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Preface

Currently, it is estimated that over 80% of children diagnosed with cancer will be cured.
This estimate is encouraging and reflects the significant progress made in recent decades, in both
supportive care and the risk stratification of patients. Despite these significant advancements
in the treatment of childhood cancer, it remains one of the leading causes of death in children
and adolescents worldwide. Considerable research efforts have been focused on the biological
characterization of the disease in order to refine risk group stratification and facilitate targeted
therapies.

Biology has historically played a pivotal role in the prognostic risk assessment of childhood
leukemia. The genomic landscape of pediatric leukemia has been mapped and redefined following
large-scale sequencing efforts. Pediatric solid tumors are also biologically and morphologically
heterogenous, and the interplay between histologic examination and molecular interrogation has a
significant role in the prognostication and direction of therapy.

The incorporation of molecularly targeted therapies offers real promise for less toxic and more
effective therapy. The identification of novel diagnostic and prognostic markers is required to
individualize therapy.

In this Special Issue, recent advancements are discussed, and novel prognostic markers are
critically appraised. Greater understanding of the heterogeneity of pediatric cancers will ultimately
lead to new therapeutic strategies with the potential to provide new prospects for precision medicine

in pediatric oncology.

Maria Kourti and Emmanouel Hatzipantelis
Editors
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Advances in risk-directed therapy based on prognostic factors that include clinical,
biologic, and genetic features of cancer in children have yielded improved and prolonged
responses. This Special Issue of Diagnostics consists of ten articles which illuminate different
aspects of advances in childhood and adolescent hematology oncology, including original
articles and narrative and systematic reviews.

The landmark article of this issue by Kourti et al. provides an extended review of the
unanswered challenge of modern omics technology, especially proteomics, in childhood
acute lymphoblastic leukemia (ALL) [1]. Proteomic evaluation has impacted the study
of solid tumors by increasing the understanding of the underlying tumor biology and,
thus, developing promising therapies in the field of oncology by identifying relevant
signatures for different cancers [2]. The proteomic profiling of hematologic malignancies
creates the opportunity to explore gaps in disease relapse and resistance, as well as to
encourage the discovery of novel biomarkers. The identification of proteins and pathways
related to the environment and cancer provides an insight into tumor development with the
potential to provide new prospects for precision medicine in childhood oncology. Therefore,
proteomics may serve as a useful tool for creating innovative and individualized therapy by
overcoming increased toxicity from the intensification of treatment in relapsed /refractory
childhood ALL.

The genetic landscape of childhood ALL has been broadly studied, yielding novel
prognostic markers for risk stratification. Genome-wide technologies and the identification
of gene copy-number alterations (CNAs) implicated in leukemogenesis have led to the
relentless decoding of the underlying biology of pediatric ALL [3]. One of the most
frequent genes affected is the CDKIN2A /2B gene, serving as a secondary cooperating event
and contributing to cell-cycle regulation chemosensitivity [4]. In the original study by
Ampatzidou et al., the CDKN2A /2B deletion was identified as an additive independent
prognostic factor for survival in children treated with contemporary BFM-based protocols
that can further genetically refine risk stratification based on minimal residual disease [5].

The review by Ntenti et al. summarizes evidence about clinical, histopathological, and
molecular factors that have an impact on the prognosis of childhood medulloblastomas
(MBs), which are the most common and highly aggressive neoplasms of the central nervous
system [6]. New molecular techniques, genomic and transcriptomic analyses, have played
an important role in forming novel molecular subgroups of MBs outlined in the recent 2021
WHO molecular classification [7]. Nevertheless, the great heterogeneity within subgroups
is challenging. As molecular and genetic pathways in the pathogenesis of MBs are further
elucidated, a new risk stratification system will evolve. This landmarks the dawn of a new
era in molecular-based MB stratification and prognosis with the optimal goal of developing
patient-tailored therapeutic strategies.

Papillary thyroid cancer (PTC) is the most frequent histopathological type in children,
with distinct characteristics and prognosis compared to that in adults [8]. This may be
attributed to a discrete molecular basis in the activation of the MAPK pathway and its
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components. Mutated proto-oncogene B-Raf (BRAF) is the most common genetic alteration
in adult PTC, and its prognostic significance has been extensively explored in adults [9].
Kotanidou et al. conducted the first systematic review and meta-analysis on the prognostic
significance of BRAF gene mutational status in children and adolescents [10]. Since im-
munomodulation with BRAF inhibitors and molecularly targeted therapy is an appealing
contemporary approach, conclusions made from this systematic review may serve as useful
tools to establish guidelines in children and adolescent patients with PTC.

Craniopharyngiomas (CPs) are classified as non-malignant neoplasms but their lo-
cation, growth pattern, and recurrence rate are associated with significant morbidity and
mortality. The aim of the extensive narrative review by Serbis et al. is to identify clinical,
morphological, and immunohistochemical factors that are associated with the onset and,
mainly, the recurrence of CP [11]. Molecular features such as BRAF gene mutations, altered
P53 expression, increased Ki-67 expression, higher VEGF and HIF1a expression, and RARs
have been extensively studied as potential predictive factors for CP relapse [11]. Moreover,
the decision of whether the surgical removal is followed by radiotherapy, age, adherence to
surrounding tissues, histology, specific clinical findings, and molecular features remains to
be validated through well-designed multicenter prospective studies, with the ultimate goal
of developing targeted adjunct therapies [11].

Ovarian cancer in adolescents is challenging not only because of the rarity of the
disease but also because of the particularities and substantial differences in incidence,
histology, diagnostic work-up, and therapeutic management between adults and the pedi-
atric/adolescent population. Siarkou et al., in their comparative/narrative review, made
a great and valuable effort to combine and concisely summarize the existing guidelines
from ESMO 2018, ESGO-SIOPE 2020, EXPeRT /PARTNER 2021, and aTRMG 2022 about
the diagnosis, prognosis, and management of ovarian malignancies [12]. The reported
differences highlight the need for the adoption of an international consensus to further
improve the management of adolescent ovarian cancer.

Botryoid rhabdomyosarcoma (RMS), an aggressive subtype of embryonal RMS, is a
rare type of tumor mainly affecting very young girls during infancy and early childhood.
The narrative review by Siarkou et al. is the first to provide a comprehensive summary
of the main outcomes regarding the optimal therapeutic management and prognosis of
sarcoma botryoides in female children [13]. It may serve as the initial step towards the
globalization of the standards of practice through prospective observational cohorts with
the ultimate goal to improve outcomes of this rare but demanding clinical entity.

The impressive increase in survival exceeding 80% for all cancer types and 90% for
ALL in many European and North American countries may be attributed not only to
the novel multimodal therapies but also to supportive healthcare [14]. Interesting results
were achieved in a recent report which showed that mortality among cancer patients is
higher than that of the general population, mainly due to increased cardiotoxicity and
the development of second neoplasms [15]. Two articles in this Special Issue focus on
the risk of cardiotoxicity. The original article by Ardelean et al. explores whether novel
echocardiographic measures like speckle-tracking echocardiography (STE), global lon-
gitudinal strain (GLS), and the myocardial performance index (MPI) may predict early
changes in cardiac function not detected through traditional methods [16]. The promising
results that these novel echocardiographic measures contribute to the early detection and
long-term prediction of anthracycline-induced cardiotoxicity need to be validated with
further longitudinal studies.

The early and preventive diagnosis of cardiotoxicity after chemotherapy treatment in
children with cancer using omics technology is extensively reviewed by Antoniadi et al.
Conventional biomarkers used for early detection were incorporated into routine diagnosis
and monitoring [17]. Their main limitation was that increased levels were detected after
the occurrence of significant cardiac damage. On the contrary, omics including genomics,
transcriptomics, proteomics, and metabolomics offer new opportunities for biomarker
discovery, providing an understanding of cardiotoxicity beyond traditional technologies.
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Cardio-specific miRNAs circulating in plasma are promising biomarkers for the detection of
subclinical cardiotoxicity, and metabolomics have the potential to revolutionize the ability
of individualized cardio-profiles shedding light on the underlying biological processes of
cardiotoxicity [17].

Despite the established prognostic factors in childhood malignancies, nutritional sta-
tus is identified as a crucial factor for optimal clinical outcomes in children with cancer,
hence providing a significant modifiable prognostic tool in childhood cancer management.
However, scarce studies have examined the impact of nutritional status on the survival
of children with cancer, with the majority of them focusing on hematological malignan-
cies [18]. Karalexi et al. summarized published evidence evaluating the association of
under-nutrition and over-nutrition with prognosis and treatment-related toxicities (TRT)
in children and adolescents treated for cancer [19]. Interestingly, the risk of death and
relapse increased by 30-50% in children with leukemia and higher body mass index at
diagnosis [19]. Similarly, the risk of TRT was higher in malnourished children with Ewing
sarcoma and osteosarcoma. Longitudinal studies utilizing new technologies and assessing
the nutritional status in a standardized way are needed in the direction of personalized
interventions [19].

In conclusion, in this Special Issue, recent advances are discussed and novel prognostic
markers are critically appraised. A greater understanding of the heterogeneity of pediatric
cancers will ultimately lead to new therapeutic strategies with the potential to provide new
prospects for precision medicine in pediatric oncology.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Acute lymphoblastic leukemia (ALL) is the most common cancer in children and one of the
success stories in cancer therapeutics. Risk-directed therapy based on clinical, biologic and genetic
features has played a significant role in this accomplishment. Despite the observed improvement in
survival rates, leukemia remains one of the leading causes of cancer-related deaths. Implementation of
next-generation genomic and transcriptomic sequencing tools has illustrated the genomic landscape of
ALL. However, the underlying dynamic changes at protein level still remain a challenge. Proteomics is
a cutting-edge technology aimed at deciphering the mechanisms, pathways, and the degree to which
the proteome impacts leukemia subtypes. Advances in mass spectrometry enable high-throughput
collection of global proteomic profiles, representing an opportunity to unveil new biological markers
and druggable targets. The purpose of this narrative review article is to provide a comprehensive
overview of studies that have utilized applications of proteomics in an attempt to gain insight into
the pathogenesis and identification of biomarkers in childhood ALL.

Keywords: acute lymphoblastic leukemia; proteomics; biomarkers

1. Introduction

Acute lymphoblastic leukemia (ALL) is the most common cancer in children [1]. It is a
biologically heterogeneous hematologic malignancy—mainly characterized by chromoso-
mal alterations, and some somatic and genetic mutations—that leads to the dysregulation
of cytokine receptors, hematopoietic transcription factors and epigenetic moditfiers [2,3].
Contemporary chemotherapy for childhood ALL has resulted in a cure rate of more than
85% in developed countries, representing one of the success stories in treatment of child-
hood malignancies [4]. This can be attributed to: (i) risk-directed therapy, based on clinical
features such as age and initial white blood count, (ii) biologic and genetic features such
as karyotype and identification of cryptic translocations, but most importantly (iii) the
response to treatment evaluation with minimal/measurable residual disease (MRD) [5,6].
However, despite the observed improvement in survival rates, leukemia remains one of the
leading causes of cancer-related deaths [7]. Given the improved cure rates, current research
has focused on subgroups of patients with refractory/relapsed disease. Identification of
proteins and pathways related to cancer and its environment provides the potential to
develop effective individualized treatment, especially in this high-risk group. Proteomics is
a cutting-edge technique and a useful tool for creating innovative and customized therapy
providing new prospects for precision-medicine strategies [8].

The purpose of this narrative review article is to provide a comprehensive overview
of published studies that have utilized applications of proteomics in an attempt to gain
insight into the pathogenetic pathway and biomarkers discovery in childhood ALL. A
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thorough computerized search of the PubMed /Medline database was carried out along
with research material from conference proceedings, publications from American Society
of Hematology, European Hematology Association, and book chapters. Literature search
on PubMed /Medline database was conducted, referring to manuscripts/studies published
between 1 January 2010 and 31 January 2023. The last search was carried out on 30
March 2023 with the following keywords: “pediatric” or “children” or “childhood” AND
“acute lymphoblastic leukemia” or “ALL” AND “proteomic profile” or “proteomics” or
“proteome”. Search results were narrowed down to studies published in the English
language. Exclusion criteria included studies exclusively conducted in adults, studies
involving conditions other than ALL as well as abstracts without full-text articles. Relevance
and duplicates were primarily assessed based on the title and abstract screening.

The review comprises three relevant sections: an overview on the molecular basis of
childhood ALL, an overview on proteomic analysis and a discussion of the applications of
proteomics research in childhood ALL.

2. Molecular Basis of Acute Lymphoblastic Leukemia

Acute lymphoblastic leukemia is a hematologic malignancy of lymphoid origin and
the most common childhood cancer representing about 25% of cancer diagnoses [9]. The
highest peak age of incidence is between two and five years [10]. It is more frequent in boys
than in girls with an approximate ratio of 1.3:1. Children of Hispanic descent are more
frequently affected followed by White, and to a lesser percentage, African Americans [11].
Classification, based on immunophenotype, consists of 80-85% B-cell and 15-20% of T-cell,
increasing in adolescence. Leukemic cells initiate in the bone marrow (BM) and infiltrate
extramedullary sites such as the liver, spleen, mediastinum and lymph nodes and also
sanctuary sites, such as the central nervous system (CNS), ovaries in girls and testes
in boys.

Although environmental, immunologic, socioeconomic and epidemiologic factors
have been evaluated rigorously as contributing factors to leukemogenesis, the exact un-
derlying etiology remains unknown [12]. Before the advent of next-generation sequencing
(NGS), only a small number of uncommon constitutional leukemia predisposition syn-
dromes, such as Down syndrome (DS) and Li-Fraumeni syndrome, were associated with
the development of ALL [13]. Other genetic syndromes linked to an increased risk of ALL
include: Bloom syndrome, ataxia telangiectasia (AT), neurofibromatosis 1 and constitutional
mismatch repair deficiency (CMMRD) [13]. The latter, and AT, have a preponderance to
T-ALL, while B-ALL occurs almost exclusively in DS-ALL [14,15]. During the last decades,
the landscape of germline and somatic mutations in childhood ALL has been unveiled with
the aid of a microarray analysis of gene expression and ultra-high throughput sequenc-
ing technologies. Based on genomic analysis, childhood ALL is subdivided into genetic
subgroups [16-18].

Gross chromosomal alterations in childhood ALL have been associated with out-
come. Fluorescence in situ hybridization (FISH) assays and cytogenetics are used to
identify structural chromosomal gains or losses in leukemic cells. High-hyperdiploidy
(>50 chromosomes: 51-67 chromosomes) with trisomies of chromosomes 4,6,10,14,17,18,21,
X occurs in almost 25% of childhood ALL cases and is associated with excellent outcome,
even with reduced intensity chemotherapeutic regimens [19,20]. Low-hyperdiploidy with
47-50 chromosomes was traditionally associated with a poor outcome. However, contem-
porary therapy regimens have significantly improved clinical outcome [21,22]. On the
contrary, hypodiploid B-ALL with less than 44 chromosomes is uncommon and associated
with a poor outcome, especially in children with positive minimal residual disease at the
end of induction. Germline TP53 mutations consistent with Li-Fraumeni syndrome occur
frequently in low-hypodiploid ALL subtype [23,24].

Chromosomal translocations represent a molecular hallmark of childhood ALL and
represent a significant prognostic factor. Chimeric fusion genes are created by chromoso-
mal rearrangements and involve epigenetic modifiers, tyrosine kinases and transcription
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factors [25]. They can be identified with reverse-transcription polymerase chain reaction
amplification of the fusion genes created, together with FISH assays. Routine cytogenetic
analyses fail to detect some of the cryptic translocations. Almost one fourth of standard-risk
B-ALL harbor the cryptic t(12;21)(p13;q22), resulting in ETV6-RUNX1 (TEL-AML1) fusion.
It should be noted that this fusion can also be detected in children who do not develop
leukemia. It has also been detected in preserved blood spots from children who later
develop ALL indicating a potential prenatal origin of leukemogenesis in association with
additional necessary co-operating mutations for the development of leukemia [26]. A small
group of “ETV6-RUNX1-like” B-ALL has also been reported. These cases lack the classic
ETV6-RUNXI1 rearrangement and are associated with other ETV6 fusions and with IKZF1
deletions. A unifying and prominent feature of a majority of prognostic studies in pediatric
BCP ALL is that the different types of IKZF1 deletions have been constantly linked to an
unfavorable clinical outcome of frontline treatment [27]. Most children with ETV6-RUNX1
fusion belong to the standard risk group and exhibit excellent outcome with standard
therapy [21].

Other common rearrangements in B-ALL include: t(1;19)(q23;p13.3) resulting in
TCF3-PBX1 (E2A-PBX1) fusion, rearrangement of KMT2A (formerly MLL; 11g23), and
t(9,22)(q34;q11.2) (the Philadelphia chromosome) resulting in BCR-ABL1 fusion. While
TCF3-PBX1 ALL was formerly linked to an intermediate or unfavorable prognosis, modern
therapeutic regimens have enhanced outcome; thus, TCF3-PBX1 fusion is no longer consid-
ered for risk stratification [28]. Children with TCF3-PBX1 ALL appear to have higher risk
of CNS relapse and may warrant intensification of CNS-directed therapy [29]. TCF3-HLF
fusion resulting from t(17;19)(q22;p13.3) is very uncommon in patients with B-ALL and, de-
spite its rarity, has been associated with extremely poor outcome [30]. MLL rearrangement
involving somatic translocations of the KMT2A gene are common in infant B-ALL. Out-
come is generally dismal in infants aged less than 3 months, and clinical prognosis varies
according to the specific KMT2 translocation [31]. A trial conducted in KMT2A rearranged
infant ALL investigating incorporation of lestaurtinib, an FLT3 inhibitor, with intensive
chemotherapy, based on the FLT3 overexpression, revealed that addition of lestaurtinib did
not improve outcome [32,33].

An established molecular-targeted therapy paradigm in childhood ALL is Philadelphia
positive (Ph+) ALL with the t(9;22)(q34;q11) resulting in BCR-ABL1 oncoprotein. Three
BCR-ABL1 protein isoforms are encoded, the p210, the p190, and the p230, which have
persistently enhanced tyrosine kinase (TK) activity. The BCR-ABL fusion gene of childhood
and adult ALL have a different molecular basis, with the BCR-ABL fusion gene in adult
ALL of the “p210” subtype resembling that found in chronic myeloid leukemia (CML),
whereas the childhood subtype is mainly “p190” [34]. Historically, the best curative option
has been hematopoietic stem cell transplantation (HSCT). The addition of tyrosine kinase
inhibitors (TKIs) in the intensive chemotherapy backbone, has significantly improved
event-free and overall survival [35,36]. BCR-ABL1-Like or Philadelphia chromosome-like
ALL has recently been described as a subset of B-ALL defined by an activated kinase
gene expression profile similar to that of Ph+ ALL and is associated with miscellaneous
genetic alterations that activate cytokine receptor signaling pathways [37]. In spite of
the heterogeneity in Ph-like kinase-activating alterations, JAK-STAT, ABL, Ras/MAPK
signaling pathways are activated and can effectively be inhibited by relevant TKIs [38].
The Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway
plays a major role in transmitting signals from cell-membrane receptors to the nucleus
leading to important physiological processes such as immune regulation, hematopoiesis,
cell proliferation and survival [39]. The mitogen-activated protein kinase (MAPK) pathway,
consisting of the Ras-Raf-MEK-ERK signaling cascade, is a crucial cellular network that
regulates apoptosis, cellular development, differentiation, and proliferation [40]. Some
studies have revealed a functional interaction between the JAK/STAT and RAS/MAPK
pathways that promotes leukemogenesis and uncontrolled cell proliferation [41].
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In contrast to B-ALL, the identified genetic alterations that occur in T-ALL do not add
a substantial prognostic value in the established risk stratification of T-ALL based on CNS
and MRD status [42]. Mutation of TAL1 (1p32) is a non-random genetic defect frequently
present in childhood T-ALL. The SIL/TAL1 fusion product gives rise to inappropriate
expression of TAL1, that may promote T-cell leukemogenesis. The clinical relevance and
the prognostic value of this rearrangement remains to be further elucidated [43]. The most
common dysregulated signaling pathway is the Notch pathway, either by upregulation
with activating mutations of Notch1 or by loss of function of negative regulators such as
FBXW?7 [44]. Although gamma-secretase inhibitors (GSI) seem promising in the inhibition
of the Notch pathway, the gastrointestinal toxicity and lack of efficacy prohibited their
use in T-ALL therapy [44]. Interestingly, early T-cell precursor ALL shows JAK-STAT and
Ras pathway mutations and is characterized by a distinct gene signature of the JAK-STAT
signaling pathway that might explain the chemoresistance of T-ALL. Nevertheless, it can
be inhibited by pathway inhibitors in leukemia models [45]. The nucleoside analogue
nelarabine has proven to show early activity in patients with relapsed /refractory T-ALL,
but it was associated with neurotoxicity [46]. The proteasome inhibitor, bortezomib was
examined in the Children’s Oncology Group phase III clinical trial AALL123, in which only
patients with T-lymphoblastic lymphoma showed a significantly improved survival [47].

The most common translocations in T-ALL involve fusion of T-cell receptor genes.
Gene expression signatures define novel oncogenic pathways in T-cell ALL, but their
prognostic significance remains unidentified. Although stimulating advances have occurred
regarding the genomic characterization of T-ALL, development of precision medicine
treatment approaches for T-ALL has proven more challenging [48].

Approximately 20% of pediatric ALL patients experience a relapse with a survival
lagging behind newly diagnosed ALL. Major pathways of lymphoid development, kinase
signaling, cell cycle regulation and epigenetic modification are involved in the genetic basis
of relapsed ALL [49]. Molecular-targeted therapy has shown promising results in early
trials, though not translated into improved survival [50,51].

Relapsed and refractory disease pose extreme therapeutic challenges, demonstrating
an unmet need for the development of durable therapies. Recent advances in immunother-
apy with CD19 inhibitors and CD22 inhibitors (Blinatumomab and Inotuzumab ozogamicin,
respectively) and chimeric antigen receptor (CAR)-T cell therapy, have reformed the man-
agement of relapsed and refractory ALL with the price of serious adverse events, such
as cytokine release syndrome, immune effector neurotoxicity syndrome, prolonged BM
suppression and hypogammaglobulinemia [52]. They offer the advantage to act indepen-
dently of genetic aberrations and overcome drug-resistant mutations enhanced in relapsed
ALL [53]. Therefore, these therapies seem ideal for patients who do not express targetable
genetic alterations. Whether these immunotherapies could serve as definite therapies rather
than bridging therapies to HSCT remains to be elucidated in the near future.

3. The Era of Proteomics

Proteomics studies the structure along with the function of the proteome [54]. The
term proteome describes the functional state of the total of proteins, which are responsible
for the functional activity of different cells [55]. As a result, study of the proteome correlates
the structural and functional multiplicity of proteins during the disease process. The field
of proteomics has been developed since genomics is ineffective in unravelling the structure
and dynamic state of proteins, which are gene products [56]. In contrast to the steady
state of the genome, expression of a protein reflects a dynamic state of processes including
RNA transcription, alternative splicing, and/or post-translational modifications (PTM) [57].
PTMs have fundamental regulatory properties, such as converting a protein from its
inactive to its active state, or determining a protein’s half-life resulting from ubiquitination
or acetylation; hence, defining its functional property in a cell and tissue-specific context that
ultimately determines the resulting cellular phenotype and its biological significance [58].
Regulation of protein translation, degradation and PTM lead to low association between the
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cellular proteome and genome/transcriptome [59]. As a result, phenotypical and functional
changes are not frequently visible at the genome level but apparent in the proteome.

The general strategy pursued in proteomics is to compare related samples from differ-
ent disease stages considering that differences in their proteome could reflect a different
disease stage. Proteomic studies are carried out mainly in body fluids such as the cere-
brospinal fluid (CSF), peripheral blood (PB) and BM. Body fluids exhibit a great emerging
potential for biomarker studies, in particular those that can be collected by minimally
invasive techniques [60,61]. The high potential of serum/plasma as a source for protein
biomarkers is reflective of the overall state of an organism [62-64]. Alternatively, cancer
cell lines or patient-derived tumors can also be engrafted into immunocompromised mice
to generate the so-called cell line-derived xenografts (CDX) or patient-derived xenografts
(PDX), respectively [65-67].

Biomarkers are recognized using mass spectrometry (MS) [68]. Mass spectrometry
requires a low-energy ionization source that transfers peptides from solid /liquid to gaseous
states (matrix-assisted laser desorption/ionization, MALDI, and electrospray ionization,
ESI). The two basic and commonest types of mass analyzers are time of flight (ToF) and
ion trap resonance analyzers. Computer algorithms help vastly in the immense task of
identifying peptides and ultimately the proteins from which they are derived. Compu-
tational methods and statistical algorithms can maximize the mining of proteomic data.
Quantification MS-based methods are divided into the label-free and stable isotope label
approach. In the label-free approach, individual samples are injected directly in the MS
and the relative abundance of peptides is quantified [69]. The major advantage of this
technique is minimal sample handling, but problems in reproducibility and accuracy are
encountered [69]. Furthermore, the extensive instrument time required is a disadvantage
for the large sample sets typical for biological and clinical studies. On the contrary, a stable
isotope labeling strategy, such as an isobaric tag, allows for the mixing of multiple samples
at different stages [70]. A workflow of proteomics is depicted in Figure 1.
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Figure 1. Workflow for proteomic analysis.

There are two different methodological approaches in proteomics. The first, known as
top-bottom, is the discovery of a protein through its selective isolation, the characterization
of its sequence and structure and the study of function, regulation, interaction and PTM.
The second is the bottom-up or the so-called “shotgun” aiming to identify all the proteins
present in a sample. In shotgun proteomics, which is a gel-free liquid chromatography
(LC)-MS approach, it is essential to know a protein’s identity before quantification, as
peptides need to be related to each other and to their parent proteins; only then is protein
quantification possible. Therefore, gel-based proteomics usually identifies only proteins
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with different abundances, while LC-MS identifies all detected proteins [71]. Currently,
most of proteome analysis is performed with label and label-free shotgun proteomics [72].

4. Discussion—Application of Proteomics in Childhood ALL

Since the hallmark of ALL is the uncontrolled clonal proliferation of poorly differentiated
lymphoid progenitor cells inside the bone marrow, interfering with the production of blood
cells, serum and plasma may serve as rich sources of blood cancer-associated biomarkers.

In an attempt to determine potential disease markers in childhood B-ALL, a Colombian
exploratory study group performed a proteomic study implementing LC-MS/MS and
quantification by label-free methods searching for proteins differentially expressed be-
tween healthy children and children with B-ALL. They quantified 472 proteins in depleted
blood plasma and found that 25 proteins were differentially expressed [73].

Moreover, differential proteins were analyzed by MALDI-TOF-MS and were identified
in lymphocytes in patients with childhood ALL and healthy children, by Wang et al. [74].
Among the 25 differential proteins, eight provided a valuable insight into the molecular
mechanism of leukemogenesis and could serve as candidate markers or drug targets.
Cellular levels of GSTP in c-ALL samples were dramatically up-regulated and may be
regarded as a biomarker and drug target together with PHB that was also up-regulated,
suggesting that it might be associated with leukemogenesis [74].

Candidate biomarkers for early diagnosis of B-ALL were overexpressed in a proteomic
analysis with lectin affinity chromatography LC-MS of serum from pediatric patients with
B-ALL performed by Cavalcante et al. [75]. A total of 96 proteins were identified and among
them leucine-rich alpha-2-glycoprotein 1 (LRG1), clusterin (CLU), thrombin (F2), heparin
cofactor II (SERPIND1), alpha-2-macroglobulin (A2M), alpha-2-antiplasmin (SERPINF2),
Alpha-1 antitrypsin (SERPINAL1), complement factor B (CFB) and complement C3 (C3) were
identified as candidate biomarkers for early diagnosis of B-ALL, as they were up-regulated
in the B-ALL group compared to controls after induction therapy [75].

Identification of tumor autoantibodies may be utilized in early cancer diagnosis and
immunotherapy. Serological proteome analysis (SERPA) is another proteomic approach and
screening autoantibodies as serum biomarkers of B-ALL using SERPA with combination of
2-DE, immunoblotting and MS revealed that a-enolase and VDACI1 autoantibodies were
promising biomarkers for children with B-ALL. Evaluation of serum autoantibodies against
a-enolase and VDAC1 show promising clinical applications [76].

Braoudaki et al. [77]. evaluated the differential expression detected in the proteomic
pro-files of pediatric low- and high-risk ALL patients aiming to characterize candidate
biomarkers related to diagnosis, prognosis, and patient-targeted therapy. Proteomic analy-
sis was performed using 2DE and protein identification by MALDI-TOF-MS and revealed
that CLUS, CERU, APOE, APOA4, APOA1, GELS, S10A9, AMBP, ACTB, CATA and AFAM
proteins play a significant role in leukemia prognosis, potentially serving as distinctive
biomarkers for leukemia aggressiveness, or as suppressor proteins in HR-ALL cases. More-
over, bicaudal-D-related protein 1 (BICR1) could probably serve as a significant biomarker
for pediatric ALL therapeutics [77].

Xu et al. [78]. performed proteomic analysis comparing the differentially expressed
proteins between high-risk and low-risk childhood B-ALL by a label-free quantitative
proteomics [78]. In the high-risk childhood B-ALL, 86 differently expressed proteins were
depicted, and 35 proteins were predicted to have directive interactions. They found that, in
high-risk B-ALL, the aberrant events might happen in pre-mRNA splicing, DNA damage
response, and stress response contributing to the high-risk classification [78].

Jiang et al. [79]. using proteomic tools (2DE coupled to MS) in clinically important
leukemia cell lines (REH, 697, Sup-B15, RS4.11), together with bone marrow samples
from children with ALL, identified potential prognostic protein biomarkers and promising
regulators of PRED-induced apoptosis. In patients with a good response to prednisone,
down-regulation of PNCA was identified, while in prednisone poor responders (PPRs),
proteins remained unchanged [79].
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Hu et al. [80]. hypothesized that identification of proteins through proteomic analysis
might lead to novel insights into resistance mechanisms in acute leukemia [80]. They
applied proteomics tools via DIGE followed by MALDI-TOF, aiming to study the expression
difference of cellular proteins between the drug-sensitive HL-60 and adriamycin-resistant
HL-60 (HL-60/ADR) cell lines. They found that the up-regulations of nucleophosmin/B23
(NPM B23) and nucleolin C23 (C23) could be related to resistance of leukemia and could
provide an important prognostic leukemia indicator [80].

Resistance to chemotherapeutics used in ALL is a major challenge and involves com-
plex cellular processes. Guzman-Ortiz et al. [81] studied proteome changes in B-lineage
pediatric ALL cell line CCRF-SB after adaptation to vincristine, a vinca alkaloid used
in ALL therapy [81]. Vincristine, by interaction with tubulin, disrupts the microtubule
polymerization, resulting in cell cycle arrest and apoptosis [82]. They found 135 proteins
exclusively expressed in the presence of vincristine, indicating that signal transduction and
mitochondrial ATP production may serve as potential therapeutic targets. In a previous
study, Verrills et al. [83]. reported the proteomic changes of the T-lineage ALL cell line
CCRF-CEM after exposition to vincristine. They found that vincristine induced changes in
the expression of 39 proteins and that a resistant subline differentially expressed 42 proteins
mainly involved in cytoskeleton metabolism regulation of apoptosis, gene, chaperones and
ribosomal proteins [83].

Leukemia studies aim to decipher the mechanisms, pathways and the degree to which
the proteome impacts leukemia subtypes and to identify whether disease stratification
based on proteome features could provide precise targets for therapy. Strategies of phos-
phoproteomics can be used to profile the activation/deactivation of crucial molecules in
signaling pathways which are key to the progression, remission and relapse of leukemia,
since leukemogenesis is controlled via the regulation and interaction of signaling cas-
cades [84,85]. A commonly mutated pathway in pediatric cancers is the receptor tyrosine
kinase/ras (RTK/RAS) pathway. Mutations in this pathway are identified as possible
targets for treatment and are mainly implicated on clonal evolution in high hyperdiploid
ALL, a subtype of the most common childhood cancer [86,87]. Mutations of KRAS in signal
transduction domains considerably affect the ability of proteins to accomplish their normal
cell-signaling functions [87]. In a study by Siekmann et al. patient-derived xenograft
ALL (PDX-ALL) models were established with dependencies on fms-like tyrosine kinase 3
(FLT3) and platelet-derived growth factor receptor b (PDGFRB), which were interrogated
by phosphoproteomics using iTRAQ mass spectrometry [88]. Phosphoproteomic analyses
identified group I PAKs as targets of RTKs in ALL, while PAK inhibition affects in vitro
growth and survival of ALL cells [88]. According to the findings of this study, PAKs is iden-
tified as a potential downstream target in RTK-dependent childhood ALL, the inhibition of
which might assist in preventing the selection or acquisition of resistance mutations toward
tyrosine kinase inhibitors [88].

The JAK/STAT pathway have also been implicated in the oncogenesis of many cancers
as well as of childhood leukemia [89]. A JAK mutant has been identified in childhood B-cell
ALL leading to overactivity in cell proliferation [89]. Somatic mutations in tyrosine-protein
phosphatase non-receptor type 11 (PTPN11) lead to hyperactivation of the catalytic activity
instead of the normal inhibitory function [90,91]. The Notch signaling pathway is one of
the most frequently overactivated signaling pathways in cancer, and mutations in Notch
family proteins are detected in a majority of T-cell ALL [92]. Activation of y-secretase
is crucial in the activation of the Notch pathway and inhibitors can be applied to block
this activation. These are currently tested in clinical trials [93]. Increased mTOR activity
has been implicated in ALL relapses and has been suggested as a therapeutic candidate
target [94,95]. The crucial function of proteins on the stimulation of signaling pathways in
the course of diagnosis and predicting relapse remains to be elucidated [96]. Knowledge
of the proteomic landscape of ALL that emerges from the consequences of genetic and
epigenetic events would prove to be valuable in identifying “druggable” target proteins.
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High hyperdiploid B-cell ALL and ETV6/RUNX1-positive pediatric ALL are among
the most common subtypes of childhood leukemia. In a study by Yang et al. [97]. it
has been demonstrated that the characteristic extra chromosomes have an impact on the
transcriptome and proteome suggesting that hyperdiploid leukemia cases harbor aberrant
chromatin organization that causes genome-wide transcriptional dysregulation [97]. In
hyper-diploid cases, 1286 proteins were up-regulated (more important of which were CD44
and FLT3) and 1127 were down-regulated (IGF2BP1 CLiC5 RAG1 RAG2) by proteome
HiRIEF LC-Ms/MS analyses. A previous study by Costa et al. [98]. on protein expression
in pre-B2 lymphoblastic cells from children with ALL in relation with t(12;21) translocation
has identified several proteins of interest, defining a “protein-map” associated to some
sub-groups of patients with particular features. The correlation between the proteins’
expression and the t(12;21) or its fusion transcript ETV6-RUNX1 still remains to be verified.
Nevertheless, this new approach for identification and classification of patient subgroups
could lead to interesting therapeutic targets [98].

Children with T-ALL display resistance in glucocorticoid treatment. Serafin et al. identi-
fied, by reverse-phase protein arrays, that lymphocyte cell-specific protein-tyrosine kinase
(LCK) was aberrantly activated in PPR patients [99]. They also showed that LCK inhibitors,
such as dasatinib, bosutinib, nintedanib, and WH-4-023, could induce cell death in GC-
resistant T-ALL cells, and remarkably, co-treatment with dexamethasone is capable of
reversing GC resistance, even at therapeutic drug concentrations. These results offer a
new insight into the biology and treatment of pediatric T-ALL by providing a new tar-
geted therapy option with the use of LCK inhibitors, which could be easily rendered into
clinical practice in an attempt to overcome GC resistance and improve the outcome of
poor-responder T-ALL pediatric patients [99].

Phosphoproteomics is designed to provide information on pathway activation and
signaling networks and offer opportunities for targeted therapy [100]. In a recent MS-
based global phosphoproteomic profiling of 11 T-cell ALL cell lines targetable kinases
were recognized [101]. Cordo et al. [100]. reported a comprehensive dataset consisting of
21,000 phosphosites on 4896 phosphoproteins, including 217 kinases. Moreover, they identi-
fied active Src-family kinases signaling and active cyclin-dependent kinases. They validated
putative targets for therapy ex vivo and detected potential combination treatments, such as
the inhibition of the INSR/IGF-1R axis to increase the sensitivity to dasatinib treatment.
Moreover, since multiple clinical trials are investigating the JAK inhibitor ruxolitinib for
the treatment of T-ALL in the presence of JAK mutations, Cordo et al. [100]. showed that
ruxolitinib treatment is effective ex vivo in T-ALL cells with elevated JAK kinase activity.
Mass spectrometry-based phosphoproteomic studies dedicated to T-ALL may prove to be
helpful tools to decipher specific pathological signaling pathways and escape mechanisms.
This will ultimately lead to the identification of novel disease-specific or individualized
biomarkers [102].

Studies on the comparative analysis between the bone marrow tumor microenviron-
ment and the peripheral blood are very important to decipher the ALL biology. Overarching
challenges of the hidden mechanisms behind immature lymphoid cells accumulation in
the bone marrow and the mechanisms underlying the chemotherapy effects against B-ALL
will shed light on the leukemia biology and the cumulative impact of chemotherapy [103].
A recent study by Brotto et al. [103] highlighted a possible role for transthyretin and IFN-g
as mechanisms related to disease remission.

Noteworthy, interesting results were depicted in a recent study by Leo et al. [104]. who
performed a comprehensive multi-omic analysis of 49 readily available childhood ALL cell
lines, using proteomics, transcriptomics, and pharmacoproteomic characterization. They
connected the molecular phenotypes with drug responses to 528 oncology drugs, identify-
ing drug correlations as well as lineage-dependent correlations [104]. Their observations
indicate that both conventional lineage and oncogenic traits contribute to proteome-level
differences in their cell line panel. Phenotypic profiling supports current clinical practice
in leukemia stratification and suggests that MS-based proteomics could be an effective
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path to discover the drivers contributing to pathogenic phenotypes. They identified the
diacylglycerol-analog bryostatin-1 as a therapeutic applicant in the MEF2D-HNRNPUL1
fusion high-risk subtype, for which this drug triggers pro-apoptotic ERK signaling linked
to molecular mediators of pre-B cell negative selection [104]. Table 1 summarizes proteomic
studies on childhood ALL.

