka, A.; Royston, T.J.; Sack, I; Sinkus, R.; Van Beers, B.E. MR elastography: Principles,
guidelines, and terminology. Magn. Reson. Med. 2020, 85, 2377-2390. [CrossRef] [PubMed]

Johnson, C.L.; McGarry, M.D.; Gharibans, A.A.; Weaver, ].B.; Paulsen, K.D.; Wang, H.; Olivero, W.C.; Sutton, B.P; Georgiadis, ].G.
Local mechanical properties of white matter structures in the human brain. Neurolmage 2013, 79, 145-152. [CrossRef] [PubMed]
Muthupillai, R.; Lomas, D.J.; Rossman, PJ.; Greenleaf, J.F.; Manduca, A.; Ehman, R.L. Magnetic Resonance Elastography by Direct
Visualization of Propagating Acoustic Strain Waves. Science 1995, 269, 1854-1857. [CrossRef] [PubMed]

Yin, Z.; Romano, A.J.; Manduca, A.; Ehman, R.L.; Huston, J., 3rd. Stiffness and Beyond: What MR Elastography Can Tell Us
about Brain Structure and Function Under Physiologic and Pathologic Conditions. Top. Magn. Reson. Imaging 2018, 27, 305-318.
[CrossRef]

Klatt, D.; Hamhaber, U.; Asbach, P,; Braun, J.; Sack, I. Noninvasive assessment of the rheological behavior of human organs using
multifrequency MR elastography: A study of brain and liver viscoelasticity. Phys. Med. Biol. 2007, 52, 7281-7294. [CrossRef]
Bunevicius, A.; Schregel, K.; Sinkus, R.; Golby, A.; Patz, S. REVIEW: MR elastography of brain tumors. Neurolmage Clin. 2019,
25,102109. [CrossRef]

Itamura, K.; Chang, K.-E.; Lucas, J.; Donoho, D.A.; Giannotta, S.; Zada, G. Prospective clinical validation of a meningioma
consistency grading scheme: Association with surgical outcomes and extent of tumor resection. J. Neurosurg. 2019, 131, 1356-1360.
[CrossRef]

Reiss-Zimmermann, M.; Streitberger, K.-].; Sack, I.; Braun, J.; Arlt, E,; Fritzsch, D.; Hoffmann, K.-T. High Resolution Imaging of
Viscoelastic Properties of Intracranial Tumours by Multi-Frequency Magnetic Resonance Elastography. Clin. Neuroradiol. 2014, 25,
371-378. [CrossRef]

Streitberger, K.-J.; Reiss-Zimmermann, M.; Freimann, FEB.; Bayerl, S.; Guo, J.; Arlt, F.; Wuerfel, J.; Braun, J.; Hoffmann, K.-T,;
Sack, I. High-Resolution Mechanical Imaging of Glioblastoma by Multifrequency Magnetic Resonance Elastography. PLoS ONE
2014, 9, e110588. [CrossRef]

Pepin, K.; McGee, K.; Arani, A.; Lake, D.; Glaser, K.; Manduca, A.; Parney, I.; Ehman, R.; Huston, J. MR Elastography Analysis of
Glioma Stiffness andIDHI-Mutation Status. Am. J. Neuroradiol. 2017, 39, 31-36. [CrossRef]

Sakai, N.; Takehara, Y.; Yamashita, S.; Ohishi, N.; Kawaji, H.; Sameshima, T.; Baba, S.; Sakahara, H.; Namba, H. Shear Stiffness of
4 Common Intracranial Tumors Measured Using MR Elastography: Comparison with Intraoperative Consistency Grading. Am. J.
Neuroradiol. 2016, 37, 1851-1859. [CrossRef] [PubMed]

Hughes, J.D.; Fattahi, N.; Van Gompel, J.J.; Arani, A.; Ehman, R.; Huston, J., 3rd. Magnetic resonance elastography detects
tumoral consistency in pituitary macroadenomas. Pituitary 2016, 19, 286-292. [CrossRef] [PubMed]

Murphy, M.C.; Huston, J.; Glaser, K.J.; Manduca, A.; Meyer, F.B.; Lanzino, G.; Morris, ].M.; Felmlee, ].P.; Ehman, R.L. Preoperative
assessment of meningioma stiffness using magnetic resonance elastography. J. Neurosurg. 2013, 118, 643-648. [CrossRef] [PubMed]
Zhang, H.; Zhou, J.; Peng, Y. Amide Proton Transfer-Weighted MR Imaging of Pediatric Central Nervous System Diseases. Magn.
Reson. Imaging Clin. N. Am. 2021, 29, 631-641. [CrossRef]

Park, J.E.; Kim, H.S,; Park, K.J.; Choi, C.G.; Kim, S.]. Histogram Analysis of Amide Proton Transfer Imaging to Identify Contrast-
enhancing Low-Grade Brain Tumor That Mimics High-Grade Tumor: Increased Accuracy of MR Perfusion. Radiology 2015, 277,
151-161. [CrossRef]