Central nervous system involvement remains one of the major causes of ALL treatment
failure [105,106]. Despite the therapeutic advances in ALL, CNS relapse occurs in 3-8%
of the children with ALL and is associated with increased morbidity and mortality [107].
In normal physiological conditions, 80% of the protein in the CSF is hematogenic in
origin [108]. Thus, protein content changes in CSF provide an attractive approach to
study hematological malignancies [109]. Although CSF is obtained by using an invasive
method, it is considered as the optimal fluid for diagnosis of CNS infiltration in ALL. Efforts
have been made in recent years to detect novel biomarkers of hematologic malignancy in
CSF [110]. As demonstrated in a pilot study, gel-free, label-free quantitative proteomics is
feasible for profiling of CSF in pediatric leukemia/lymphoma [74,111]. Moreover, in the
same study, the expression of antithrombin III and plasminogen decreased over time in
one child who developed CNS thrombosis, compared to other subjects [111]. In another
prospective pilot study, quantitative proteomics by using LC-MS/MS was used to discover
differential expression of CSF protein in newly diagnosed children with leukemia and CNS
infiltration versus healthy controls aiming to discover possible prognostic biomarkers [112].
Using LC-MS/MS, 51 proteins were identified to be significantly different between the
two groups including 32 proteins that were up-regulated and 19 proteins that were down-
regulated. Among them, TIMP1, LGALS3BP, A2M, AHSG, FN1, HRG, and ITIH4 have
been associated with cancer, while CF I, C2, and C4A, have been related to complement
activity [112]. In another study, Mo et al. implemented label-free LC—MS/MS in order
to explore proteomic profiles in patients suffering from ALL with CNS infiltration [113].
Among the 428 unique proteins identified, they quantified 10 altered proteins during
treatment [113].

Some of the proteins are likely to play a vital biological role as biomarkers for the
development of ALL, with diverse biological functions after induction chemotherapy. It is
noteworthy that those altered proteins should be further investigated as predictive markers
of ALL with CNS infiltration, some of which may have the prospect of becoming new
therapeutic targets in childhood ALL with CNS involvement. Interesting results have been
reported from an exploratory study by Yu et al. [71]. who investigated protein dynamics
in children with B-cell ALL undergoing chemotherapy by implementing a 4-plex N,N-
dimethyl leucine isobaric labeling strategy in a longitudinal study [71]. According to their
results, neural cell adhesion molecule (NRCAM), neuronal growth regulator 1, (NEGR1)
and secretogranin-3 (SCG3,) were significantly altered at different stages of chemotherapy.
All the aforementioned proteins have been related to neurologic disorders and may reflect
CNS injury caused by chemotherapy on neuronal membranes and other structures. Thus,
they may also be implicated in long-term neurocognitive effects of chemotherapy [71].
Table 2 summarizes the proteomic studies conducted in CSF in relation to ALL.
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Table 2. Proteomic studies on ALL in CSFE.

Author/Year/Country Proteomic Approach Main Results
Priola GM et al. [111] Protein C Inhibitor (SERPINA5) and hepa.rm cofacfcor II (SERPIND1)
changed over the course of therapy. Antithrombin III (ATIII) and
2015 LC-MS/MS ) : A .
USA plasminogen (PLMN) levels decreased expression over time in one child
with CNS thrombosis.
Guo sze(’;lagl. [112] LC-MS/MS 51 proteins identified, 32 up-regulated and 19 down-regulated including
China TIMP1, LGALS3BP, A2M, AHSG, FN1, HRG,ITIH4, CF I, C2, C4A.
Mo F et al. [113]
2019 LC-MS/MS 428 unique proteins identified, 10 altered proteins during treatment
China
YuQetal. [71] o Aplex NN
dimethyl leucine (DiLeu) . .
2020 . . . 63 proteins were significantly altered
isobaric labeling strategy
USA
and MS
5. Conclusions

Childhood ALL is a biologically heterogeneous disease characterized by structural
alterations, genetic and somatic mutations through a process of complex protein-based
signaling network pathway modifications. Changes in protein expression can partially
be determined by the analysis of the static genome. Although implementation of next-
generation genomic, transcriptomic, and epigenetic sequencing tools unveiled the genetic
landscape of childhood ALL, uncovering the underlying dynamic changes at a protein
level still remains a challenge.

Proteomics offers complementary information to genomics and transcriptomics by
analyzing protein structure, expression, and modification status. Advances in the field
of MS enables high-throughput collection of global proteomic profiles representing an
opportunity to discover new biological markers and druggable targets. Novel disease-
specific biomarkers will provide an additional reference for predicting treatment responses
and individual prognosis. Deeper characterization of biomarkers and molecular pathways,
especially in patients with relapsed /refractory disease, will ultimately identify precision
medicine candidates for application of translational precision therapy.
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Abstract: Thyroid cancer represents the prominent endocrine cancer in children. Papillary thyroid
cancer (PTC) constitutes its most frequent (>90%) pediatric histological type. Mutations energizing the
mitogen-activated-protein kinase (MAPK) pathway are definitely related to PTC. Its most common ge-
netic alteration is in proto-oncogene B-Raf (BRAF). Mutated BRAF is proposed as a prognostic tool in
adult PTC. We conducted a systematic review and meta-analysis evaluating the association of mutated
BRAF gene and prognostic clinicopathological characteristics of PTC in children/adolescents. System-
atic search for relevant studies included PubMed, MEDLINE, Scopus, clinicaltrials.gov and Cochrane
Library. Pooled estimates of odds ratios for categorical data and mean difference for continuous
outcomes were calculated using random/fixed-effect meta-analytic models. BRAFV600E mutation
presents a pooled pediatric/adolescent prevalence of 33.12%. Distant metastasis is significantly asso-
ciated with mutated BRAF gene (OR = 0.32, 95% CI = 0.16-0.61, p = 0.001). Tumor size (MD = —0.24,
95% CI = —0.62-0.135, p = 0.21), multifocality (OR = 1.13, 95% CI = 0.65-2.34, p = 0.74), vascular inva-
sion (OR =1.17, 95% CI = 0.67-2.05, p = 0.57), lymph node metastasis (OR = 0.92, 95% CI = 0.63-1.33,
p = 0.66), extra-thyroid extension (OR = 0.78, 95% CI = 0.53-1.13, p = 0.19) and tumor recurrence
(OR =1.66, 95% CI = 0.68-4.21, p = 0.376) presented no association or risk with BRAF mutation among
pediatric/adolescent PTC. Mutated BRAF gene in children and adolescents is less common than in
adults. Mutation in BRAF relates significantly to distant metastasis among children/adolescents
with PTC.

Keywords: children; adolescents; papillary thyroid cancer; proto-oncogene B-raf gene (BRAF); prognosis

1. Introduction

Thyroid cancer represents the principal endocrine cancer in pediatric and adolescent
population, with a female predominance of 4:1 [1]. Although rare, accounting for about
4% of pediatric malignancies, a rapid increase in incidence has been documented, almost
globally [2]. The most common histological type recognized in >90% of cases is papillary
thyroid cancer (PTC) [3].

It has long been supported that pediatric and adult patients with thyroid cancer
have distinct characteristics in terms of initial presentation, clinical course, and mortality.
Children and adolescents are often diagnosed with more advanced disease, exhibiting an
increased rate of lymph node and distant metastases and often have persistent or recurrent
disease [4]. Paradoxically, the prognosis is more favorable in children than in adults, as
evidenced by the high overall survival rate of 97.70% from 1975 to 2005, which has been
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further advanced to 99.27% from 2006 to 2016, according to the Surveillance, Epidemiology
and End Results (SEER) database [5].

This phenomenon may be explained on a molecular basis, as the two populations
also have different genetic features. Point mutations activating the mitogen-activated
protein kinase (MAPK) pathway play an important role. Among them, the most common
genetic alteration of PTC in adults is located in the proto-oncogene B-Raf (BRAF) gene and
consists of a T to A transversion (T1799A), resulting in a valine to glutamate substitution at
residue 600 (V600E) of the BRAF protein. However, recorded mutation prevalence rates
range from 27% to 83% among different populations [4]. Since there is a lack of definitive
evidence on the clinicopathological significance of BRAF V600E in adult PTC, several
meta-analyses have been conducted to elucidate its role in the diagnosis, management and
prognosis of aggressive PTC cases. Various associations have been reported between the
presence of BRAF V600E mutation and demographic data or risk factors, such as tumor
size, multifocality, lymph node metastasis, vascular invasion, extra-thyroid extension, and
advanced stage of tumor node metastasis [6-10].

In the pediatric population, BRAF V600E, although prevalent, is recognized at a lower
rate compared to adults. In sporadic pediatric PTC, the BRAF V600E mutation ranged
between 0 and 63% in different studies [11-19]. Furthermore, the BRAF V600E mutation
is not clearly associated with distinct negative clinicopathological features and does not
predict an unfavourable course, in contrast to adult PTC [12,13,18,20]. In the recently
published European Thyroid Association Guidelines for the management of pediatric
thyroid nodules and differentiated thyroid cancer (DTC), the authors recommend that
the molecular gene analysis for the presence of BRAF V600E mutation in a fine-needle
aspiration (FNA) specimen may be useful for diagnosis of PTC and therefore may be
incorporated into the diagnostic work-up [21]. However, the use of BRAFV600E as a
molecular marker in pediatric and adolescent PTC remains controversial.

Mutant BRAF is proposed to serve as a diagnostic and prognostic tool and may be a
promising target for molecular therapy [22]. The real incidence and evidence of the actual
effect of BRAF mutation in pediatric PTCs remains controversial in different studies. In this
context, we conducted a systematic review of available evidence and a meta-analysis of data
published over the past two decades to evaluate the association of BRAF gene mutations
and PTC in children and adolescents, their prognostic role in terms of clinicopathological
characteristics, and relationship with survival outcome.

2. Materials and Methods

The current systematic review and meta-analysis was designed following a predefined
protocol, according to the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) guidelines, which is registered in the PROSPERO database under the
identification number: PROSPERO 2022 CRD42022358663.

2.1. Eligibility Criteria

The present systematic review included all original studies that reported a molecular
study of proto-oncogene BRAF gene, in children and adolescents, aged up to 21 years, with
a histopathological diagnosis of PTC. Studies were included only if they reported clinical or
laboratory characteristics of PTC and/or assessed the overall survival of their participants.
According to our predefined eligibility criteria, the diagnosis of PTC needed to be confirmed
in all included individuals by either tumor biopsy or FNA biopsy, while BRAF genetic
analysis could be reported by any available molecular method, such as Sanger analysis or
direct sequencing. Relevant studies published in the last 20 years were identified. Language
was restricted to English. No limitation of publication status was implied.

Exclusion criteria, in order to minimize potential publication bias and duplication
of results, referred to studies including patients older than 21 years of age, data from
univariate analyses if the HR was the primary outcome, studies involving other than PTC
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carcinomas, review articles, case reports, presentations, conference proceedings, editorials,
expert opinions, research using big data (e.g., using SEER study data) and in vitro studies.

2.2. Study Outcomes

The main outcome of the present study was to investigate the difference in the preva-
lence of known prognostic factors between children and adolescents with PTC and a
mutated BRAF gene compared to PTC patients without BRAF gene alterations. More
specifically, the primary outcomes combined differences in the prevalence of the following
tumor variables: multifocality, vascular invasion, extra-thyroid extension (ETE), presence
of lymph node metastasis (LNM), distant metastases, and tumor recurrence. Data on
differences in diametric tumor size and data regarding gender (male/female) distribution
were also compared between BRAF positive and negative patients. The secondary outcome
was the absolute overall survival difference of PTC patients with BRAF gene mutations
compared to PTC patients without BRAF gene mutations.

2.3. Information Sources

Relevant studies over the past 20 years, evaluating the association of BRAF mutations
with prognostic factors for PTC in children and adolescents, were identified by searching
the following databases: PubMed, Ovid Medical Literature Analysis and Retrieval System
Online (MEDLINE), SCOPUS, the US registry of clinical trials [www.clinicaltrials.com (ac-
cessed on 30 September 2022)] Cochrane Central Register of Controlled Trials and Cochrane
reviews. Search was performed on September 2022, using a combination of relevant terms

/a7

in the English language, such as “BRAF gene”, “B-raf gene”, “proto-oncogene B-raf gene”,
“papillary thyroid cancer”, “children”, “adolescents”, “young adults”. Two reviewers inde-
pendently selected studies according to the inclusion criteria, while a third independent
reviewer was available to address any discrepancies. Bibliographies from review articles
were thoroughly examined to identify relevant studies, ensuring that papers and articles

not selected in the initial search were also included.

2.4. Screening, Data Collection and Analysis

Conducted with a pilot-tested form by two reviewers and verified by a third using a
predefined datasheet, data collection was performed. Two authors, E.PK. and S.G., with
expertise in systematic review, screened all titles and abstracts for eligibility, in a completely
independent manner. Full texts were reviewed by the two reviewers and discrepancies
were resolved with the involvement of a third reviewer, A.G.T. Reasons for exclusion
were recorded for all studies excluded in the title, abstract or full text level of the review
process. Data were extracted from full texts of the studies on a predefined worksheet.
Two authors (A.P. and E.L.) extracted the following from the included articles: first author,
country, publication years, study type, recruitment period, sample size, sample origin,
method of BRAF analysis, BRAF V600E mutations, PTC-related risk factors. Age, gender,
tumor size, vascular invasion, LNM, ETE, lymph node metastasis and distant metastasis
were concluded as the predefined risk factors for PTC patients. The survival rate after
any timepoint in retrospective, or in the present in prospective, studies was also recorded.
Finally, funding sources and authors’ conflict of interest were recorded and included. Any
disagreements were resolved by a third investigator (E.P.K.).

2.5. Quality Assessment of Included Studies

Quality assessment of the included studies was conducted by two reviewers (E. S.
and V.R.T.) using the Critical Appraisal Checklist JBI Tool for Analytical Cross-Sectional
Studies, developed by the JBI, Faculty of Health and Medical Sciences at the University
of Adelaide [23]. The tool consists of eight different questions that assess the method-
ological quality of each study, determining the extent to which the possibility of bias has
been addressed in its design, conduction and analysis. Each question was rated by the
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two reviewers as green for “Yes”, red for “No”, or yellow for “Unclear”. Discrepancies
were resolved by discussion.

2.6. Measures of Effect

Effect measures used in the synthesis and presentation of results were set as follows:
continuous outcomes as mean difference and 95% CI; dichotomous outcomes as odds ratio
and 95% CI.

2.7. Data Synthesis

Data synthesis was performed with random-effects model, and two-tailed statistical
significance was defined as a p-value < 0.05. For statistical analysis, the Comprehensive
Meta-Analysis, v3.0 software (Biostat, Englewood, NJ, USA), was employed. The magni-
tude of the effect of each study was calculated by the OR, or briefly by the weighted mean
difference (WMD) of the 95% CI briefly. In addition, heterogeneity was quantified using the
I? statistic. When I2? < 50%, a fixed-effects model was applied; otherwise, a random-effects
model was used. The Begg funnel plot was used to control for potential publication bias.

3. Results
3.1. Study Selection and Characteristics

The initial systematic screening of the available evidence resulted in a total of 817 studies.
Among them, 267 records were excluded as duplicates; 12 records were excluded due to
language other than English; 22 records were excluded as reviews and editorials; 22 records
were excluded as case reports; 149 records were excluded as they concerned adult popu-
lations; 245 records were excluded since they reported mixed adult and child /adolescent
population data, without subgroup analyses; six records were excluded since they did not
mention the exact age of the population; 35 records were excluded as they did not report
any of the outcomes of the present review; nine records were excluded due to populations
with cancer type other than PTC; 13 records were excluded as basic science studies. Finally,
a total of 37 studies that met our selection criteria were included in our meta-analysis. The
selection flowchart of the research is presented in Figure 1.

‘ Identification of studies via databases and registers ‘

Records identified from:
Databases (n=801)
Registers (1=16)

l

Identification

Records screened Records as

(n=817) (n=267)

Reports sought for retrieval Reports not retrieved

—

(n=550) (n=12) due to language re-
2 strictions (non English reports)
[
®
2
S
@

Reports excluded

Reports assessed for eli- Editorial & Reviews (n=22)

gibility Adult Population (n=149)

(n=538) Case reports (n=22)

Mixed adult and children population (n=245)

Studies not mentioning population age (n=6)
Not reporting the outcomes (n=35)
Other type of cancer (n=9)

Basic science reports (n=13)
Studies included in review

(n=37)

‘ Included ‘

Figure 1. Systematic review flow chart of records identification and study screening.
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Basic characteristics of the included studies and the associated factors examined are
included in Table 1. Data regarding the methodology applied in the molecular analysis of
the BRAF gene in included studies are presented in Supplementary Table S1, in combination
with details regarding funding of the studies.

Table 1. Included studies’ characteristics.

Sample

No Authors, Year Study Recruitment Size Sample Age Gender BRAF Mutations
4 Type (Country, Time) ) Origin (Years) (Boys/Girls) Prevalence (%)

BRAF
V600E Other

1 Alzahrani [17], 2017 RC Middle East, 1998-2015 79 registry 8-18 11/68 24

2 Ballester [24], 2016 RCrS USA, 2009-2014 25 clinical 10-19 6/19 40

3 Buryk [25], 2013 RCaS USA, 2009-2012 5 clinical 12-15 1/4 40

4 Cordioli [16], 2017 RC Brazil, NR 35 clinical 4-18 9/26 8.6

5 Espadinha [26], 2009 C Portugal, 2000-2007 15 clinical 5-21 4/11 7

6 Franko [27], 2022 RC USA, 1989-2019 122 clinical <18 NR 21.3 0.75 (T599del)

7 Geng [18], 2017 RC China, 1994-2014 48 clinical 3-14 19/29 354

8 Gertz [15], 2016 RCtS USA, 2008-2012 14 registry 8-18 5/9 a7 (3(1?17?2;75301

9 Givens [13], 2014 RCrS USA, 1999-2012 19 registry 3-18 NR 36.8

10 Hardee [20], 2017 RCrS USA, 2003-2015 50 registry <21 15/35 48

11 Henke [12], 2014 RCrs USA, 1973-2005 27 registry 6-21 6/21 63

12 Hess [28], 2022 RCrS USA, 2010-2019 27 clinical 9.1-18.7 4/23 33.3

13 Kumagai [11], 2004 C Japan/Ukraine, 1962-1995 44 registry <17 NR 6.81 (T1796A)

14 Kure [29], 2019 RC Japan, 20092017 14 registry 13-21 0/14 14.3

15 Kurt [30], 2012 C Turkey, 1995-2010 2 registry 14-20 1/1 50

16 Lee [31], 2021 RCrS Korea, 1983-2020 106 clinical/registry 4.3-19.8 22/ 84 38.7

17 Li [7], 2022 RC China, 2018-2021 169 clinical 6-18 40/129 57.4

18 Macerola [32], 2021 RC Italy, 2014-2020 163 registry 8-18 47/116 36.2 0.6 (K5991)

19 Mitsutake [33], 2015 RC Japan, 2013-2014 67 clinical 9-22 NR 64.2

20 Mollen [34], 2022 RCrS USA, 2001-2017 62 clinical 4.2-18.9 47/15 30.6

21 Mostufi-Moab [19], 2018 RCrS USA, 1989-2012 62 registry 2-18 NR 194

22 Newfield [35], 2022 RC USA, 2001-2015 39 registry <18 NR 28.2 2.6 (K601E)

23 Nies [36], 2021 RC USA, 1946-2019 94 registry 10-16 NR 8.5

24 Oishi [37], 2017 CcC Japan, 1991-2013 81 registry 6-20 7/74 54

25 Onder [38], 2016 RC Turkey, 1995-2015 50 registry 6-18 9/41 30

26 Passon [39], 2015 RC Italy, NR 2 clinical 17-19 0/2 0

27 Pekova [40], 2019 RC Czech Rep, 2003-2017 83 clinical 142 +3.4 24/59 18.1

28 Pessba-Pereira [41], 2019 RC Brazil, 2006-2012 5 registry 12-20 0/5 20

29 Poyrazoglu [42], 2017 RC Turkey, 1983-2015 75 clinical 1.3-17.8 24/51 25

30 Prasad ML [14], 2016 RCrS USA, 2009-2015 28 clinical 6-18 8/20 48

31 Rogounovitch [43], 2021 RC Belarus, 2001-2007 34 registry 4-14 12/22 14.7 0 (K601E)

32 Romittii [44], 2012 RCrS Brazil, NR 3 registry 10-18 0/3 0

33 Senytirek [45], 2022 RC Turkey, 1995-2020 55 registry 5-18 15/55 33

34 Sisdeli L [46], 2019 RC Brazil, 1993-2017 80 registry <18 NR 15

35 Stenman [47], 2021 RC Sweden, 1992-2021 5 registry 9-15 2/3 20

36 Vasko V [48], 2005 RCrS Ukraine, 1999-2004 4 clinical 14-20 2/2 25

37 Zou M [49], 2014 RC Saudi Arabia, 1987-2006 6 clinical 12-21 1/5 16.7

NR: not reported, RC: retrospective cohort, C: cohort, RCaS: retrospective case series, RCrS: retrospective cross
sectional, CC: case control. Age in presented as min-max or mean =+ standard deviation.

3.2. Prevalence of BRAF Mutation

The most prevalent mutation of BRAF gene molecular analyses across all studies was
BRAF V600E mutation, with reported prevalence rates ranging from 0% to 64.2% among
pediatric and adolescent populations. Other reported genetic alterations of BRAF gene
were BRAF ¢.1799_1801delTGA, BRAF T1796A, BRAF T599del, BRAF K5991, and BRAF
K601E, with extreme modest frequency rates compared to V600E (Table 1).

Overall, BRAFV600E mutation was confirmed among a group of 596 individuals from
a totality of 1799 children and adolescents with PTC in this systematic review and meta-
analysis, resulting in a pooled BRAFV600E prevalence of 33.12% (Tables 1 and 2).
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Table 2. Tumor Characteristics among PTC patients according to BRAF analysis.

Total BRAF Sample per Vascular Tumor
ota Mutation BRAF Tumor Size Multifocality aseular  |NM ETE DM umo
No Author, Year Study Status Group (cm) or (£ (%) Invasion (%) (%) (%) Recurrence
o o o o o o
Sample () /) ) (%) (%)
Alzahrani
1 [17], 2017 79 + 19 28+14 50 40 86.7 35.7 0 52.6
— 60 33+16 53.8 514 82.8 46.2 15 339
Ballester
2 [24], 2016 25 + 10 NR NR NR 50 NR NR NR
— 15 NR NR NR 46.7 NR NR NR
Buryk
3 [25], 2013 5 + 2 2.7 +£0.56 NR NR 100 NR NR NR
— 3 1.7 +£0.17 NR NR 333 NR NR NR
Cordioli
4 [16], 2017 35 + 3 4.6 +1.25 NR NR 100 0 0 NR
- 16 29 +1.48 NR NR 88.2 64.7 35.2 NR
Espadinha
5 [26], 2009 15 + 1 NR NR NR 0 NR NR NR
— 14 NR NR NR NR NR NR NR
Franko *<2cm=11,2-4
6 122 + 26 cm =5, NR 30.7 72 46.1 0 NR
[27], 2022
>4 cm =10
— 96 NR NR NR NR NR NR NR
Gen *<2ecm=2,2-4
7 & 48 + 17 cm =11, 20 NR 64.7 16.0 36.6 20
[18], 2017 N
>4dem=4
* —
- 31 2-dem=17,>4 80 NR 80.6 840 634 80
cm =14
Gertz
8 [15], 2016 14 + 4 1.7+12 NR 33.3 NR 25 0 NR
— 9 27+24 NR 33.3 NR 222 0 NR
Givens
9 [13], 2014 19 + 7 2.08 +1.21 NR NR NR 60 0 16.7
- 12 2224178 NR NR NR 62.5 41.7 125
Hardee *<2cm =18,24
10 50 + 24 cm =2, NR NR 58 0 NR 21
[20], 2017
>4cm=4
*<2cm=13,24
- 26 cm =5, NR NR 69% 4 NR 8
>dem=7
11 Henke 27 + 17 NR NR NR 647 706 59 NR
[12], 2014 . ’ ’
— 10 NR NR NR 60 50 0 NR
12 Hess [28], 2022 27 + 9 1.37 +£1.09 NR NR 42.8 NR NR NR
— 18 3224+2.04 NR NR 68.75 NR NR NR
Kumagai
13 [11], 2004 44 + 3 1.56 + 0.87 NR NR 33.3 NR 0 NR
- NR NR NR NR NR NR NR NR
14 Kure [29], 2019 14 + 2 1.25 £ 0.77 NR 50 33.3 0 0 NR
— 12 234 +1.79 NR 50 66.6 8.3 8.33 NR
15 Kurt [30], 2012 2 + 1 NR NR NR 100 100 0 NR
- 1 NR 32.5 NR 0 0 0 NR
16 Lee [31], 2021 106 + 41 1.40 +1.00 41.5 NR 68.4 60.5 2.5 16.2
— 65 2.10 £ 1.30 23.7 NR 76.2 75.8 43.18 46.6
17 Li[7], 2022 169 + 97 1.55 £ 1.03 50 NR 144 247 2.1 2
- 72 249 +1.18 NR NR 8.3 36.1 41 8.3
Macerola
18 [32], 2021 163 + 59 NR NR NR NR NR NR NR
— 104 NR NR NR NR NR NR NR
Mitsutake
19 [33], 2015 67 + 43 1.22 +0.68 NR NR 14.2 58.1 0 NR
- 20 1.83 +£0.95 NR NR 20 35 10.5 NR
Mollen
20 [34], 2022 62 + 19 NR NR NR NR NR NR NR
- 43 NR NR NR NR NR NR NR
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Table 2. Cont.

Total BRAF Sample per Vascular Tumor
ota Mutation BRAF Tumor Size Multifocality aseular  |NM ETE DM umo
No Author, Year Study " o Invasion o o o Recurrence
S Status Group (cm) or (%) (%) o (%) (%) (%) o
ample (1) (+/—) ) (%) (%)
Mostufi-Moab
21 [19], 2018 62 + 12 1.10-4.00 NR NR 63.6 NR 0 NR
— 50 NR NR NR NR NR NR NR
Newfield
22 [35], 2022 39 + 11 2.67 +1.98 NR 54.5 81.8 NR 0 NR
- 18 2.70 + 1.44 NR 50 50 NR 7.14 NR
23 Nies [36], 2021 94 + 8 e é’?g 2 NR NR 100 NR 100 NR
3.50
- 86 (2.3-5.5) NR NR NR NR 100 NR
24 Oishi 81 + 4 320418 NR NR 9% 36 0 NR
[37], 2017 : .
- 37 280+ 1.3 NR NR 81 44 8 NR
Onder
25 [38], 2016 50 + 15 212 = NR 93.3 NR 60 13.3 0 333
- 35 2.26 = NR 57.14 NR 61.5 8.57 14.2 5.7
Passon
26 [39], 2015 2 + 0 NR NR NR 0 NR 0 NR
— 2 NR NR NR 0 NR 0 NR
27 Pekova [40], 2019 83 + 15 2.00 £ 1.06 53.3 20 46.6 40 0 20
- 68 222 +1.36 55.8 24.3 7647 544 14.7 8.8
Pessoa-Pereira
28 [41], 2019 5 + 1+0 0 0 0 0 0 NR
— 4 232 +1.39 75 25 50 0 0 NR
Poyrazoglu *<lcm=3
29 [42], 2017 75 + 14 slem =11 85.7 50 57.1 42.8 7.1 NR
* —
- 42 <1cm =16 428 405 38 286 95 NR
>1lcm =26
Prasad ML
30 [14], 2016 28 + 13 144 +£1.04 23.1 23.1 384 7.7 0 NR
— 14 221 +1.13 50 NR 71.4 NR 14.3% NR
Rogounovitch
31 [43], 2021 34 + 5 144 +0.34 0 100 100 0 0 NR
— 29 1.6 £09 NR NR NR NR NR NR
Romittii
32 [44], 2012 3 + - . . . . - - .
— 1 105+£0 NR NR NR 0 NR
Senytirek .
33 [45], 2022 55 + 18 1.50 (0.6-5) 83.3 55.5 33.3 25 0 333
- 37 1.40 (0.4-5) 56.7 32.4 35.1 21.6 8.1 2.7
Sisdeli L
34 [46], 2019 80 + 12 3.35 +1.38 NR NR 75 NR 25 NR
— 68 2.64 +1.58 NR NR NR NR NR NR
Stenman
35 [47], 2021 5 + 1 420+0 0 NR 100 100 NR 100
— 4 4.57 +£2.12 50 NR 100 75 25 50
Vasko V
36 [48], 2005 4 + 3 2.36 £ 0.55 0 NR NR NR NR NR
- 1 150+0 0 NR NR NR NR NR
ZouM
37 [49], 2014 6 + 1 NR NR NR 0 NR 0 NR
— 3 NR NR NR 444 NR 0 NR

NR: not reported, LNM lymph node metastasis, ETE extra-thyroid extension, DM distant metastasis. Tumor size
data are presented as mean =+ standard deviation or median (min-max) in most included studies. * Tumor size
data presented as categorical variable (f = number of participants per tumor size group).

3.3. BRAF Mutation and Gender
A randome-effects model was applied to analyze the data of relevance among mutated
BRAF and gender (p = 0.65, I? = 11.6%). Prevalence of BRAFV600E mutation in female PTC

patients was relatively higher than that in male PTC patients, without reaching significance
(OR =0.91, 95% CI = 0.62-1.33) (Figure 2).
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Association between gender and BRAF mutation

Study name Statistics for each study Weight (Randorm) Odds ratioand 95% C1
Odds lLower Upper Rebtive Relative
ratio  limit limit  ZValue p-Value Male Female weight weight
Alzahrani et al 2017 0667 0.131 3.394 0488 0625 2/11 17/68 476 —_—
Ballester ef al 2016 0222 0022 2280 1266 0205 1/6 9/19 248 _—
Buryk et al 2013 0333 0009 12815 0.590 0555 0/1 2/4 1.05 *
Cordioli et al 2017 0353 0.017 7.518 0.667 0505 0/9 3/26 148
Espadinha et al 2009 0778 0026 22976 0.145 0884 0/4 1/11 122
Geng et al 2017 1108 0332 3.703 0167 0867 7/19 10/29 7.85 —
Gertz et al 2016 2333 0216 25245 0697 0486 2/5 219 238 —_——
Hardee etal 2017 0926 0276 3112 0.124 0902 7/15 17/35 7.80 ——
Henke etal 2014 11870 0594 237367 1619 0106 6/6 11/21 154 —_
Hess etal 2022 0625 0.056 7.031 0381 0704 1/4 8/23 231 E—
Kurl et al 2012 9.000 0097 831780 0951 0341 1/1 0/1 069
Lee etal 2021 0525 0.187 1476 1222 0222 6/22 35/84 9.95 —a—1
Lietal 2022 2365 1.089 5135 2176  0.030 29/40 68/129 1468 ——
Mitsutake et al 2015 2880 0823 10.072 1.656 0.098 18/22 25/41 7.40 T
Oishi et al 2017 0305 0.056 1673 1367 0171 2/7 42/74 439 —_—
Onder el al 2016 0615 0.112 3.381 0559 0576 2/9 13/41 439 ————
Pekova et al 2019 0322 0.067 1551 1413 0.158 2/24 13/59 5.0 —_—
Poyrazoglu et al 2017 0608 0.145 2554 0.679 0497 3/16 11/40 591 ——
Prasad etal 2016 1111 0213 5.802 0125 0901 4/8 9/19 463 —_——
Rogounovitch etal 2021 0.127  0.006 2517 1.354 0176 0/12 5/22 155 —
Senyurek et al 2022 0725 0.167 3141 0430 0667 3/11 15/44 570 —_—
Stenman et al 2021 0333 0009 12815 0.590 0555 0/2 113 1.05
Vasko etal 2005 0200 0005 8825 0.833 0405 0/2 112 098
Zou et al 2014 33.000 0441 2470575 1588 0112 1/1 0/s 076 —_——
Pooled 0916 0627 1339 0453 0650 97/267 318/809 ’
Heterogeneity 12=1161%
0.01 0.1 1 10 100
Male Female

Figure 2. BRAF mutation and Gender correlation forest plot [7,12,14-18,20,24-26,28,30,31,33,37,38,
40,42,43,45,47-49].

3.4. BRAF Mutation and Tumor Size

A random-effects model on continuous data was applied to explore the effect of the
presence of BRAF mutation to the size of PTC as expressed by the actual tumor diame-
ter (p = 0.21, I> = 72.06%). Meta-analysis revealed that tumor size was not significantly
associated with BRAF mutation in children and adolescent patients with PTC (Mean
Difference = —0.24, 95% CI = —0.62-0.135, St. error = 0.192) (Figure 3).

Association between tumor size and BRAF mutation

Study name. Statistics for each study Sample size Weight (Random) Difference inmeans and 95%Q
Difference  Standard Lower  Upper BRAF  BRAF  Relatve  Relatve
inmeans error Variance  fimit limt  ZValue pValue  (+) © weight weight
Alzehreni et ol 2017 0500 0.409 0.168 1303 0303 1221 0222 19 60 721 —_—lLb:
Bunk et el 2013 1.000 0.321 0.103 0370 1.830 3113 0.002 2 3 824 +
Cordioli et ol 2017 1.760 0915 0838 0034 3554 1923 0,052 3 18 313 &
Gertzetel 2016 1.000 1208 1085 3621 1621 0777 0.437 4 9 1.85 ——
Givens et ol 2014 0140 0762 0,581 1633 1353 0184 0.854 7 12 4.00
Hess et ol 2022 1850 0731 0635 3284 0416 2529 0.011 9 i8 420 ——
Kureetel 2019 1.090 1320 1742 3677 1497 0826 0.409 2 2 177
Lee etel 2021 0700 0238 0.057 1167 0233 2941 0003 41 05 9.19

Lietel 2022 0940 0171 0.029 1274 0.606 65612 0.000 97 72 987 —‘._

Miteuteke et ol 2015 0610 0210 0.044 1.021 0.199 2911 0.00¢ 43 20 9.49
Newfeld etel 2022 20.030 0636 0404 1276 1216 0047 0962 11 8 494 +
Oishi et ol 2017 0.400 0355 0128 0296  1.096 1127 0200 44 a7 7.84 —a—
Pekoe et ol 2019 0220 0375 0140 0954 0514 0687 0557 15 ) 7,61 —l—
Prased et ol 2016 0770 0419 0178 1891 0051 1832 0086 13 4 7.10 a1
Rogounovitch etal 2021 0.160 0412 0170 0967 0647 0389 0698 5 29 718 ) —
Sisdeli et ol 2019 0710 0.486 0237 0243 1663 1460 0.144 12 68 8.38 —t—i—
Pooled 0243 0.192 0.037 0620 0135 1261 0207 327 521 q
Heterogeneity: 12=72.06%
3 s 0 s 3
BRAF (+) BRAF (-)

Figure 3. BRAF mutation and tumor size forest plot [7,13-17,25,28,29,31,33,35,37,40,43,46].

3.5. BRAF Mutation and Multifocality

A random-effects model was applied to analyze dichotomous data on the presence of
multifocality in PTC (p = 0.74, I = 68.19%). According to our findings, tumor multifocality
was not associated with BRAF gene mutation in pediatric and adolescent PTC (Table 2,
OR =1.13, 95% CI = 0.65-2.34) (Figure 4).
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Association between multifocality and BRAF mutation

Study name Statistios for each study Weight (Random) 0dds rtio and 95%CI

Odds Lower Upper Relative Relative

ratio  limit limit  ZValue p-Value Unifocal Multifocal weight  weight
Alzahrani ot al 2017 1.167  0.380 3.681 0.209 0788  8/32 8 /36 11.36 _L_
Gong ot al 2017 4.364 1217  16.641 2.262 0.024 12/23 61726 10.61 _._
Lee ot al 2021 1.476 0647 3.368 0.924 0.366 27166 13 /40 12.96 7«.—
Liet al. 2022 3217 1667 6210 3483 0000 74/110  23/69 13.80 l
Onder et al. 2016 0.096 0.011 0.807 2.167 0.031 1/16 14 /34 6.63 —_.—
Pokova ot a1 2019 1108 03e1 3402  0as0 0857  7/37  6/4e 11.38 — .
Pes s0a Pereira et al. 2019 7.000 0.168 291,344 1.023 0.306 172 0/3 3.06 —;
Poyrazoglu et al 2017 0.126 0.0256 0.630 2.621 0.012 2/26 12 /30 8.78 .
Prasad ot 91.2016 3.333 0.633  17.666 1.420 0.166 10/ 17 3710 8.67 4+ '
Senyurok ol al 2022 0263  0.066 1.064 1.873 0.061 3719 16 /36 9.86 —B—
Stenman et al. 2021 3.000 0.078 116.338 0.690 0.666 1/3 0/2 3.16 .
Pooled 1130  0.6a7 2336 0.330 0.741  146/350 101/321 ?
Heterogeneity: I =68.19%

001 01 1 10 100
Multifocal Unifocal

Figure 4. BRAF mutation and Multifocality forest plot [7,14,17,18,31,38,40—42,45,47].
3.6. BRAF Mutation and Vascular Invasion

A fixed-effects model was applied to analyze the presence of vascular invasion in
PTC (p = 0.57, I? = 0%). Pooled data of the present meta-analysis prove that the presence
of vascular invasion in children and adolescents with PTC, does not exert a significantly
higher risk for BRAF mutation (OR = 1.17, 95% CI = 0.67-2.05) (Figure 5).

Association between vascular invasion and BRAF mutation

Study name Statistics for each study BRAF mutation / Total Weight (Fixed) 0Odds ratio and 95% CI

Odds lLower Upper Vascular Vascular Relative Relative

ratio limit limit ZValue p-Value Invasion (Yes) Invasion (No) weight weight
Alzahrani et al 2017 0632 0153 2613 0634 0526 4123 6124 15.41 ——
Gertz el al 2016 0667 0047 9472 0299 0765 174 319 4.41 =
Kure et al 2019 1.000 0.050 19.963 0.000  1.000 117 117 347
Nevfield et al 2022 1200 0267 5400 0238 0812 6/15 s/14 13.73 Y - T
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Figure 5. BRAF mutation and Vascular invasion forest plot [15,17,29,35,40-42,45].

3.7. BRAF Mutation and Lymph Node Metastasis (LNM)

Data on the presence or not of Lymph Node Metastasis (LNM) upon diagnosis of PTC
in children and adolescents was analyzed after the application of a random-effects model
(p =0.66, 12 = 20.83%). LNM is not associated with mutated or absence of BRAF in PTC
children and adolescents (OR = 0.92, 95% CI = 0.63-1.33) (Figure 6).
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Figure 6. BRAF mutation and LNM forest plot [7,12,14,16-18,20,24,25,28,29,31,33,35,37,38,40—42,45,49].
3.8. BRAF Mutation and Extrathyroidal Extension (ETE)

A random-effects model was applied in order to meta-analyze categorical data on
the presence or not of extrathyroidal extension of the PTC tumor in our study pooled
population (p = 0.19, 12 = 20.36%). ETE is not significantly related to a higher rate of carrying
a mutated BRAF gene among pediatric and adolescent patients with PTC (OR =0.78,
95% CI = 0.53-1.13) (Figure 7).
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Figure 7. BRAF mutation and ETE forest plot [7,12,13,15-18,20,29,31,33,37,38,40,42,45,47].

3.9. Distant Metastasis in BRAF Mutation

A fixed-effects model was selected to analyze the correlation between the presence
of BRAF mutation and the emerge of distant metastasis after PTC (p = 0.001, I2 = 0%). It
was found that distant metastasis is significantly associated with the presence of a mutated
BRAF gene in children and adolescents with PTC (OR = 0.32, 95% CI = 0.16-0.61) (Figure 8).
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Figure 8. BRAF mutation and Distant Metastasis Forest plot [7,12-14,16-18,29,31,33,35,37,38,40,42,45].

3.10. Tumor Recurrence and BRAF Mutation

A random-effects model was utilized to analyze data regarding tumor recurrence rates
and the presence of a mutated BRAF gene in children and adolescents with PTC (p = 0.376,
I? = 69.27%). It was found that BRAF mutation is not associated with tumor recurrence in
the studied population (OR = 1.66, 95% CI = 0.68-4.21) (Figure 9).
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Figure 9. BRAF mutation and Tumor Recurrence Forest plot [7,13,17,18,20,31,38,40,45,47].

3.11. BRAF Mutation and Survival Rate

Survival rate appeared as a variable reported in very few pediatric and adolescent
studies. According to the present analyses, only a few records were identified as measuring
survival at different time-points. Nies et al. report an overall 5-year survival rate of 98.5%
in their small BRAF mutated cohort group [36]. In the same study, follow-up time ranged
from 0.8-65 years, and thus authors report a 20-, 25-, and 30-year overall survival rate at
93.5%, 90.6%, and 86.8%, respectively [36]. Hardee et al. report a 100% survival rate in their
cohort, with a follow- up time frame ranging from 10 to 42 years, as they recorded survival
in year 2015 [20]. Mollen et al. reported a 100% survival rate in a median follow-up time of
6-years [34]. Finally, Henke et al. also report 100% overall survival during a 13.4 year study
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period [12]. It is obvious that, in pediatric protocols, recording survival is of poor scientific
interest and is largely expected to reach the maximum (100%). The ten-year survival rate,
usually reported in adult oncology, constitutes an outcome that was fairly reported in the
childhood or adolescent cohorts, reflecting its difficulty in interpretation.

3.12. Assessment of Quality and Biases of the Included Studies

Quality assessment of included studies was performed using the JBI tool, consisting
of eight different items, each of which scored 1 if the statement was ‘Yes’ (green sign)
and 0 if the statement was ‘No’ (red sign), or “Unclear’ or ‘Not applicable’ (yellow sign)
(Figure 10). The vast majority of studies assessed were considered as high quality (54.5%).
More precisely, 35.13% scored seven out of eight points and 18.91% were graded with
eight out of eight points, based upon the JBI quality assessment tool. Fifteen studies out of
thirty-seven were at moderate risk related to quality assessment (40.53%), scoring five out
of eight points (21.62%) and six out of eight (18.91%). Only a small percentage of studies
(5.4%) recorded as low quality [13,24], since they confronted issues with domains regarding
the criteria used for measurement of condition, identification of confounding factors and
strategies to deal with them.
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Figure 10. Risk of bias summary; authors’ judgements on each risk of bias item for each included
study [7,11-20,24-49].

The domain “inclusion criteria definition” was the only item of the JBI tool which
all studies succeeded in scoring. Most of the studies met difficulties in scoring the items
“identification of confounding factors” and “strategies statement to deal with cofounding
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factors”. Accordingly, the least scored domain was “strategies to deal with confounding
factors”, in which 20 out of 37 studies scored zero (54%).

4. Discussion

The discrete clinical behaviour of pediatric and adult PTC seems also to derive from
distinct differences at the molecular level. An essential factor promoting the factor of
tumorigenesis is the activation of the MAPK pathway through genetic alterations of its
components. Among them, BRAF gene holds a key role, almost exclusively through the
V600E mutation, which is recognized as the most frequent oncogenic variant in adult
PTC. Due to its high prevalence, BRAF V600E has gained special research interest as
to whether it could serve to identify patients with a potential for an aggressive clinical
course. This research query has been extensively explored by meta-analyses of studies
concerning adult PTC cases [6-10]. The present study consists of the first coordinated
attempt to systematically review and meta-analyse all available evidence on pediatric
and/or adolescent PTC, in order to elucidate any association of BRAF gene mutations with
the clinicopathological features and the long-term outcome in the age of interest (<21 years).
Except for the profoundly lower frequency of BRAF V600E in children and adolescents
with PTC compared to adults, only distant metastasis upon diagnosis was as unfavourable
prognostic factors that was associated with the BRAF V600E mutation. Furthermore, the
excellent prognosis can only be hypothesized, due to the scarce data on survival rate, not
allowing further analysis.

The mutation of great interest in the literature was BRAF V600E, which has consis-
tently emerged as the most prevalent alteration of the BRAF gene. The predominance of
V600E mutation in the longitudinal analyses of BRAF is recorded both during the first years
of the specific loci study, two decades ago, through classical molecular techniques [11], and
recently through advanced techniques such as high-resolution melt analysis [32] and next
generation sequencing [27,35]. The widely varying prevalence from 0% [39] to 64.2% [33] in
different protocols, resulted in a pooled prevalence of 33.12% among individuals < 21 years
of age. Thus, it is shown that pediatric cohorts exhibit a lower frequency of BRAF V600E mu-
tation frequency than adult series, where the overall estimated prevalence was 74.63% [10],
almost 2-fold more, ranging between 25.4-89% [50,51]. The great difference in mutation
rates among studies may be attributed to the variable heterogenous proportion of children
and adolescents included. Two studies found that patients with BRAFV600E mutation
positive tumors were significantly older than the BRAF V600E negative patients [20,46]. In
contrast, Geng et al. [18] reported that the presence of BRAFV600E mutation was associated
with age at diagnosis of less than ten years. However, most studies failed to support any as-
sociation between age and BRAFV600E [12,13,38]. It seems reasonable to hypothesize that,
in studies including more adolescents than children, the prevalence increases, to “catch up”
with that series of adult patients only. It is questionable whether this significantly different
frequency of BRAF V600E between pediatric and adult populations may be implicated in
their distinct clinicopathological characteristics and prognosis.

The gender distribution among PTC patients presents a well-known dimorphism, both
in adults and in children or adolescents. Girls are more frequently diagnosed with PTC than
boys by a ratio of 4:1. On the other hand, the BRAF V600E mutation is found more prevalent
in male PTC patients. However, the relationship between BRAF V600E mutation and gender
did not reach the level of statistical significance in this pooled data (p = 0.06). This finding is
in accordance with the results of several other protocols [17,18,20,37,38,42,45,52]. Only two
studies describe an association of the BRAF V600E mutation with the male gender [7,12].
It seems clear that the great female predominance among PTC patients in all age groups,
opposed to the association of the BRAF V600E mutation with male gender in some studies,
cannot be attributed to this genetic alteration according to the currently available data.

Regarding the intrinsic morphological features of a tumor, the diametrical tumor size,
expressed in metric data, was not found to be significantly associated with a mutated
BRAF variant. Our finding is in accordance with the vast majority of studies investigat-
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ing the relationship between the presence of BRAFV600E mutation presence and tumor
size [12,13,17,18,20,37,42,45]. Sisdelli et al. [46] supported an association of BRAF V600E
mutation with larger tumor diameter, while Li et al. found the BRAFV600E mutation more
frequent in patients with smaller tumor size [7]. Tumor size is the first element that guides
the management algorithm of a thyroid nodule management and, thus, appears as an im-
portant variable in the risk stratification of a PTC by TNM grading. Diameters larger than
1 cm are defined as the precursor for a more aggressive oncogenic behaviour [1,21], indepen-
dently of the BRAF V600E mutation. It is obvious that differences in the reporting of tumor
size over time are significantly correlated with the improvement of ultrasound diagnostic
ability, combined with higher qualifications and awareness among health professionals.

Multifocality, as another aggressive locoregional prognostic factor, was not found
to be associated with BRAF gene mutation. Eleven studies were included in the meta-
analysis and the data are not only scarce but also divergent. Our results are in agreement
with those of three studies [17,45], while two other studies found a negative correlation
with BRAFV600E mutations identified more frequently in patients lacking multifocal
tumor [7,18]. Only in the study by Onder et al. was BRAFV600E mutation more frequently
present in cases with multifocal tumors [38], while Senytirek et al. [45] reached a borderline
positive association (p = 0.052).

Turning to parameters indicative of extra-thyroid disease, we did not demonstrate any
association of BRAF gene mutation with vascular invasion, as did other researchers [12,13,17 42].
High quality data on the effect of BRAF gene mutation on vascular invasion is lacking in
the literature, perhaps due to the limited recording of vascular invasion as an independent
prognostic parameter by investigators. ETE did not exhibit any difference in rate based
on the presence or absence of the BRAF mutation. Similarly, previous studies reported no
effect of BRAF V600E alteration on ETE [13,17,37,38,42]. Paradoxically, Geng et al. reported
a negative correlation of BRAF V600E variant with ETE [18]. Furthermore, BRAF V600E
mutation status was not associated with LNM. According to our results, most studies failed
to support any association [13,17,18,20,38,42]. BRAF V600E was significantly more frequent
in the BRAF V600E positive PCT patients, studied only by Li et al. and Oishi et al. [7,37].

Finally, in addition to the extent of the disease at diagnosis, another important param-
eter that determines long-term outcome is tumor recurrence. However, only one study
described a positive association between BRAF mutation status and risk for recurrence [38].
The absence of an association between tumor recurrence and mutated BRAF is also only
supported by scarce data [17,18]. Pooling of the available evidence in this study did not
confirm any relevance between recurrence and BRAF mutations, due to very few and
heterogenous data.

In the present meta-analysis, mutated BRAF was significantly associated with the
presence of distant metastasis at diagnosis. Distant metastasis at diagnosis is usually
considered an indicator of rapid growth of the primary tumor and a consistent reflection
of poor disease prognosis. Data regarding the relation between BRAF mutation and the
presence of distant metastasis are reported to be largely contradictory in the literature for
both children and adults. In the majority of the cohorts investigated in the present meta-
analysis, the prevalence of distant metastasis at diagnosis was low, as the total metastatic
PCT events at diagnosis were pooled at the raw number of only 120 individuals.

According to our finding, the probability of detecting a mutated BRAF allele at diag-
nosis was significantly lower (OR:0.316) among patients with distant metastasis compared
with those without metastatic disease. In adult PCT, it has been demonstrated by meta-
analyses that BRAF mutation is also emerging as negatively associated with the presence
of metastasis, but without reaching significance [10]. The validity of our finding is further
firmly supported by the fact that heterogeneity was not evident in the pool of the avail-
able pediatric data (0%). It is highly significant that an emerging value for the molecular
status BRAF is apparent, in terms of predicting the clinical course of PCT in children
and adolescents.
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An end point in the management of patients with PCT is the assessment of long-term
survival, even in the pediatric population. The positive or negative effect of a prognostic
factor ideally reflects the survival rate. The analysis of survival rates as a mathematic
outcome is characterized by a specific burden, in order to obtain a reliable to estimate
when based on retrospective data. The population subject to “loss of follow-up” dur-
ing transition to adult health care professionals also complicates the derived survival
outcomes, as systematic, long-term follow-up of pediatric patients with PTC is prone
to missing data, especially when research in conducted out of a registry. In the avail-
able literature, the overall survival rate is estimated >98.5% and reached 100% in the
four studies that conducted follow-up for 5.8-19.5 (4.5-52.8), 5.5-38.8, 10-42 and 6 years,
respectively [12,20,34,36]. Interestingly, Hanke et al. did not find any difference in
progression-free survival (PFS) at 10 years based on BRAF V600E mutational status [12].

Furthermore, Nies et al. observed that extrapulmonary metastatic disease was recorded
in all cases that died, hypothesizing that BRAF V600E positive patients had smaller tumor
sizes and a delayed diagnosis of metastasis due to the poor sensitivity of radioactive iodine
(RAI) scans [36]. However, it is noteworthy that, even in the presence of metastatic disease,
in a large series of 1433 pediatric patients with PTC, long-term follow-up has shown 5-, 15-,
and 30-yr survival rates of 98%, 97%, and 91%, respectively [53]. It is obvious that future
high quality cohort data, through registry implementation, could longitudinally address
the question of the association between BRAF status and distinct survival rates among
pediatric PTC survivors.

The meta-analytic approach to adult PTC data [6-10] has reached conclusions which
are not parallel to the findings of the present study and, thus, may seem unexpected. It is
noteworthy that, in the present analysis, BRAF mutation was not associated with potential
aggressive prognostic factors or the overall survival rate of pediatric PTC patients, except
for the presence of distant metastasis. In contrast to our findings, adult data suggest that
the presence of BRAF V600E is significantly associated with a cluster of tumor prognostic
factors (tumor diameter, lymph node metastasis, multifocality, vascular invasion and extra-
thyroid extension) [10]. Applying the rationale that children “are not just small adults”, this
study provides evidence that BRAF gene analysis could also be applied during childhood
PCT, as a marker for the prognosis of distant metastatic disease.

Thus, this meta-analysis could support the hypothesis that BRAF mutation status may
provide part of the explanation for the different biomolecular behaviour of PTC in adult
and pediatric populations. Moreover, it also justifies the increased interest in the study
of fusions that are found to be more prevalent and associated with aggressive potential
and unfavorable events. Franco et al. found that patients with RET/NTRK fusions had
exhibited worse outcomes than those with BRAF-mutant disease [27]. Even BRAF fusions,
reported in 2.7% of PTC pediatric cases [4], were associated with younger age [46] and
aggressive disease, as implied by more frequent ETE, LNM and DM, as well as with
requirement for higher RAI treatment doses [40].

Although this meta-analysis included 37 studies, and a total of 1799 PTC pediatric
patients with PTC, to investigate all PTC prognostic factors in relation to BRAF mutational
status on risk stratification of pediatric patients, there were some limitations that should
be acknowledged. The studies included populations of different demographic and racial
characteristics, affected by a wide spectrum of environmental factors, and who received a
variety of methods of diagnosis and molecular analysis. All these parameters increased
the heterogeneity of the sample and reflected the burden of drawing firm conclusions in
mathematical random effects models. In addition, several studies were performed in a small
number of patients, analysing only some of the outcomes reviewed here. Furthermore, the
present study did not analyze different therapeutic strategies in PTC and the evaluation of
different treatment approaches in pediatric and adolescent PTC was out of the scope of the
present protocol. Finally, most of the data meta-analyzed in the present study originated
from cross-sectional and retrospective previous studies, thus complicating the ability to
demonstrate causality.
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5. Conclusions

In conclusion, BRAF V600E mutation is less common in children and adolescents
than in adults. Its prognostic potential lies in its significant negative relationship with
the presence of distant metastasis. No significant correlation between BRAF mutational
status and gender, tumor size, multifocality, lymph node metastasis, extrathyroidal exten-
sion, vascular invasion, tumor recurrence or survival rate is evident among children and
adolescents with PTC. Further research is needed in order to describe in more detail its
role in the risk stratification and management of pediatric and adolescent patients with
PTC, and to establish guidelines. However, it remains a target for molecular therapy and
immunomodulation with BRAF inhibitors.
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Abstract: Embryonal rhabdomyosarcoma (ERMS) is a rare malignancy and occurs primarily in
the first two decades of life. Botryoid rhabdomyosarcoma is an aggressive subtype of ERMS that
often manifests in the genital tract of female infants and children. Due to its rarity, the optimal
treatment approach has been a matter of debate. We conducted a search in the PubMed database
and supplemented it with a manual search to retrieve additional papers eligible for inclusion. We
retrieved 13 case reports and case series, from which we summarized that the current trend is to
approach each patient with a personalized treatment plan. This consists of a combination of local
debulking surgery and adjuvant or neoadjuvant chemotherapy (NACT). Effort is made in every
approach to avoid radiation for the sake of preserving fertility. Radical surgeries and radiation still
have a role to play in extensive disease and in cases of relapse. Despite the rarity and aggressiveness
of this tumor, disease-free survival and overall prognosis is excellent, especially when it is diagnosed
early, compared with other subtypes of rhabdomyosarcoma (RMS). We conclude that the practice of a
multidisciplinary approach is appropriate, with favorable outcomes; however, larger-scale studies
need to be organized to have a definite consensus on optimal management.

Keywords: sarcoma botryoides; fertility-sparing surgery; embryonal rhabdomyosarcoma; genital
tract; prognosis; treatment; local debulking; neoadjuvant chemotherapy; radiation

1. Introduction

Rhabdomyosarcoma (RMS) is the most common soft tissue tumor of early childhood
and young adulthood, accounting for 4 to 6% of all malignancies in this age group, with
boys being affected 1.5 times more frequently than girls. The primary sites of origin are in
the region of the head and neck (35-40%), followed by the genitourinary tract (25%) [1-6].
There are three major histologic subtypes of RMS described in the literature: embryonal,
alveolar, and pleomorphic/undifferentiated, with embryonal rhabdomyosarcoma (ERMS)
being the most common subtype (2/3 of genitourinary cases) [7]. This last one can be further
classified into the classic subtype, the spindle cell subtype, and the botryoid subtype [8].
The botryoid subtype of ERMS is suggested to be the most common according to the
literature. This specific rare type of tumor has an embryologic origin in the skeletal muscle
cells and arises from the mucosal surfaces on the walls of hollow organs, such as the vagina,
bladder, biliary tract, and nasopharynx of infants, or, more rarely, the uterine cervix [3].
Sarcoma botryoides most usually affects young people; however, it can also present in
some rare cases in the elderly. It also seems that botryoid sarcoma arising from the vagina
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tends to develop in very young girls during infancy and early childhood [9,10]. Cervical
and uterine tumors, on the other hand, primarily develop in older females with a peak
incidence in the second decade [11]. The name botryoides originates from the ancient
Greek root borty(s), which indicates the appearance of “a bunch of grapes”. The typical
presentation of the tumor is a nodular, grape-like mass protruding from the vagina, which
should alarm every doctor since an early diagnosis is paramount to preventing death and
preserving fertility in this delicate age. In the last decades, there has been a paradigm shift
in the treatment of patients, including a multidisciplinary approach consisting of a variety
of surgical procedures, radiation therapy, and systemic chemotherapy [1,12].

The main purpose of the present manuscript is to provide a comprehensive narra-
tive review of the literature and summarize the main outcomes regarding the optimal
therapeutic management and prognosis of this rare neoplasm of female childhood.

2. Methods

A literature search was performed in September 2022 through the PubMed, Scopus,
and Web of Science databases. The main objective of the present study was to identify
any type of research article reporting outcomes about therapeutic management and/or
prognosis of cases diagnosed with botryoid sarcoma. The literature search was focused on
the period 1990-2022. An electronic search was conducted by using the terms “botryoid
sarcoma” [tiab] or botryoid rhabdomyosarcoma [tiab].

Observational cohort studies, both prospective and retrospective; case series; case
reports; and narrative and systematic reviews that reported on the management and
the prognosis of botryoid sarcoma were included in the present review. Studies were
included irrespective of stage of disease at initial diagnosis and use of adjuvant therapy.
The exclusion criteria concerned studies with incomplete data that did not permit definitive
conclusions, non-English studies, and published abstracts without available full text.

The main outcomes of interest to identify in the included studies were age at diagnosis,
primary location of the tumor, main symptom, size, stage, presence of metastases, treatment,
status after treatment, diagnosis of relapse, treatment of relapse, follow up in months, and
outcome as well as the main immunohistochemistry biomarkers used for final diagnosis.

Systematic search initially identified 221 papers potentially eligible for inclusion in
the present analysis. After adjusting for inclusion and exclusion criteria, there were finally
13 case series or case reports included in the present review.

3. Results
3.1. Management

According to the literature search, female patients with a diagnosis of botryoides
sarcoma are most commonly admitted to the hospital due to abnormal vaginal bleeding or
a “grape-like” polypoid or prolapsing mass protruding from the vaginal introitus. In some
cases, additional symptoms have also been described such as leukorrhea and malodorous
discharge [13]. In addition, clinicians must be aware of characteristics of this unusual
disease, especially the common sites of origin (vagina, bladder, etc.), the aggressiveness of
the tumor, and the clinical manifestations, to avoid misdiagnosis and mismanagement, since
benign polyps in the vagina or cervix are relatively uncommon in children. Furthermore,
some authors also suggest that any polypoidal mass spotted in a child should be considered
as botryoid RMS unless proven otherwise, given the fact that this kind of tumor can
rightly be suspected in the majority of cases, and, thus, contributing to a more favorable
management of the patient [14]. The initial workup usually includes imaging procedures,
with first being ultrasound, followed by MRI of the primary site and regional lymph nodes,
which is the best imaging method for RMS, given its superior ability to depict soft tissue
changes. A computerized tomography (CT) scan and bone marrow biopsy can also provide
assistance in assessing any metastatic manifestation from RMS [15], since the primary sites
of metastasis in genitourinary RMSs are the lungs and the bone marrow [2,15]. According to
the literature, a risk-specific approach to staging is recommended, based on the Intergroup
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Rhabdomyosarcoma Study Group (IRSG) clinical categorization method [16] and the TNM
staging approach for rhabdomyosarcoma [8] in order to determine the patient’s clinical risk
group; this will consequently stratify the treatment. Additionally, Borinstein et al. [17], in
a recently published consensus article, included the tumor’s PAX/FOXOL fusion status
(positive/negative) in the risk stratification of patients, since the expression of this fusion
gene is associated with dismal outcomes. Molecular testing (e.g., FISH, reverse transcription
PCR, or next-generation sequencing) can readily identify PAX/FOXO1 fusions, and because
results may impact treatment decisions, it was recommended by these sarcoma experts
to test for FOXO1 fusions on all patients with alveolar or embryonal histology. For the
diagnosis of botryoid-variant RMS, three crucial criteria have been proposed that must
be fulfilled: a polypoid appearance of the lesion, an origin below a mucous membrane-
covered surface, and the presence of a cambium layer [18]. However, the gold standard
for the diagnosis is histopathology and post-surgery immunohistochemistry, although, in
some cases, the diagnosis is achieved by preoperative histopathology or intraoperative
frozen section [19]. The optimal management of botryoid RMS is a debatable matter for
gynecologists. Until the 1970s, radical surgery with pelvic exenteration was regarded as
the treatment of choice. Over the years, the Intergroup Rhabdomyosarcoma Study Group
(IRSG) had an important impact on changing that practice, so that the frequency of radical
surgery was progressively reduced from 100% in the first IRSG study to 13% in the fourth
IRSG study [20-22]. Surgical treatment has evolved from radical exenterations to local
surgical resection in appropriate candidates along with other treatment modalities that
are offered such as multi-agent adjuvant or neoadjuvant chemotherapy with or without
radiotherapy. Exenterative surgery still plays a role in treating persistent or recurrent
tumors [1,23]. In recent years, the effective treatment for sarcoma botryoides has been
considered local control of vaginal and cervical tumor with fertility-sparing methods such
as polypectomy, conization, local excisions, and robot-assisted radical trachelectomy [24].
Cases were found in the literature in which vaginectomy and buccal mucosa vaginoplasty
was implemented as local therapy for pediatric vaginal rhabdomyosarcoma in the spirit
of local control for genitourinary RMS with the purpose of avoiding radiation. Due to
the fact that about half of the cases of botryoid sarcoma affect the vagina, adequate local
control is paramount in the treatment of these patients, as suggested by the high recurrence
rates observed in these patients when treated with chemotherapy alone [25]. Given the
high incidence of micrometastatic disease that leads to relapse in patients treated only with
local therapy, all RMS patients (where possible) were treated with adjuvant chemotherapy.
The current trend, as seen in the majority of cases presented in Table 1, is to begin with
multi-agent NACT as the first step to downstage the tumor and then proceed with excision
with a safe margin of 1 cm to 2 cm, followed by 6-12 cycles of adjuvant chemotherapy
to limit the chance of recurrence. Standardized schemes of chemotherapy are based on
protocols created by the IRSG. The most widely used regimen of chemotherapy for children
and young adults is the combination of vincristine, actinomycin D, and cyclophosphamide
(VAC), usually given in 6 to 12 cycles [26]. The recommendations of Borinstein et al. [11],
who proposed a treatment algorithm based on the risk group and the gene fusion status of
the patient with RMS, are consistent with this practice. The management of this tumor poses
a great challenge since it mostly occurs at a young age, when the preservation of hormonal,
sexual, and reproductive function is fundamental. This makes fertility-sparing procedures
more enticing while radiation and radical excision are not routinely preferred. Nevertheless,
they still play an important role and should be reserved for cases of relapse and for the
treatment of gross residual disease following surgery or chemotherapy. This approach is
further encouraged by the results of the studies performed by the IRSG, which stated that
the 5-year survival among patients with nonmetastatic disease was not statistically different
among those who underwent versus among those who did not undergo postoperative
radiation therapy. These conclusions omitted the irrefutably negative effects of radiation on
maintaining the fertility of the young [8]. While surgery can be considered for lesions that
can be resected with minimal morbidity, radiotherapy is often used to treat the primary
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tumor site, if not initially treated, and to treat metastatic sites when such therapy is feasible.
Furthermore, it can be observed that there are patients who complete therapy for RMS
and frequently are not able to achieve complete radiographic response by cross-sectional
imaging, although their PET scans are often normal. This finding is likely due to tumor
scarring or differentiation. At this point, it is suggested that resection or biopsy of a residual
tumor is not recommended except for the cases in which they are enlarging or causing
pain, because the extent of the tumor response does not predict survival. These cases that
remain PET avid are challenging to manage, and the decision whether to biopsy or resect
a residual PET-avid tumor must be made on a case-by-case basis, weighing the risks of
morbidity versus the benefit.
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3.2. Prognosis

As with most malignancies, the key prognostic factor for the prognosis of botryoid
RMS is the extent of disease and early disease stage at diagnosis. Overall, soft tissue
sarcomas tend to have a dismal prognosis with a high recurrence risk for all stages, ranging
from 45 to 73% (40% recurrence in the lung, 13% in the pelvic area). Furthermore, a
great number of patients present with recurrence within the first 2 years after primary
therapy [37,38]. However, despite its malignancy and rarity, botryoid sarcoma is associated
with a very favorable prognosis (95% survival at 5 years), which has seen a dramatic
improvement in recent years through the utilization of multidisciplinary treatment [12]. As
indicated by the included studies, the majority of cases do not present distal metastases,
which also attributes to the favorable outcomes. Several studies over the years indicated
the dramatically improved prognosis, with Raney RB Jr et al. [39] highlighting the 5-year
overall survival rates of 87% in patients with early-stage disease and Raney RB et al. [40]
reporting overall survival rates up to 97%. Hawkins DS et al. [41] demonstrated that
lesions arising from the cervix, which are more common among children than among adult
patients, appear to have a better prognosis than the ones arising from other parts of the
female genital tract. Nonetheless, although patients with recurrent RMS tend to have poor
long-term prognosis, the 5-year survival rate after recurrence for botryoid ERMS versus
other embryonal tumors is more favorable, reaching 64% vs. 26%, respectively [42]. It
is obvious that long-term follow up is necessary to guarantee adequate oncological and
functional results.

4. Discussion

RMS is a rare tumor in childhood and adolescence, accounting for 4-6% of pediatric
cancers. The female genital tract is considered the prognostically favorable site, given the
improved outcomes during the last several decades. Botryoid sarcoma accounts for the
majority of cases of the most common RMS histologic subtype: embryonal RMS. It is found
under the mucosal surface of body orifices such as the vagina, bladder, and cervix and
accounts for around 10% of all RMS cases. Until today, no clear risk factor for botryoid
sarcoma could be identified with certainty due to the low number of published cases.
The vast majority of cases occur sporadically. Data from a number of literature reports
mention the following risk factors: aging, a certain race (African-American women have
double the incidence of White Americans), 5 or more years of tamoxifen prescription, and
history of radiation exposure. However, the parity, age of menarche, and menopause
were not identified to affect the occurrence of RMS [43]. Chemical exposure, maternal age
greater than 30 years, low socioeconomic position, and environmental factors all led to the
development of RMS, according to one study [44].

4.1. Molecular Pathways Involved in Botryoid Sarcoma

The pathophysiology behind the formation of sarcoma botryoides remains unknown
until today. The greater percentage of children who present with this malignancy have no
antecedent risk factors. However, it is more likely to develop in individuals with familial
diseases that induce mutations in genes responsible for cell proliferation and death (such
as Li-Fraumeni syndrome). Despite the mainly sporadic character of the malignancy, a
small portion of cases have been associated with genetic diseases such Li-Fraumeni can-
cer susceptibility syndrome, familial pleuropulmonary tumor, neurofibromatosis Type I,
and Beckwith-Wiedemann syndrome. However, the incidence may be higher in patients
diagnosed with RMS before the age of 3 [3,45]. Specific gene alterations such as KRAS
activation and p53 inactivation have been linked to the presentation of RMS. Most embry-
onal rhabdomyosarcomas, in particular, have a point mutation in exon 6 of the p53 gene
on chromosome 17. In a family, the heterozygous p53 germline mutation was reported
as the source of the Li-Fraumeni cancer susceptibility syndrome, which presents as a
cluster of soft tissue cancers (including sarcomas). Dehner et al. [46] also reported a con-
nection between the blastoma family and pleuropulmonary tumors, as well as confirming
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DICERI1 autosuggest, implying that RMS in children must be treated in a broader context
to account for the possibility of pleuropulmonary blastoma familial tumor predisposition
syndrome [47—49]. The identification of DICER1 mutation is notable since it is found in 60%
of Sertoli-Leydig cancers, and germline mutations found in Dicer] increase the possibility
of developing rare cancers. Mousavi and Akhavan [14] revealed the occurrence of cervical
sarcoma botryoides in two sisters, suggesting that hereditary factors may play a role in the
development of sarcoma botryoides [50-52]. Malignant mixed Mullerian tumor, widely
known as carcinosarcoma, can develop exophytically from the uterine wall or cervix and
have a sarcomatous gross and microscopic appearance. Nevertheless, malignant mixed
Mullerian tumors usually tend to affect older people, in contrast with ERMS [53]. For the
time being, it seems reasonable at a minimum to strongly consider referral to genetic coun-
seling for patients who are younger at diagnosis, whose tumors have anaplastic features,
or who have a significant family history of malignancy.

4.2. Diagnostic Approach

According to the literature, the diagnosis of this tumor is difficult to make, but as far
as the management of this tumor is concerned, there are a variety of approaches in the
treatment armamentarium, ranging from extreme, radical procedures to more conserva-
tive ones. Nuclear MRI is the gold standard for determining where the tumor originates
from (whether it is in the endometrium, myometrium, or cervix) as well as the spread
and involvement of neighboring structures. Because of its rarity and high-risk, malignant
nature originating in the embryonic mesenchyme, botryoid sarcoma should be suspected
in young-age females with vaginal bleeding or a prolapsed mass, since typically the tumor
develops behind the mucosal membrane of the organs, forcing the growth to take on a
characteristic grape-like form. The importance of histology in RMS prognosis cannot be
overstated. Although there are three types of RMS (embryonal, alveolar, and undifferenti-
ated), the embryonal type is the more prevalent and has a better prognosis than the alveolar
type, which is rare and has a worse prognosis [18]. The Intergroup Rhabdomyosarcoma
Studies (IRS) classifies RMS based on (i) the main site, (ii) tumor size, (iii) lymph node
involvement, (iv) surrounding tissue infiltration, and (v) the occurrence of metastases [54].
The stage is established using two systems: the Intergroup Rhabdomyosarcoma Study
Group clinical categorization method (Table 2) [16] and the TNM staging approach for
rhabdomyosarcoma (Table 3) [8]. Table 2 reports the Intergroup Rhabdomyosarcoma Study
Group clinical classification system for rhabdomyosarcoma. It is actually a classification
of thabdomyosarcoma cases into four clinical groups, based on the extent of disease,
resectability, and margin status.

Table 2. Intergroup Rhabdomyosarcoma Study Group Clinical Classification System for Rhab-

domyosarcoma.
Clinical Group Extent of Disease, Resectability, and Margin Status
A:localized tumor, confined to site of origin, completely resected.
I B: localized tumor, infiltrating beyond site of origin, completely resected.
A:localized tumor, gross total resection, but with microscopic residual disease.
I B: locally extensive tumor (spread to regional lymph nodes), completely resected.
A:localized or locally extensive tumor, gross residual disease after biopsy only.
= B: localized or locally extensive tumor, gross residual disease after major resection (>50% debulking).
v Any size primary tumor, with or without regional lymph node involvement, with distant metastases,

irrespective of surgical approach to primary tumor.
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Table 3. TNM Staging System for Rhabdomyosarcoma.

Stage

Sites T Tumor Size Designation N M

Orbit
Head and neck *
Genitourinary t

Biliary tract

T1or T2 aorb Any N MO

II

Bladder or prostate
Extremity
Cranial parameningeal

Other

T1lorT2 a NO or Nx MO

III

Bladder or prostate
Extremity
Cranial parameningeal
Other 1

T1lorT2 a N1 MO

v

All T1 or T2 aorb NO or N1 M1

T1, tumor confined to the anatomic site; T2, tumor extension; a, <5 cm in diameter; b, >5 cm in diameter; NO,
nodes not clinically involved; N1, nodes clinically involved; NXx, clinical status of nodes unknown; M0, no distant
metastases; M1, distant metastases present. * Excluding parameningeal sites. + Nonbladder and nonprostate.
T Includes trunk, retroperitoneum, etc., excluding biliary tract.

4.3. Therapeutic Modalities

It is of paramount importance to organize a personalized treatment plan, considering
the extent of the disease and the fertility preservation. The management of botryoid
rhabdomyosarcoma poses a great challenge for gynecologists. In the past, the traditional
treatment for these types of tumors involved exenterative procedures, but today, modalities
such as fertility-sparing methods, e.g., polypectomy, conization, local excisions, and robot-
assisted radical trachelectomy, are offered and are the ones mostly implemented for the
preservation of the reproductive ability. In the last decades, a variety of procedures have
been added to the options of pediatric genitourinary and anorectal reconstruction. Buccal
mucosa grafts are now widely employed in both adult and pediatric urology for urethral
reconstruction with acceptable results. Recent reports have established that buccal mucosa
vaginoplasty leads to good outcomes in patients with Mayer-Rokitansky-Kuster-Hauser
syndrome (MRKH—agenesis of the Mullerian structures and vagina), complete androgen
insensitivity syndrome, and repair of urogenital sinus, as far as cosmetic and functionality
results are concerned. Evidence suggests that the grafts retain favorable characteristics
over time and adapt well to rapid growth demands such as those imposed by puberty.
Harvesting the graft is straightforward and associated with minimal morbidity. In addition,
buccal grafts greatly resemble the vaginal tissue that they are to replace. Nevertheless,
as with every newly introduced procedure, long-term follow up is necessary to assess
the oncological outcomes since it does not represent a standard of care but rather an
intervention that holds promise as a viable option with minimal esthetic impact.

It was the first IRGS trial (1972 and 1978) that recommended systematic chemotherapy
following extensive surgery such as radical hysterectomy or pelvic exenteration for ERMS
of the genital tract [54]. The second IRGS trial (1978-1984) suggested NACT for the first time
to minimize the extent of the tumor, allowing for a less radical surgery [39]. Multi-agent
adjuvant chemotherapy with or without the addition of radiotherapy plays a substantial
role in the effective management of sarcoma botryoides, apart from the surgical resection of
the tumor. In clinical practice, there are standardized schemes of chemotherapy that can be
used preoperatively to minimize the volume of the tumor or after surgical resection to limit
the chances of recurrence. The most frequently used regimen of chemotherapy for children
and young adults with nonmetastatic disease is the triplet of vincristine, actinomycin D, and
cyclophosphamide (VAC), and it is based on the protocols of IRSG [26]. Unfortunately, there
are several toxic effects that are associated with chemotherapy, and sometimes it is not well
tolerated by the patients who undergo it. The most usual side effects of cyclophosphamide
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that are well documented are bone marrow suppression and subsequently susceptibility to
infections, hemorrhage cystitis, cardiotoxicity, and gastrointestinal disturbances. Vincristine
on the other hand promotes the production of severe neurotoxicity in patients and less
commonly myelosuppression, alopecia, and SIADH.

Other regimens consist of VAC plus VAI (vincristine, actinomycin D, and ifosfamide
or VIE (vincristine, ifosfamide, and etoposide) plus VAC for 12 months. A randomized con-
trolled trial by Amdt et al. compared the VAC regimen and the combination of vincristine,
topotecan, and cyclophosphamide for the treatment of moderated-risk rhabdomyosarcoma.
The results suggest that topotecan was not indicated to be more efficient than actinomycin
D, with 68% and 73% 4-year survival rates, respectively. Irinotecan is another drug that is
currently under examination for its efficacy in the treatment of pediatric rhabdomyosar-
coma when combined with the VAC regimen [55].

Surgery and/or radiation still play an important role in the management of high-risk
RMS with oligometastatic disease to minimize treatment failures. Aggressive surgical local
control most of the time offers the advantage of sparing these young patients radiation-
associated complications. However, it should be kept in mind that surgical resection is not
without its own possible complications, including wound infections, fistulas, and steno-
sis [56]. In case of widespread metastases at presentation, local control is often postponed
until later in treatment and may be customized to focus on the most symptomatic or critical
sites. In almost all of these advanced cases, palliative treatment remains the only option.
Although the outcome is not always favorable for the patients, the prognosis of botryoid
sarcomas has dramatically improved in recent years through the combination of chemother-
apy, radiotherapy, and/or surgery. Similar to the case for most other cancers, the prognosis
depends on the tumor size, the histological variant, and the depth to which the disease
has spread to adjacent structures at the time of diagnosis. It appears that there is a more
favorable prognosis for tumors arising from the cervix compared with the ones arising from
other parts of the female genital tract. Generally, the 5-year survival rate for sarcoma botry-
oides is 83%, 70%, 52%, and 25% for clinical stages I-1V, respectively. Unfortunately, despite
the advances in therapeutic modalities, there are several reports of tumor recurrences,
with the pelvis being the most common region for primary recurrence. Surprisingly, the
5-year overall survival was equally excellent, reaching 87% in nonmetastatic tumors [57].
Consistent with these results was the publication of Brand et al. [58], in which the patients’
survival rate was 80% at 68 months with the use of multimodality therapy (conservative
surgery combined with chemotherapy). The identification of nodal metastases through
imaging is critically important in the treatment of RMS, and tissue sampling must be
performed for all patients with clinically or radiographically suspicious lymphadenopathy.
In conclusion, we believe that a combination of debulking surgery, chemotherapy, and in
cases of treatment-resistant tumor or remaining disease, radiation therapy demonstrates
an appropriate approach in well-selected patients with botryoid sarcoma. This approach
provides excellent oncologic outcomes and a low complication rate, taking into account the
tumor’s location, stage, and the patient’s overall characteristics. Nevertheless, since most
of the data come from case reports, larger studies with longer follow-up must be conducted
in order to determine the most effective treatment guidelines.