Yu, H,; Lou, H.; Zou, T.; Wang, X; Jiang, S.; Huang, Z.; Du, Y,; Jiang, C.; Ma, L.; Zhu, J.; et al. Applying protein-based amide proton
transfer MR imaging to distinguish solitary brain metastases from glioblastoma. Eur. Radiol. 2017, 27, 4516-4524. [CrossRef]
Joo, B.; Han, K.; Ahn, S.S.; Choi, Y.S.; Chang, ] H.; Kang, S.-G.; Kim, S.H.; Zhou, J.; Lee, S.-K. Amide proton transfer imaging
might predict survival and IDH mutation status in high-grade glioma. Eur. Radiol. 2019, 29, 6643—-6652. [CrossRef]


http://doi.org/10.1016/j.ejrad.2013.11.009
http://www.ncbi.nlm.nih.gov/pubmed/24331847
http://doi.org/10.1093/neuonc/not143
http://doi.org/10.1023/A:1006120623949
http://doi.org/10.1200/JCO.2000.18.5.1020
http://doi.org/10.1002/cncr.20096
http://doi.org/10.3171/jns.1997.87.4.0525
http://doi.org/10.1016/j.nicl.2016.02.016
http://doi.org/10.1002/mrm.28627
http://www.ncbi.nlm.nih.gov/pubmed/33296103
http://doi.org/10.1016/j.neuroimage.2013.04.089
http://www.ncbi.nlm.nih.gov/pubmed/23644001
http://doi.org/10.1126/science.7569924
http://www.ncbi.nlm.nih.gov/pubmed/7569924
http://doi.org/10.1097/RMR.0000000000000178
http://doi.org/10.1088/0031-9155/52/24/006
http://doi.org/10.1016/j.nicl.2019.102109
http://doi.org/10.3171/2018.7.JNS1838
http://doi.org/10.1007/s00062-014-0311-9
http://doi.org/10.1371/journal.pone.0110588
http://doi.org/10.3174/ajnr.A5415
http://doi.org/10.3174/ajnr.A4832
http://www.ncbi.nlm.nih.gov/pubmed/27339950
http://doi.org/10.1007/s11102-016-0706-5
http://www.ncbi.nlm.nih.gov/pubmed/26782836
http://doi.org/10.3171/2012.9.JNS12519
http://www.ncbi.nlm.nih.gov/pubmed/23082888
http://doi.org/10.1016/j.mric.2021.06.012
http://doi.org/10.1148/radiol.2015142347
http://doi.org/10.1007/s00330-017-4867-z
http://doi.org/10.1007/s00330-019-06203-x

Cancers 2022, 14, 3401 31 of 34

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.
170.
171.

172.

Sartoretti, E.; Sartoretti, T.; Wyss, M.; Reischauer, C.; van Smoorenburg, L.; Binkert, C.A.; Sartoretti-Schefer, S.; Mannil, M. Amide
proton transfer weighted (APTw) imaging based radiomics allows for the differentiation of gliomas from metastases. Sci. Rep.
2021, 11, 5506. [CrossRef]

Jiang, S.; Yu, H.; Wang, X.; Lu, S.; Li, Y,; Feng, L.; Zhang, Y.; Heo, H.-Y.; Lee, D.-H.; Zhou, J.; et al. Molecular MRI differentiation
between primary central nervous system lymphomas and high-grade gliomas using endogenous protein-based amide proton
transfer MR imaging at 3 Tesla. Eur. Radiol. 2015, 26, 64-71. [CrossRef]

Suh, C.H,; Park, ].E.; Jung, S.C.; Choi, C.G.; Kim, S.J.; Kim, H.S. Amide proton transfer-weighted MRI in distinguishing high- and
low-grade gliomas: A systematic review and meta-analysis. Neuroradiology 2019, 61, 525-534. [CrossRef]

Singh, G.; Manijila, S.; Sakla, N.; True, A.; Wardeh, A.H.; Beig, N.; Vaysberg, A.; Matthews, J.; Prasanna, P.; Spektor, V. Radiomics
and radiogenomics in gliomas: A contemporary update. Br. J. Cancer 2021, 125, 641-657. [CrossRef]

Pérez-Beteta, J.; Molina-Garcia, D.; Martinez-Gonzalez, A.; Henares-Molina, A.; Amo-Salas, M.; Luque, B.; Arregui, E.; Calvo, M,;
Borras, ].M.; Martino, ].; et al. Morphological MRI-based features provide pretreatment survival prediction in glioblastoma. Eur.
Radiol. 2018, 29, 1968-1977. [CrossRef]

Pérez-Beteta, J.; Molina-Garcia, D.; Martinez-Gonzalez, A.; Henares-Molina, A.; Amo-Salas, M.; Luque, B.; Arregui, E.; Calvo, M,;
Borras, ].M.; Martino, J.; et al. Correction to: Morphological MRI-based features provide pretreatment survival prediction in
glioblastoma. Eur. Radiol. 2018, 29, 2729. [CrossRef] [PubMed]

Pérez-Beteta, J.; Molina-Garcia, D.; Villena, M.; Rodriguez, M.; Velasquez, C.; Martino, ].; Meléndez-Asensio, B.; De Lope, R.;
Morcillo, R.; Sepulveda, J.; et al. Morphologic Features on MR Imaging Classify Multifocal Glioblastomas in Different Prognostic
Groups. Am. J. Neuroradiol. 2019, 40, 634-640. [CrossRef] [PubMed]