4.4. Limitations and Advantages

The present summative review is, to the best of our knowledge, the first one trying to
summarize the main literature outcomes about therapeutic management and prognosis.
The main limitation of the present manuscript is the fact that it is a narrative review only
summarizing results of relatively low-level evidence, such as retrospective series and case
reports, as no prospective RCTs or large prospective cohorts were identified through the
literature search. However, despite the fact that the level of evidence is low, this is relatively
reasonable because the rarity of the disease poses reasonable difficulties in the conduct
of level-I evidence studies. Furthermore, as our review finally summarized the main
conclusions about the therapeutic modalities and prognostic outcomes, this might be the
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initial step to organize prospective observational cohorts, rather than multicenter ones, in
an attempt to globalize the standards of practice and, thereafter, improve the outcomes of
such a demanding clinical entity.
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Abstract: Despite being classified as benign tumors, craniopharyngiomas (CPs) are associated
with significant morbidity and mortality due to their location, growth pattern, and tendency to
recur. Two types can be identified depending on age distribution, morphology, and growth pattern,
adamantinomatous and papillary. The adamantinomatous CP is one of the most frequently encoun-
tered central nervous system tumors in childhood. Our aim was to review the relevant literature
to identify clinical, morphological, and immunohistochemical prognostic factors that have been
implicated in childhood-onset CP recurrence. Lack of radical surgical removal of the primary tumor
by an experienced neurosurgical team and radiotherapy after a subtotal excision has been proven
to significantly increase the recurrence rate of CP. Other risk factors that have been consistently
recognized in the literature include younger age at diagnosis (especially <5 years), larger tumor size
at presentation, cystic appearance, difficult tumor location, and tight adherence to surrounding struc-
tures, as well as the histological presence of whorl-like arrays. In addition, several other risk factors
have been studied, albeit with conflicting results, especially in the pediatric population. Identifying
risk factors for CP recurrence is of utmost importance for the successful management of these patients
in order to ultimately ensure the best prognosis.

Keywords: craniopharyngioma; recurrence; risk factors; children; adolescents; youth

1. Introduction

Craniopharyngiomas (CPs) are rare epithelial tumors that arise along the path of the
craniopharyngeal duct [1,2]. The World Health Organization (WHO) classifies them as
grade I tumors due to their lack of histological signs of malignancy [3], although malignant
transformation has been reported in rare cases [4]. Histologically, there are two main
CP subtypes, namely, adamantinomatous and papillary, which differ in age distribution,
frequency, biology, and clinical outcome [2,5-7]. Adamantinomatous CP predominantly
affects subjects younger than 14 years of age and is, therefore, considered the “pediatric”
type, accounting for 5-10% of central nervous system (CNS) tumors in this age group [5,7].

Despite recent advances in its diagnostic and therapeutic approach, CP is still a tumor
that is difficult to treat, with significant neurological, endocrinological, and visual complica-
tions [8], which can lead to poor quality of life for patients and their families [9], and with
an excess mortality rate compared to the general population [10,11]. Both morbidity and
mortality of CPs are related not only to the primary tumor itself but also to its tendency
to recur, even after radical surgical excision [12], with an average time of 3 years from
treatment to recurrence [13-15].
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The quest for reliable markers that could identify those CP patients at increased re-
currence risk has been extensive over the past 40 years [16,17]. For example, it is well
established that the radical surgical removal of the primary tumor by an experienced
neurosurgical team and the use of radiotherapy (RT) significantly reduce the recurrence
rate of CP [1,13,18-22]. Other risk factors that have been consistently recognized in the
literature include younger age [23-25], larger tumor size, difficult location, and tight ad-
herence to surrounding structures [26-28,28,29], as well as the histological presence of
whorl-like arrays [30,31]. In addition, clinical risk factors, albeit with conflicting results,
include the presence of hydrocephalus or other signs of increased intracranial pressure
(ICP) [1,16,32], visual disturbances [30,32], and hypothalamic [24,33] involvement. Simi-
larly, several studies of CP molecular features had conflicting results, such as Ki-67, p53
gene, vascular endothelial growth factor [VEGF], and cathepsins [34,35,35-39]. Finally, the
presence of calcifications in the primary tumor has been linked with an increased recurrence
rate [40—42], while the treatment of the patient with recombinant human growth hormone
[GH] shows little or no risk [43—45].

We aimed to perform a narrative review of the literature focusing on risk factors that
increase the likelihood of recurrence of childhood CP published since the early 1980s. Only
two relevant systematic reviews have been conducted in adults, which concluded that there
is a need for further studies on CP recurrence markers [16,17].

2. Materials and Methods

In the present study, conducting a narrative review was chosen on the grounds that,
even if a systematic review is of paramount importance in gathering and critically synthe-
sizing all relevant literature on a given topic, narrative reviews are complementary to the
research process since they constitute a comprehensive and objective analysis of the current
knowledge on a topic, such as CP recurrence.

The literature search on PubMed/Medline database was conducted referring to
manuscripts/studies published between 1 January 1980, and 31 January 2023, to iden-

v

tify relevant papers using the following keywords: “craniopharyngioma”, “risk factors”,
“regrowth”, “recurrence”, “pediatric”, “child”, “adolescent”. Exclusion criteria were the
following: non-English papers; studies comprised exclusively adult study populations or
studies in which the age of participants was not clearly defined; editorials and letters to
the editor; studies that examined risk factors for other CNS cancer types, and studies of
poor quality, e.g., with inappropriate statistical methods, or inadequate patient or treatment
data description and follow-up. Clinical case reports, clinical case series, observational
studies, and systematic reviews were all included in the initial evaluation. Duplicates and
relevance were initially evaluated based on the title and abstract screening. Full-text articles
from all relevant studies were retrieved and reviewed. Additional relevant papers that
were identified through a manual search of the references from the retrieved articles were
also included.

3. Results

The initial literature search identified 608 records, of which 212 were excluded as
duplicates. In addition, 47 reports were not available in the English language and were
equally excluded. After the manual check of the reference list of the retrieved reports,
73 additional records were deemed relevant (Figure 1). Among the 422 reports that were
retrieved and reviewed in total, 307 were excluded for reasons presented in detail in the
screening flowchart (Figure 1). In the end, 115 articles were considered pertinent and were
included in the current review.
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Figure 1. Flowchart of narrative review of the literature (record identification, eligibility, and
final inclusion).

4. Discussion
4.1. Epidemiological Characteristics and Recurrence

Regarding the patient’s personal history and morphological features of the disease,
younger age has been linked in several studies with a higher rate of CP recurrence. For
example, in an early large study that included 173 patients (45% children aged <16 years)
with CP treated with external RT either alone or following surgery, adjusted for other
risk factors for death, and after 12 years of median follow-up, the CP recurrence risk
increased in parallel to age of presentation. More specifically, the relative risk was 1.0 for
the age group < 16 years, 0.58 for the age group of 16-39, and 0.40 for patients 40 years
and older [25]. In a more recent study from France with 171 patients (65 with childhood-
onset and 106 adult-onset CP), diagnosis before the age of 10 years was an independent
risk factor for recurrence [24]. In addition, it was associated with a higher incidence of
obesity, blindness, and panhypopituitarism, and with developmental complications, since
among the early onset group, only 40.7% of patients had adequate school performance or
professional life compared to 72.4% of patients with later onset of the disease [24].

Similar were the results of a smaller, more recent study by Stefio et al. [46], which
included 38 children and 63 adults with CP treated with RT and/or surgery and were
followed for a mean of >10 years. This study showed that the recurrence rate was higher
in children compared to adults (39.5% vs. 22.2%, respectively), and this difference per-
sisted even for patients with radical tumor excision (36.7% vs. 14%, respectively). Some
studies have identified an even younger age (<5 years) to be an independent risk factor
for CP recurrence [23,40,47]. The larger tumor size at presentation and its adhesion to the
surrounding structures, as well as a more aggressive behavior of CP in younger patients,
could explain the higher rate of CP recurrence in childhood-onset CP. In addition, delayed
or nonuse of RT, especially in earlier studies, has been implicated in higher CP recurrence
rates in children [16,23,24]. Nevertheless, a few studies have not found an association
between CP recurrence risk and younger age [32,48,49].
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Male sex has been associated in some studies with an increased risk of CP recurrence.
For example, in their large retrospective study, Gautier et al. [24] found that CP recurrence
was more common in male subjects. Similarly, Mortini et al. found that the male sex was an
independent risk factor for recurrence in a group of adult and pediatric patients [22]. On
the contrary, several authors have found no correlation between the male sex and the risk
of CP recurrence either in adults or in children [14,29,30,48,49]. Since no plausible pathome-
chanism has been suggested to explain this male-female difference in recurrence rate and
relevant data are inconsistent and scarce, especially in the pediatric population, a strong
association between the male sex and increased recurrence risk cannot be established [16].

4.2. Morphological Features of the Tumor and Recurrence Rate

Several morphological features of CP, such as size, location, adherence to surrounding
tissues, as well as its consistency, have been studied in relation to its recurrence risk (Table 1).
Firstly, large tumor size at presentation (>3-5 cm) has been identified as an independent
risk factor. As an example, in an early study with 61 children (median age 7.5 years) treated
for CP in Boston between 1970 and 1990 and followed up for a median of 10 years, 5 of 6
patients with tumors > 5 cm experienced recurrences while only 6 of 30 recurred when
the tumor was <5 cm [19]. Similar were the results of another study by De Vile et al. [23],
which showed that large tumor size, young age, and severe hydrocephalus were predictors
of tumor recurrence in a cohort of 75 children treated for CP.

Tumor size > 5 cm was also found to be an independent risk factor for CP recurrence
in a more recent retrospective analysis of 86 children younger than 21 years of age [15].
In another study by Gupta et al. [26], 116 pediatric craniopharyngiomas (68 boys and
48 girls; age range 1.6-18 years) were reviewed and showed that tumor size > 4 cm
was strongly associated with tumor recurrence. Similar were the results of two more
recent studies [50,51]. The association of larger tumors with increased recurrence risk
seems to be multifactorial. Larger tumors occupy larger intracranial compartments and
invade surrounding anatomical structures and are, therefore, more difficult to remove
completely [23,28]. For example, in a study of 309 patients with CP from China, in which
the tumor size was 2-9 cm in diameter, patients with larger tumors showed a higher
recurrence rate due to partial or subtotal resection [41]. Further, larger tumors increase
the possibility of even a small tumor remaining after surgical excision, which increases
the regrowth-recurrence risk [18,28] and possibly in a relatively short time after the first
surgical intervention [15]. In addition, larger tumors present more frequently with severe
hydrocephalus, which also precludes a total resection, thus increasing the recurrence risk.

Tumor location is another factor that has been associated with increased CP recurrence
risk. Several investigators have observed that certain CP locations are more prone to
recur, possibly due to difficulty in total resection due to attachment to and/or infiltration
of the hypothalamus, attachment to important vascular structures, or involvement of
the third ventricle [18,28,29,52]. Kim et al., for example [14], investigated retrospectively
36 children (age range 1-15 years) that had undergone radical excision without RT for
a mean follow-up period of 52 months. They found that tumor location was the single
most significant clinical predictor of recurrence since the 5-year recurrence-free survival
rate was 39% for those who had an intrasellar tumor component and 81% for those who
did not (p < 0.05). Anatomical structures adjacent to the tumor, such as the optic chiasm,
the hypothalamus, and the pituitary stalk, were the most common sites for adhesion, and
residual tumor in the optic apparatus was more likely to relapse [14]. Moreover, intracranial
sites with intracellular compartments, especially in the vicinity of the pituitary fossa, were
also associated with a high probability of relapse [14]. Several authors consider CP location
relative to the hypothalamus so important as to support the need for a hypothalamus-
referenced classification of CP [53-55].

A third morphological characteristic of CP that has been associated with an increased
risk of recurrence is the degree of tumor adherence to surrounding vascular or neural struc-
tures. Although difficult to define precisely, tumor adherence refers to the neurosurgeon’s
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ability to find a clear plan for adequate tumor resection [56]. Three factors define the type
of adherence, namely, to which intracranial structures the tumor is attached, its adherence
morphology, and its strength [56]. Several studies have shown a relationship between these
factors and the success of tumor removal. The strongest and most extensive adhesions in
the hypothalamus that preclude any attempt to perform a safe total removal are observed
in CPs arising from the suprasellar cistern and secondarily invade the third ventricle, and
in those with subpial growth at the third ventricle floor [1,18,28,29,41,55,57,58]. Indeed,
in the series of children with CP by Tomita et al. [29], only 33% of CPs associated with
the third ventricle were completely removed, in contrast to nearly 70% of extraventricular
tumors. Similarly, Fahlbusch et al. [28] reported a much lower rate of total removal of
intraventricular CPs compared to the general rate (21% vs. 50%, respectively). Indirect evi-
dence of the role of tumor adherence in CP recurrence comes from the observation that the
usual location of CP recurrences is frequently the anatomic areas where the primary tumor
presented the tighter adherence [14,41]. The importance of tumor adherence regarding the
surgical risk of hypothalamic injury, surgical removal extent, and, thus, the risk of tumor
recurrence has led some authors to develop a comprehensive descriptive model based on
the location, morphology, and strength of tumor attachment. This model is divided into
five hierarchical levels of increasing severity, namely, mild, moderate, serious, severe, and
critical, and can be used to anticipate the surgical risk of hypothalamic injury and to plan
the degree of removal accordingly [56,59].

Finally, tumor consistency, meaning cystic, solid, or mixed cystic/solid tumor, has
been associated with the risk of CP recurrence. A few studies in both adults and children
have shown that the removal of cystic CPs is associated with a higher recurrence rate
compared to the removal of predominantly solid CPs [16,26,60]. A possible explanation for
this is the difficulty in removing an intact cystic tumor capsule during surgical removal.

Table 1. Categorized risk factors that have been studied in childhood-onset CP recurrence. Each factor
is colored according to the following: dark blue for factors strongly protective against recurrence;
light blue for factors that most probably have no association with recurrence; dark red as strongly
heightened risk; light red as weakly heightened risk; grey for factors with inconclusive data.

Category Risk Factor Association Found Study
Increases the risk Rajan et al. [25], De Vile et al. [23] Fisher et al. [40],
Gautier et al. [24], Sterio et al. [46], Drimtzias et al. [47]
Epidemiological No association Duff et al. [32], Lena et al. [48], Al Shail et al. [49]
features Increases the risk Gautier et al. [24], Mortini et al. [22]
Male sex No association Kim et al. [14], Lena et al. [48], Tena-Suck et al. [30],
Tomita et al. [29], Al Shail et al. [49]
Hetelekidis et al. [19], de Vile et al. [23],
Large size Increases the risk Elliot et al. [15] Gupta et al. [26], Shi et al. [41],
Weiner et al. [27], Yosef et al. [50], Kobayashi et al. [51]
Tumqr locatlop [e-g., . Kim et al. [14], Fahlbusch et al. [28], Tomita et al. [29],
. third ventricle Increases the risk .
Morphological involvement] Van Effenterre et al. [18], Kim et al. [14]
features

Tumor adherence to
surrounding tissues

Increases the risk

Fahlbusch et al. [28], Tomita et al. [29],
Karavitaki et al. [1], Pan et al. [57], Pascual et al. [55],
Pascual et al. [58], Shi et al. [41], Effenterre et al. [18]

Cystic tumor
consistency

Increases the risk

Gupta et al. [26], Lee et al. [60], Prieto et al. [16]
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Table 1. Cont.

Category Risk Factor Association Found Study
Increases the risk Prieto et al. [16], DeVile et al. [23], Gautier et al. [24]
Kim et al. [14], Tomita et al. [29], Gupta et al. [26], Al
Some association Shail et al. [49], Poretti et al. [9], Liubinas et al. [61],
Fahlbusch et al. [28]
. Dulff et al. [32], Karavitaki et al. [1], Kim et al. [14],
No association
. . Puget et al. [44]
Clinical
presentation Increases the risk Duff et al. [32], Lee et al. [62]
Visual disturbances at Shail et al, [49], Tena-Suck et al. [30]
~resentation . L. ail et al. , Tena-Suck et al. ,
F No association Drimtzias et al. [47]
Some association Vinchon et al. [33], De Vile et al. [23], Poretti et al. [9]
Decreases the risk Gautier et al. [24]
. Tena-suck et al. [30], Rogers et al. [63],
Hormonal-related Increases the risk Erfurth et al. %64]
symptoms
Better outcome Gautier et al. [24]
Adamantinomatous Adamson et al. [65], Szeifert et al. [66],
increases recurrence risk Crotty et al. [67], Tavangar et al. [68]
Duff et al. [32], Eldevik et al. [69], Gupta et al. [26],
No difference between Kim et al. [14], Minamida et al. [70], Tena-Suck et al.
the two types [30], Weiner et al. [27], Prieto et al. [16], Agozzino et al.
[35], Zygourakis et al. [71]
Increases the risk Adamson et al. [65], Weiner et al. [27]
Histological No association Dulff et al. [32], Gupta et al. [26], Tena-Suck et al. [30]
features b -
resence o Increases the risk Stache et al. [31], Tena-Suck et al. [30],
whorl-like arrays
Possible risk increase Pascual et al. [58], (]§1 e’i al. [7527], Weiner et al. [27],
Intense reactive artlett [72]
it | oliosi ; -
pertumorat glosts Possg)rien}l)l(l)sg;\;eoefeffect Vile et al. [23], Minamida et al. [70], Tomita et al. [29],
Weiner et al. [27], Adamson et al. [65], Prieto et al. [16]
recurrences
Nishi et al. [73], Rodriguez et al. [34], Prieto et al. [16],
Increases the risk Raghavan et al. [74], Izumoto et al. [75],
Anegawa et al. [76], Guadagno et al. [77], Xu et al. [78]
Agozzino et al. [35], Kim et al. [14], Park et al. [79],
No association Losa et al. [80], Duo et al. [81], Raghavan et al. [74],
Yalcin et al. [82], Moszczyriska et al. [83]
Increases the risk Tena-Suck et al. [30]
. L Ishida et al. [36], Lefranc et al. [39], Prieto et al. [16],
Possible association Ujifuku et al. [84]
Molecular — -
features No association Momota et al. [85], Yalcin et al. [82]

Increases the risk

Liu et al. [86], Sun et al. [87], Agozzino et al. [35],
Xia et al. [88], Elmaci et al. [37]

No association

Xu et al. [89]

Expression of
RAR isotypes
and cathepsins

RARY increases the risk

Lubansu et al. [38], Lefranc et al. [39]

Hormones and Possible association

Hofmann et al. [90], Li et al. [91]

their receptors No association

Martinez-Ortega et al. [92]
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Table 1. Cont.

Category

Risk Factor Association Found Study

Presence of tumor
remnants after excision

Amendola et al. [93], Baskin et al. [94],
Cabezudo et al. [95], Carmel et al. [96],
Crotty et al. [67], De Vile et al. [23], Duff et al. [32],
Elliot et al. [15], Fahlbusch et al. [28],
Eldevik et al. [69], Gautier et al. [24], Gupta et al. [26],
Hetelekidis et al. [19], Hoffman et al. [13],
Increases the risk Karavitaki et al. [1], Khafaga et al. [97], Lena et al. [48],
Mortini et al. [22], Puget et al. [44],
Schoenfeld et al. [20], Shi et al. [41],
Tena-Suck et al. [30], Thompson et al. [98],
Tomita et al. [29], Van Effenterre et al. [18],
Weiner et al. [27], Yasargil et al. [99],
Zuccaro et al. [100]

Neurosurgical team Affects the
expertise recurrence rate

Mortini et al. [101], Bao et al. [102], Yosef et al. [50],
Zygourakis et al. [71], Prieto et al. [16],
Tavangar et al. [68]

Therapeutic
approach

Use of radiotherapy
after subtotal Decreases the risk
surgical removal

Baskin et al. [94], Cabezudo et al. [95],
Carmel et al. [96], Crotty et al. [67], De Vile et al. [23],
Duff et al. [32], Eldevik et al. [69], Fisher et al. [40],
Hetelekidis et al. [19], Karavitaki et al. [1],
Khafaga et al. [97], Mortini et al. [22],
Richmond et al. [103], Schoenfeld et al. [20],
Stahnke et al. [104], Thompson et al. [98],
Tomita et al. [29], Thomsett et al. [105],
Weiss et al. [106], Wen et al. [107], Amendola et al. [93],
Enayet et al. [108], Stripp et al. [109]

Fahlbusch et al. [28], Fisher et al. [40], Zhang et al.
2008 [110], Cheng et al. [111]

No association Elliott et al. [42], Drimtzias et al. [47]

Increases the risk

Increases the risk Taguchi et al. [112], Niu et al. [113]

Arslanian et al. [114], Olsson et al. [115],
Kanev et al. [116], Moshang [43],
Karavitaki et al. [117], Rohrer et al. [118],

Use of GH Boekhoff et al. [119], Boguszewski et al. [120], Puget

No association

replacement therapy et al. [44], Kim et al. [14], Elliott et al. [15], Clayton

et al. [121], Child et al. [122], Darendeliler et al. [45],
Moshang et al. [123], Price et al. [124],
Smith et al. [125]

Decreases the risk Alotaibi et al. [126]

4.3. Clinical Presentation at Initial Diagnosis and Recurrence

Clinical manifestations of CP are suggestive of tumor invasion and damage to adjacent
tissues. Typical initial CP manifestations include headache and vomiting in 60-80% of
cases, hydrocephalus (all as a result of raised ICP), as well as visual deficits, hypothalamic
damage, and hormonal-related manifestations (as a result of local invasion to adjacent
structures). Of all clinical manifestations of CP, mostly hydrocephalus and visual symptoms
have been associated with an increased risk of tumor recurrence (Table 1). Specifically, in
a systematic review, it was reported that hydrocephalus at presentation was the unique
symptom associated with tumor recurrence; however, this association was characterized
as inconclusive as its role remains controversial [16]. In two studies, hydrocephalus at
presentation was significantly associated with higher risk of tumor recurrence in children
and mixed-age patients, respectively (DeVile et al.: Mann-Whitney U-test: z = —3.15,
p < 0.002; Gautier et al.: HR: 2.12 95% CI [1.21-3.71], p < 0.01) [23,24]. In four other
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studies, the role of hydrocephalus and raised ICP as risk factors for recurrence were in-
vestigated, and both were associated with tumor recurrence since >30% of patients in
the recurrence groups had hydrocephalus and intracranial hypertension at presentation
(Gupta et al.: 33%; Al Shail et al.: 71.4%). However, no significant association was noted af-
ter statistical analysis (Kim et al.: p = 0.1408; Tomita et al.: p = 0.41915; Gupta et al.: p = 0.32;
Al Shail et al.: p = 0.122) [14,26,29,49]. Other studies have also reported some associa-
tion between hydrocephalus and tumor recurrence risk but without a detailed statistical
analysis [9,15,28,61], and still others did not prove a consistent relationship [1,14,32,44].

Concerning visual deficits, almost half of the juvenile patients are referred to with
such symptoms at the time of presentation, most usually as difficulty seeing at school and
blurring of vision due to bitemporal hemianopia from optic chiasm compression [127,128].
Several studies have pointed out a possible association between visual symptoms and the
risk of CP recurrence. For example, in the study by Duff et al. [32], pediatric patients with
visual symptoms at presentation exhibited a higher rate of tumor recurrence (15.1% at
1 year) compared with those without visual symptoms (9.1%, p = 0.024). Within the gross
total resection group, there was a significant increase in the recurrence rate among patients
who presented with visual symptoms compared with those who did not (7.8% at 1 year vs.
3.6%, p = 0.009). This association was further reinforced by another study that showed that
visual abnormalities at presentation were significantly associated with CP recurrence in
children (p < 0.001), possibly due to tumor adhesion to the optic nerve or chiasm [62]. On
the contrary, other studies performed in pediatric and adult patients showed no statistical
significance between visual symptoms, such as chiasmatic syndrome and CP recurrence
(p = 0.682), or between sixth cranial nerve palsy and recurrence (p = 0.09) [47,49], regardless
of the higher recurrence rate that was observed in these patients (80% vs. 50%) [30]. These
data come in contrast with the study by Duff et al. [32], which demonstrated a significant
association between 6th cranial nerve palsy at presentation and CP recurrence (p = 0.0337).

Since the hypothalamic-pituitary axis is compromised or compressed by the tumor,
symptoms, such as growth failure (75%), delayed puberty (60%), and diabetes insipidus
(10-20%), are often reported, while most CP patients suffer from pituitary insufficiency
or even panhypopituitarism (75-95%) [127]. When obstructive hydrocephalus is present,
symptoms of functional decline manifest, such as psychomotor deficits or school perfor-
mance decrease, due to frontal lobe compression [127,128]. While hypothalamic disturbance
and hormonal-related manifestations have been indicated as risk factors for CP recurrence,
very few studies have further investigated the significance of their association. One study in
children reported that hypothalamic involvement was significantly associated with tumor
recurrence in survival analysis (p = 0.01), but no significance was observed when logistic
regression was performed (p = 0.07) [33]. Other researchers have reported that patients with
hypothalamic damage, either by infiltration or compression at presentation, demonstrated
more frequent recurrences; however, no further association was made [9,23].

Hormonal-related symptoms are typical manifestations of CP, and their potential role
as prognostic factors of tumor recurrence has also been examined, albeit with contradictory
results so far. Panhypopituitarism has been documented as a common symptom at presen-
tation and associated with possible recurrence; however, either no statistical significance
occurred (Tena-Suck et al.: p = 0.191, Rogers et al.: p = 1.000) [30,63] or no further analysis
was performed [64]. It should be noted, however, that Gautier et al. [24] indicated that the
isolated presence of hormonal-related manifestations is associated with a better outcome
(OR: 0.38, 95%CI: [0.14-1.03]), while symptoms of raised ICP with a worse one.

4.4. Histological Features of the Tumor and Recurrence

Early studies have shown that the adamantinomatous CP tends to be more
invasive [27,67] and to form villous elongations into the surrounding brain and particularly
in the hypothalamus [39]. Histopathological examination of resected CPs frequently reveals
isolated nests of tumor cells extending into, apparently, invading the surrounding gliotic
brain tissue [26]. These features make gross-total resection of adamantinomatous CP more
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difficult. Since partial tumor resection has been linked with higher recurrence rates, it was
assumed that these features render adamantinomatous CP a more aggressive and recurrent
type [65,66]. However, several recent studies found no significant difference in recurrence
rate between the two histological types of CP, and this lack of difference persisted indepen-
dent of resection status [14,16,26,27,30,32,69,70]. In addition, several recent studies have
challenged the claim that finger-like epithelial protrusions are associated with an increased
risk of recurrence [26,32].

Since neither the histological type (adamantinomatous vs. papillary) nor the presence
of finger-like protrusions seem to increase the tumor’s recurrence risk, other histological
features have been investigated as risk factors (Table 1). Among them, the presence of whorl-
like arrays has recently been correlated with CP recurrence [30]. The structures are morule-
like tumor cell nests that can be identified in histological sections of adamantinomatous
CPs. They are thought to be caused by mutations in the (3-catenin gene (CTNNB1I), which
are found almost exclusively in adamantinomatous CPs, as shown in a study by Brastianos
et al. [129]. Such mutations are important in the Wnt signaling pathway [129,130], which
has been shown to act as a promoter of epithelial migration through the regulation of
fascin’s gene expression, a protein implicated in filopodia formation [131]. Histologically,
clusters of catenin-rich cells have been identified in the tumor-brain border and the tumor’s
cyst wall, suggesting a possible role of CTNNBI mutations in the aggressive expansion of
some adamantinomatous CPs [31,132]. Similarly, a recent study by Guadagno et al. [77]
reported that immunohistochemical expression of 3-catenin in tumor tissue was strongly
associated [p = 0.0039] with an increased CP recurrence risk.

Another feature that has been examined relative to the CP’s recurrence risk is the
presence of peritumoral gliosis. Reactive gliosis is the proliferation and hypertrophy of
glial cells in response to brain tissue damage [133]. More than fifty years ago, Bartlett et al.
described that rapidly growing CPs are characterized by a prominent gliotic reaction [72].
Subsequent studies have suggested that the presence of a thick layer of reactive gliosis at the
tumor-brain interface may highlight a more aggressive tumor invading the adjacent tissues,
with only one showing an increased recurrence risk [27,58,72,134]. On the contrary, a
prominent peritumoral gliotic layer has been used as a non-functional dissection plane that
facilitates a more extensive dissection of lesions. Indeed, in a study by Weiner et al. [27],
68% of totally removed CPs had a macroscopically visible layer of gliosis around the
tumor, compared to 48% of the partially removed tumors. Likewise, several authors have
identified the lack of peritumoral gliosis as a major risk factor for multiple subsequent
operations [16,23,27,29,65,70].

4.5. Molecular Features of the Tumor and Recurrence

Several molecular features of CP have been studied as potential markers of their
recurrence (Table 1). It is known that Ki-67 is a protein expressed in mammalian nucleated
cells and directly associated with cell proliferation [135]. Extensive literature supports its
use as a prognostic marker for tumor staging, assessment of cancer relapse, and prognosis
in various tumor types in children and adults [136,137]. Increased Ki-67 expression has
been noted in malignant CPs [34]. In addition, studies have examined this molecular index
in relation to CP recurrence rate, albeit with conflicting results [16,138]. Nishi et al. [73] and
Rodriguez et al. [34], for example, reported a significant correlation between high Ki-67
expression and CP recurrence. Other authors have reported a markedly increased Ki-67
expression in recurrent CP tumors [74-76,78], while several others failed to establish such a
relationship [14,35,74,79-83]. The wide range of Ki-67 expression in recurrent CPs (0.1-49%)
observed in various studies could be partly attributed to the fact that Ki-67 positive nuclei
do not show a uniform distribution in each tissue sample [74,81], and on the other, Ki-67
expression may not be constant throughout tumor progression [139]. Prieto et al. [16],
in a large systematic analysis of 298 patients from 12 studies, concluded that high Ki-67
expression was among the most reliable tumor markers for predicting an increased risk
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of recurrence and rapid tumor growth, as long as it was combined with pathological and
therapeutic factors, particularly tumor topography and the degree of tumor removal [138].

Protein p53, a regulatory protein of the cell cycle with tumor suppressor properties,
has been implicated in the pathogenesis of almost half of all cancers [140]. There are
a few studies examining the possible role of altered p53 expression in the aggressivity
and relapse of CP with conflicting results. Tena-Suck et al. [30], for example, found
that altered immunoreactivity for p53 was significantly (p = 0.022) correlated with tumor
recurrence or regrowth but without being associated with a specific histopathological
subtype. The possible correlation between p53 expression and CP aggressiveness is further
supported by the higher expression of p53 in malignant CPs compared to benign CPs [84]
and the higher expression of p53 found in recurrent tumor specimens compared to primary
CPs [16,36,39]. Nevertheless, there are studies that failed to demonstrate a correlation
between p53 immunopositivity and CP histogenesis or recurrence rate, such as the ones by
Momota et al. [85] and by Yalcin et al. [82], respectively.

Another molecular marker that, although not predictive of CP recurrence, appears
to be of interest is the BRAF gene mutations. A particular mutation, namely, the BRAF
p-Val600Glu mutation, has been described as a genetic hallmark of papillary CPs, as it is
present in >95% of squamous papillary CPs and, surprisingly, in none of the adamantino-
matous CPs [78,129]. This association suggests that activation of the MAPK/ERK pathway
leading to suppression of apoptosis is probably the main oncogenic driver of papillary
CP [141]. Indeed, BRAF-targeted chemotherapy in patients with papillary CP resulted in a
dramatic reduction in tumor volume and cessation of tumor recurrences [142-145].

The main role of VEGF is the regulation of angiogenesis in both physiologic and
pathologic [e.g., tumorigenesis] conditions [146]. Hypoxia-inducible factor 1« (HIF1«x)
is a transcription factor that regulates the cellular response to hypoxia and seems to be
dysregulated in cancer cells [147]. Both of these factors have been examined as potential
markers of increased risk of CP recurrence. In a study by Liu et al. [86], for example,
CP recurrence was associated with higher VEGF and HIF1x expression, regardless of
histopathological subtype, as the relative expression of VEGF and HIFl« in recurrent
compared to non-recurrent CPs was 1.07 to 0.32 (p = 0.001) and 3.09 to 0.75 (p = 0.001),
respectively. Similarly, previous studies have shown increased expression of both VEGF
and its cellular receptor in recurrent or metastatic CPs, indicating a possible role of VEGF in
neo-angiogenesis and tumor regrowth [35,37,87,88]. In another study by Vidal et al. [148],
CPs with higher microvessel density were found to regrow more frequently compared
to those with lower microvessel density, suggesting that the extent of angiogenesis and,
thus, VEGF levels have prognostic value in CP patients. Despite the above data, a study by
Xu et al. [89] examined 32 patients with adamantinomatous and 31 patients with papillary
CP and found no difference in VEGF expression between the recurrent and non-recurrent
CPs (p > 0.05).

Another possible marker of increased risk of recurrence is the RARs, which are nuclear
receptors involved in epithelial maturation and differentiation. RARs family consists of
three different isotypes, namely, alpha (RAR«x), beta (RARf3), and gamma (RARy), and
the corresponding retinoid X receptor with three subtypes, alpha, beta, and gamma. Two
studies have shown a potential correlation between the levels of RARs and the risk of
CP recurrence [38,39] since they showed higher expression of RARy in CPs that recurred
within two years of surgical resection. Interestingly, these tumors had lower expression of
RARP. A possible explanation for this discrepancy is the different expression of cathepsins,
which are proteinases involved in the potential for local invasion. The different expression
of cathepsins, specifically cathepsin D and cathepsin K, seems to contribute to the ability of
RARs to influence CP recurrence.

Establishing a link between hormones and CP recurrence remains quite challenging.
The most important hormonal mediator in the development and progression of CP seems
to be the GH receptor. Indeed, in a study by Hofmann et al. [90], it was observed that CPs
with high GH receptor expression had a higher proliferative potential than CPs with low
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GH receptor expression. Accordingly, the insulin-like growth factor-1 (IGF-1) receptor was
shown to be more abundantly expressed in adamantinomatous than in the papillary type
of CP, an observation that possibly implicates the IGF-1 receptor in the recurrence of this
type of tumor [91]. Other hormones, such as sex steroid hormones and their receptors, as
well as leptin and insulin, have not been implicated in increasing the risk of CP recurrence,
although results are somewhat conflicting regarding estrogen receptors [90,92].

4.6. Therapeutic Approach and Tumor Recurrence

Even though knowledge of the cellular and molecular mechanisms involved in tu-
mor recurrence is limited, several clinical studies have found a significant association
between the presence of residual tumor and the risk of CP recurrence in both children and
adults [1,13,15,18-20,22-24,26-30,32,41,44,48,67,69,93-97,99,100] (Table 1). Therefore, a
complete tumor resection, which includes resection of the outer tumor capsule adjacent
to healthy tissues, is considered to be the best approach in order to minimize the possibil-
ity of tumor recurrence [7,149]. In a systematic review by Prieto et al. [16], for example,
the mean recurrence rate after a total removal was 23% compared to 63% after a partial
removal. The mean time between the first surgery and CP recurrence was also differ-
ent between the two groups of patients (24 months for total and 45 months for subtotal
surgical excision). In recent years, improvements in surgical techniques have increased
the frequency with which a complete tumor resection can be achieved without excessive
morbidity or mortality [15,41,150]. However, complete CP resection is still only achieved
in a percentage of CP cases [41,70,100], and even then, the recurrence risk is high, reaching
a 10-year rate of 95% [22]. In addition, an aggressive total resection is usually accompanied
by endocrine dysfunction and hypothalamic damage, thus leading to increased morbidity
for patients [149]. For these reasons, many authors advocate a less aggressive surgical
treatment followed by RT, and in recent years, there has been an increasing tendency
toward subtotal resection of complex craniopharyngiomas followed by adjuvant RT to
maximize the quality of life while achieving tumor control [1,22]. Studies have shown
that tumor control rates after subtotal resection and RT are similar to the ones reported
after gross-tumor resection but with lower morbidity [20,100]. Even more controversial
is the best approach for a child with recurrent CP. A study by Elliott et al. [15], including
86 children with primary and recurrent CP, showed that gross-total resection was more
difficult to achieve in recurrent tumors, especially those with increasing size and after
prior RT. Nevertheless, radical resection was still possible in patients with recurrent CPs
with morbidity similar to that of primary tumors. Another factor strongly influencing the
risk of tumor recurrence, independently of histopathology, both for primary and recurrent
tumors, is the ability of the neurosurgeon and their team to achieve gross total resection
in candidate patients [16,50,68,71,101,102]. Therefore, an experienced neurosurgical team
should be in charge of dealing with these patients.

The use of adjuvant RT is another factor that has been shown in several patient series
to significantly reduce the risk of recurrence after subtotal tumor removal [1,19,20,22,23,
29,32,40,67,69,93-98,103-109]. In many of these studies that included pediatric patients
with CP, the mean recurrence rate of patients treated with RT after subtotal removal was
similar and sometimes superior [20] to the one observed in patients after total removal.
In a meta-analysis including 442 patients who underwent tumor resection, Yang et al.
showed that the 2- and 5-year progression-free survival rates for the gross-total resection
group versus the subtotal resection followed by adjuvant RT group were 88 vs. 91%, and
67 vs. 69%, respectively [151]. Similar were the results of another systematic review of
a cohort of 531 pediatric CP patients from a total of 109 studies showing similar rates
of tumor control with both approaches [21]. These data suggest that subtotal resection
followed by adjuvant RT may be equally efficient with gross-total resection without the
morbidity associated with aggressive surgical procedures. In addition, contemporary RT
techniques permit greater treatment precision and conformity. These approaches decrease
but do not eliminate long-term toxicity by limiting the exposure of surrounding normal
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tissues to ionizing radiation [152]. In addition, there is still no consensus regarding the
best irradiation technique, the most appropriate time to administer RT, and at what exact
dosage. In addition, some studies have shown that once the pediatric CP recurs, it is
exceedingly difficult to treat after prior irradiation since newer RT techniques decrease but
do not eliminate long-term toxicity due to the exposure of surrounding normal tissues to
ionizing radiation. Therefore, some authors suggest that gross-total resection may need to
be the surgical goal at the time of first recurrence, if possible [153]. In total, it is of utmost
importance to carefully evaluate each pediatric CP patient to reach the perfect balance
between quality of life and the best tumor control approach.

Another factor that has been implicated in the risk of CP recurrence is the absence or
presence of tumor calcifications. Elliott et al. [42] showed that minimal residual calcification
does not have an impact on the risk of recurrence after gross-total removal in pediatric
CPs. Given the potentially harmful effects of RT in the pediatric population, the authors
suggest that RT should be withheld in patients after CP gross-total removal and only
minimal residual calcification on MR or CT imaging CT, albeit with a close follow-up. In
contrast, several authors found that the presence of calcifications in children with CP is an
independent risk factor for unsuccessful complete tumor removal and, therefore, for an
increased risk of tumor recurrence [28,40,108,110,111]. For example, Fahlbusch et al. [28], in
148 patients with CP who underwent initial (primary) surgery, found that the main reasons
for incomplete removal were attachment to and/or infiltration of the hypothalamus, major
calcifications, and attachment to vascular structures. Patients with total removal had a
recurrence-free survival of 86.9% at 5 years vs. only 48.8% for those with subtotal removal
and 41.5% for those with partial removal, implicating the initial presence of calcifications
in a higher recurrence rate and lower survival. Similarly, in another cohort of children
with CP that were operated on, the absence of calcification on diagnostic neuroimaging
(n = 8/30) was significantly associated with improved 5-year progression-free survival
(100% vs. 42.9% [SE = 14.7%], p = 0.02), even when adjusted for the extent of resection
(p = 0.03). [40] In a more recent retrospective analysis of the clinical data of 92 children
with CP who underwent surgical treatment, the authors found a statistically significant
difference (p < 0.05) between the degree of tumor calcification and the recurrence rate after
the operation and the mortality rate [111]. It, therefore, seems possible that, despite the
conventional assumption that residual calcifications do not correspond to viable tumor
tissue, their presence is frequently associated with higher rates of partial tumor excision,
resulting in residual tumors, which increase the risk of tumor recurrence.

Selection of the right type of surgical approach is also crucial and must ensure com-
plete tumor resection with the least possible damage to the adjacent important neuronal
structures [22,41]. To achieve wide exposure of the chiasmatic region, a combination of
subfrontal and pterional approaches is usually preferred, performing a frontotemporal
method from the nondominant side, extending frontally near the midline [18,100]. The
transsphenoidal approach has been used in patients in whom the lesion was exclusively
intrasellar or in cases of intrasellar and suprasellar tumor extension with symmetrical and
homogeneous intrasellar and suprasellar growth [154,155]. The transcranial approach was
selected when the tumor was exclusively suprasellar or in cases of intrasellar and suprasel-
lar extension with asymmetrical and larger suprasellar development [22]. In selected cases,
by using the transsphenoidal approach, even tumors with large suprasellar expansion
can be managed. The main disadvantage of endoscopic, endonasal, and transsphenoidal
surgery, mainly with huge suprasellar expansion, is the increased risk of cerebrospinal
fluid leakage [156,157]. Nevertheless, it seems that this approach may give excellent re-
sults with minor risks when used in appropriately located craniopharyngiomas and by
neurosurgeons with extensive experience in pituitary surgery [158,159]. Recurrence rates
associated with the various approaches vary among studies. For example, in a study
by Minamida et al. [70], who compared different surgical approaches in 37 consecutive
patients with CPs, the recurrence rates were as follows: 20% in patients treated with the
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basal interhemispheric approach; 25% in those treated with the pterional approach; and
60% in those treated with the transsphenoidal approach.

Safety concerns related to GH treatment and CP recurrence or regrowth come from
in vitro studies that have demonstrated the growth of CP cells cultured in the presence
of exogenous GH [91], from the identification of GH receptors on CP cells [90], and from
the observation that increased GH receptors expression may indicate higher tumor aggres-
siveness [160]. In addition, there are a few case reports describing a rapid CP enlargement
after GH therapy initiation [112,113]. On the contrary, robust data come from carefully
conducted case-control studies in pediatric or mixed pediatric-adult populations, most
of which have failed to demonstrate any evidence of CP recurrence or regrowth with GH
therapy [14,15,43,44,114-121]. Similarly, in adults, a recent well-conducted, retrospective
analysis of 89 patients with adult-onset craniopharyngioma with a median follow-up of
>7 years demonstrated no increased risk of CP recurrence after surgical excision in those
treated with GH [161]. Furthermore, a recent meta-analysis comparing 3436 patients who
received GH with 51 who did not [126] demonstrated a protective effect of GH treatment
on CP recurrence (overall CP recurrence rate 10.9%, 95%CI: 9.80% vs. 35.2%, 95%CI: 23.1%,
for patients with or without GH treatment, respectively; p < 0.01). These results, however,
may reflect a selection bias in the included studies favoring GH treatment in patients with
less aggressive CP. In addition, safety data of GH treatment come from post-marketing
surveillance studies sponsored by the pharmaceutical industry, with equally reassuring
results [45,122-125].

5. Conclusions

Despite the extensive research conducted over the past four decades on the mecha-
nisms of CP recurrence in children and adolescents, many aspects of this intriguing process
remain elusive. Data from large case series and cohort studies are quite often conflicting,
mainly due to the heterogeneity of the specific characteristics of each CP in terms of to-
pography, size, adhesiveness, histology, molecular characteristics, long-term behavior, and
so forth. Subtotal surgical removal not followed by RT is the predictor of CP recurrence.
Further, a younger age, large cystic tumors, tight adherence to surrounding structures,
specific clinical findings at diagnosis, presence of histological whorl-like arrays, and some
specific molecular features may all be associated with a higher rate of CP recurrence.

Systematic reviews and meta-analyses of each of the individual factors examined, but
mostly, well-designed multicenter prospective studies with large numbers of CP patients,
will shed further light on the pathomechanisms involved. This will not only assist in
identifying prognostic factors for the risk of CP recurrence for each individual patient, thus
helping in the best treatment therapeutic strategy already at the time of initial diagnosis.
It will also guide the development of new targeted adjunct therapies that, together with
tumor resection and local RT, will increase recurrence-free survival rates and improve the
quality of life of these patients in the long run.
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Abstract: Background: Ovarian malignant tumours are rarely diagnosed in adolescents but may
have a significant impact on their survival, future fertility and quality of life. The management of
such cases is rather complex and requires expertise and careful planning according to scarce existing
evidence and recommendations. Objective: The aim of this study was to review and compare
recommendations from published guidelines regarding the diagnosis, prognosis and treatment of ma-
lignant ovarian tumours in adolescents. Evidence acquisition: A comparative descriptive/narrative
review of guidelines issued by L'Observatoire des Tumeurs Malignes Rares Gynécologiques, the
British Society for Paediatric & Adolescent Gynaecology, the European Society for Medical Oncology,
the European Society of Gynecological Oncology-European Society for Paediatric Oncology and
the European Cooperative Study Group for Pediatric Rare Tumors was conducted. Results: All
guidelines recommend a thorough diagnostic work-up, consisting of both imaging tests and serum
tumour marker measurement, as well as the use of immunohistochemical methods to confirm the
diagnosis and complete surgical staging prior to constructing the treatment plan. There is a lack of
recommendations regarding the assessment of prognostic factors, with only one guideline providing
detailed information. Treatment strategies, as suggested by the majority of guidelines and with only
a few discrepancies between them, should include both surgery and adjuvant therapies, mainly
chemotherapy, with great emphasis on fertility preservation when it is considered oncologically safe
and on the significance of regular and long-term follow-up. Conclusions: There is a significant degree
of agreement among recommendations of existing guidelines. The reported differences, although
limited, highlight the need for the adoption of an international consensus in order to further improve
the management of adolescent ovarian cancer.

Keywords: ovarian cancer; adolescents; diagnosis; prognosis; treatment; therapy; guidelines

1. Introduction

Ovarian tumours are the most common neoplasms affecting the reproductive system in
adolescents [1,2]. They are rarely diagnosed in childhood and adolescence, with an estimated
incidence of 2.6 cases per 100,000 girls per year. Approximately 10-30% of all ovarian masses
detected in girls up to 17 years are malignant, accounting for 1% of all childhood malignancies
and 8% of all abdominal tumours in children [3-5]. As expected, due to the particularities
of the pediatric population, there are substantial differences between adults and adolescents
regarding the incidence, histologic distribution, clinical manifestations, diagnostic evaluation
and therapeutic management of ovarian cancer [6,7]. Although epithelial ovarian cancer
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is the most predominant pathological subtype in adults, ovarian tumours in children
and adolescents originate mainly from non-epithelial tissues and cells that are specific
to the ovary. Specifically, about 85% of all preadolescent malignant ovarian masses are
germ cell tumours (GCTs), 8% are epithelial cell carcinomas, 5% are sex cord stromal
tumours (SCSTs) and steroid cell tumours, while less than 1% of them are small cell
carcinomas of the ovary [4,8,9]. Germ cell tumours are the most common ovarian neoplasms
in pediatric patients, with dysgerminomas and yolk sac tumours being accordingly the
most prominent seminomatous and nonseminomatous GCTs in this population [10-12].
Regarding sex cord stromal tumours and steroid cell tumours, adolescents are mostly
diagnosed with juvenile granulosa cell tumours, Sertoli cell tumours and Sertoli-Leydig
cell tumours, rather than granulosa cell tumours and thecomas, which mostly affect peri-
and postmenopausal women [9]. The current WHO classification of GCTs and SCSTs are
presented in Table 1 [13,14].

Table 1. WHO (World Health Organisation) 2020 classification of germ cell tumours (GCTs) and sex
cord-stromal tumours (SCSTs).

SEX CORD-STROMAL TUMOURS

GERM CELL TUMOURS

Pure stromal tumours

Teratoma, benign

Fibroma, NOS

Immature teratoma, NOS

Cellular fibroma

Extra-gonadal teratoma

Thecoma

Post-pubertal type teratoma

Luteinised thecoma associated with

sclerosing peritonitis

Dysgerminoma

Sclerosing stromal tumour

Yolk sac tumour

Microcystic stromal tumour

Embryonal carcinoma

Signet ring stromal tumour

Choriocarcinoma, NOS

Leydig cell tumour

Fetus in fetu

Steroid cell tumour

Mixed germ cell tumour

Malignant steroid cell tumour

Monodermal teratomas and somatic type tumours arising from a dermoid cyst

Fibrosarcoma

Struma ovarii, NOS

Pure sex cord tumours

Struma ovarii, malignant

Adult granulosa cell tumour

Struma carcinoid

Juvenile granulosa cell tumour

Teratoma with malignant transformation

Sertoli cell tumour, NOS

Cystic teratoma, NOS

Sex cord tumour with annular tubules

Germ cell sex cord stromal tumours

Mixed sex cord stromal tumours

Gonadoblastoma

Sertoli-Leydig cell tumour

Dissecting gonadoblastoma

Well differentiated

Undifferentiated gonadal tissue

Moderately differentiated

Mixed germ cell-sec cord stromal tumour, unclassified

Poorly differentiated

Retiform

Sex cord stromal tumour, NOS

Gynandroblastoma

Other

Papillary cystadenoma
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The diagnosis of ovarian cancer in the adolescent population can pose challenges in
clinical practice, considering the low suspicion of the disease due to young age, the het-
erogenous and often subtle clinical presentation and the potential limitations in diagnostic
imaging in an effort to reduce radiation exposure [15,16]. Ovarian-mass related symptoms
are usually non-specific, such as diffuse subacute abdominal and pelvic pain, feeling of
pelvic pressure, distended abdomen, rapid increase in abdominal volume, urinary or bowel
transit disorders, nausea, vomiting and, much rarer in early puberty, vaginal bleeding and
menstrual irregularities [17,18]. Therefore, they can be easily attributed at first in conditions
related to other systems rather than the reproductive and, in the majority of cases, the
mass is already large at the time of the initial diagnosis [4,19,20]. Moreover, the therapeutic
management of ovarian tumours is rather demanding, requiring expertise and precise
design, tailored to the specific needs of non-adult patients [21]. Suggested treatment should
simultaneously be curative and oncologically safe, ovarian function and fertility-sparing if
possible, minimally invasive and sensitive to the psycho-emotional impact on this vulnera-
ble population [1,22,23]. The rarity of ovarian cancer in adolescents further complicates
the management of the disease, since the majority of information available to clinicians
handling such cases can mostly be obtained by case reports and case series, while only a
small number of official guidelines relevant to this topic have been issued. Considering all
the above, an effort to combine and concisely summarise all existing guidelines referring to
the management of ovarian malignancies in the adolescent population could be very useful
to pediatricians, gynecologists and all related specialties involved in such complex cases
and it could further facilitate the establishment of evidence-based and generally accepted
principals of clinical practice.

The aim of this descriptive review is to compare and synthesise recommendations
from published international guidelines regarding the diagnosis, prognosis and treatment
of malignant ovarian tumours in adolescents.

2. Methods

The main objective of the present narrative review was to identify existing guidelines or
recommendations issued by official medical organisations, colleges, associations, societies,
committees and study groups regarding the management of ovarian malignant tumours in
pediatric and adolescent populations. A search of the literature was conducted in Septem-
ber 2022 through PubMed, Scopus and Web of Science databases. The literature search
was performed regarding the period 1990-2022. Electronic search was conducted by using
combinations of terms “ovarian cancer” [tiab] OR “ovarian mass”[tiab] AND “adolescent”
[tiab] OR “children” [tiab] OR “pediatric” OR “paediatric” [tiab] AND “guidelines” [tiab]
OR “recommendations” [tiab]. Additionally, the websites of internationally recognised
medical organisations and societies with scientific interest on gynecologic and pediatric
oncology were also searched in order to identify official published guidelines relevant
to the objective of the present review. Namely, American College of Obstetrics and Gy-
naecology (ACOG), American Academy of Pediatrics (AAP), American Pediatric Surgical
Association (APSA), Society of Obstetricians and Gynaecologists of Canada (SOGC), Inter-
national Federation of Gynecology and Obstetrics (FIGO), Royal College of Obstetricians
and Gynaecologists (RCOG), British Society for Paediatric and Adolescent Gynaecology
(BritSPAG), National Institute for Health and Care Excellence (NICE), French Society of
Gynaecologic Oncology (SFOG), L'observatoire des tumeurs rares malignes gynécologiques
(IMAGYN), European Society of Gynaecologic Oncology (ESGO), European Society of Pae-
diatric Oncology (SIOPE), European Society of Medical Oncology (ESMO), Paediatric Rare
Tumours Network-European Registry (PARTNER), Royal Australian and New Zealand
College of Obstetricians and Gynaecologists (RANZCOG) and Chinese Society of Obstetrics
and Gynaecology (CSOG) were reviewed.

Exclusion criteria included all other types of studies, except for official guidelines
and recommendations, as well as guidelines written in any language except for En-
glish and French. The main outcomes of interest to identify in the included guide-
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lines/recommendations were the most common types of ovarian cancer in non-adult
population, staging and therapeutic management of each type of ovarian cancer in adoles-
cents, as well as suggested follow-up.

Systematic search revealed 96 items with potential for inclusion in our narrative review,
of which 12 were duplicated and another 74 were excluded based on title/abstract. There
were finally twelve items reviewed as potentially eligible for our review, of which three
were excluded because of not reporting guidelines/recommendations, two items were
excluded because of not reporting guidelines for paediatric/adolescent population, one
item was excluded for reporting only on population with hereditary cancer and one item
was excluded because of reporting on population with cancer in pregnancy.

There were finally five published guidelines/official recommendations regarding
the management of ovarian tumours in children and adolescents that were retrieved and
included in the present descriptive/narrative review. In particular, two national guidelines
were identified, issued by L'Observatoire des Tumeurs Malignes Rares Gynécologiques
(Centres Experts TMRG, 2022) [24] and by the British Society for Paediatric & Adolescent
Gynaecology (BritSPAG 2018) [25], as well as two international guidelines, issued by the
European Society for Medical Oncology (ESMO 2018) [9], by the European Society of
Gynecological Oncology and the European Society for Paediatric Oncology (ESGO-SIOPE
2020) [26] and by the European Cooperative Study Group for Pediatric Rare Tumors as
part of the Paediatric Rare Tumours Network-European Registry (EXPeRT/PARTNER
2021) [27,28]. The flowchart of study selection is presented in Figure 1. An overview of
recommendations of all five guidelines is presented in Table 2.

96 items identified 12 duplicates removed

—»| 72 records excluded based on title/abstract

12 items assessed

for eligibility 7 items excluded for reasons

e Not reporting guidelines/recommen-
dations (n=3)

e Not reporting guidelines for

5 items included in the review paediatric/adolescent population

(n=2)

e Reporting only on population with
hereditary cancer (n=1)

Figure 1. Flowchart of study selection.
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3. Diagnostic Evaluation

In order to ensure optimal management and due to the rarity of these cases, paediatric and
adolescent patients with suspected ovarian malignancies should be referred to a specialised
center with a multidisciplinary team composed of trained gynaecological and paediatric
oncologists with experience in such cases (ESGO-SIOPE 2020, BritSPAG 2018) [25,26,29,30].
The involvement of a gynaecologist with specialist knowledge of pediatric and adolescent
gynaecology is considered necessary, both pre-operatively and post-operatively, even in
patients treated for ovarian cysts with low suspicion of malignancy, in terms of supervising
the diagnostic and therapeutic management and providing correct counselling about potential
future fertility issues (BritSPAG 2018) [25,31].

The preoperative diagnostic work-up should include a combination of tests and
modalities, performed to further evaluate suspicious ovarian masses and confirm the
diagnosis of ovarian cancer, as well as for staging purposes and the assessment of prognostic
factors (ESGO-SIOPE 2020, ESMO 2018, EXPeRT/PARTNER 2021) [9,26,27]. Abdominal
and pelvic ultrasound is the initial imaging of choice when investigating ovarian tumours in
non-adult patients and it should be performed, if possible, by a gynaecologist or radiologist
experienced in paediatric population imaging (Centres Experts TRMG 2022, BritSPAG
2018, EXPeRT/PARTNER 2021) [24,25,27,32]. Transvaginal route of scanning is preferred
when the patient is sexually active, while transabdominal scanning is reserved for patients
with no sexual relations (BritSPAG 2018) [25], focusing on the pelvis, ovaries, para-aortic
lymph nodes (in case of right ovarian tumour) and renal lymph nodes (in case of left
ovarian tumour) (EXPeRT/PARTNER 2021) [27]. Evaluation of endometrial thickness
should be additionally performed via ultrasound in patients with suspected hormone-
producing ovarian tumours, especially SCSTs (ESGO-SIOPE 2020, Centres Experts TMRG
2022) [24,26]. Additional imaging is required, but the recommended imaging tests differ
among guidelines; ESGO-SIOPE guidelines suggest that thoracic computed tomography
(CT) scan and abdomino-pelvic magnetic resonance imaging (MRI) are necessary, with
the latter considered notably useful in assessing bilateral ovarian masses and guiding
the choice of surgical approach without exposing the patient to radiation (ESGO-SIOPE
2020, EXPeRT/PARTNER 2021) [26,27,33,34]. On the other hand, an abdomino—pelvic
computed tomography (CT) scan and chest X-ray are suggested by ESMO guidelines as
additional preoperative imaging tests [9], while guidelines by EXPeRT/PARTNER 2021
recommend chest X-rays for the identification of distant metastases, with the alternative
of a low-dose chest CT scan [27]. The use of a positron emission tomography (PET) scan
is also debatable, with guidelines by ESMO and L'Observatoire des Tumeurs malignes
Rares Gynécologiques underlining that it should be performed in selected patients with
suspected germ-cell tumours [9,24], while ESGO-SIOPE guidelines do not support its use
due to its low negative predictive value [26]. Preoperative imaging may be omitted in acute
settings in favor of immediate surgery (e.g., in clinically suspected ovarian torsion). In
that case, the recommended imaging tests should be performed as soon as possible after
surgery (ESGO-SIOPE 2020, BritSPAG 2018) [25,26].

There is a consensus among all guidelines that serum tumour markers, especially
-human chorionic gonadotropin (3-hCG), alpha-fetoprotein (AFP), lactate dehydrogenase
(LDH) and cancer antigen 125 (CA125), should be measured in all ovarian masses with
suspicious features (ESGO-SIOPE 2020, ESMO 2018, BritSPAG 2018, Centres Experts TRMG
2022, EXPeRT/PARTNER 2021) [9,24-27,35]. A hormonal profile, including oestrogen,
testosterone, dehydroepiandrosterone, dehydroepiandrosterone sulfate, luteinising hor-
mone and follicle stimulating hormone levels, is also essential when signs of hormonal
production and precocious puberty are identified (BritSPAG 2018, ESGO-SIOPE 2020, EX-
PeRT/PARTNER 2021) [25-27]. Other biomarkers can also be useful; serum calcium, chro-
mogranin A and neuron specific enolase levels can be elevated in small cell carcinoma of the
ovary of hypercalcemic type (ESGO-SIOPE 2020, EXPeRT /PARTNER 2021) [26,27], whereas
anti-Mullerian hormone (AMH) and inhibin B may indicate the presence of granulosa cell
tumours (ESMO 2018, Centres Experts TRMG 2022, EXPeRT/PARTNER 2021) [9,24,27].
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Preoperative measurements of tumour markers can provide both diagnostic and prognostic
information. In case they are preoperatively elevated, repeated measurements should be
performed postoperatively and before the start of adjuvant treatment (for patients receiv-
ing adjuvant chemotherapy, new measurements should be obtained before each cycle of
treatment) (Centres Experts TRMG 2022, ESGO-SIOPE 2020, ESMO 2018) [9,24,26].

4. Pathology and Molecular Biology

A preoperative diagnostic biopsy can definitively provide a histological confirma-
tion of ovarian malignancy, but it should be avoided if a cystic component is identified
within the suspicious mass and it is formally indicated only in the case of extraovarian
spread of the disease (ESGO-SIOPE 2020, EXPeRT/PARTNER 2021) [26,27]. Tissues re-
trieved through biopsy and surgical specimens should be examined by an experienced
specialist gynaecological or paediatric pathologist, considering that the risk of misdiagno-
sis is significant due to the rarity of ovarian malignant neoplasms in non-adult patients
(ESGO-SIOPE 2020, ESMO 2018, EXPeRT/PARTNER 2021) [9,26,27,36]. The use of im-
munohistochemistry and molecular tests, if available, is strongly recommended in order to
resolve potential diagnostic dilemmas and confirm diagnosis (ESGO-SIOPE 2020) [26]. In
suspected germ-cell tumours (GTCs), a panel of immunohistochemical markers including
Sall4, OCT3/4, PLAP, NANOG, D2-40, SCFR, a-fetoprotein, glypican-3, SOX2 and SOX10
as well as chromosome 12p fluorescent in situ hybridisation (FISH) for the identification of
isochromosome 12 can facilitate the diagnosis in difficult cases. Karyotyping may also be
useful, especially in premenarche girls with suspected gonadoblastoma, considering that
this type of tumour usually arises in dysgenetic gonads (ESMO 2018, ESGO-SIOPE 2020,
Centres Experts TMRG 2022) [9,24,26]. Inhibin A, calretinin, NCAM-1, MART-1, CD99,
antigen-like protein 2, steroidogenic factor 1, Forkhead box protein L2, Wilms tumour
protein and FOXL2 may be expressed and can be of value in diagnosing sex cord-stromal
tumours (SCSTs), especially when they are evaluated in combination, while DICER1 muta-
tions should also be investigated in suspected SCSTs and gynandroblastomas (ESMO 2018,
ESGO-SIOPE 2020, Centres Experts TMRG 2022, EXPeRT /PARTNER 2021) [9,24,26,27,37].
Small cell carcinomas of the ovary hypercalcemic type (SCCOHTs) are characterised by
the presence of mutations in the SMARCA4 gene, a SWltch/Sucrose Non-Fermentable
(SW1/SNF) chromatin-remodelling gene that encodes BRG1 protein. The identification
of these mutations, which leads to the loss of BRG1 protein expression, can confirm the
diagnosis of SCCOHTs with high sensitivity and specificity (ESMO 2018, ESGO-SIOPE
2020, Centres Experts TRMG 2022) [9,24,26,38—40]. Germline mutation analysis and genetic
counselling should generally be considered in cases of bilateral GCTs, unilateral GCTs with
streak gonad or pubertal retardation, Sertoli-Leydig cell tumour and SCCOHT since these
types of tumours can occur as part of a familial tumour syndrome (ESGO-SIOPE 2020) [26].

5. Assessment of Prognostic Factors

Although different factors define the prognosis among the various histological types
of ovarian cancer in adolescents, the treatment of patients in large specified cancer centers
is considered a favourable prognostic factor that applies to all cases (ESMO 2018) [9]. For
patients with GCTs, the age of diagnosis can significantly affect the prognosis; premenar-
che girls may face a worse prognosis than post-adolescent females due to differences in
tumour biology. Stage > I, incomplete surgical resection and yolk sac tumour histology are
additional adverse prognostic factors for GCTs (ESMO 2018) [9,41,42]. Patients with SCSTs
generally have a better prognosis, with 20% of them relapsing or dying from metastatic
cancer. Advanced FIGO stage is also recognised as a factor associated with poor outcome
for SCSTs along with intraperitoneal tumour rupture and size of tumour > 5 cm (ESMO
2018) [9,35]. On the other hand, prognosis of SCCOHT is poor, given that the percentage of
long-time survivors is estimated at 30—40%. The most significant favourable prognostic
factors for patients with SCCOHT are stage IA, normal preoperative calcium level, tumour
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size < 10 cm, absence of large cells and complete surgical resection including bilateral
oophorectomy (ESMO 2018) [9,43].

6. Surgical Staging

Patients should be staged according to the FIGO 2014 staging system (ESGO-SIOPE
2020, EXPeRT/PARTNER 2021) [26,27]. Surgical staging is of utmost importance to cor-
rectly determine the stage of the disease and consequently to further decide on the extent
of surgery and the need for postoperative treatment. Regarding a surgical approach, the
open route is usually preferred in order to avoid tumour rupture, but a laparoscopic or
robotic approach is also acceptable in selected cases (ESMO 2018) [9]. Complete surgi-
cal staging includes the sampling of peritoneal fluid before manipulating the tumour or
peritoneal washings when no free fluid is detected, careful examination of the abdominal
cavity and peritoneal surfaces, biopsy of the diaphragmatic peritoneum, paracolic gutters,
pelvic peritoneum, inspection, palpation and large biopsy of the omentum if normal, infra-
colic omentectomy if omentum is macroscopically abnormal, examination and palpation
of pelvic and para-aortic lymph nodes and excision of enlarged ones, inspection of con-
tralateral ovary and biopsy of abnormal appearing areas (ESMO 2018, ESGO-SIOPE 2020,
Centres Experts TMRG 2022, EXPeRT /PARTNER 2021) [9,24,26,27]. In case macroscopic
disease is detected on other pelvic or abdominal organs, precise description and biopsies of
the lesions are also required (ESGO-SIOPE 2020) [26]. For patients with GCTs, systematic
ovarian biopsy should be avoided when the non-affected ovary is macroscopically nor-
mal. However, in cases with macroscopic bilateral involvement, preservation of a healthy
part of one ovary and the uterus should be attempted without compromising oncological
safety (ESMO 2018) [9,44]. The role of systematic lymphadenectomy in GCTs in not well-
established and should be reserved for cases with nodal abnormalities or residual disease
after chemotherapy, considering that nodal recurrence in patients who did not receive initial
surgical nodal assessment can be effectively cured with adjuvant chemotherapy (ESMO
2018) [9,45,46]. Early-stage SCSTs rarely produce retroperitoneal or nodal metastases; thus,
retroperitoneal evaluation and lymphadenectomy are not mandatory in these cases (ESMO
2018, EXPeRT/PARTNER 2021) [9,27]. On the contrary, extensive peritoneal and nodal
surgical staging is indicated in patients with SCCOHT because of the high incidence of
extra-ovarian spread (ESMO 2018) [9,47,48].

7. General Principles of Therapeutic Management

Although the therapeutic management of ovarian malignances in adolescents is tai-
lored according to the histological type, the stage of the disease and the individual charac-
teristics and needs of each patient, there are some general principles that apply in all cases.
Adolescents with non-epithelial ovarian cancer should preferably be treated, when feasible,
in the setting of clinical trials (ESGO-SIOPE 2020) [26]. The choice of the surgical approach
should be guided by the findings of preoperative imaging and on the basis of avoiding intra-
operative tumour rupture. In cases with high suspicion of malignancy, median laparotomy
is indicated (ESGO-SIOPE 2020) [26], but in children, a sub-umbilical transverse incision
or a Pfannenstiel laparotomy can also be accepted (depending on size of the tumour and
the initial tumour spread) (EXPeRT/PARTNER 2021) [27]. On the other hand, a minimally
invasive approach is considered an acceptable alternative only if the surgeon is experienced
and properly trained in laparoscopic oncological surgery and able to perform a full explo-
ration of the peritoneal cavity and excision of the tumour with no morcellation or accidental
rupture (ESGO-SIOPE 2020, EXPeRT /PARTNER 2021) [26,27]. Regarding the radicality of
surgical approach, oophorectomy should be, in general, preferred compared to cystectomy
or tumourectomy (ESGO-SIOPE 2020, ESMO 2018, EXPeRT/PARTNER 2021) [9,26,27].
However, all efforts should be made to perform, if it is oncologically safe and technically
feasible, a fertility sparing surgery at first, with preservation of the uterus and at least
a part of one adnexa, considering that saving healthy ovarian tissue is critical both for
pubertal development and future fertility (BritSPAG 2018, ESMO 2018, ESGO-SIOPE 2020,
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EXPeRT/PARTNER 2021) [9,25-27,49,50]. A more radical second surgery might be re-
quired after the definitive pathological results. In the event of an incidental discovery of a
suspicious ovarian tumour during surgery performed by a non-gynaecology specialty for
other medical conditions, a gynaecologist should be consulted before attempting surgical
manipulations near or on the tumour (BritSPAG 2018) [25].

Oncofertility counselling should be provided to all adolescent patients with ovarian cancer
before receiving treatment (ESGO-SIOPE 2020) [26]. Even if ovarian tissue can be preserved
during surgery, without compromising the oncological management, there is a significant risk
of gonadal dysfunction in patients receiving chemotherapy. The likelihood of chemotherapy-
induced amenorrhea depends on the type of administrated drugs, their cumulative dose and
the duration of the treatment. Apart from these factors, the age of the patient at the time
of chemotherapy also has great impact on the return of menstruation and ovulation, with
more favorable results being reported in younger patients (ESMO 2018) [9,51,52]. Taking all
the above into consideration, it is evident that oocyte cryopreservation is an option that
should be offered to all patients scheduled to receive chemotherapy, either by ovulation
induction and oocyte aspiration prior to the beginning of treatment or by controlled
ovarian hyperstimulation followed by oocyte cryopreservation 12 months after the end of
chemotherapy (ESMO 2018) [9,53,54]. While ovarian stimulation is a safe choice for patients
with GCTs, it is permitted only for stage IA granulosa-type SCSTs and after discussion
in a multidisciplinary board, while it is contraindicated for stages > IA, in which other
fertility preservation techniques that do not require ovarian stimulation should be applied
(Centres Experts TMRG 2022) [24]. Fertility and gonadal function preservation is extremely
difficult to achieve in patients with SCCOHT, even if one ovary is preserved, due to high-
dose combined chemotherapy and radiotherapy that usually follows after surgery (ESMO
2018) [9]. In this setting, it is also crucial to address other acute or delayed side effects of
chemotherapy and offer supportive care to minimise adverse symptoms and improve the
quality of life of the patients (ESGO-SIOPE 2020) [26].

Young premenopausal patients with GCTs or SCSTs treated with chemotherapy are
also eligible for hormone replacement therapy (HRT) in order to relieve the symptoms
of potential oestrogen deficiency and iatrogenic menopause, which are often more pro-
nounced compared to those following naturally occurring menopause. HRT can be safely
administered to patients with GCTs and SCCOHT, but it should generally be avoided in
cases of SCSTs, with the exception of stage IA and IB granulosa-type tumours, where it
might be considered upon approval of a multidisciplinary board (ESMO 2018, Centres
Experts TMRG 2022) [9,24]. For patients receiving fertility-sparing treatment but wish to
postpone pregnancies, hormonal contraception is permitted both in case of a GCT or a
SCST, but for the latter, contraceptive products containing oestrogens are contraindicated
(ESMO 2018, Centres Experts TMRG 2022) [9,24].

Regular, targeted and long-term follow-up is essential to monitor the response to treat-
ment and to early diagnose a potential recurrence. As already mentioned, the postoperative
measurement of serum tumour markers (BhCG, AFP, LDH, CA125, inhibin B) is used to
assess tumour response during chemotherapy, in addition to imaging by pelvic ultrasound
and CT scan of the abdomen, pelvis and chest, when lung metastases are suspected, while
an abdominal MRI could also be useful in case of equivocal findings and patients with poor
visibility on ultrasound (ESMO 2018, ESGO-SIOPE 2020, EXPeRT /PARTNER 2021) [9,26,27].
Routine post-treatment monitoring for patients that received fertility-sparing surgery usu-
ally includes a pelvic ultrasound every 6 months, whereas a CT scan of the abdomen
and pelvis is performed only upon clinical indication. PET scan is not recommended as a
tool for follow-up evaluation or tumour response monitoring (ESMO 2018) [9]. The time
intervals between each follow-up appointment can vary depending on the histological type
of tumour, while discrepancies are also detected between existing guidelines. Apart from
clinical care, it is important to continuously offer psycho—oncological support to all patients
and their families throughout treatment and follow-up (ESGO-SIOPE 2020) [26].

90



Diagnostics 2023, 13, 1080

Specific recommendations for the therapeutic management of germ-cell tumours, sex
cord stromal tumours and small cell carcinomas of the ovary will be presented in the
following respective sections of the article.

8. Germ Cell Tumours (GCTs)
8.1. Early Stages

Preoperative MRI is necessary in patients with suspected malignant GTCs with a solid
or partially solid mass on ultrasound and if a solid component is also present on MRI;
then, surgery is the suggested initial treatment (ESGO-SIOPE 2020) [26]. When planning
the surgical approach, it is crucial to assess the likelihood of malignancy according to
preoperative imaging. Laparotomy is preferrable for the excision of a GCT with imaging
findings suggestive of malignancy because it enables complete surgical staging without
increasing the risk of intraperitoneal spillage. During staging, the biopsy of contralat-
eral ovary is not encouraged if it appears to be macroscopically normal (ESGO-SIOPE
2020) [26]. Fertility-sparing surgery should always be offered in adolescent patients with
malignant GCTs when it does not jeopardise oncological safety (ESMO 2018, ESGO-SIOPE
2020, Centres Experts TMRG 2022) [9,24,26]. For solid unilateral tumours, total en bloc
oophorectomy is recommended, while cystectomy should be avoided in case of a cystic
tumour (ESMO 2018, ESGO-SIOPE 2020, Centres Experts TMRG 2022) [9,24,26]. When
both ovaries are macroscopically involved, bilateral salpingo-oophorectomy should always
be avoided if possible, and maximal effort to preserve at least a part of one ovary and the
uterus is encouraged even in stage IB tumours, except when genetic analysis is suggestive
of dysgenetic gonads (ESGO-SIOPE 2020, Centres Experts TMRG 2022) [24,26]. Genetic
analysis and counselling should be offered to all patients with bilateral ovarian tumours
to identify potential sex chromosomal aberrations accompanied by dysgenetic gonads. In
that case, bilateral salpingo-oophorectomy is indicated due to the high risk of gonadoblas-
toma or dysgerminoma (ESGO-SIOPE 2020) [26]. Comprehensive surgical staging with
lymphadenectomy should be avoided and reserved only for cases with preoperative or
intraoperative evidence of nodal involvement (ESGO-SIOPE 2020) [26].

The need for adjuvant chemotherapy in patients with early-stage GCTs is determined
according to the histological type and the stage of the disease. The most used combination
is the 5-day bleomycin/etoposide/cisplatin (BEP) regimen (ESMO 2018, Centres Experts
TMRG 2022) [9,24]. In stage IA neoplasms where complete surgical resection is achieved,
along with normalising or negative post-operative serum tumour markers, active surveil-
lance without adjuvant chemotherapy is usually the approach of choice (ESGO-SIOPE
2020) [26]. Active surveillance involves regular clinical assessment; radiological imaging,
including abdominal-pelvic ultrasound CT scan of the abdomen and pelvis, chest X-ray
and/or CT scan; and close monitoring of serum tumour marker levels over a period of
10 years, with a gradual increase of intervals between clinical appointments (ESMO 2018,
ESGO-SIOPE 2020, Centres Experts TMRG 2022) [9,24,26]. The management of stage IB
GCTs is usually more complex and is tailored according to the histotype of the tumours.
For stage IC1 GCTs, ESGO-SIOPE guidelines suggest either active surveillance or adjuvant
chemotherapy (maximum two cycles), with the latter being the only recommended op-
tion for stage IC2-IC3 tumours of any histological type (maximum three cycles) [26], as
opposed to the other guidelines which still suggest, as it will be presented below, active
surveillance for some IC2-IC3 GCTs. It is worth mentioning that ESGO-SIOPE guide-
lines [26] are the only official recommendations suggesting two cycles of chemotherapy for
stage IC GCTs compared to the guidelines by L'Observatoire des Tumeurs malignes Rares
Gynécologiques [24], which recommend two-three cycles of BEP and the guidelines of
ESMO [9], which suggest the standard three cycles of chemotherapy, in case the alternative
option of close active surveillance (recommended by all three aforementioned guidelines
as an acceptable option) is not preferred. The decision both for the administration of
chemotherapy instead of surveillance and the duration of the chemotherapy should be
carefully made by the multidisciplinary team treating the patient, and the chemotherapy
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regimen should be tailored individually according to the specific needs of each patient,
after taking into consideration the biological behavior and the molecular characteristics of
the tumour, since there are slight disparities among guidelines regarding the duration of
the regimen.

Active surveillance can be applied for stage IA (and IB, as per guideline by L’Observatoire
des Tumeurs malignes Rares Gynécologiques) [24] pure dysgerminomas (ESGO-SIOPE
2020, ESMO 2018) [9,26]. It remains an option for stage IB-IC dysgerminomas with complete
surgical resection, with the alternative of adjuvant chemotherapy (ESMO 2018, Centres Ex-
perts TMRG 2022) [9,24]. For immature teratomas, active surveillance is recommended for
stage IA-IC3 grade 1 tumours (ESMO 2018) [9], whereas it can also be acceptable for IA-IC2
grade 2 tumours (Centres Experts TMRG 2022) [24], for which adjuvant chemotherapy can
be alternatively applied (ESMO 2018) [9]. For IA-IC2 grade 3 and IC3 grade 2-3 immature
teratomas, adjuvant chemotherapy is usually preferred compared to active surveillance
(ESMO 2018, Centres Experts TMRG 2022) [9,24]. Regarding yolk sac tumours, properly
staged patients with stage IA (and potentially IB, as suggested by ESMO guidelines) [9]
and negative postoperative tumour markers may be monitored with active surveillance
instead of receiving adjuvant chemotherapy, which is the sole option for stage IB and IC
tumours (ESGO-SIOPE 2020, Centres Experts TMRG 2022) [24,26].