Henker, C.; Kriesen, T.; Glass, A.; Schneider, B.; Piek, J. Volumetric quantification of glioblastoma: Experiences with different
measurement techniques and impact on survival. J. Neuro-Oncol. 2017, 135, 391-402. [CrossRef] [PubMed]

Pérez-Beteta, J.; Molina-Garcia, D.; Ortiz-Alhambra, J.A.; Fernandez-Romero, A.; Luque, B.; Arregui, E.; Calvo, M.; Borras, ] M.;
Meléndez, B.; De Lope, R.; et al. Tumor Surface Regularity at MR Imaging Predicts Survival and Response to Surgery in Patients
with Glioblastoma. Radiology 2018, 288, 218-225. [CrossRef]

Nicolasjilwan, M.; Hu, Y.; Yan, C.; Meerzaman, D.; Holder, C.A.; Gutman, D,; Jain, R.; Colen, R.; Rubin, D.L.; Zinn, P.O.; et al.
Addition of MR imaging features and genetic biomarkers strengthens glioblastoma survival prediction in TCGA patients.
J. Neuroradiol. 2014, 42, 212-221. [CrossRef]

Shui, L.; Ren, H.; Yang, X; Li, J.; Chen, Z; Yi, C.; Zhu, H.; Shui, P. The Era of Radiogenomics in Precision Medicine: An Emerging
Approach to Support Diagnosis, Treatment Decisions, and Prognostication in Oncology. Front. Oncol. 2021, 10, 570465. [CrossRef]
Tian, Q.; Yan, L.-F; Zhang, X.; Hu, Y.-C.; Han, Y,; Liu, Z.-C.; Nan, H.-Y,; Sun, Q.; Sun, Y.-Z.; Yang, Y.; et al. Radiomics strategy for
glioma grading using texture features from multiparametric MRI. J. Magn. Reson. Imaging 2018, 48, 1518-1528. [CrossRef]
Wagner, M.; Hainc, N.; Khalvati, F.; Namdar, K.; Figueiredo, L.; Sheng, M.; Laughlin, S.; Shroff, M.; Bouffet, E.; Tabori, U.; et al.
Radiomics of Pediatric Low-Grade Gliomas: Toward a Pretherapeutic Differentiation of BRAF-Mutated and BRAF-Fused Tumors.
Am. ]. Neuroradiol. 2021, 42, 759-765. [CrossRef]

Tam, L.T.; Yeom, K.W.; Wright, ].N.; Jaju, A.; Radmanesh, A.; Han, M.; Toescu, S.; Maleki, M.; Chen, E.; Campion, A.; et al.
MRI-based radiomics for prognosis of pediatric diffuse intrinsic pontine glioma: An international study. Neuro-Oncol. Adv. 2021,
3, vdab042. [CrossRef] [PubMed]

Chukwueke, U.N.; Wen, P.Y. Use of the Response Assessment in Neuro-Oncology (RANO) criteria in clinical trials and clinical
practice. CNS Oncol. 2019, 8, CNS28. [CrossRef] [PubMed]

Wen, P.Y.; Macdonald, D.R.; Reardon, D.A.; Cloughesy, T.E.; Sorensen, A.G.; Galanis, E.; DeGroot, J.; Wick, W.; Gilbert, M.R,;
Lassman, A.B.; et al. Updated Response Assessment Criteria for High-Grade Gliomas: Response Assessment in Neuro-Oncology
Working Group. J. Clin. Oncol. 2010, 28, 1963-1972. [CrossRef]

Fangusaro, J.; Witt, O.; Driever, PH.; Bag, A.K,; de Blank, P; Kadom, N.; Kilburn, L.; Lober, R.M.; Robison, N.J.; Fisher, M.].; et al.
Response assessment in paediatric low-grade glioma: Recommendations from the Response Assessment in Pediatric Neuro-
Oncology (RAPNO) working group. Lancet Oncol. 2020, 21, e305-e316. [CrossRef]

Erker, C.; Tamrazi, B.; Poussaint, T.Y.; Mueller, S.; Mata-Mbemba, D.; Franceschi, E.; Brandes, A.A.; Rao, A.; Haworth, K.B.;
Wen, PY,; et al. Response assessment in paediatric high-grade glioma: Recommendations from the Response Assessment in
Pediatric Neuro-Oncology (RAPNO) working group. Lancet Oncol. 2020, 21, e317-329. [CrossRef]

Cooney, T.M.; Cohen, K.J.; Guimaraes, C.V.; Dhall, G.; Leach, J.; Massimino, M.; Erbetta, A.; Chiapparini, L.; Malbari, F,;
Kramer, K.; et al. Response assessment in diffuse intrinsic pontine glioma: Recommendations from the Response Assessment in
Pediatric Neuro-Oncology (RAPNO) working group. Lancet Oncol. 2020, 21, e330—-e336. [CrossRef]

Phelps, E.M. PET: The merging of biology and imaging into molecular imaging. J. Nucl. Med. 2000, 41, e330-e336.