8.2. Advanced Stages

Fertility-sparing surgery should be considered even in patients with advanced-stage
disease due to the high chemosensitivity of malignant GCTs. For the same reason and
given the fact that adjuvant chemotherapy is indicated for all patients with advanced stage
GTCs, extensive cytoreductive surgery, which may pose delays in the commencement
of postoperative chemotherapy and significantly increase long-term morbidity, should
be avoided during initial surgical management (ESMO 2018, ESGO-SIOPE 2020, Centres
Experts TMRG 2022) [9,24,26].

Platinum-based chemotherapy agents, mainly the 5-day BEP regimen, remain the
treatment of choice for adolescent as well as adult patients. In general, the regimen is
administered for three cycles in patients with complete surgical resection and for four
cycles in case of macroscopical residual disease, with bleomycin omitted after cycle three
to reduce the risk of lung toxicity (ESMO 2018, ESGO-SIOPE 2020) [9,26]. Other regimens
that can be used in adolescent population are cisplatine-etoposide-ifosfamide, cisplatin-
etoposide-dose-reduced bleomycin or carboplatin-etoposide-bleomycin, all administered
for three—four cycles. Patients with elevated serum tumour markers at initial diagnosis
who do not have negative markers after cycle four are classified as non-responders to
chemotherapy, while if the reduction of marker levels is not the expected, according to their
half-life, after cycle two, the patients are identified as high-risk cases in need of potential
intensification of the therapy (ESGO-SIOPE 2020) [26]. Moreover, patients already treated
with platinum who are diagnosed with a platinum-sensitive relapse (defined as evidence
of progression at 4-6 weeks after completion of chemotherapy), the use of combinations
with platinum should be considered (ESMO 2018) [9].

A second surgical resection is not always necessary after the completion of chemother-
apy. It is recommended in all patients with residual disease (in peritoneum, remaining
ovary or lymph nodes) and normal serum cancer markers after chemotherapy, as well as
in cases of embryonal carcinomas or non-secreting mixed germ-cell tumours with post-
chemotherapy residual lesions. The same applies for immature teratomas, in order to avoid
the growing teratoma syndrome (ESMO 2018, ESGO-SIOPE 2020, Centres Experts TMRG
2022) [9,24,26]. However, in patients with immature teratoma and extraovarian spread that
comprises gliomatosis peritonei (morphologically benign glial tissue with no immature
elements), large and multiple biopsies can be taken instead of complete surgical resection
of all lesions (ESGO-SIOPE 2020) [26].
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8.3. Refractory or Recurrent Disease

When a recurrence of the disease is suspected, a biopsy is necessary to obtain histolog-
ical confirmation before deciding on additional treatment. It is important to thoroughly
examine retrieved specimens in order to identify or rule out the presence of immature tis-
sues. In patients with recurrent disease, normal serum cancer markers and histopathology
indicative of an immature teratoma or a mixed tumour with a component of immature
teratoma, growing teratoma syndrome should always be included in differential diagnosis.
If confirmed, it should be exclusively treated with surgical resection, on the condition of
the absence of immature tissues on histological examination (ESGO-SIOPE 2020) [26]. The
role of salvage surgery in recurrent disease is not yet established; it is almost exclusively
treated with chemotherapy, although there are no well-defined treatment strategies (ESGO-
SIOPE 2020, Centres Experts TMRG 2022) [24,26]. Suggested regimens and the duration of
therapy depend on the prior administration of chemotherapy. For patients not previously
treated with chemotherapy, three or four cycles of BEP (bleomycin, etoposide, cisplatin)
should be offered (Centres Experts TMRG 2022) [24]. In patients who have already received
chemotherapy, the previous lines of therapy and the time interval between initial diagnosis
and relapse should be considered (ESGO-SIOPE 2020) [26]. If BEP regimen was previously
administered, patients may benefit from four cycles of either VelP (vinblastine, ifosfamide,
cisplatin) or TIP (paclitaxel, ifosfamide, platine) (Centres Experts TMRG 2022) [24]. Intensi-
fied chemotherapy with or without stem cell support can be considered when complete
response is not achieved (ESGO-SIOPE 2020, Centres Experts TMRG 2022) [24,26]. Finally,
for patients with recurrent pure dysgerminoma, the option of radiotherapy could also be
discussed (ESGO-SIOPE 2020) [26].

9. Sex Cord Stromal Tumours (SCSTs)
9.1. Early Stages

Complete surgical staging is imperative in patients with SCSTs, including peritoneal
fluid sampling or peritoneal washings, unilateral adnexectomy, examination of contralat-
eral ovary, large omental biopsy or infracolic omentectomy, endometrial curettage for
older patients, random blind peritoneal sampling and resection of any suspicious lesions
(ESGO-SIOPE 2020, Centres Experts TRMG 2022, EXPeRT /PARTNER 2021) [24,26,27]. To-
tal hysterectomy as part of initial surgery should only be performed in patients with stage
11+ disease (Centres Experts TRMG 2022) [24], while omentectomy is recommended only in
cases of adhesions to the omentum and not as a routine procedure (EXPeRT /PARTNER
2021) [27]. Systematic lymphadenectomy is not recommended, but the excision of lymph
nodes with suspicious preoperative or intraoperative findings is encouraged (ESGO-SIOPE
2020, Centres Experts TRMG 2022, EXPeRT/PARTNER 2021) [24,26,27]. Patients with
confirmed Stage IA disease should be treated only with surgery (ESMO 2018, ESGO-SIOPE
2020, Centres Experts TRMG 2022, EXPeRT/PARTNER 2021) [9,24,26,27], during which fer-
tility preservation is feasible as long as all macroscopic lesions are excised (Centres Experts
TRMG 2022, EXPeRT/PARTNER 2021) [24,27]. Tumours staged higher than IA (or higher
than IB, according to guidelines by EXPeRT/PARTNER) [27] may require chemotherapy
(ESGO-SIOPE 2020) [26], which usually consists of three or four cycles of cisplatin-based
regimens, mainly BEP, while carboplatin-paclitaxel is also an acceptable option (ESMO 2018,
ESGO-SIOPE 2020, Centres Experts TRMG 2022, EXPeRT/PARTNER 2021) [9,24,26,27].

Regarding juvenile granulosa cell tumours, patients with stage IA-IC1 disease and
complete surgical resection may avoid chemotherapy, which is otherwise required for
stages IC2-IC3 (and potentially for IC1, according to ESMO guidelines (ESMO 2018, ESGO-
SIOPE 2020, Centres Experts TRMG 2022 EXPeRT/PARTNER 2021) [9,24,26,27]. For adult
granulosa cell tumours, adjuvant chemotherapy is recommended for patients staged as
IC3 after complete surgery (and potentially for IC2, as per ESMO guidelines), while it is
considered safe to omit it for stage IA-IC2 patients (ESMO 2018, ESGO-SIOPE 2020, Centres
Experts TRMG 2022) [9,24,26]. Finally, in completely surgically staged patients with stage
IA-IC2 well or moderately differentiated Sertoli-Leydig cell tumours, the omission of
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chemotherapy is acceptable (Centres Experts TRMG 2022) [24], but it is necessary for poorly
differentiated tumours or when heterologous elements/retiform patterns are recognised,
even for stage IA cases (ESMO 2018, ESGO-SIOPE 2020) [9,26]. However, guidelines by
EXPeRT/PARTNER suggest that adjuvant chemotherapy is recommended in all stage IC
Sertoli-Leydig cell tumours, irrespectively of the time of tumour rupture [27].

9.2. Advanced Stages

Debulking surgery is considered the most effective course of treatment for advanced
stage granulosa cell tumours (ESMO 2018, Centres Experts TRMG 2022) [9,24], although
it is considered to have no role in SCSTs except for palliative management, according to
EXPeRT/PARTNER guidelines [27]. Adjuvant chemotherapy is generally recommended for
patients with advanced-stage SCSTs, preferably with platinum-based combinations. BEP
regimen for at least three—four cycles is mainly administered, whereas cisplatin-etoposide-
ifosfamide for at least four cycles or carboplatine-paclitaxel for six cycles are alternative
options (ESMO 2018, ESGO-SIOPE 2020, Centres Experts TRMG 2022, EXPeRT/PARTNER
2021) [9,24,26,27]. Especially for stage III disease with incomplete initial macroscopic resec-
tion and residual disease after chemotherapy, a delayed second surgery after neoadjuvant
chemotherapy should be discussed (ESGO-SIOPE 2020, EXPeRT /PARTNER 2021) [26,27].

9.3. Refractory or Recurrent Disease

The treatment plan for patients with recurrent SCSTs should be discussed in a multidis-
ciplinary board setting and tailored according to the site of recurrence, histological subtype,
dissemination, tumour-free interval and previous therapeutic management. Cytoreductive
surgery is the treatment of choice for relapsed patients (ESGO-SIOPE 2020) [26], followed by
additional platinum-based chemotherapy (ESMO 2018, Centres Experts TRMG 2022) [9,24].
For patients treated in the setting of a clinical trial, other treatment options may also be
available, such as hormone therapy (GnRH agonists, tamoxifen, progestin, aromatase
inhibitors) and antiangiogenic and targeted drugs (ESMO 2018, ESGO-SIOPE 2020) [9,26],
while the addition of bevacizumab, HIPEC (hyperthermic intraperitoneal chemotherapy
with cytoreductive surgery) and regional deep hyperthermia in combination with platinum-
based chemotherapy, high-dose chemotherapy with autologous hematopoietic stem cell
transplantation and even radiotherapy could be considered on an individual basis for pa-
tients with tumour progression and recurrence not responding to other therapeutic options
(EXPeRT/PARTNER 2021) [27].

10. Small Cell Carcinoma of the Ovary Hypercalcemic Type (SCCOHT)
10.1. Early Stages

Confirmation of diagnosis by an expert pathologist and discussion of therapeutic
management in a specialised tumour board is suggested due to the rarity of these tumours
(ESMO 2018) [9]. Considering treatment strategies, a multimodal approach combining radi-
cal surgery, chemotherapy and radiotherapy is recommended. Surgery is always required,
including total abdominal hysterectomy, bilateral salpingo-oophorectomy, full pelvic and
para-aortic lympadenectomy and peritoneal cytology and peritoneal staging. Due to the
aggressive nature of the tumour, a conservative fertility-sparing surgical approach is not
oncologically safe. Adjuvant chemotherapy with regimens combining mainly cisplatin and
etoposide and potentially paclitaxel is suggested (ESMO 2018, ESGO-SIOPE 2020, Centres
Experts TRMG 2022) [9,24,26]. In the absence of evidence of disease after completion of
initial chemotherapy, dose-intensive chemotherapy with stem cell support can be applied
(ESGO-SIOPE 2020) [26]. The use of pelvic radiotherapy, usually following chemotherapy,
may also benefit patients with SCCOHT (ESMO 2018, ESGO-SIOPE 2020, Centres Experts
TRMG 2022) [9,24,26].
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10.2. Advanced Stages

Debulking surgery, either initially or after an interval of three—six cycles of chemother-
apy, including omentectomy, systematic pelvic and para-aortic lymph node dissection and
complete removal of peritoneal disease is the optional treatment for advanced stage SC-
COHT (ESMO 2018, ESGO-SIOPE 2020, Centres experts TRMG 2022) [9,24,26]. Chemother-
apy is also indicated with an administration of regimens including platinum and etoposide.
When patients achieve complete remission after initial surgery and chemotherapy, they may
subsequently be treated with a dose-intensive regimen, followed by high-dose chemother-
apy with stem cell support and pelvic radiotherapy (ESGO-SIOPE 2020) [26].

10.3. Refractory or Recurrent Disease

Currently, there are no official guidelines about the treatment of patients with recurrent
SCCOHT. However, close follow-up is recommended due to the aggressive course and
rapid progression of the disease (ESGO-SIOPE 2020) [26].

11. Conclusions

Ovarian cancer is rarely diagnosed in children and adolescents, whose diagnostic and
therapeutic management can pose great challenges and requires expertise and experience.
There is a significant degree of agreement in the recommendations of the existing reviewed
guidelines, which generally overlap or complement each other, with only a few areas of
dispute. All guidelines suggest that diagnostic work should include both imaging tests (at
least ultrasound of abdomen and pelvis) and the measurement of a basic panel of serum
tumour markers, while there is debate around the necessity of MRI and the diagnostic
value of PET scan. There is a consensus among guidelines about the significant role of
molecular biology and immunohistochemistry in confirming the diagnosis, as well as about
the procedures that a complete surgical staging should include. On the other hand, only
ESMO guidelines provide suggestions about the prognostic factors that should be taken into
consideration for adolescent patients with ovarian malignancies. Finally, considering basic
therapeutic principles and treatment strategies, recommendations from existing guidelines
are mostly identical, suggesting that a combination of fertility-preserving surgery (when it
is oncologically safe) and adjuvant therapy is effective in most cases of ovarian cancer in
adolescents, with a few discrepancies, mainly detected in proposed time intervals between
follow-up appointments. The differences in the reviewed guidelines, although they are
limited, highlight the need for the adoption of an international consensus in order to further
improve the management of ovarian malignant tumours in the adolescent population.
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Abstract: Medulloblastomas, highly aggressive neoplasms of the central nervous system (CNS) that
present significant heterogeneity in clinical presentation, disease course, and treatment outcomes,
are common in childhood. Moreover, patients who survive may be diagnosed with subsequent
malignancies during their life or could develop treatment-related medical conditions. Genetic and
transcriptomic studies have classified MBs into four subgroups: wingless type (WNT), Sonic Hedge-
hog (SHH), Group 3, and Group 4, with distinct histological and molecular profiles. However, recent
molecular findings resulted in the WHO updating their guidelines and stratifying medulloblastomas
into further molecular subgroups, changing the clinical stratification and treatment management.
In this review, we discuss most of the histological, clinical, and molecular prognostic factors, as
well the feasibility of their application, for better characterization, prognostication, and treatment
of medulloblastomas.

Keywords: medulloblastoma; tumor; histologic; pediatrics; micro-RNAs; non-coding RNAs; prognosis;
molecular subgroup; stratification

1. Introduction

Medulloblastomas (MBs) are highly aggressive neoplasms of the central nervous system
(CNS) and are considered the most common malignant brain tumor in childhood [1,2]. First
described by Cushing and Bailey in 1925, these tumors derive from discrete neuronal
lineages based on molecularly defined subgroups, as shown by recent studies. For example,
the cells of origin for the SHH subgroup are the granule-neuron progenitors, whereas for
Groups 3 and 4, early rhombic lip is considered the common source of origin [3-5].

Epidemiologically, the estimated annual incidence of the tumor in the US is approx-
imately 500 cases per year and the median age of diagnosis is 6-8 years; it is very rarely
diagnosed in adults [6].

Since 1990, when the estimated event-free survival (EFS) of MBs was 20-50% [7], and
with the application of newer therapeutic techniques, the median overall survival of all
subtypes is estimated to be 70% [8-10]. The tumor presents a significant biological hetero-
geneity, as it has been observed that about 30% of patients will be diagnosed with metastatic
disease at presentation, and patients who survive may be diagnosed with subsequent ma-
lignancies during their life or develop treatment-related neurocognitive, endocrinological,
or development disorders, highlighting the need for risk stratification of patients with MB.
The aim of risk stratification is the appropriate selection and management of patients who
can really benefit from treatment or who need treatment intensification. Clinical and histo-
logical factors were the initial determinants of prognosis and the main parameters used
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for patient categorization into standard and high risk [11,12]. However, the development
of new molecular techniques has revolutionized the prognostication of MBs, creating new
molecular subgroups with distinct clinical features, response to treatment options, and prog-
nosis. Around 2010, several researchers reported that medulloblastomas comprise at least
four distinct molecular subgroups: wingless signaling activated (WNT), Sonic-hedgehog
signaling activated (SHH), Group 3, and Group 4, largely based on transcriptome profiles
and a few known genetic alterations [13-15]. Thereafter, for the first time in 2016, molecular
subgroups of MBs were incorporated into the WHO’s MB stratification [16,17]. The WNT
subgroup accounts for approximately 10% of all MBs, whereas the SHH subgroup is most
common in infants and young adults, accounting for 25% of all MBs [15,18]. Group 3 and
Group 4 constitute approximately 65% of medulloblastoma cases and are characterized
by great heterogeneity in clinical phenotypes and survival rates [19,20]. The most recent
edition of CNS tumor classification (CNS 5), from 2021, divided medulloblastomas into
“molecularly” and “histologically” defined, denoting the diverse biology of the tumor [21].

However, although recent research has mainly focused on a thorough investigation of
molecular mechanisms behind MB pathogenesis and their contribution to risk stratification
of patients, clinicopathological characteristics are also important factors for both relapse
and prognosis and have been involved in recently developed prognostic nomograms [22].

The main scope of our review is to summarize the evidence concerning clinical, patho-
logical, and molecular factors affecting the prognosis of childhood medulloblastomas. We
mainly focus on the interconnection between these factors and their role in risk stratification,
aiming to prove that appropriate treatment selection in chosen patients is feasible.

2. Methodology

We searched the literature via PubMed, Scopus, and Cochrane for relevant studies,
using specific keywords such as “medulloblastoma”, “prognosis”, and “prognostic factors
from inception to January 2023. Studies referring to clinicopathological and molecular fac-
tors associated with the prognosis of childhood medulloblastomas were included, whereas
studies referring to adulthood or not referring to prognosis, as well as non-English papers,
were excluded from the reviewing process. The primary outcome of our review was to
investigate possible interactions between clinical, histologic, and molecular characteristics
of MBs and the prognosis of the patients. In addition, the effect of the aforementioned
factors on relapse occurrence and their association with post-relapse prognosis were set as
secondary outcomes.

”

3. Results
3.1. Clinical and Histological Prognostic Factors

Before the establishment of molecular subgroups of MBs, patient risk stratification
was mainly carried out based on their clinical characteristics, the histological features of
the tumor, and the treatment approaches followed. Using the above factors as prognostic
parameters, patients are categorized into two discrete subtypes: standard and high risk. Age
< 3 years old, residual tumor > 1.5 cm?, and large-cell/anaplastic histology are considered
high-risk features, whereas patients not fulfilling the above criteria are considered standard
risk [9,12,23].

3.2. Age

One of the clinical characteristics used for risk stratification is the age of the patient.
In general, younger age at diagnosis seem to have a worse prognosis compared to older
children and is considered a high-risk feature [24]. More precisely, infants and children
<3 years showed the worst prognosis, and various studies have investigated survival
rates of those patients [25]. Rutkowski et al. reported a hazard ratio (HR) of 4.02 (95% CI
1.28-12.96) for higher risk for relapse or death for children below 2 years of age compared to
children 2-3 years old, whereas results from a Canadian study concluded that children older
than 18 months had better survival rates compared to infants below that threshold [26,27].
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A possible explanation could be the avoidance of craniospinal irradiation of the tumor in
that age group due to the defects that radiotherapy cause in the developing brain. Despite
that, a recently published meta-analysis and a retrospective study from Brazil did not reach
a statistical significance for age as a poor prognostic factor [8,28,29]. On the other hand,
MBs in adults demonstrate a lower mutational rate, are less aggressive, and are associated
with better prognosis compared to younger patients [30].

3.3. Extent of Disease

Another significant factor that affects the prognosis of childhood MBs and is included
in the risk-stratification system is the extent of disease. Chang’s staging is the main clinical
classification system for MB patients and evaluates the local extent (T stage) and the tumor’s
dissemination (M stage) [31,32]. Although the role of the local extent as a prognostic factor
is debated, with some studies showing worse prognosis for tumors located in the midline
or with involvement of the fourth ventricle and the brainstem [26,33-35] and others not
demonstrating similar findings [36,37], the contribution of metastasis to prognosis is well
established. It is estimated that 30% of patients present with metastatic disease at diagnosis,
which is accompanied by significantly diminished survival rates, with an eight-year OS
of 65% and 27% in non-metastatic and metastatic patients, respectively [26]. Special
consideration is given to stage M1 (tumor cells disseminated to CFS), which exhibits
decreased OS similar to other metastatic stages, implying the need for prompt diagnosis of
M1 staging, incorporation into high-risk features, and the implementation of intensifying
treatment plans [24,26,38,39].

3.4. Extent of Resection

Surgical resection comprises an important part of MB treatment plans, and the extent of
resection poses a significant prognostic factor. The main goal of resection is the removal of the
whole extent of the tumor, with gross total resection (GTR) demonstrating a favorable impact
on both PFS and OS, as shown by observational studies and meta-analyses [8,26,34,40]. On
the other hand, residual disease after surgery, and especially residual tumors > 1.5 cm?, is
considered a poor prognostic factor, leading to local tumor relapses and worst survival
rates. However, the benefit of extensive surgical resections may be counterbalanced for
post-surgical neurologically adverse events, ranging from endocrinologic abnormalities
to neurologic complications such as cerebellar-mutism syndrome, which are present in a
considerable percentage of patients after GTR [41]. The latter is of paramount importance
mainly for centrally located tumors, in whom total resection might not be feasible and
which are categorized as high-risk tumors with a need for treatment intensification. Despite
that, Thompson et al., when examining the prognostic value of GTR compared to near-
total resection (NTR), along with the integration of clinical and molecular factors, did not
conclude significant survival differences, and similar results were also shown by other
studies [42—44]. Consequently, GTR demonstrates a favorable impact on the prognosis of
MB patients, but the EOR should be evaluated in combination with other parameters, such
as tumor location and post-surgical complications.

3.5. Histological Variant

There are four main histological subtypes of MBs: desmoplastic/nodular (DMN),
classic (CMB), MBs with extensive nodularity (MBEN), and large cell/anaplastic (LCA).
Each of them is characterized by different histological patterns and is associated with
distinct molecular and genetic alterations, exhibiting diverse prognosis [3,45,46]. Multiple
studies have examined the role of histology as a prognostic factor of MBs. Firstly, DMN,
which is characterized by desmoplasia with pericellular fibrinogen deposits, demonstrates
better prognosis compared to the classic subtype ([8], desmoplastic vs. classic, HR 0.41, 95%
CI0.31-0.56, OS, and [26], DMN/MBEN vs. classic, HR 0.44, 95% CI 0.31-0.64). Similarly,
MBEN histology, which is mainly found in the early years of life, exhibits and good to
excellent prognosis [47]. The above survival advantage seems to be maintained even in
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the presence of adverse prognostic factors (i.e., metastatic setting). In a more detailed
way, Leary et al. suggested a similar EFS in non-metastatic compared to metastatic DMN,
whereas Gupta et al. showed a better OS in extracranial metastatic desmoplastic compared
to non-desmoplastic subtypes [48,49]. On the other hand, LCA, which is characterized
by the presence of anaplasia in histopathology, exhibits the worst prognosis compared to
other subtypes [46]. Semantically, the degree of anaplasia seems to affect prognosis in a
significant manner, where severe anaplasia leads to worse OS and EFS compared to mild.
The poor prognosis of that subtype could be attributed to the association of LCA with high-
risk features, as it usually affects patients at a younger age, is diagnosed with metastasis
at presentation, and is associated with specific molecular and genetic alternations such as
LOH, isochromosome 17q, and MYC-family genes [50-52]. Especially for the latter, Ellison
et al. and Ryan et al. demonstrated the co-expression of c-MYC amplification with severe
anaplasia and high-risk features, implying a worse prognosis [53,54].

Despite that, the latest WHO classification combines all the above histological subtypes
into one category, called histologically defined MBs, which are associated with specific
molecular pathways, suggesting the need for a multilayered evaluation of specific tumor
characteristics.

3.6. Other Prognostic Factors

Except for the above-described clinicopathological and molecular factors, hematologi-
cal and serum markers are also described in the literature, which can predict the survival of
MB patients. Li et al. investigated the role of serum markers on prognosis and revealed that
an elevated preoperative neutrophil-to-lymphocyte ratio (NLR) and platelet-to-lymphocyte
ratio (PLR) were detected more frequently in Group 3 and Group 4 MBs and were associ-
ated independently with worse PFS and OS [55]. In addition, lower levels of lymphocytes
during radiotherapy (RT) were associated with increased risk of recurrence [56]. In agree-
ment with this, Zhu et al. evaluated the prognostic value of a systemic inflammatory index
(SII) and nutritional status along with serum markers and advocated that high levels of
inflammatory markers impaired OS in multivariable models [57].

Apart from serum markers, recent research has focused on the fast-growing field of
radiomics, where the incorporation of image analysis into risk-prediction models, which
are based on well-established factors, could evaluate the prognosis of each patient preop-
eratively and at diagnosis. The latter is of paramount importance, as it would assist with
further understanding of the diverse nature of MBs and the designation of appropriate
treatment strategies. Until recently, radiomic analysis had managed to indirectly predict
the prognosis of patients, as MRI findings were associated with the molecular subgroup
of the tumor [58,59] or the dissemination to the CSF [60]. However, the co-estimation of
imaging findings, clinical characteristics, and molecular subgroup led to the development
of nomograms, predicting both PFS [61] and OS [62].

4. Molecular Classification

During the last 20 years, knowledge about medulloblastoma biology has fiercely
increased, primarily because of the advance of integrated genomics. The first approved
classification of medulloblastomas concerning the molecular characteristics was performed
by the WHO in 2016, resulting in four different molecular groups of MBs, each of which
has a totally different molecular signature from both genetic and epigenetic aspects: WNT
(wingless-related integration site) activated, SHH (sonic hedgehog)- activated, Group
3, and Group 4 [16,17,63]. The first two groups were identified and named based on
the signaling pathways that were found to be activated in WNT MBs and SHH MB:s,
respectively: Wingless/Integration-1 (WNT) activated and sonic hedgehog (SHH) activated.
It has been histologically proven that WINT MBs and SHH MBs arise from different cell
types. It is well known that medulloblastomas are generated from cells that are related to
some extent to cerebellar granule-neuron-precursor (CGNP) development and that some
medulloblastoma cells retain primitive features equivalent to those of the precursors of
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the embryonic brain. Therefore, it seems that the acquisition of CGNP identity is a crucial
determinant of progenitor cells’ ability to form hedgehog-induced MBs [64]. Group 3 and
Group 4 constitute approximately 65% of medulloblastoma cases and are characterized by
great heterogeneity in clinical phenotypes and survival rates [20]. These different subtypes
are associated with different demographic and clinical features, but this is not always
the case. Lately, a unified lineage of origin for both Groups 3 and 4 within the human
fetal RL5VZ was defined. These recent data explain the underlying molecular signatures,
biological and clinical overlap, and site of diagnosis that these two groups share [5].

The intention behind molecular classification is to better relate clinical phenotypes
with the tumor biology and to identify new personalized, safer, therapeutic targets. The
four main molecular groups describe in a vague manner the disease evolution and outcome.
In the updated WHO classification of the CNS tumors, Group 3 and Group 4 are merged
into one, called non-WNT/non-SHH MB. It is a very large category, to which the majority
of pediatric MB patients belong [21]. The classification by Schwalbe et al. divides MBs into
seven subtypes and impresses that the only group that remains intact is the WNT-MB class.

4.1. The WNT Group

The WNT group accounts for 10% of MBs and usually develops in the midline cere-
bellum but is also capable of spreading to the dorsal brainstem. The WNT group overall
has the best prognosis out of all MB groups [65]. Mutations of the WNT-signaling pathway
cause its fundamental activation [66]. Genomic analyses showed that the vast majority of
patients (85-90%) with WNT MBs have a mutation in exon 3 of CTNNB1 [10]. As a result,
[3-catenin is stabilized, leading to constant activation of the WNT pathway [67]. Mutation
in adenomatous polyposis coli (APC), a germline mutation, is also associated with WNT
MBs [62].

There is a conflict about the subtypes within the WNT group; some studies have
presented evidence for at least two distinct subgroups, whereas other researchers have
reported only one [68-70]. One of the suggested subgroups is low risk, more than 90%
survival, and typically non-metastatic [10]. The second suggested WNT subtype is mainly
characterized by metastatic cases and anaplastic histology [68]. Because of the confusion
concerning WNT-MB sub-classification, many subdivisions have been proposed. Some
groups use both testing of gene-expression patterns with DNA-methylation arrays. A
very recent and modern approach is the similarity-network-fusion (SFN) strategy, which
constructs networks of combined data [70]. As a result, Cavalli et al. identified two
different subtypes of WNT MBs: WNT o and WNT[(3. Generally, WNT MBs are related to
accumulated beta-catenin inside the nucleus, accumulation of mutations in CTNNB1, and,
in most cases, monosomy in chromosome 6 [66]. The above-mentioned markers are used to
identify WNT MBs, but 1 in 10 MBs can be missed [71].

4.2. The SHH-MB Group

SHH MBs are the most common group in infants, accounting for 25% of all medul-
loblastoma cases. Usually, it is found in cerebellar hemispheres but can also be found in
the midline. It is characterized by mutations or copy-number alterations of SHH-pathway
genes. According to Robinson et al., the infant-SHH group should be split into SHH-I and
SHH-II, as it seems that the first one is enriched in SUFU aberrations and chromosome
2 gain [72-74]. Another study suggested the subclassification of the SHH group into «, 3,
v, and 6 subgroups [66,70]. According to the study, infant SHH-I and SHH-II correspond
to SHH-3 and SHH-y, respectively. The prognosis of SHH-v is better than that of SHH-{.
SHHa can be of the LCA or ND subtype. It has been found to be enriched with MYCN,
GLI2, and YAP1 amplifications, as well as TP53 mutations and copy-number alterations
(99, 10q, and 17p loss) [70,75,76].
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4.3. Group 3 and Group 4

Group 3 has the highest rate of mortality, with only a 58% 5-year OS in children
and an even lower, 45% 5-year OS in infants [19,65,77]. In fact, Group 3 has a variety
of grim features, such as young age and metastasis even after diagnosis. Histologically,
it is characterized by anaplastic large cells that can serve as a prognostic marker [78].
Concerning molecular events, an aberrant amplification of MYC takes place [79]. Group 3
seems to be highly heterogenous with patients developing MYC-amplified tumors, with a
very short survival rate since only 20% survive up to 5 years. Group 3 MB tumors reappear
as metastases far from the primary tumor, with a rate of metastases independent of the
survival percentage. Tumors belonging to Group 4 usually demonstrate isochromosome
17q (i17q) [80]. The overlap in the mutational spectrum, the transcriptional profile, and the
DNA-methylation pattern between Group 3 and Group 4 has led them to be considered the
non-WNT/non-SHH group in the latest WHO classification [21]. Indeed, tumors belonging
to this group have more of a molecular affinity with each other than with SHH or WNT
MBs. Unlike WNT and SHH MBs, the reason for this molecular diversity and the large and
confusing overlapping between Groups 3 and 4 remains obscure.

In summary, since the recognition of the four core MB groups in 2010, molecular
subgrouping has experienced a revolutionary diversification. Nowadays, about 12 molec-
ular subtypes are defined and new data come to light every day. Cavalli et al. analyzed
more than 700 primary-MB tissue samples and showed that SHH MBs can be divided into
four subclasses, with different copy-number aberrations, activated pathways, and—most
importantly—different clinical outcomes. The SHH« subgroup has the worst prognosis of
all four subgroups [70].

5. Medulloblastomas and Genetics

Medulloblastoma genetic analysis is a key component not only for risk stratification
but also for prognosis [81]. Currently, the molecular classification of MB tumors is routinely
performed not only because of the impact that variations have on treatment and clinical
outcome but also because it is undeniable that the great progress in molecular analyses,
such as high-throughput next-generation-sequencing (NGS) technologies, allows for better
understanding of medulloblastomas’ tumorigenesis and biology, which should ultimately
enhance the application of tailored treatment therapies.

Each molecular subgroup of MBs can be identified by a unique signature of DNA
alterations and copy-number variation, abnormal gene transcription, and various post-
transcriptional modifications. These characteristics are associated with different clinical
phenotypes and, when combined, could have an important prognostic value. TP53 R273H
mutation, which lies within the DNA-binding domain of the tumor-suppressor protein
Tp53, is responsible for the loss of DNA binding and decreased activation of Tp53 target
gene expression. As a result, cells resist apoptosis and an aberrant transcriptional activation
and increased cell migration take place. TP53 mutation in the R273H point is associated
with poor follow-up in the SHH« subgroup and generally with worse prognosis [70]. In
addition, it has been shown in mice models that TP53 R237H mutation is responsible for
tumors with high metastatic potential [82,83]. TP53 germ-line mutations lead to muta-
tions in hedgehog-signaling genes, resulting in medulloblastoma growth in patients with
Li-Fraumeni syndrome. Cerebellum granule-cell precursors (GCPs) are the cells of origin
of SHH medulloblastomas, indicating that GCPs are highly susceptible to tumorigenesis in
the absence of P53.

Other genes, such as MYCN and GLI2, are frequently found in various cohorts to be
over-expressed [84]. Indeed, both genes are risk factors for SHH MBs. TP53 could serve as
a reliable prognostic marker in SHH MB cases, as it has been recently shown that patients
with the above-mentioned mutations have a worse outcome compared with patients with
wild-type TP53 [85]. From a histological perspective, mutations in the TP53, when present,
reflect poor prognosis in all four groups [86]. A validated molecular marker used for Group
3 is NPR3 (natriuretic peptide receptor 3), a protein-coding gene, and for Group 4 it is
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KCNAL1 (potassium voltage-gated channel subfamily A member 1), another protein-coding
gene [66]. Apart from the conventional genetic markers, it has been demonstrated that the
incorporation of DNA-methylation biomarkers significantly ameliorates survival prediction
for non-WNT medulloblastomas in patients 3 to 16 years old. The addition of MXI1- and
IL8-methylation status with the currently used molecular and clinical features noticeably
improved disease-risk stratification [87,88].

It may take years before genetic tests based on sequencing technologies can be incor-
porated as a part of standard care for our patients. Further studies are needed to validate
their prognostic merit and lead to tailored therapies that are able to detect measurable,
residual disease and prevent the fatal relapse of medulloblastomas.

6. Non-Coding RNAs

New reliable and affordable methods are needed to help prognosis and to suggest
the most appropriate therapy to patients with MBs individually. MiRNAs could be the
answer to that, as they have already been used in treating various diseases, including
cancer. MicroRNAs (miRNAs or miRs) are small non-coding RNA molecules that have
been identified as major regulators of cancer growth, functioning either as oncogenes or
tumor suppressors. MiRNAs help tumor cells called oncomiRs to proliferate, but others
inhibit cell proliferation and promote cell differentiation, known as tumor-suppressor
miRs. MicroRNAs have been implicated in gene-expression regulation through different
mechanisms. Usually, based on sequence-specific binding, they can inhibit the translation
of messenger RNA (mRNA) or mark mRNA molecules for degradation [89]. Due to
molecular-technique improvement, new and affordable methods are available, suggesting
that miRNAs can be used as promising biomarkers of MBs [90,91]. MiRNAs can be
readily detected in tumor biopsies, and they are also stable in body fluids due to being
bound to lipoproteins, associated with the Argonaute 2 (Ago2) protein, packaged into
microvescicles and other microparticles (such as apoptotic bodies, microvesicles, and
exosome-like particles) as circulating miRNAs [92-94]. Therefore, they are protected from
endogenous RNA activity, making them a reliable and stable marker [95].

Different miRNAs have different molecular signatures in the four distinct groups. It
has also been found that downregulation of miR-204 expression is associated with poor
survival in children diagnosed with Group 3 or Group 4 MBs [96]. Moreover, in Group 4
patients, there is generally an intermediate prognosis: Low expression of miR-204 marks
out a distinct sub-group with remarkably poor survival. This is a rather important finding,
as Group 4 is characterized by a lack of reliable prognostic markers [97].

The most important remark about miR-204 is probably that the replacement of down-
regulated expression levels could limit a tumor’s metastatic potential and thus be a promis-
ing therapeutic approach. The improvement of RNA-sequencing platforms has led to
the identification of several miRNAs that alter gene regulation and promote cancer and
metastasis. Large cohort studies with the neuroblastoma pediatric population revealed
the crucial role of miR-383, miR-206, miR-183, miR-128a /b, and miR-133b in WNT MBs,
as they are downregulated significantly [98,99]. Identification of new molecular markers
for diagnosis and prognosis is important. Long non-coding RNAs (IncRNAs) are now
among the most promising diagnostic tool, as they play an important role in brain-tumor
growth and metastasis [100]. Kesherwani et al. found that high expression of DLEU2 and
DSCRS in Group 3 and high expression of DLEU2 and low expression of XIST in Group
4 are associated with poor prognosis of MBs [101]. Gao et al. showed that LOXL1-AS1
(LOXL1 antisense RNA 1) promotes cell proliferation and migration in MBs [102-104]. In
2020, Joshi et al. conducted the first genome-wide analysis of IncRNAs’ expression profile
in MBs. The screening of 17 IncRNAs yielded positive results, with H19, Inc-RRM2-3,
LINCO01551, LINC00336, Inc-CDYL-1, FAM222A-AS1, and AL139393.2 associated with poor
prognosis [105].

In 2022, Lee et al. showed in vitro that long non-coding RNA SPRIGHTLY promote
the MB subgroup 4 [106]. SPRIGHTLY modulates the EGFR-signaling pathway through
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regulatory effects. These modifications affect cell growth through changes in the tumor
microenvironment [106].

According to Zhang et al., HOTAIR (HOX transcript antisense RNA) is another
LncRNA that promotes MB progression [104]. HOTAIR knockdown led to a reduction
of tumor growth, cell proliferation, and increased cell apoptosis. HOTAIR act through
bindings to miR-1 and miR-206, which lead to increased expression of YY1 (Yin Yang 1).
It has been proven that non-coding RNAs regulate tumor metabolism involved in devel-
opment and relapse. We estimate that future studies will enable a full investigation into
ncRNA-associated prognostic potential and that it will be incorporated into the prognosis
and stratification of medulloblastomas.

7. Recurrence

Recurrence of MB (relapsed MB, rMB) is considered a serious adverse event of the tu-
mor, which is present in approximately 30% of patients and associated with poor prognosis.
Recent studies have reported significantly diminished PFS and OS for rMBs (only 5% of
patients will remain alive after 5 years), even in the presence of a wide range of therapeutic
options, such as re-irradiation, surgery, chemotherapy, and targeted therapies [107]. The
above observation prioritizes the need for the development of appropriate risk-stratification
models based on clinical and molecular subgroups for relapsed patients, which could also
assist with the selection of adequate treatment strategies.

Regarding prognostic factors of MB relapse, both clinical and histological characteris-
tics of the tumor at diagnosis seem to affect the time and pattern of relapse and post-relapse
survival rates. Concerning age, younger patients (<5 years old) have a higher rate of recur-
rence, and the role of histology is not clear. Although LCA was associated with reduced
time to relapse and short time to death post-relapse [108], Sabel et al. argued that histology
did not affect the aforementioned factors [109]. In addition, the detection of MYC amplifica-
tion was characterized as a negative prognostic for both the development of recurrence and
time to death after relapse [109]. Treatment modality at diagnosis was another significant
factor in observational studies, where craniospinal irradiation of the primary tumor showed
prolonged time to relapse and better survival rates afterwards [108-110]. Nevertheless, the
site of recurrence seems not to be affected by treatment type and is mainly molecularly
driven. On the other hand, presence of metastatic dissemination at diagnosis had no effect
on survival after relapse [111].

Prospective studies also evaluated the existence of prognostic factors for MB recurrence
in infants (iMB) and young children and investigated parameters associated with post-
relapse survival (PRS). Gross total resection and the absence of residual disease or <1.5 cm?
residual disease showed a better EFS compared to STR or residual > 1.5 cm? [112,113],
whereas the time from diagnosis to relapse was not shown to affect survival [114]. From a
histopathological perspective, DMEN/DN histology demonstrated a better PFS compared
to CMB [112], and further molecular analysis revealed that a considerable number of pa-
tients within the SHH subgroup had DN/MBEN histology and were associated with better
prognosis. However, Hicks et al. argued that in DN/MBEN SHH iMBEs, there is a subset of
patients with the SHH; molecular subtype that had a worse PFS (HR 3.8, 95% CI 1.00-11.8,
p = 0.038), underlining the importance of an extended molecular subtyping for the better
understanding of recurrence risk in iMBs [115]. In concordance with this, the SJYCO7 trial
reported similar results [72], whereas the HIT-2000 study [116] and ACNS1221 [117] did
not reach statistical significance for the difference in PFS between the SHH; and SHHy; sub-
groups. On the contrary, non-DN/MBEN histology or STR within the SHH subgroup were
considered poor prognostic factors. On the other hand, Group 3 usually presented with a
disseminated relapse pattern [115,118] and was characterized by MYC amplification and
LCA histology, resulting in diminished PFS, whereas Group 4 demonstrated local relapse
and a moderate prognosis. Regarding PRS and taking under consideration that CSI is often
omitted in iMBs due to neurocognitive disorders, salvaging CSI led to improved survival
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after recurrence [114,118]. Other prognostic factors for PRS, as shown by multivariable
models, were Group 3 and a disseminated pattern of relapse, which led to poor prognosis.

The observation of different treatment outcomes among MB patients, their diversity in
histopathological and molecular characteristics, and the presence of different cells of origin,
imply the detection of discrete molecular findings at relapse compared to the primary tumor.
However, methylation data analysis performed at relapsed tumor specimens concluded that
MBs maintain their primary characteristics also at recurrence (“tumor fidelity”), affecting
all aspects of the disease, starting from time to relapse [119]. Differences in relapsed MBs
are critical to the development of effective therapies. Research on primary and recurrent
MB tumors has revealed that the variance in genomic changes between the two is the
mutations on the driver that are present in around 41% of reoccurring tumors and various
acquired somatic DNA alterations in around 53% of them [120,121]. The performance of
methylation profiling indicates, once more, that in general, the molecular signature of the
relapsed tumor resembles that of the original one, except, of course, for the prementioned
alterations [122].

In the SHH MB group, it seems that age is being negatively correlated with differences
between gene expression in the primary and in the relapsed tumor. Particularly, the
youngest patients with SHH MB, develop relapsed tumors with copy-number variations
and supreme transcriptome variability compared to the primary tumor. The majority of
relapsed cases are characterized by the loss of 17p and, in a limited number of cases, by
new TP53 mutation [123]. This finding suggests a model of bi-allelic gene inactivation,
resulting in further accumulation of genomic changes. On the contrary, Groups 3 and 4 are
presented with metastatic disease, which is associated with poor prognosis [124].

Richardson et al. studied more than 100 relapsed MBs, enabling the characterization
of the molecular basis in medulloblastoma reoccurrence with the goal of the clinical ex-
ploitation of this knowledge. They found that molecular groups and the novel subtypes
also remained consistent to the original stratification of the primary tumor. However, it
was found that a small subset of Group 4 MBs switched subgroups when relapsing [125].

Hill et al. also proved that MBs show an altered molecular profile at relapse, which
is predictive of disease prognosis but cannot be detected earlier. They pointed out the
significance of P53-MYC interactions during tumor relapse and their prognostic value
as predictors of clinically aggressive disease [126]. These findings enhance the need for
biopsy in clinical practice during relapse and thus the development of improved and
patient-tailored therapeutic strategies.

8. Applying the Knowledge Gained

The knowledge acquired from molecular data suggests that clinical risk is not enough
for the reliable assessment of relapse risk. The intention behind molecular classification is to
better relate clinical phenotypes with the tumor biology and to identify new personalized,
safer, therapeutic targets. So far, randomized controlled trials focusing on older children,
and SJYCO07 including younger children (<3 years old), have evaluated both clinical prog-
nostic factors and molecular subgroups to guide treatment decisions. More precisely, the
ACNS0331 study concluded a non-inferior EFS in clinically defined average-risk patients
with MB in whom a reduction of radiation-boost volume was preferred compared to
posterior-fossa radiation therapy. In addition, that regimen decreased neurocognitive disor-
ders attributed to RT, serving as an additional advantage in the treatment of patients lacking
high-risk features. However, molecular subgrouping revealed a specific subgroup with
inferior EFS when low-dose CSI was administered compared to the standard dose [127].
In concordance, the SJMB3 trial stratified patients into categories based on both clinical
and molecular prognostic factors, pinpointing the importance of co-estimation of those
parameters in the case of treatment de-intensification in favorable-risk groups (such as the
WNT subgroup) or intensifying treatment in the presence of adverse prognostic factors
such as metastatic disease or subtype III or MYC amplification in Group 3 patients [78].
Similarly for younger children enrolled in the SJYCO07 trial, treatment selection according to
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clinically and histologically defined risk-adapted factors did not improve EFS, especially
for the intermediate- and high-risk groups [78]. On the contrary, using molecular profiling
led to a better survival outcome in the SHHj; subgroup compared to SHHj, in whom signif-
icant adverse genetic factors, such as SUFU aberration and isochromosome 2 gain, were
detected. In addition, recent clinical trials have been designed (i.e., PNET 5 (NCT02066220)
and SJMB12 (NCT01878617)) and enrolled pediatric patients based on both clinical and
molecular data.

For the PNET 5 study, the only criterion for the assignment of patients was (3-catenin
status. Therefore, children positive for (3-catenin endonucleic accumulation were assigned
to treatment arm PNET5 MB-LR, whereas children with negative results were assigned to
treatment arm PNET 5 MB-SR. It is worth mentioning that the initial diagnostic assessments
(imaging, staging, histology, and tumor biology) needed for inclusion in the study were
the same for both treatment arms. An amendment of the protocol permitted the entry of
WNT-activated MB patients with high-risk characteristics to the PNET 5 MB WNT-HR
study. Likewise, patients with high-risk SHH MB with TP53 mutation (somatic, germline,
and mosaicism) were included in the PNET 5 MB SHH-TP53 study.

The second phase I clinical trial, called SJMB12, stratified MB treatment according to
clinical risk (low, standard, intermediate, or high risk) and molecular subtype (WNT, SHH,
or non-WNT /non-SHH). The main aim was to evaluate whether participants with low-risk
WNT tumors could be treated with a lower dose of radiation and mild chemotherapy to
achieve the same survival rates with fewer side effects. All children had surgery to remove
as much of the primary tumor as was safely possible, radiation therapy, and chemotherapy.
However, the amount of therapy (radiation and chemotherapy) was determined by the
patient’s treatment stratum. The treatment-stratum assignment had been planned based on
the tumor’s molecular subgroup and clinical risk.

Both studies are ongoing, and we have to wait for the results to fulfill the research
community’s ambitions for more efficient and safe treatment of MBs.

9. Conclusions

Until 2014, MB grading, like general grading in CNS tumors, was based exclusively on
histological data. However, since then, a lot has changed in the diagnostics and therapeutics
of cancer diseases. Undoubtedly, genomic and transcriptomic analyses shed light on the
molecular and genetic pathways involved in the pathogenesis of MBs, evolving risk-
stratification systems. Molecular markers can provide powerful prognostic knowledge, and
this is why they have been added to the biomarker list of grading and prognosis estimation.
Apart from the already-applied technologies, new molecular biomarkers have come into
view. Recent studies have revealed the promising prognostic value of various analyses
based on genomic approaches that use the cell-free DNA (cfDNA) of the cerebrospinal fluid
(CSF) and the different structural variants and point mutations by multiplexed droplet
digital PCR (ddPCR) [128]. Moreover, Cao et al. brought out the great potential of the
MCM3 marker, a minichromosome-maintenance protein, through a multi-omics approach
that combines single-cell RNA sequencing and proteomics analysis [129]. Undoubtedly,
scientists are trying to combine state-of-the-art molecular analyses with modern mass-
spectrometry imaging techniques that will allow for the identification of sub-group-specific
tumor-cell populations whose unique functions can be exploited for future prognostic and
therapeutic strategies.

Disparities among patients’ clinical outcomes make the application of further subtypes
of MB urgent and have been included in this study. Despite the prognostic value of the
recent 2021 WHO molecular classification, it is obvious that there is a great heterogene-
ity within each of the four groups and their relevant subgroups. Therefore, there is a
constant update of downstream classification from studies around the world, and this is
only the beginning. As technology improves and permits wider and more complicated
data interpretation, a more detailed subgroup analysis will appear. Furthermore, as the
new molecular characterization in MBs remains independent and difficult to match with
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the histological data, we face problems of overlapping associations. That is the case for
desmoplastic/nodular MB and MBEN, subtypes of the SHH group [130].

The new era in molecular-based medulloblastoma prognosis and stratification has
arrived. It remains to be seen, while awaiting the first sets of data from the ongoing relevant
clinical trials, how translational research can be integrated into clinical practice to balance
survival with quality of survival.
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Abstract: One of the most frequent genes affected in pediatric ALL is the CDKN2A /2B gene, act-
ing as a secondary cooperating event and playing an important role in cell-cycle regulation and
chemosensitivity. Despite its inclusion in combined CNA (copy-number alterations) classifiers, like
the IKZF1plus entity and the UKALL CNA profile, the prognostic impact of the individual gene
deletions outside the context of a combined CNA evaluation remains controversial. Addressing
the CDKN2A /2B deletions” additive prognostic effect in current risk-stratification algorithms, we
present a retrospective study of a Greek pediatric ALL cohort comprising 247 patients studied over
a 24-year period (2000-2023). Herein, we provide insight regarding the correlation with disease
features, MRD clearance, and independent prognostic significance for this ALL cohort treated with
contemporary BFM-based treatment protocols. Within an extended follow-up time of 135 months,
the presence of the CDKN2A /2B deletions (biallelic or monoallelic) was associated with inferior EFS
rates (65.1% compared to 91.8% for the gene non-deleted subgroup, p < 0.001), with the relapse rate
accounting for 22.2% and 5.9%, respectively (p < 0.001). The presence of the biallelic deletion was
associated with the worst outcomes (EFS 57.2% vs. 89.6% in the case of any other status, monoallelic
or non-deleted, p < 0.001). Survival differences were demonstrated for B-ALL cases (EFS 65.3% vs.
93.6% for the non-deleted B-ALL subgroup, p < 0.001), but the prognostic effect was not statistically
significant within the T-ALL cohort (EFS 64.3 vs. 69.2, p = 0.947). The presence of the CDKN2A /2B
deletions clearly correlated with inferior outcomes within all protocol-defined risk groups (standard
risk (SR): EFS 66.7% vs. 100%, p < 0.001, intermediate risk (IR): EFS 77.1% vs. 97.9%, p < 0.001,
high risk (HR): EFS 42.1% vs. 70.5% p < 0.001 for deleted vs non-deleted cases in each patient risk
group); additionally, in this study, the presence of the deletion differentiated prognosis within both
MRD-positive and -negative subgroups on days 15 and 33 of induction. In multivariate analysis,
the presence of the CDKN2A /2B deletions was the most important prognostic factor for relapse
and overall survival, yielding a hazard ratio of 5.2 (95% confidence interval: 2.59-10.41, p < 0.001)
and 5.96 (95% confidence interval: 2.97-11.95, p < 0.001), respectively, designating the alteration’s
independent prognostic significance in the context of modern risk stratification. The results of our
study demonstrate that the presence of the CDKN2A /2B deletions can further stratify all existing risk
groups, identifying patient subgroups with different outcomes. The above biallelic deletions could be
incorporated into future risk-stratification algorithms, refining MRD-based stratification. In the era of
targeted therapies, future prospective controlled clinical trials will further explore the possible use of
cyclin-dependent kinase inhibitors (CDKIs) in CDKN2A /2B-affected ALL pediatric subgroups.
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1. Introduction

Major survival improvements in pediatric acute lymphoblastic leukemia (ALL) have
been accomplished through the refinement of the risk-adapted approach [1-3] and MRD-
guided treatment [1,3,4], as well as due to the enhanced delineation of the underlying
disease biology [5-12]. Apart from the well-established adverse genetic aberrations, like
the BCR::ABL1 fusion and KMT2A gene rearrangements, modern therapeutic protocols
are currently incorporating the combined evaluation of the copy-number status of selected
genes, which may also serve as adverse modifiers [11,13,14]. Hence, although CNA classi-
fiers like the IKZF1plus entity [13] and the UKALL CNA profile [14] are constantly gaining
relevance as potential risk-stratification markers [15,16], the prognostic impact of individual
single-gene deletions remains controversial in most cases.

One of the genes that has a disputable effect on prognosis in pediatric ALL is the
cyclin-dependent kinase inhibitor 2A /2B (CDKN2A /2B), located on the 9p21 chromosomal
region and comprising two tumor-suppressor genes lying adjacent to each other, which
encode for three proteins: (a) p16NK44 (inhibitor of CDK4), (b) p14ARF (alternative reading
frame) by CDKN2A, and (c) p15™K4B by CDKN2B [17]. As a secondary cooperating event,
inactivation of the CDKN2A /2B genes can play an important role in leukemogenesis,
regulating the cell cycle, chemosensitivity, and apoptosis [17-19].

Although CDKN2A /B deletions are detected in approximately 20-25% of pediatric B-
cell precursor (BCP) ALL cases and 38.5-50% of T-ALL patients [19-21], with the percentage
rising to more than 80% in cases of B-other and BCR/ABL1-like ALL [22,23], results on the
prognostic impact of the biallelic or monoallelic deletion remain inconclusive [24-34]. In
addition, the use of cyclin-dependent kinase inhibitors (CDKIs) in CDKN2A /2B-affected
ALL pediatric subgroups requires prospective evaluation in the framework of targeted
therapies and controlled clinical trials. Herein, we present a retrospective study of a Greek
pediatric ALL cohort studied over a 24-year period (2000-2023), with a median follow-up
time of 135 months, providing insight regarding the deletion’s correlation with disease
features and disease clearance and its independent prognostic significance in the context of
contemporary BFM-based treatment protocols. Additionally, our study demonstrates that,
in the absence of NGS technologies, the combination of iFISH and MLPA could be a simple,
feasible, and validated approach for identifying the majority of CDKN2A /2B deletions.

2. Materials and Methods
2.1. Patients

During the years 2000-2023, 247 ALL patients (151 males/96 females, median age
5.0 years (range 0.2-17.5)) were consecutively diagnosed and homogeneously treated ac-
cording to BFM-based protocols in a single center, the Department of Pediatric Hematology-
Oncology (T.A.O.) of “Aghia Sophia” Children’s Hospital in Athens, Greece. The diagnosis
of B-cell- or T-cell-precursor origin was established according to conventional FAB and
immunophenotypic criteria. A total of 220 patients (89.1%) were diagnosed with B-cell-
precursor ALL and 27 patients (10.9%) with T-cell-precursor ALL.

2.2. Diagnosis; Morphologic, Molecular, and Cytogenetic Testing

All patients were evaluated by morphology of bone-marrow (BM) smears, histochem-
istry, immunophenotyping, conventional cytogenetics (G-banding), FISH, and RT-PCR for
the presence of common ALL translocations.
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2.3. Flow Cytometry (FC)

BM samples were investigated for leukemia-associated immunophenotypes and were
assessed by flow-cytometry (FC) using 3-5-color antibody combinations, adapted to the
published AIEOP-BFM Consensus Guidelines 2016 for Flow Cytometric Immunophe-
notyping of Pediatric ALL for patients treated after 2016 [35]. Follow-up samples for
minimal-residual-disease (MRD) study were collected from BM at days 15, 33, and 7§;
weeks 22-24 before initiation; and at the end of maintenance therapy. All high-risk (HR)
patients were also evaluated before each HR block. MRD was detected by flow cytometry,
initially using 5 colors and, since 2019, 9 and 10 colors for B-ALL and T-ALL phenotypes,
respectively. Sample analysis was performed with FC-500 and NAVIOS (Beckman-Coulter,
Miami, FL, USA) flow cytometers using CXP-Analysis or Kaluza (versions 1.3 and 2.1)
software. For MRD detection, a minimum of 500,000 events was collected with count
extrapolation of up to 3,600,000 events if needed. Sensitivity of 0.1 to 0.01% was achieved
in most cases, with an acquisition of a minimum of 20 events in the MRD gate.

2.4. G-Banding, FISH, and RT-PCR

Bone-marrow cells were cultured for 24, 48, and 72 h prior to G-banding. A 300-
banding resolution technique (300 bands per haploid set—300 bphs) was applied. FISH
evaluation using commercial probe sets was performed in non-cultured cells for the detec-
tion of ETV6:RUNX1, TCE3::PBX1, and BCR::ABL1 fusion genes; KMT2A gene rearrange-
ments; and CDKN2A /2B, ETV6, and RUNXI1 duplications, deletions, or amplifications.
Bone-marrow cells were analyzed with interphase FISH according to the probe manufac-
turer” instructions (Abbott Molecular Inc., Abbott Park, IL, USA). The probe set employed
consists of a centromeric probe for chromosome 9, plus a locus-specific identifier, measur-
ing 222 kilobases (kb) and spanning the entire length of CDKN2A (INK4A and ARF) and
CDKN2B (INK4B), as well as the entire length of the methylthioadenosine phosphorylase
(MTAP) gene in the centromeric direction in the 9p21.3 chromosome region. Based on
results from normal bone-marrow smears, the cutoff level for any kind of deletion or
monosomy was set to 10%, and at least 300 cells were analyzed in each test. Cases with two
different deleted populations (one biallelic and one monoallelic) were classified as having a
biallelic deletion.

Ficoll-Hypaque-purified BM samples (Sigma-Aldrich, Saint-Louis, MO, USA, and
Merck, Darmstadt, Germany) were studied by RT-PCR for the presence of the common
translocations ETV6:RUNX1, TCF3::PBX1, BCR::ABL1, and KMT2A::AFF1.

2.5. MLPA (Multiple-Ligation Probe Amplification)

MLPA (multiple-ligation probe amplification) was applied using the SALSA-MLPA
P335 kit (MRC Holland, Amsterdam, the Netherlands). Among the 247 ALL patients consec-
utively treated in our department (54 SR, 130 IR, 63 HR), BM samples from 95 non-selected
patients were MLPA analyzed (retrospective: 45 patients, prospective and consecutively
diagnosed since 2015: 50 patients), evaluating the copy-number status detection of 8 genes:
IKZF1, CDKN2A /2B, PAR1, BTG1, EBF1, PAX5, ETV6, and RB1. The Salsa-MLPA-P335Kit
was used according to the manufacturer’s instructions [36,37].

2.6. Conventional Risk Stratification, Therapy Groups, and Treatment Protocol

All patients were treated according to AIEOP-BFM-ALL-based protocols (BFM 1995 /2000
and ALLIC-BFM 2009) [38—40]. Initial risk stratification was conducted according to pro-
tocol criteria [39,40]. All patients were stratified as good or poor prednisone responders
(GPR or PPR) according to peripheral-blood (PB) smears on day 8 of remission-induction
therapy (absolute-blast count < or >1000/pL).

Non-T ALL patients with WBC < 20,000/ L at diagnosis and age > 1 to <6 years who
lacked high-risk criteria and had an FC-MRD load on day 15 of <0.1% when treated on
the ALLIC-BFM 2009 protocol were characterized as standard-risk (SR) patients according
to protocol stratification. The high-risk (HR) group included patients with any of the
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following: detection of KMT2A /AFF1, detection of BCR/ABL1, poor prednisone response
on day +8, inability to achieve complete remission (CR) on day +33, hypodiploidy, and
FC-MRD > 10% on day 15 for patients treated on the ALLIC-BFM 2009 protocol. All other
patients were allocated to the intermediate-risk (IR) group by protocol stratification.

The remission induction, consolidation, and reinduction therapy was applied ac-
cording to the BFM backbone, as previously described [41,42], using a two-arm BFM
backbone applied before 2009 and following the three-arm ALLIC BFM 2009 stratification
afterwards [41-43].

2.7. Statistical Analysis

Event-free survival (EFS) and overall-survival (OS) estimates were calculated using
the Kaplan-Meier method and standard errors of the estimates were calculated using
Greenwood’s formula. Time to relapse was calculated as the time from diagnosis to first
relapse, whereas time to event was estimated as the time from diagnosis to the first adverse
event (relapse, refractory disease, secondary malignancy, or death). Patients were censored
at the time of last follow-up. OS was defined as the time from diagnosis to death from
any cause, and patients were censored at the time of last follow-up. The log-rank test was
used for comparison of survival curves between different groups. Multivariate analysis
was conducted, and prognostic factors for EFS and OS were identified using the Cox
proportional-hazard regression model. The significance of covariate or factor effects was
tested using the Wald tests. Associations between categorical variables were tested using
the x? test. All tests were conducted with a significance level of 5% (p-values of <0.05 were
considered statistically significant). Analysis was performed using IBM SPSS v29.0 software.

3. Results
3.1. FISH and MLPA Concordance in CDKN2A/2B Evaluation

In our cohort of 247 ALL patients, 63/247 patients (25.5%) harbored CDKN2A /2B
deletions. The majority of CDKN2A /2B deletions were identified by FISH (55/63), with
the rest of the cases detected by MLPA or karyotype. G-banding cytogenetics captured the
deletion in only eight cases.

Among the 95 samples analyzed by MLPA in the whole cohort, 29 referred to the
CDKN2A /2B-deleted subgroup, as identified by any method. Out of the 29 CDKN2A /2B-
deleted samples evaluated, the deletion was identified in 23 cases by FISH and in 20 cases
by MLPA. Concordance between FISH and MLPA was evidenced in 15 cases, eight cases
were identified by FISH only, and five cases were detected by MLPA only, with negative
FISH results.

3.2. The Incidence of CDKN2A/2B Deletions and Comparative Description of Clinical and Genetic
Disease Features between the CDKN2A/2B Deleted and Non-Deleted Subgroup

Sixty-three out of 247 patients (25.5%) harbored CDKN2A /2B deletions, either biallelic
(n = 35) or monoallelic (n = 28). Among 220 B-ALL patients, the presence of CDKNA /2B dele-
tions was identified in 49/220 (22.3%), and within the 27 T-ALL subsets, CDKN2A /2B
deletions were present in 14/27 patients (51.8%). The detection of CDKN2A /2B dele-
tions was associated with older age at diagnosis (median age: 5.9 years vs. 4.3 years,
p = 0.04), higher WBC count (median WBC: 22.15 x 10°/L vs. 9.33 x 10°/L, p < 0.001),
and non-significant difference regarding CNS infiltration (12/63, 19.0% vs. 14.1% 26/184,
p = 0.37) compared to the subgroup with non-deleted CDKN2A /2B. Regarding protocol risk
stratification, patients harboring CDKN2A /2B deletions presented with a trend towards IR-
and HR-group stratification, compared to patients without evidence of the aberration, with
the SR group accounting for 14.3% within the deleted subgroup vs. 24.5% when analyzing
the CDKN2A /2B-non-deleted subgroup. The presence of the deletion was associated with
a higher co-occurrence of the BCR::ABL1 fusion transcript (4.8% vs. 1.1%) and the PAX5
gene deletion (13.8% vs. 6.1%). Comparative description of the deleted and non-deleted
CDKN2A /2B subgroup and coexistence with other genetic aberrations is described in Table 1.
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Table 1. Comparison of baseline demographic, clinical, immunophenotypic, genetic, and treatment
characteristics of ALL patients with or without the presence of CDKN2A /2B deletions.

Characteristics n (%) n (%) n (%)

Gender

. Male 151 (61.1) 40 (63.5) 110 (59.8)

. Female 96 (38.9) 23 (36.5) 74 (40.2) 0.92

Age

. Median, years 5.0 5.9 4.3 0.04

Immunophenotype

. B-ALL 220 (89.1) 49 (77.8) 171 (92.9)

o T-ALL 27 (10.9) 14 (22.2) 13 (7.1) <0.001

White-Blood-Cell Count

° Median (x10° /L) 12.21 22.15 9.33 <0.001

CNS Infiltration

o Yes (CN2, CN3) 38 (15.4) 12 (19.0) 26 (14.1) 0.37

Genetics

. ETV6:RUNX1 50 (20.2) 10 (15.9) 40 (21.7) 0.32

. KMT2A rearrangements 12 (4.8) 1(1.6) 11 (6.0) 0.03

. BCR:ABL1 5 (2.0) 3 (4.8) 2(1.1) 0.04

. TCF3:PBX1 10 (4.0) 3(4.8) 7 (3.8) 0.97

. iAMP21 3(0.8) 1(1.6) 2(1.1) 0.78

. Hyperdiploidy 61 (24.7) 10 (15.9) 51(27.7) 0.06

. Hypodiploidy 2(0.8) 1(1.6) 1(1.1) 0.90

. IKZF1deletion 13 (13.7) * 2(6.9) ** 11 (16.7) *** 0.02

. IKZF1plus 1(1.0)* 0(0.0) 1(1.5) 0.31

. PAX5 deletion 8(8.4)* 4(13.8)** 4(6.1) 0.04

Treatment Protocol

. BFM 95/2000 modified 119 (48.2) 31(49.2) 88 (47.8) 0.95

. ALLIC BFM 2009 128 (51.8) 32 (50.8) 96 (52.2) 0.65

Protocol Risk Group

. Standard risk 54 (21.9) 9 (14.3) 45 (24.5) 0.03

¢ Intermediate risk 130 (52.6) 35 (55.6) 95 (51.6) 0.08

. High risk 63 (25.5) 19 (30.1) 44 (23.9) 0.09

Therapy Risk Group

. Standard risk 7(2.8) 0(0) 7 (3.8) 0.04

. Intermediate risk 167 (67.6) 43 (68.3) 124 (67.4) 0.09

. High risk 73 (29.6) 20 (31.7) 53 (28.8) 0.06

FC-MRD status

* FCMRDIS positive 185 (74.9) 47 (74.6) 138 (75.0) 0.84
(MRDy5 > 107%)

s  FC-MRDd33 positive 59 (23.9) 14 (22.2) 45 (24.4) 0.94
(MRDygs3 > 1074

Complete Remission (EOI-CR #)

. Yes 230 (93.1) 61 (96.8) 167 (90.8) 0.08

. No 17 (6.9) 2(3.2) 17 (9.2) 0.06

* Results out of 95 BM samples evaluated by MLPA; ** results out of 29 BM samples evaluated by MLPA; *** results
out of 66 BM samples evaluated by MLPA; FC-MRD: flow cytometry-minimal residual disease; EOI-CR: end of
induction-complete remission; # complete remission, defined as flow-cytometric evaluation of <1% lymphoblasts
by the end of induction.
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3.3. Impact of CDKN2A/2B Deletions in Treatment Response and MRD Clearance

A higher rate of poor prednisone response on day 8 of induction therapy was observed
within the CDKN2A /2B-deleted subgroup (19.0% vs. 12.5% for non-deleted patients,
p = 0.3), but the results were not statistically significant. No statistically significant differ-
ences were noted between the two genetic groups (CDKN2A /2B deleted vs. CDKN2A /2B
non-deleted) regarding the prevalence of MRD positivity on days 15 and 33 (74.6% vs.
75.0% on day 15, p = 0.84 and 22.2% vs. 24.4% on day 33, p = 0.94). There was a trend for a
higher percentage of end-induction complete remission (CR) in the CDKN2A /2B-deleted
subgroup but with no statistically significant difference (p = 0.08).

The effect of the CDKN2A /2B deletions on early treatment response and MRD clear-
ance is shown in Table 1.

3.4. Prognostic Impact of CDKN2A/2B Deletions on Survival Rates and Outcome

With a median follow-up time of 135 months, overall survival (OS) and event-free
survival (EFS) for the whole cohort were 89.9% and 85.0%, respectively. EFS rates for B-ALL
and T-ALL patients were 87.3% and 66.7%, respectively (p = 0.002).

The presence of the CDKN2A /2B deletion (biallelic or monoallelic) was associated
with inferior EFS of 65.1% compared to 91.8% for the gene-non-deleted subgroup (p < 0.001),
with a relapse rate of 22.2% and 5.9% for the deleted and non-deleted cases, respectively
(p <0.001).

Patients that harbored a biallelic deletion had EFS rates of 57.2% vs. 89.6% in the case
of any other status (monoallelic or non-deleted) (p < 0.001). In the case of patients in whom
the deletion was monoallelic, EFS was 73.1% compared to 86.4% for the rest of the cohort
(p = 0.124). Focusing solely on the CDKN2A /2B-deleted subgroup and further analyzing
the gene-allelic status within the deleted sub-cohort, biallelic deletion was associated
with adverse outcomes compared to the monoallelic aberration (EFS of 57.1% vs. 75.0%,
p =0.002).

Among the B-ALL cohort, the presence of the CDKN2A /2B deletion was associ-
ated with inferior outcomes (EFS 65.3% vs. 93.6% for the non-deleted B-ALL subgroup,
p <0.001) and a relapse rate of 24.5% vs. 5.8%, respectively (p < 0.001).

Analyzing the T-ALL cohort separately, CDKN2A /2B-deleted patients had non-
statistically significant survival differences compared to their T-ALL non-deleted counter-
parts (EFS 64.3 vs. 69.2, p = 0.947).

Survival rates of specific cohorts by the presence of CDKN2A /2B deletion are pre-
sented in Figure 1.

3.5. Prognostic Impact of CDKN2A/2B Deletions by Risk Stratification and Integration of
MRD Status

The presence of the CDKN2A /2B deletion also further stratified patients within all
conventional risk groups, as defined by the BFM-protocol stratification. Within the SR
group, the presence of the deletion was associated with inferior outcomes of only 66.7%
vs. 100% for the rest of the SR patients (p < 0.001). Similarly, within the IR and HR groups,
EFS for the CDKN2A /2B-deleted subgroup was 77.1% and 42.1%, respectively, compared
to 97.9% and 70.5%, respectively, for IR and HR patients who did not harbor the deletion
(p < 0.001). Survival rates by CDKN2A /2B deletion within separate therapy risk groups
are shown in Figure 2.
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Figure 1. Event-free survival (EFS) rates in specific cohorts: (A) whole cohort, EFS of the CDKN2A /2B-
deleted vs. -non-deleted subgroup; (B) whole cohort, EFS of the CDKN2A /2B-biallelic-deleted vs.
-non-deleted subgroup; (C) whole cohort, EFS of the CDKN2A /2B-monoallelic-deleted vs. -non-
deleted subgroup; (D) CDKN2A /2B-deleted subgroup, EFS by the status of CDKN2A /2B deletion,
biallelic vs. monoallelic; (E) B-ALL cohort, EFS of the CDKN2A /2B-deleted vs. -non-deleted
subgroup; (F) T-ALL cohort, EFS of the CDKN2A /2B-deleted vs. -non-deleted subgroup.
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Figure 2. Event-free survival (EFS) rates by CDKN2A /2B deletion within separate therapy risk
groups: (A) whole cohort, EFS of the CDKN2A /2B-deleted vs. -non-deleted subgroup, (B) standard-
risk-group (SR) cohort, EFS of the CDKN2A /2B-deleted vs. -non-deleted subgroup, (C) intermediate-
risk-group (IR) cohort, EFS of the CDKN2A /2B-deleted vs. -non-deleted subgroup, (D) high-risk-
group (HR) cohort, EFS of the CDKN2A /2B-deleted vs. -non-deleted subgroup.

To evaluate the prognostic effect of the CDKN2A /2B deletion within distinct MRD
subgroups, we analyzed the presence of the deletion within MRD-positive and -negative
subgroups on days 15 and 33 of induction therapy. The detection of CDKN2A /2B deletion
further stratified patients both within the MRDd15-positive subgroup on day 15 (EFS 59.6%
vs. 90.6%, p < 0.001) and within the MRDd15-negative subgroup (EFS 78.6% vs. 95.6%,
p = 0.035). Additionally, analyzing the cohort by MRD status at the end of induction (day
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33), the presence of CDKN2A /2B deletion further stratified both the MRDd33-positive
and MRDd33-negative subgroups, respectively. Within the MRDd33-positive subgroup,
CDKN2A /2B-deleted cases had inferior outcomes (EFS 42.9% vs. 72.3% for the non-deleted
MRDd33-positive cases, p = 0.02), and similar statistically significant differences were found
within the MRDd33-negative sub-cohort (EFS 71.5% vs. 97.8%, p < 0.001). Survival rates by
CDKN2A /2B deletion within separate MRD subgroups are displayed in Figure 3.
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Figure 3. Event-free survival (EFS) rates by CDKN2A /2B deletion within separate MRD subgroups:
(A) MRDd15+ patients on day 15 of induction, EFS of the CDKN2A /2B-deleted vs. -non-deleted
subgroup; (B) MRDd15— patients on day 15 of induction, EFS of the CDKN2A /2B-deleted vs. -non-
deleted subgroup; (C) MRDd33+ patients on day 33 of induction, EFS of the CDKN2A /2B-deleted
vs. -non-deleted subgroup; (D) MRDd33— patients on day 33 of induction, EFS of the CDKN2A /2B-
deleted vs. -non-deleted subgroup.
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3.6. Mutivariate Analysis and Correlation with Protocol Conventional Risk Factors

In an attempt to define the interaction between the presence of the CDKN2A /2B
deletion, MRD, and other conventional risk factors, multivariate analysis was conducted
and Cox regression analysis for EFS and OS was performed with the following covariables:
presence of CDKN2A /2B deletions, FC-MRD status on day 15, FC-MRD status on day 33,
BCR/ABL1 status, KMT2A status, and protocol-risk-group stratification.

The presence of the CDKN2A /2B deletions was the most important prognostic factor
for relapse, yielding a hazard ratio of 5.2 (95% confidence interval: 2.59-10.41, p < 0.001).
Treatment-risk-group allocation and positive FC-MRDd33 status at the end of induction
were also prognostic for relapse, with a hazard ratio of 3.85 (95% confidence interval:
1.58-9.35, p = 0.003) and 2.5 (95% confidence interval: 1.13-5.53, p = 0.024), respectively.

Regarding OS, the presence of the CDKN2A /2B deletion was the most important
prognostic factor for survival, yielding a hazard ratio of 5.96 (95% confidence interval:
2.97-11.95, p < 0.001), with risk-group allocation also retaining prognostic significance for
survival, with a hazard ratio of 5.66 (95% confidence interval: 2.18-14.64, p < 0.001).

Details regarding multivariate Cox-regression analysis are shown in Table 2.

Table 2. (A) EFS multivariate Cox-regression analysis; (B) OS multivariate Cox-regression analysis,
with inclusion of the covariables listed in the table.

(A)
SE Wald Sig. Hazard Ratio (HR) 950% Cl for FIR
p-Value Lower Upper
CDKN2A /2B deletion 0.354 21.641 <0.001 5.199 2.596 10.412
BCR/ABL1+ 0.656 0.003 0.958 0.966 0.267 3.493
KMT2A+ 0.637 0.140 0.708 1.269 0.364 4.421
Tvs. BALL 0.416 0.000 1.000 1.000 0.443 2.258
MRDd15 positivity 0.564 0.046 0.830 0.886 0.293 2.678
MRDd33 positivity 0.405 5.118 0.024 2.501 1.130 5.535
Therapy risk group 0.453 8.867 0.003 3.851 1.585 9.353
(B)
Sig. ] 95.0% CI for HR
SE Wald p-Value Hazard Ratio (HR) Lower Upper
CDKN2A /2B deletion 0.355 25.260 <0.001 5.958 2.970 11.949
BCR/ABL1+ 0.688 0.161 0.688 0.759 0.197 2.920
KMT2A+ 0.645 0.064 0.800 1.177 0.332 4.170
Tvs. BALL 0.430 0.054 0.817 0.905 0.389 2.104
MRDd15 positivity 0.570 0.001 0.979 1.015 0.332 3.102
MRDd33 positivity 0.407 3.355 0.067 2.106 0.949 4.674
Therapy risk group 0.485 12.755 <0.001 5.657 2.186 14.640

4. Discussion

During the past decade, the evolvement of genome-wide technologies and the identifi-
cation of gene copy-number alterations (CNAs) implicated in leukemogenesis have led to a
constant decoding of the underlying biology of pediatric ALL [5,6,8,12]. One of the most
frequent genes affected is the CDKN2A /2B gene, acting as a secondary cooperating event
and playing an important role in cell-cycle regulation and chemosensitivity [8,11,18].

In the current study, we addressed CDKN2A /2B deletions” disputable prognostic
significance [17,24-34] and provided evidence on its additive prognostic effect in current
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risk-stratification algorithms. We showed that the presence of the deletion is an independent
prognostic factor and can further stratify all existing risk groups, integrating with MRD
and identifying patient subgroups with different outcomes.

The CDKN2A /2B deletions are the most frequent CNAs in pediatric ALL, with most
published studies reporting incidence rates of 20-25% in B-cell-precursor (BCP) ALL and
38.5-50% in T-ALL cases [17-19,21]. In our study, the CDKN2A /2B deletion accounted
for 25.5% of the whole cohort (22.3% among B-ALL cases), with the prevalence of the
deletion rising to 51.8% when evaluated within the T-ALL subgroup. As expected, the
percentage detected directly correlates with the genomic-methodology technique applied,
since the deletion can be detected by conventional cytogenetics, iFISH, MLPA, array-based
comparative genomic hybridization (aCGH), and single-nucleotide polymorphism arrays
(SNP-arrays) [19,20,44-46]. Some homozygous deletions in the 9p21 region might be the
result of a heterozygous deletion followed by a copy-neutral loss of heterozygosity (CN-
LOH), often referred to as uniparental disomy (UPD) [18,20,30]. This is an underappreciated
chromosomal defect by conventional cytogenetics tools [18]. In our study, apart from
cytogenetics, combined iFISH and MLPA evaluation was used, with iFISH identifying the
CNAs in 87.3% of the positive cases; concordance between the two methods was 51.7%. The
discordance in the identified results could be attributed to differences in cut-off sensitivity,
presence of the deletion in minor subclones, or very small deletions that could be missed
due to the size of probes used. The major limitations concern the MLPA method, which may
not be sensitive enough for the detection of low-level (<20%) or mixed-cell populations,
for which FISH is a more reliable technique [18,36,37,46]. Nevertheless, despite the fact
that novel technologies such as aCGH and SNP-arrays could possibly overcome technique
limitations [20,44], our study suggests that the combination of iFISH and MLPA could be a
simple, feasible, and validated approach for identifying the majority of deletions.