Jones, T. The imaging science of positron emission tomography. Eur. J. Pediatr. 1996, 23, 807-813. [CrossRef]

Cistaro, A.; Albano, D.; Alongi, P.; Laudicella, R.; Pizzuto, D.; Formica, G.; Romagnolo, C.; Stracuzzi, F; Frantellizzi, V,;
Piccardo, A.; et al. The Role of PET in Supratentorial and Infratentorial Pediatric Brain Tumors. Curr. Oncol. 2021, 28, 2481-2495.
[CrossRef]

Usluy, L.; Donig, J.; Link, M.; Rosenberg, J.; Quon, A.; Daldrup-Link, H.E. Value of 18E_-FDG PET and PET/CT for Evaluation of
Pediatric Malignancies. J. Nucl. Med. 2015, 56, 274-286. [CrossRef]


http://doi.org/10.1038/s41598-021-85168-8
http://doi.org/10.1007/s00330-015-3805-1
http://doi.org/10.1007/s00234-018-02152-2
http://doi.org/10.1038/s41416-021-01387-w
http://doi.org/10.1007/s00330-018-5758-7
http://doi.org/10.1007/s00330-018-5870-8
http://www.ncbi.nlm.nih.gov/pubmed/30547198
http://doi.org/10.3174/ajnr.A6019
http://www.ncbi.nlm.nih.gov/pubmed/30923085
http://doi.org/10.1007/s11060-017-2587-5
http://www.ncbi.nlm.nih.gov/pubmed/28755324
http://doi.org/10.1148/radiol.2018171051
http://doi.org/10.1016/j.neurad.2014.02.006
http://doi.org/10.3389/fonc.2020.570465
http://doi.org/10.1002/jmri.26010
http://doi.org/10.3174/ajnr.A6998
http://doi.org/10.1093/noajnl/vdab042
http://www.ncbi.nlm.nih.gov/pubmed/33977272
http://doi.org/10.2217/cns-2018-0007
http://www.ncbi.nlm.nih.gov/pubmed/30806082
http://doi.org/10.1200/JCO.2009.26.3541
http://doi.org/10.1016/S1470-2045(20)30064-4
http://doi.org/10.1016/S1470-2045(20)30173-X
http://doi.org/10.1016/S1470-2045(20)30166-2
http://doi.org/10.1007/BF00843711
http://doi.org/10.3390/curroncol28040226
http://doi.org/10.2967/jnumed.114.146290

Cancers 2022, 14, 3401 32 of 34

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Gururangan, S.; Hwang, E.; Herndon, J.E.; Fuchs, H.; George, T.; Coleman, R.E. [18F]Fluorodeoxyglucose-Positron Emission
Tomography in Patients with Medulloblastoma. Neurosurgery 2004, 55, 1280-1289, discussion 1288-1289. [CrossRef] [PubMed]
Chen, W. Clinical Applications of PET in Brain Tumors. J. Nucl. Med. 2007, 48, 1468-1481. [CrossRef] [PubMed]

Juhasz, C.; Dwivedi, S.; Kamson, D.O.; Michelhaugh, S.K.; Mittal, S. Comparison of Amino Acid Positron Emission Tomographic
Radiotracers for Molecular Imaging of Primary and Metastatic Brain Tumors. Mol. Imaging 2014, 13. [CrossRef] [PubMed]
Grosse, F.; Wedel, E;; Thomale, U.-W.; Steffen, I.; Koch, A.; Brenner, W.; Plotkin, M.; Driever, P.H. Benefit of Static FET PET in
Pretreated Pediatric Brain Tumor Patients with Equivocal Conventional MRI Results. Klin. Padiatr. 2021, 233, 127-134. [CrossRef]
[PubMed]

Dunkl, V.; Cleff, C.; Stoffels, G.; Judov, N.; Sarikaya-Seiwert, S.; Law, I.; Bageskov, L.; Nysom, K.; Andersen, S.B.; Steiger, H.-].; et al.
The Usefulness of Dynamic O—(2—18F—Fluoroethyl)-l—Tyrosine PET in the Clinical Evaluation of Brain Tumors in Children and
Adolescents. J. Nucl. Med. 2014, 56, 88-92. [CrossRef]

Misch, M.; Guggemos, A.; Driever, PH.; Koch, A.; Grosse, E; Steffen, 1.G.; Plotkin, M.; Thomale, U.-W. 18F-FET-PET guided
surgical biopsy and resection in children and adolescence with brain tumors. Child’s Nerv. Syst. 2014, 31, 261-267. [CrossRef]
Morana, G.; Piccardo, A.; Milanaccio, C.; Puntoni, M.; Nozza, P.; Cama, A.; Zefiro, D.; Cabria, M.; Rossi, A.; Garre, M.L. Value of
18F-3,4—Dihydroxyphenylalanine PET/MR Image Fusion in Pediatric Supratentorial Infiltrative Astrocytomas: A Prospective
Pilot Study. J. Nucl. Med. 2014, 55, 718-723. [CrossRef]

Morana, G.; Piccardo, A.; Puntoni, M.; Nozza, P.; Cama, A.; Raso, A.; Mascelli, S.; Massollo, M.; Milanaccio, C.; Garre, M.L.; et al.
Diagnostic and prognostic value of 8 F-DOPA PET and'H-MR spectroscopy in pediatric supratentorial infiltrative gliomas: A
comparative study. Neuro-Oncology 2015, 17, 1637-1647. [CrossRef]

Morana, G.; Puntoni, M.; Garre, M.L.; Massollo, M.; Lopci, E.; Naseri, M.; Severino, M.; Tortora, D.; Rossi, A.; Piccardo, A. Ability
of 18F-DOPA PET/CT and fused 18F-DOPA PET/MRI to assess striatal involvement in paediatric glioma. Eur. J. Pediatr. 2016, 43,
1664-1672. [CrossRef]

Gauvain, K.; Ponisio, M.R.; Barone, A.; Grimaldi, M.; Parent, E.; Leeds, H.; Goyal, M.; Rubin, J.; McConathy, J. 18F-FDOPA
PET/MRI for monitoring early response to bevacizumab in children with recurrent brain tumors. Neuro-Oncol. Pract. 2017, 5,
28-36. [CrossRef]

Morana, G.; Piccardo, A.; Tortora, D.; Puntoni, M.; Severino, M.; Nozza, P.; Ravegnani, M.; Consales, A.; Mascelli, S.; Raso, A.; et al.
Grading and outcome prediction of pediatric diffuse astrocytic tumors with diffusion and arterial spin labeling perfusion MRI in
comparison with 18F-DOPA PET. Eur. |. Pediatr. 2017, 44, 2084-2093. [CrossRef] [PubMed]

Rosenfeld, A.; Etzl, M.; Bandy, D.; Carpenteri, D.; Gieseking, A.; Dvorchik, I.; Kaplan, A. Use of Positron Emission Tomography in
the Evaluation of Diffuse Intrinsic Brainstem Gliomas in Children. J. Pediatr. Hematol. 2011, 33, 369-373. [CrossRef] [PubMed]
Laser, B.S.; Merchant, T.E.; Indelicato, D.J.; Hua, C.-H.; Shulkin, B.L.; Snyder, S.E. Evaluation of children with craniopharyngioma
using carbon-11 methionine PET prior to proton therapy. Neuro-Oncology 2013, 15, 506-510. [CrossRef] [PubMed]

Laukamp, K.R.; Lindemann, F.; Weckesser, M.; Hesselmann, V.; Ligges, S.; Wolfer, J.; Jeibmann, A.; Zinnhardt, B.; Viel, T,;
Schifers, M.; et al. Multimodal Imaging of Patients With Gliomas Confirms 11C-MET PET as a Complementary Marker to
MRI for Noninvasive Tumor Grading and Intraindividual Follow-Up After Therapy. Mol. Imaging 2017, 16, 1536012116687651.
[CrossRef] [PubMed]

Phi, ].H.; Paeng, ].C.; Lee, H.S.; Wang, K.-C.; Cho, B.-K; Lee, ].-Y,; Park, S.-H.; Lee, ].; Lee, D.S.; Kim, S.-K. Evaluation of Focal
Cortical Dysplasia and Mixed Neuronal and Glial Tumors in Pediatric Epilepsy Patients Using ®F-FDG and ''C-Methionine PET.
J. Nucl. Med. 2010, 51, 728-734. [CrossRef] [PubMed]

Rheims, S.; Rubi, S.; Bouvard, S.; Bernard, E.; Streichenberger, N.; Guenot, M.; Le Bars, D.; Hammers, A.; Ryvlin, P. Accuracy of
distinguishing between dysembryoplastic neuroepithelial tumors and other epileptogenic brain neoplasms with [11C]methionine
PET. Neuro-Oncology 2014, 16, 1417-1426. [CrossRef]

Pirotte, B.; Acerbi, F; Lubansu, A.; Goldman, S.; Brotchi, ].; Levivier, M. PET imaging in the surgical management of pediatric
brain tumors. Child’s Nerv. Syst. 2007, 23, 739-751. [CrossRef]

Kumar, A.; Asano, E.; Chugani, H.T. o-['!C]-methyl-L-tryptophan PET for tracer localization of epileptogenic brain regions:
Clinical studies. Biomark. Med. 2011, 5, 577-584. [CrossRef]

Chugani, H.T; Luat, A.F,; Kumar, A.; Govindan, R.; Pawlik, K.; Asano, E. -[11C]-Methyl-L-tryptophan-PET in 191 patients with
tuberous sclerosis complex. Neurology 2013, 81, 674—680. [CrossRef]

Juhasz, C.; Chugani, D.C.; Padhye, U.N.; Muzik, O.; Shah, A.; Asano, E.; Mangner, T.].; Chakraborty, PX.; Sood, S.; Chugani, H.T.
Evaluation with alpha-[11C]methyl-L-tryptophan positron emission tomography for reoperation after failed epilepsy surgery.
Epilepsia 2004, 45, 124-130. [CrossRef]

Booij, L.; Benkelfat, C.; Leyton, M.; Vitaro, E; Gravel, P; Lévesque, M.L.; Arseneault, L.; Diksic, M.; Tremblay, R.E. Perinatal effects
on in vivo measures of human brain serotonin synthesis in adulthood: A 27-year longitudinal study. Eur. Neuropsychopharmacol.
2012, 22, 419-423. [CrossRef] [PubMed]

Chandana, SR; Behen, M.E,; Juhasz, C.; Muzik, O.; Rothermel, R.D.; Mangner, TJ.; Chakraborty, PK.; Chugani, H.T.; Chugani, D.C.
Significance of abnormalities in developmental trajectory and asymmetry of cortical serotonin synthesis in autism. Int. J. Dev.
Neurosci. 2005, 23, 171-182. [CrossRef] [PubMed]


http://doi.org/10.1227/01.NEU.0000143027.41632.2B
http://www.ncbi.nlm.nih.gov/pubmed/15574210
http://doi.org/10.2967/jnumed.106.037689
http://www.ncbi.nlm.nih.gov/pubmed/17704239
http://doi.org/10.2310/7290.2014.00015
http://www.ncbi.nlm.nih.gov/pubmed/24825818
http://doi.org/10.1055/a-1335-4844
http://www.ncbi.nlm.nih.gov/pubmed/33598897
http://doi.org/10.2967/jnumed.114.148734
http://doi.org/10.1007/s00381-014-2552-y
http://doi.org/10.2967/jnumed.113.125500
http://doi.org/10.1093/neuonc/nov099
http://doi.org/10.1007/s00259-016-3333-5
http://doi.org/10.1093/nop/npx008
http://doi.org/10.1007/s00259-017-3777-2
http://www.ncbi.nlm.nih.gov/pubmed/28752225
http://doi.org/10.1097/MPH.0b013e31820ad915
http://www.ncbi.nlm.nih.gov/pubmed/21602725
http://doi.org/10.1093/neuonc/nos321
http://www.ncbi.nlm.nih.gov/pubmed/23408862
http://doi.org/10.1177/1536012116687651
http://www.ncbi.nlm.nih.gov/pubmed/28654379
http://doi.org/10.2967/jnumed.109.070920
http://www.ncbi.nlm.nih.gov/pubmed/20395328
http://doi.org/10.1093/neuonc/nou022
http://doi.org/10.1007/s00381-007-0307-8
http://doi.org/10.2217/bmm.11.68
http://doi.org/10.1212/WNL.0b013e3182a08f3f
http://doi.org/10.1111/j.0013-9580.2004.30303.x
http://doi.org/10.1016/j.euroneuro.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22257439
http://doi.org/10.1016/j.ijdevneu.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15749243

Cancers 2022, 14, 3401 33 of 34

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.
217.

218.

Peng, E,; Juhasz, C.; Bhambhani, K.; Wu, D.; Chugani, D.C.; Chugani, H.T. Assessment of Progression and Treatment Response
of Optic Pathway Glioma with Positron Emission Tomography using «-[11C]Methyl-1-Tryptophan. Mol. Imaging Biol. 2007, 9,
106-109. [CrossRef] [PubMed]

Luat, A.F; Behen, M.E ; Juhasz, C.; Sood, S.; Chugani, H.T. Secondary Tics or Tourettism Associated With a Brain Tumor. Pediatr.
Neurol. 2009, 41, 457-460. [CrossRef] [PubMed]

Batista, C.; Juhasz, C.; Muzik, O.; Kupsky, W.J.; Barger, G.; Chugani, H.T.; Mittal, S.; Sood, S.; Chakraborty, PK.; Chugani, D.C.
Imaging Correlates of Differential Expression of Indoleamine 2,3-Dioxygenase in Human Brain Tumors. Mol. Imaging Biol. 2009,
11, 460-466. [CrossRef]

Juhasz, C.; Chugani, D.C.; Muzik, O.; Wu, D,; Sloan, E.A ; Barger, G.; Watson, C.; Shah, A.K.; Sood, S.; Ergun, E.L.; et al. In Vivo
Uptake and Metabolism of oc—[nC]Methyl—l—Tryptophan in Human Brain Tumors. . Cereb. Blood Flow Metab. 2005, 26, 345-357.
[CrossRef]

Alkonyi, B.; Mittal, S.; Zitron, I.; Chugani, D.C.; Kupsky, W.J.; Muzik, O.; Chugani, H.T.; Sood, S.; Juhasz, C. Increased tryptophan
transport in epileptogenic dysembryoplastic neuroepithelial tumors. J. Neuro-Oncol. 2011, 107, 365-372. [CrossRef]

Juhasz, C.; Muzik, O.; Chugani, D.C.; Chugani, H.T.; Sood, S.; Chakraborty, PXK.; Barger, G.R.; Mittal, S. Differential kinetics of
a-[11C]methyl-l-tryptophan on PET in low-grade brain tumors. J. Neuro-Oncol. 2010, 102, 409—415. [CrossRef]

Bosnyak, E.; Kamson, D.O.; Guastella, A.R.; Varadarajan, K.; Robinette, N.L.; Kupsky, W.J.; Muzik, O.; Michelhaugh, S.K,;
Mittal, S.; Juhasz, C. Molecular imaging correlates of tryptophan metabolism via the kynurenine pathway in human meningiomas.
Neuro-Oncology 2015, 17, 1284-1292. [CrossRef]

Evans, ].D.; Jethwa, K.R.; Ost, P; Williams, S.; Kwon, E.D.; Lowe, V.J.; Davis, B.]. Prostate cancer—specific PET radiotracers:
A review on the clinical utility in recurrent disease. Pract. Radiat. Oncol. 2018, 8, 28-39. [CrossRef]

Fraioli, F.; Shankar, A.; Hargrave, D.; Hyare, H.; Gaze, M.; Groves, A.M.; Alongi, P; Stoneham, S.; Michopoulou, S.; Syed, R.; et al.
18F-Fluoroethylcholine (18F-Cho) PET/MRI Functional Parameters in Pediatric Astrocytic Brain Tumors. Clin. Nucl. Med. 2015,
40, e40-e45. [CrossRef] [PubMed]

Tsouana, E.; Stoneham, S.; Fersht, N.; Kitchen, N.; Gaze, M.; Bomanji, J.; Fraioli, F.; Hargrave, D.; Shankar, A. Evaluation
of treatment response using integrated 18F-labeled choline positron emission tomography/magnetic resonance imaging in
adolescents with intracranial non-germinomatous germ cell tumours. Pediatr. Blood Cancer 2015, 62, 1661-1663. [CrossRef]
[PubMed]

Arunraj, S.T,; Parida, G.K,; Damle, N.A.; Arora, S.; Reddy, S.; Chakraborty, D.; Prabhu, M.; Tripathi, M.; Bal, C. 68Ga-DOTANOC
PET/CT in Medulloblastoma. Clin. Nucl. Med. 2018, 43, e145—-e146. [CrossRef] [PubMed]

Van Zanten, S.E.V.; Sewing, A.C.P,; Van Lingen, A.; Hoekstra, O.S.; Wesseling, P.; Meel, M.H.; Van Vuurden, D.G.; Kaspers, G.J.;
Hulleman, E.; Bugiani, M. Multiregional Tumor Drug-Uptake Imaging by PET and Microvascular Morphology in End-Stage
Diffuse Intrinsic Pontine Glioma. J. Nucl. Med. 2017, 59, 612-615. [CrossRef]

Kong, F-L.; Yang, D.J. Amino Acid transporter-targeted radiotracers for molecular imaging in oncology. Curr. Med. Chem. 2012,
19, 3271-3281. [CrossRef]

Cimini, A.; Ricci, M.; Chiaravalloti, A.; Filippi, L.; Schillaci, O. Theragnostic Aspects and Radioimmunotherapy in Pediatric
Tumors. Int. ]. Mol. Sci. 2020, 21, 3849. [CrossRef]

Juhasz, C.; Bosnyak, E. PET and SPECT studies in children with hemispheric low-grade gliomas. Child’s Nerv. Syst. 2016, 32,
1823-1832. [CrossRef]

Lu, FE-M.; Yuan, Z. PET/SPECT molecular imaging in clinical neuroscience: Recent advances in the investigation of CNS diseases.
Quant. Imaging Med. Surg. 2015, 5, 433-447. [CrossRef]

O’Tuama, A.L.; Treves, S.T.; Larar, ].N.; Packard, A.B.; Kwan, A.].; Barnes, PD.; Scott, R.M.; Black, PM.; Madsen, J.R.; Goumnerova, L.C.
Thallium-201 versus technetium-99m-MIBI SPECT in evaluation of childhood brain tumors: A within-subject comparison. J. Nucl.
Med. 1993, 34, 1045-1051.

Rollins, N.K.; Lowry, P.A.; Shapiro, K.N. Comparison of Gadolinium-Enhanced MR and Thallium-201 Single Photon Emission
Computed Tomography in Pediatric Brain Tumors. Pediatr. Neurosurg. 1995, 22, 8-14. [CrossRef]

Kirton, A.; Kloiber, R.; Rigel, ].; Wolff, ]. Evaluation of pediatric CNS malignancies with (99m)Tc-methoxyisobutylisonitrile SPECT.
J. Nucl. Med. 2002, 43, 1438-1443.

Tamura, M.; Kohga, H.; Ono, N.; Zama, A.; Shibasaki, T.; Horikoshi, S.; Kurihara, H.; Ohye, C. Calcified astrocytoma of the
amygdalo-hippocampal region in children. Child’s Nerv. Syst. 1995, 11, 141-144. [CrossRef] [PubMed]

Weckesser, M.; Matheja, P.; Rickert, C.H.; Stréter, R.; Palkovic, S.; Lottgen, J.; Kurlemann, G.; Paulus, W.; Wassmann, H.; Schober, O.
High uptake of L-3-[123[]iodo-x-methyl tyrosine in pilocytic astrocytomas. Eur. J. Pediatr. 2001, 28, 273-281. [CrossRef] [PubMed]
Nadel, H.R. SPECT/CT in pediatric patient management. Eur. |. Pediatr. 2014, 41, 104-114. [CrossRef] [PubMed]

Ludmir, E.B.; Grosshans, D.R.; Woodhouse, K.D. Radiotherapy Advances in Pediatric Neuro-Oncology. Bioengineering 2018, 5, 97.
[CrossRef] [PubMed]

Yu, H.; Oliver, M.; Leszczynski, K.; Lee, Y.; Karam, I.; Sahgal, A. Tissue segmentation-based electron density mapping for MR-only
radiotherapy treatment planning of brain using conventional T1-weighted MR images. J. Appl. Clin. Med. Phys. 2019, 20, 11-20.
[CrossRef] [PubMed]


http://doi.org/10.1007/s11307-007-0090-7
http://www.ncbi.nlm.nih.gov/pubmed/17318667
http://doi.org/10.1016/j.pediatrneurol.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19931171
http://doi.org/10.1007/s11307-009-0225-0
http://doi.org/10.1038/sj.jcbfm.9600199
http://doi.org/10.1007/s11060-011-0750-y
http://doi.org/10.1007/s11060-010-0327-1
http://doi.org/10.1093/neuonc/nov098
http://doi.org/10.1016/j.prro.2017.07.011
http://doi.org/10.1097/RLU.0000000000000556
http://www.ncbi.nlm.nih.gov/pubmed/25188640
http://doi.org/10.1002/pbc.25538
http://www.ncbi.nlm.nih.gov/pubmed/25854508
http://doi.org/10.1097/RLU.0000000000002021
http://www.ncbi.nlm.nih.gov/pubmed/29485447
http://doi.org/10.2967/jnumed.117.197897
http://doi.org/10.2174/092986712801215946
http://doi.org/10.3390/ijms21113849
http://doi.org/10.1007/s00381-016-3125-z
http://doi.org/10.3978/j.issn.2223-4292.2015.03.16
http://doi.org/10.1159/000121293
http://doi.org/10.1007/BF00570254
http://www.ncbi.nlm.nih.gov/pubmed/7773973
http://doi.org/10.1007/s002590000462
http://www.ncbi.nlm.nih.gov/pubmed/11315593
http://doi.org/10.1007/s00259-014-2697-7
http://www.ncbi.nlm.nih.gov/pubmed/24554052
http://doi.org/10.3390/bioengineering5040097
http://www.ncbi.nlm.nih.gov/pubmed/30400370
http://doi.org/10.1002/acm2.12654
http://www.ncbi.nlm.nih.gov/pubmed/31257709

Cancers 2022, 14, 3401 34 of 34

219.

220.

221.

222.
223.

Weber, D.; Wang, H.; Albrecht, S.; Ozsahin, M.; Tkachuk, E.; Rouzaud, M.; Nouet, P; Dipasquale, G. Open Low-field Mag-
netic Resonance Imaging for Target Definition, Dose Calculations and Set-up Verification during Three-dimensional CRT for
Glioblastoma Multiforme. Clin. Oncol. 2008, 20, 157-167. [CrossRef] [PubMed]

Metcalfe, P; Liney, G.P.; Holloway, L.; Walker, A.; Barton, M.; Delaney, G.P.; Vinod, S.; Tomé, W. The Potential for an Enhanced
Role for MRI in Radiation-Therapy Treatment Planning. Technol. Cancer Res. Treat. 2013, 12, 429-446. [CrossRef]

Rumboldt, Z.; Huda, W.; All, J. Review of Portable CT with Assessment of a Dedicated Head CT Scanner. Am. J. Neuroradiol. 2009,
30, 1630-1636. [CrossRef]

Anders, J.; Lips, K. MR to go. J. Magn. Reson. 2019, 306, 118-123. [CrossRef]

Wald, L.L.; Ms, PC.M.; Witzel, T.; Stockmann, J.P.; Cooley, C.Z. Low-cost and portable MRI. ]. Magn. Reson. Imaging 2019, 52,
686-696. [CrossRef] [PubMed]


http://doi.org/10.1016/j.clon.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17936601
http://doi.org/10.7785/tcrt.2012.500342
http://doi.org/10.3174/ajnr.A1603
http://doi.org/10.1016/j.jmr.2019.07.007
http://doi.org/10.1002/jmri.26942
http://www.ncbi.nlm.nih.gov/pubmed/31605435

	Introduction 
	Pediatric Brain Tumors 
	Overview of Pediatric Brain Tumors 
	Medulloblastoma 
	Glioma 
	Ependymoma 

	MRI Techniques 
	Introduction to MRI Modalities 
	Diffusion-Weighed Imaging (DWI) 
	Diffusion Tensor Imaging (DTI) and Tractography 
	Functional MRI (fMRI) 
	Arterial Spin Labeling (ASL) Perfusion Imaging 
	Magnetic Resonance Spectroscopy (MRS) 
	Magnetic Resonance Elastography (MRE) 
	Amide Proton Transfer (APT)-Weighted Imaging 
	Radiomics and Radiogenomics 
	Response Evaluation of Pediatric Brain Tumors 

	Positron Emission Tomography (PET) Imaging 
	Introduction to PET Imaging 
	Investigational Probes 

	Single-Photon Emission Computed Tomography (SPECT) Investigative Tracers 
	Multimodality Fusion Techniques and Treatment Planning 
	Conclusions 
	References