In concordance with previously published reports [17-19], the presence of CDKN2A /2B
deletions was associated with older age (median: 5.9 vs. 4.3 years, p = 0.04), higher WBC
count upon diagnosis (median WBC: 22.15 x 10°/L vs. 9.33 x 10?/L, p < 0.001), and
a trend towards IR- and HR-group stratification. The presence of the deletion was also
associated with a higher co-occurrence of the BCR/ABLI1 fusion transcript (4.8% vs. 1.1%,
p = 0.04) and PAX5 gene deletion (13.8% vs. 6.1%, p = 0.04). The extent to which the
presence of the abovementioned disease features translates to inferior outcomes of the
CDKNZ2A /2B-deleted subgroup was one of the main scopes of our study.

CDKN2A /2B deletion has recently been incorporated into combined can-risk algo-
rithms and classifiers, like the IKZF1plus entity [13] and the UKALL CNA profile [14].
The evaluation of CDKN2A /2B-deletion status, allocating patients to the CNA-poor-risk
(CNA-PR) genomic subgroup, was part of a combined CNA algorithm introduced by
Moorman et al. in the UKALL trials [14]. In the previously published study of our
group [15], we demonstrated that the implementation of this can-profile risk index, in-
cluding CDKN2A /2B gene status, could be feasible in BEM-based protocols, effectively
stratifying patients within all conventional risk subgroups and identifying subsets of differ-
ent prognosis. Despite its inclusion in combined algorithms, depending on the presence
or absence of concurrent deletions, the prognostic impact of individual gene deletions
outside the context of combined CNA evaluation remains controversial [17-21]. Many
researchers have supported that CDKN2A /B deletions in childhood ALL were associated
with an increased probability of relapse and impaired outcome [17-19,21,24-31], whereas
Mirebeau et al. [32], Kim et al. [33], and van Zutven et al. [34] concluded that the presence
of the deletion was not a poor prognostic factor in childhood B-ALL. In our study, within an
extended follow-up time of 135 months, the presence of the CDKN2A /2B deletion (biallelic
or monoallelic) was associated with inferior EFS rates (65.1% compared to 91.8% for the
gene-non-deleted subgroup, p < 0.001), with the relapse rate accounting for 22.2% and
5.9% of the deleted and non-deleted cases, respectively (p < 0.001). Although the presence
of the deletion was associated with a higher CR rate by the end of induction, this was
not statistically significant, and the impact on EFS comes from the higher incidence of
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relapses, possibly due to acquired chemoresistance and clonal evolution. When addressing
the specific prognostic value based on allelic status, many studies have supported that
any loss of CDKN2A /2B tumor-suppressor genes may serve as an adverse prognostic
marker [17,19,21,26,29], with others disputing the independent prognostic significance in
the case of heterozygosity and coexisting aberrations [25,30,32-34]. Our results demon-
strate that the presence of the biallelic deletion was associated with worst outcomes, (EFS
57.2% vs. 89.6% in the case of any other status, monoallelic or non-deleted, p < 0.001), and
direct comparison between biallelic and monoallelic status revealed statistically significant
differences in outcome and relapse prediction (EFS 57.1% vs. 75.0%, respectively p = 0.002).

Another interesting finding of our study was the fact that the presence of CDKN2A /2B
deletions served as an important prognostic marker in B-ALL (EFS 65.3% vs. 93.6% for
the non-deleted B-ALL subgroup, p < 0.001), but the prognostic effect was not statistically
significant within the T-ALL cohort (EFS 64.3 vs. 69.2, p = 0.947). Although many studies
have supported the independent prognostic significance of CDKN2A /2B deletions in adult
T-ALL [47,48], the spectrum of genomic heterogeneity in pediatric T-ALL has still not
been fully explored [49-51]. It is possible that the adverse prognosis in T-ALL is mainly
driven by a variety of initiating and cooperating events, coinciding with heterogenous
underlying mechanisms. These mechanisms may include CDKN2A /2B gene-promoter
hypermethylation leading to downregulation, the absence of a biallelic deletion (ABD),
variable co-deletion of contiguous genes like the methylthioadenosine phosphorylase
(MTAP) cluster that are not always identified, and impaired myocyte enhancer factor 2C
(MEF2C) expression, all associated with various impacts on chemosensitivity and drug
resistance [52-54].

The major challenge in our study was to demonstrate CDKN2A /2B deletions’ prog-
nostic significance within all already-established risk groups. It is noteworthy that the
majority of ALL recurrences were still observed in the large group of IR patients. In the
AIEOP-BFM ALL 2000 protocol, 69% of relapses occurred in IR patients [55], highlighting
the need for additional prognostic markers in this heterogenous, not-well-defined spectrum
of IR subsets. In our studied cohort, the presence of the deletion was not associated with
statistically significant differences in terms of MRD clearance and CR achievement (Table 1),
but it clearly correlated with inferior outcomes within all protocol-defined risk groups
(EFS SR: 66.7% vs. 100%, p < 0.001, IR: 77.1% vs. 97.9%, p < 0.001, HR: 42.1% vs. 70.5%
p <0.001). The results of our study demonstrate that the evaluation of CDKN2A /2B dele-
tions can identify a subgroup of adverse-prognosis patients within the SR and IR treatment
groups who may benefit from early treatment intensification. In the context of MRD-guided
treatment protocols and integrating with MRD, the presence of the deletion in our patient
cohort also effectively stratified MRD-positive and -negative subgroups on days 15 and 33
of induction therapy (Figure 3), suggesting that even among MRD-negative patients, by the
end of induction the presence of the deletion served as an adverse modifier, moderating
prognosis and outcome.

In multivariate analysis, the presence of CDKN2A /2B deletions was the most impor-
tant prognostic factor for relapse and overall survival, yielding a hazard ratio of 5.2 (95%
confidence interval: 2.59-10.41, p < 0.001) and 5.96 (95% confidence interval: 2.97-11.95,
p < 0.001), respectively, designating the deletion’s independent prognostic significance in
the context of modern risk stratification.

5. Conclusions

In the current study, the presence of CDKN2A /2B deletion, especially in the case
of biallelic status, was associated with inferior outcomes in B-ALL, with subcohorts of
different prognosis identified within all conventional risk groups. In multivariate analysis,
the presence of CDKIN2A /2B deletion retained independent prognostic significance, repre-
senting a novel proposed factor for predicting relapse and survival. The identification of
the deletion is low cost, simple, and feasible via a combination of iFISH and MLPA, leading
to early identification of distinct patient subgroups with different prognosis. The results
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indicate that biallelic CDKN2A /2B deletion can be a genomic feature incorporated into
future risk-stratification algorithms in an effort to further genetically refine MRD-based
stratification and improve treatment-group allocation and ultimate patient outcome. In the
frame of targeted therapies, future prospective controlled clinical trials should explore the
use of cyclin-dependent kinase inhibitors (CDKIs) [56-58] in CDKN2A /2B-affected ALL
pediatric subgroups.
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Abstract: Few studies so far have examined the impact of nutritional status on the survival of children
with cancer, with the majority of them focusing on hematological malignancies. We summarized
published evidence reporting the association of nutritional status at diagnosis with overall survival
(OS), event-free survival (EFS), relapse, and treatment-related toxicity (TRT) in children with cancer.
Published studies on children with leukemia, lymphoma, and other solid tumors have shown that
both under-nourished and over-nourished children at cancer diagnosis had worse OS and EFS.
Particularly, the risk of death and relapse increased by 30-50% among children with leukemia with
increased body mass index at diagnosis. Likewise, the risk of TRT was higher among malnourished
children with osteosarcoma and Ewing sarcoma. Nutritional status seems to play a crucial role in
clinical outcomes of children with cancer, thus providing a significant modifiable prognostic tool
in childhood cancer management. Future studies with adequate power and longitudinal design
are needed to further evaluate the association of nutritional status with childhood cancer outcomes
using a more standardized definition to measure nutritional status in this population. The use
of new technologies is expected to shed further light on this understudied area and give room to
person-targeted intervention strategies.

Keywords: undernutrition; obesity; nutritional status; childhood cancer; overall survival; event-free
survival; relapse; treatment-related toxicity; review

1. Introduction

Cancer is the leading cause of death in children and adolescents worldwide [1]. Every
year, just over 150,000 children are diagnosed with cancer [2]. Since a large proportion of
childhood cancers in low- and middle-income countries are never diagnosed, the more real-
istic annual number is estimated to be at least twice as high, i.e., above 360,000 children [3].
Given these caveats, the age-standardized incidence (ASR) of the disease, estimated at
140.6 per million person-years in children aged 0-14 years, is increasing, with leukemia
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being the most common cancer site (ASR: 46.4), followed by central nervous system (CNS)
tumors (ASR: 28.2) and lymphomas (ASR: 15.2) [4]. Over the past decades, advances
in childhood cancer care, including novel imaging techniques for diagnostics and risk
stratification, as well as multimodal novel therapies and supportive healthcare, have led
to impressive increases in five-year survival, which exceeds 80% for all cancer types and
90% for acute lymphoblastic leukemia (ALL) in many European and North American
countries nowadays [5]. However, severe or life-threatening long-term consequences may
occur in up to 80% of childhood cancer survivors [5,6]. Indeed, a recent report showed
that mortality among cancer patients is higher than that in the general population, mainly
attributed to increased cardiotoxicity and risk of second neoplasms [7]. Poor nutritional
status, defined as undernutrition (body mass index (BMI) < 5th percentile) or overnutrition
(BMI > 85th percentile) by the World Health Organization (WHO), seems to be a poor
prognostic indicator linked to treatment-related toxicities in adults with solid tumors [8].
Recent research suggests that nutritional factors may also adversely affect outcomes in
children and adolescents treated for cancer [9]. However, few studies have examined the
impact of nutritional status on the survival of children with cancer, with the majority of
them focusing on hematological malignancies [10,11].

Undernutrition is commonly reported in children treated for cancer, with a preva-
lence rate estimated as high as 50% in some populations [12]. Multimodal dose-intense
antineoplastic therapies, surgery, and radiotherapy may cause serious complications that
synergistically enhance poor nutritional status [13]. Treating undernutrition in children
with cancer will assist them in tolerating traditional and novel therapies and thus plays a
crucial role in improving outcomes and quality of life [13-15].

Overnutrition has long been associated with treatment-related complications. Such
examples include the increased risk for thrombo-hemorrhagic fatal events in children with
acute promyelocytic leukemia, the increased risk for infections (i.e., urinary tract infections
and infections of central lines) in patients with ALL, as well as increased nephrotoxicity
and post-operative complications in patients with osteosarcoma [15-18].

We aimed to review published literature and summarize evidence reporting the
association of nutritional status at diagnosis with overall survival (OS), event-free survival
(EFS), relapse, and treatment-related toxicity (TRT) in children treated for different types
of cancer.

2. Methods

An independent and blinded literature search of the Medline database (via PubMed)
was conducted from inception up to October 18 2021 using an algorithm based on relative

”oou ”ou

key terms, such as “nutritional”, “undernutrition”, “obesity”, “BMI”, “prognostic”, “sur-
vival”, “relapse”, “toxicity”, “complications”, “childhood malignancies”, and “childhood
cancer”. The reference lists of identified studies were searched for additional eligible arti-
cles potentially missed through the initial literature search in a procedure called “snowball”
procedure. Eligible were studies that examined the association of nutritional status at
diagnosis with clinical outcomes, such as OS, EFS, relapse, histological response, and TRT
in children (0-14 years) with cancer. We considered both systematic reviews and meta-
analyses, as well as primary publications eligible for inclusion. Other types of publications,
such as letters to the editor, commentaries, and editorials, were excluded. Case reports,
case series, in vitro, or animal studies were also excluded. Nutritional status was defined
by each study based on body mass index (BMI), weight change, or other body composition
indices that defined under- or over-nutrition. We included studies reporting on any type of
pediatric cancer.
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The identified articles were independently screened by two reviewers to identify those
that met the pre-determined inclusion criteria. Disagreements in the selection of studies
or snowball procedure were resolved by team consensus. In articles with overlapping
populations, the most recent or most complete publication was considered eligible. We
extracted data based on a pre-defined form, including the name of the first author, publica-
tion year, study type, childhood population characteristics (including the studied cancer
sites), the definition of the nutritional status based on the study, outcomes of interest (OS,
EFS, relapse, TRT) along with the accompanying effect estimates (relative risk, hazard ratio,
etc.) and their corresponding 95% confidence intervals (CI) and/or p-values.

Due to the large heterogeneity in exposure and outcome definitions across the iden-
tified studies, no quantitative synthesis of the results was feasible. Thus, a narrative
presentation of the eligible studies by cancer type was performed (Table 1).

Table 1. Summary of studies reporting the association between nutritional status at diagnosis and
outcomes of children with cancer *.

Cancer Site

N Studies Outcomes

- ALL: increased BMI associated with higher mortality, risk of
relapse, and poorer EFS

Leukemia Meta-analys(—.}s .(N =5); 5 more - AML: increased BMI associated with poorer OS and EFS
recent original studies - Post HSCT: malnutrition linked to poorer OS,
progression-free survival, and higher risk of GvHD; lower
BMI associated with poorer OS and EFS
Hodgkin lymphoma 2 - Malnutrition associated with worse OS (75-79%)
- Undernutrition associated with increased cardiotoxicity risk
Ewi - No association between low BMI and TRT
wing sarcoma 3

- Abnormal BMI (high or low) associated with poor
histological response and OS

- High BMI associated with increased risk of complications
(arterial thrombosis, nephrotoxicity)

Osteosarcoma 2 - Low BMI associated with increased risk of wound infection
and slough
- High BMI linked to worse OS and EFS
- Over 10% weight loss associated with increased number of
Rhabdomyosarcoma 2 hospitalization days

- Patient weight (>50 kg) associated with worse EFS

Neuroblastoma and
Wilms tumors

2 - Non-significant associations

* Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BMI, body mass index; EFS,
event-free survival, GVHD, graft versus host disease; HSCT, hematopoietic stem cell transplantation; OS, overall
survival; TRT, treatment-related toxicity.

3. Results

The search strategy identified 4927 records, and after title, abstract, and full-text
screening we included 22 publications in the present review (Figure 1). We identified
4 systematic reviews and meta-analyses and 18 primary studies. The most commonly
studied cancer site was acute leukemia, reported in six publications (27%), followed by
all cancer sites as a combined variable, which was reported in four primary studies (18%).
The most commonly studied outcome was OS (n = 17 studies; 77%), followed by EFS
(n = 10 studies; 45%), while treatment-related complications were studied as outcome in
seven publications (32%).
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Figure 1. Flow chart of the selection process.

3.1. Hematological Malignancies

A previous meta-analysis of 11 articles found poorer EFS in children with ALL who
had higher BMI (>85th percentile; relative risk [RR]: 1.35; 95% CI: 1.20, 1.51; n = 6 studies;
12: 34%, p = 0.18) compared to those with lower BMI at diagnosis (Table 1). In addition,
children with higher BMI at diagnosis had significantly higher mortality (RR: 1.31; 95%
CIL: 1.09, 1.58; n = 4 studies; I>: 49%, p = 0.12) [19]. Between-study heterogeneity was
non-significant in all meta-analyses, whereas no evidence of publication bias was shown.
Children with acute myeloid leukemia (AML) and higher BMI at diagnosis were also
associated with poorer EFS (RR: 1.36; 95% CI: 1.16, 1.60; 12: 0%, p = 0.99) and OS (RR:
1.56; 95% CI: 1.32, 1.86; 12: 0%, p = 0.66) compared to children with lower BMI [19].
Similarly, two other meta-analyses showed significant associations between obesity and
childhood leukemia survival outcomes. In particular, a meta-analysis including 11 studies
found a statistically significant association between obesity, as defined by high BMI at
diagnosis, and poorer OS (hazard ratio [HR]: 1.30, 95% CI: 1.16, 1.46; n = 7 studies; I
71%; p = 0.002); however, statistically significant between-study heterogeneity was noted
in this meta-analysis. High BMI at diagnosis was also associated with poorer EFS (HR:
1.46, 95% CI: 1.29, 1.64; n = 7 studies; 12: 39%, p = 0.13) among children with acute
leukemia [20]. A more recent meta-analysis (2018) showed an increased mortality rate
(HR: 1.79, 95% CI: 1.03, 3.10; n = 3 studies; I%: 0%, p = 0.37), as well as increased risk for
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relapse (HR: 1.28, 95% CI: 1.04, 1.57; n = 2 studies; 12: 0%, p = 0.59) for children older
than 10 years with ALL. However, these meta-analyses included a limited number of
studies (n = 2-3) [21]. A statistically significant association between obesity and increased
mortality for AML was also shown (HR: 1.64, 95% CI: 1.32, 2.04; n = 3 studies; 12: 0%,
p = 0.73), whereas no effect sizes were reported for AML relapse [21]. A recent study
from Brazil assessed the impact of nutritional status on outcomes of children (n = 148)
undergoing allogeneic hematopoietic stem cell transplantation (HSCT). Severe malnutrition
was linked to a statistically significantly increased risk of acute graft versus host disease
(HR: 1.68, 95% CI: 1.02, 2.74), as well as increased mortality (HR: 3.63, 95% CI: 1.76, 7.46),
poorer progression-free survival (HR: 2.12, 95% CI: 1.25, 3.60), and poorer OS (HR: 3.27,
95% CI: 1.90, 5.64) [22]. A meta-analysis including 24 studies (18 on adolescents and 6
on children) examined the association between BMI and clinical outcomes after HSCT
in patients with hematological malignancies. Compared to normal, lower BMI before
or during transplantation was significantly linked to poorer OS (RRpre-HSCT stage: 1.17,
95% CI: 1.08, 1.27; n = 11 studies; I*: 0%, p = 0.67/RRusCT stage: 1.34, 95% CI: 1.01, 1.78;
n = 5 studies; 12: 60%, p = 0.04), as well as to poorer EFS (RRpre-HSCT stage: 1.29, 95% CI: 0.96,
1.72; n = 5 studies; I?: 18%, p = 0.30/RRpyscT stage: RR: 1.53, 95% CI: 1.09, 2.06; n = 2 studies;
12: 31%, p = 0.23). Again, the small number of included studies in some meta-analyses
should be acknowledged. By contrast, there was no impact of high BMI on clinical outcomes
among these patients at any transplantation stage [23].

A recent study in Pakistan showed that OS in children with Hodgkin lymphoma
significantly decreased in cases of moderate (79%) and severe malnutrition (75%) compared
to no malnutrition (96%; p = 0.006) [24]. By contrast, a 2021 study including 191 children
with leukemia and lymphoma showed no impact of malnutrition on clinical outcomes [25].

The small sample sizes and the retrospective design of the identified studies should be
acknowledged when interpreting these results. However, overall evidence from published
studies suggests that poor nutritional status, especially over nutrition at diagnosis, may be
a significant predictor of poor outcomes among children with leukemia, particularly ALL.
Further research is needed to investigate the association with other leukemia subtypes,
especially the rarer AML subtype, as well as the potential association with lymphomas,
where evidence remains inconclusive.

3.2. Ewing Sarcoma

A USA cohort study including data from the University of California, San Fran-
cisco (UCSF) and Stanford University Medical Centers (n = 142 patients with Ewing
sarcoma) showed non-statistically significant correlations between BMI at diagnosis and
TRT (p = 0.43), specifically grade 3 and grade 4 non-hematologic toxicities during follow-
up [26] (Table 1). With regards to clinical outcomes, in a study from Israel, abnormal BMI,
defined as high or low BMI combined into one category, was statistically significantly
associated with poor histologic response, namely tumor necrosis < 90% (odds ratio [OR]:
4.33,95% CI: 1.12, 19.14), as well as worse OS (HR: 2.76, 95% CI: 1.19, 9.99) [27], whereas
no correlations were found with EFS in this population (n = 50 patients). Lastly, regarding
TRT, a study from Canada (n = 71 patients) reported significant correlations between low
BMI at diagnosis and cardiotoxicity among children receiving anthracycline chemotherapy
for Ewing sarcoma (p = 0.03), though this association was non-significant in multivariate
logistic regression models (p = 0.35) after adjusting for potential covariates [28]. Given the
limited sample sizes and the retrospective design of the identified studies, further research
is needed to allow firm conclusions to be drawn regarding the association of nutritional
status with Ewing sarcoma outcomes.

3.3. Osteosarcoma

Two longitudinal cohort studies derived from the Children’s Oncology Group (COG)
examined the impact of nutritional status on TRT and clinical outcomes in patients with
osteosarcoma [29,30] (Table 1). Regarding TRT, the first study (n = 498) showed that high
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BMI was significantly associated with an increased risk of arterial thrombosis in the post-
operative period (OR: 9.40, p = 0.03) [29]. The second study showed that children with
high BMI had increased odds of developing grade III-IV nephrotoxicity (OR = 2.70, 95% CIL:
1.20, 6.40). Regarding clinical outcomes, children in the high BMI group had a significantly
poorer 5-year OS of 70% compared to children with normal BMI (OS: 80%; HR: 1.60, 95%
CI: 1.14, 2.24). There was also a trend towards worse EFS at 3 years from diagnosis in
children with high BMI compared to those with normal BMI (66% versus 75%; HR: 1.30,
95% CI: 0.90, 1.80), whereas there was no impact of low BMI on OS and EFS among these
patients [30].

3.4. Rhabdomyosarcoma

Two studies based on prospective data obtained from the COG assessed the association
between nutritional status and rhabdomyosarcoma outcomes [31,32] (Table 1). In the first
study, nutritional status was not a prognostic indicator for infections or survival. However,
patients with more than 10% weight loss at 24 weeks of follow-up had a significantly
increased number of hospitalization days (OR: 1.24, 95% CI: 1.00, 1.54) [32] and a trend
towards a higher risk of grade 3 and grade 4 toxicity (OR: 1.16, 95% CI: 0.99, 1.35) at 42 weeks
of follow-up. Children with low BMI (<10th percentile) did not have significantly worse OS
compared to those with normal BMI at baseline (HR: 1.70, 95% CI: 0.98, 2.96; p = 0.0596). The
second USA study on 570 children with intermediate-risk rhabdomyosarcoma examined
the impact of tumor volume and patient weight on EFS based on a partitioning algorithm
and accounting for age and greatest tumor dimension. The results of the algorithm showed
that tumor volume (>20 cm?), histology, and patient weight (>50 kg) were statistically
significantly associated with twofold worse EFS (HR: 2.12, 95% CI: 1.12, 4.02) [31].

3.5. Other Cancer Sites

Two studies reported non-statistically significant associations between nutritional
status and OS in children with neuroblastoma and Wilms tumor [33,34] (Table 1). A study
from Turkey evaluated the impact of nutritional status on the survival of children with all
types of cancer. Though malnutrition was a significant complication in this population, with
a prevalence of 30% at diagnosis increased to 38% three months later, there was no impact
of malnutrition on survival outcomes [35]. Likewise, a study on 139 children with Ewing
sarcoma and osteosarcoma reported high proportions of malnutrition 2 years after treatment
initiation (43% of osteosarcoma and 25% of Ewing sarcoma) [36]; again, malnutrition had
non-significant effects on survival outcomes. A more recent study assessed the prognostic
effect of sarcopenia, defined by the BMI-z score, the prognostic nutritional index (PNI), and
the total psoas muscle area (tPMA), on the survival of children with bone and soft tissue
sarcomas [37]. This study showed that the decrease in PNI (p = 0.03) and tPMA of more
than 25% (p = 0.04) were associated with worse one-year OS; yet, more research is needed
to evaluate the prognostic significance of tPMA in children with sarcomas. A study on
pediatric cancer patients in Hungary showed that undernutrition at diagnosis, defined by
the BMI Z-score and the ideal body weight percent (IBW%), was associated with worse
5-year OS only in patients with solid tumors [38]. Lastly, a study from the Netherlands,
including 269 children with all types of cancer, found a significant impact of malnutrition
on OS (HR: 3.63, 95% CI: 1.52-8.70), whereas increased weight loss (>5%) was also linked
to increased risk of febrile neutropenia and subsequent bacteremia during the first year
following diagnosis (OR: 3.05, 95% CI: 1.27, 7.30) [39]. Similar findings have been reported
by a recent study in Italy which showed that weight loss of more than 5% at 3 months
following diagnosis was associated with poorer OS (HR: 2.75, 95% CI: 1.12, 6.79) and a
higher risk of infections requiring hospitalization (HR: 7.72, 95% CI: 2.27, 26.2) [40].

4. Discussion

The present review identified 22 published studies reporting associations between
nutritional status and survival outcomes in children diagnosed with cancer. Despite the
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large heterogeneity in studied exposures and outcomes, the present findings suggest that
malnutrition is a significant predictor of outcomes in childhood cancer. In particular,
published studies on children with acute leukemia, lymphoma, and other solid tumors
have shown that both under-nourished and over-nourished children at cancer diagnosis
had worse OS and EFS. Of note is that the risk of death and relapse increased by 30-50%
among children with leukemia with increased BMI at diagnosis. Likewise, the risk of TRT
was higher among malnourished children with osteosarcoma and Ewing sarcoma.

Over the last decades, epidemiological and clinical research has aimed to identify prog-
nostic indicators of childhood cancer with the ultimate goal of optimal risk stratification
and targeted therapeutic interventions. Several sociodemographic and clinical factors have
been reported to affect the prognosis of childhood cancer, such as age, socioeconomic status,
disease subtype, cytogenetic and molecular markers, laboratory markers, predisposing
syndromes, tumor size, presence of metastases, etc. [41,42]. However, very few environ-
mental factors have been investigated as potential predictors of outcomes in children with
cancer [43,44]. Among these factors, nutritional status is a modifiable marker that has long
been postulated to affect survival in both adult and pediatric malignancies [45]. Potential
underlying mechanisms that may underlie the association between nutritional status and
health outcomes include its impact on body composition makeup, modification of tumor
microenvironment, and potential alteration of chemotherapy pharmacokinetics [46]. In
particular, changes in lean tissue and fat mass can alter the distribution of chemotherapeutic
agents, modify their metabolism, and subsequently affect their clearance, especially the
clearance of hydrophilic and/or lipophilic drugs from systemic circulation.

4.1. Undernutrition and Cancer Outcomes

Undernutrition has been associated with treatment-related adverse effects and survival
among adult patients with cancer [46]. Several underlying biological mechanisms have been
proposed to explain this association. Weight loss and decreased muscle and fat mass can be
induced by cancer progression, and they both result in a negative balance between synthetic
and degradative protein pathways. Moreover, weight and muscle loss are responsible
for the activation of inflammatory response and apoptosis of myocytes, as well as for
the decreased muscle regeneration capacity [47]. In addition, muscle loss may decrease
the excretion of anabolic hormones, such as testosterone and insulin-like growth factor
(IGF)-1 [48]. Such phenomena may alter drug pharmacokinetics and thus contribute to the
increased risk of dose-response toxicity, which is often observed in cancer patients with
low muscle and lean tissue mass [48]. Though evidence in children with cancer is limited,
previous studies have shown significant skeletal muscle mass wasting with a concurrent
fat mass increase in children with ALL following treatment initiation [49]. Muscle wasting
has been related to reductions in chemotherapeutic doses, delays of treatment, and/or
premature treatment cessation [50]. Similar findings have been reported by studies on
children with several types of solid cancer, concluding that body composition markers
seem to be crucial prognostic indicators among pediatric oncology patients [49,51].

4.2. Overnutrition and Cancer Outcomes

With regard to overnutrition at diagnosis and survival from childhood cancer, several
potential mechanisms have been proposed. There is clinical evidence suggesting that obese
patients may have altered pharmacokinetics in the metabolism of chemotherapeutic agents,
although prospective trials have not confirmed such variations [52,53]. Overnutrition may
also affect both the tumor microenvironment and the microenvironment of the host [54]. In
particular, the adipose tissue microenvironment physiology in obese patients is character-
ized by increased inflammation, as well as disruptions in vascularity and fibrosis which
may contribute to tumor progression [54]. Moreover, obesity is associated with hyperinsu-
linemia and peripheral insulin resistance, which result in reduced growth hormone (GH)
secretion and subsequent activation of the IGF-I system as a response to the decreased
GH [55]. The association of the IGF-II axis with obesity remains less clear. Low IGF-II
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levels have been reported in obese children, especially in those with insulin resistance and
increased inflammatory markers, such as IL-6 and TNF-a [56]. The overexpression of the
IGF-I and -1II axis in obese individuals seems to also play a crucial pathogenetic role in the
first (initiating) “molecular hit” that contributes not only to leukemia development but
also to the disease clinical course [57,58]. Indeed, numerous epidemiologic studies have
supported this hypothesis, showing that both children of high birthweight and patients
with diabetes have high expression of the IGF-I and II systems and are at increased risk
of developing leukemia [18,59]. In addition, these metabolic and chronic inflammatory
changes in obese cancer patients may result in the activation of multiple molecular cancer
pathways, which subsequently increase the risk of disease resistance and progression [60].

4.3. Nutritional Interventions

Apart from the direct effect of cancer itself on nutritional status, several factors can
also affect both appetite and food intake among cancer patients. Such factors include some
common complications of cancer treatment, such as nausea, vomiting, mucositis (oral,
esophageal, and bowel), diarrhea, and/or constipation [61]. Thus, targeted interventions
to improve the nutritional status of children with cancer remain challenging. Dietary
support and physical exercise recommendations both aim to maintain and improve the
normal physical growth of patients before and during treatment [62]. A recent study
evaluated the nutritional status following the implementation of a nutritional algorithm in
children with cancer from low- and middle-income countries [63]. This study showed an
increase in the mid-upper-arm circumference in children enrolled in the algorithm protocol
compared to those receiving the standard nutritional care provided by their institution
(p = 0.02); however, a non-significant difference in weight change was noted between the
two comparison groups (p = 0.15) [63]. Two other trials assessed the prognostic effect
of w-3 fatty acids and black seed o0il on methotrexate-induced toxicity in children with
ALL showing a decrease in the risk of hepatotoxicity during the maintenance treatment
phase [64,65]. Other interventions that have been explored include the use of glutamine in
order to sustain the integrity of the mucosal cell and gut barrier, which is often damaged in
chemotherapy-related mucositis [66]. Though evidence is scarce in pediatric patients, one
study has shown a significant decrease in the use of parenteral feeding in children with
cancer after the exogeneous administration of glutamine without any adverse effects; yet
the incidence of mucositis was not reduced in the intervention group [66]. Novel alternative
avenues to be explored include the potential beneficial effect of antioxidants or a ketogenic
diet on clinical outcomes of children with cancer; however, further research is warranted in
this understudied area [67].

Overall, treatment of under- and over-nutrition in cancer patients is not easy on
clinical grounds. Interventions should be proactive, aiming to prevent the nutritional
depletion before it becomes clinically apparent [68]. Parents and guardians of patients
are important components in supporting the nutritional status of children with cancer
throughout therapy [69]. Educational and dietician’s support is also crucial in optimizing
the health care support of little patients with cancer [70]. Currently, several approaches are
being implemented targeting the family-based nutrition and cooking education of parents
and guardians of children with cancer [71-73]. Among such interventions, web-based
dietary and cooking intervention approaches have gained great attention among parents
and young patients [74-76]. Preliminary results have shown that early interventions
resulted in better nutrition practices, i.e., lower sodium consumption [73]. However,
obstacles to the participation of families have been noted by several studies, mainly due
to treatment-related complications affecting the child’s health, requirement of parents’
presence at the hospital, as well as time, financial and other logistics restraints [71,72].
Future research is thus needed to address these barriers and encourage nutrition and
cooking education in a family-based manner.
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4.4. Methodological Considerations

The limited power of published studies is an important methodological issue when
evaluating the potential association between malnutrition and survival of pediatric can-
cer. Even in the case of meta-analysis, the limited number of included studies (less than
10 studies) in the majority of meta-analyses performed should be acknowledged. Moreover,
most studies focused on the most frequent cancer site, acute leukemia, whereas evidence
on the remaining cancer sites is scarce, thus not allowing firm conclusions to be drawn. In
addition, the large heterogeneity in exposure and outcome definition should be acknowl-
edged. The majority of identified studies considered nutritional status by measuring BML
Other nutritional indices were weight change, BMI z-score, prognostic nutritional index
(PNI), and total psoas muscle area (tPMA). Of note is that recent research argues for the
use of BMI-related measures to evaluate the lean mass in cancer patients. By contrast,
recent studies have proposed other mainly imaging-based measures, such as cross-sectional
computed tomography, which seem to assess sarcopenia and obesity in this population
more accurately [50,77,78]. However, only a few studies have evaluated the impact of such
measures on the clinical outcomes of adult patients with cancer [77,79,80]. Moreover, the
prognostic significance of imaging-based measures in children with cancer needs to be
further explored, also addressing the potential harms, i.e., those related to exposure to
radiation [80]. Additionally, while in developing countries, “underweight” is certainly
occurring in the normal population at a certain high percentage, “overweight” is basically
the norm in highly developed countries. For example, the USA population shows an
overweight prevalence of >40% [81]. So, maybe the occurrence of underweight and over-
weight children with cancer reflects the situation in the respective countries and is hence a
“larger problem”. Regarding the outcome assessment, the identified studies assessed the
impact of nutritional status on various clinical endpoints, such as OS, EFS, TRT, or specific
treatment-related toxicities (cardiotoxicity, nephrotoxicity, etc.). Such heterogeneity did
not allow the quantitative synthesis of the results in the context of a meta-analysis. Lastly,
the retrospective design of several studies is another limitation, which increases the risk of
misclassification bias; indeed, misclassification might be differential in retrospective studies,
leading to recall bias, namely reports of higher exposures in children with the disease.

5. Conclusions

Despite the large heterogeneity of published literature and several other limitations
reported herein, nutritional status seems to play a crucial role in the survival and clinical
outcomes of children with cancer, thus providing a significant modifiable prognostic tool in
childhood cancer management. Interventions targeting the optimal nutrition and normal
development of children with cancer are thus necessary. Future studies with adequate
power and longitudinal design are still needed to further evaluate the association of
nutritional status with childhood cancer outcomes using a more standardized definition to
measure nutritional status in this population. The use of new technologies to longitudinally
and accurately assess the nutritional status on a large scale from diagnosis onwards is
expected to shed further light on this understudied area and to give room to individualized
person-targeted intervention strategies.
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Abstract: Improvements in the treatment of childhood cancer have considerably enhanced survival
rates over the last decades to over 80% as of today. However, this great achievement has been
accompanied by the occurrence of several early and long-term treatment-related complications major
of which is cardiotoxicity. This article reviews the contemporary definition of cardiotoxicity, older and
newer chemotherapeutic agents that are mainly involved in cardiotoxicity, routine process diagnoses,
and methods using omics technology for early and preventive diagnosis. Chemotherapeutic agents
and radiation therapies have been implicated as a cause of cardiotoxicity. In response, the area of
cardio-oncology has developed into a crucial element of oncologic patient care, committed to the early
diagnosis and treatment of adverse cardiac events. However, routine diagnosis and the monitoring
of cardiotoxicity rely on electrocardiography and echocardiography. For the early detection of
cardiotoxicity, in recent years, major studies have been conducted using biomarkers such as troponin,
N-terminal pro b-natriuretic peptide, etc. Despite the refinements in diagnostics, severe limitations
still exist due to the increase in the above-mentioned biomarkers only after significant cardiac
damage has occurred. Lately, the research has expanded by introducing new technologies and
finding new markers using the omics approach. These new markers could be used not only for early
detection but also for the early prevention of cardiotoxicity. Omics science, which includes genomics,
transcriptomics, proteomics, and metabolomics, offers new opportunities for biomarker discovery
in cardiotoxicity and may provide an understanding of the mechanisms of cardiotoxicity beyond
traditional technologies.

Keywords: cardiotoxicity; childhood cancer; chemotherapeutics agents; biomarkers; omics technology

1. Introduction

With the induction of new chemotherapeutic agents over the years, the 5-year survival
rate for childhood malignancies exceeds 80%. Caring for these patients includes not only
early survival but also later outcomes. Chronic health conditions and health-related quality
of life are noted among these, as many long-term treatment-related complications have
resulted in increased morbidity and mortality rates. Cardiotoxicity represents the most
serious non-hematological toxicity of chemotherapeutic drugs. It is noted that childhood
cancer survivors have an 8 higher risk of mortality due to cardiovascular disease and a
6% increased risk of congestive heart failure. Most importantly, early cardiotoxicity may
affect the design of chemotherapy and the omission of radiotherapy, resulting in incomplete
cancer treatment, and consequently, inferior outcomes. The study of cardiotoxicity among
the pediatric population is, as expected, of particular importance due to their long life
expectancy [1-6].
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2. Cardiotoxicity
Definition

The term cardiotoxicity was first described in 1946 as the damage to the heart caused by
local anesthetics, mercurial diuretics, and digitalis. Later, in the 1970s, the term broadened to
encompass cardiac complications related to anthracyclines (doxorubicin and daunorubicin),
combination therapies such as doxorubicin and radiation, and drugs such as 5-fluorouracil.
Presently, there is increased research interest, both basic and clinical, in detecting and
managing cardiotoxicity as early as possible.

The definition of cardiotoxicity has great significance for a patient’s management.
According to the International Cardio-Oncology Society (IC-OS), the cardiovascular com-
plications of chemotherapy can be separated into the following clinical entities and/or
categories: (i) cardiac dysfunction: cardiomyopathy /heart failure (HF), (ii) vascular toxicity,
(iif) myocarditis, (iv) arterial hypertension, and (v) arrhythmias and QT prolongation [7,8].

The most preponderant diagnosis of cardiotoxicity is based on the changes found in
the left ventricular (LV) systolic function measured by the left ventricular ejection fraction
(LVEF). Different organizations have defined cardiotoxicity in several ways using different
threshold changes in the LVEF [8]. The need to harmonize all these definitions has been
met by the International Cardio-Oncology Society (IC-OS) and is supported by the 2022
ESC Guidelines [7,8].

Cardiotoxicity can be categorized according to the time of presentation as acute,
early onset, or late onset. Cardiotoxicity can be reversible if addressed while in the early
stages [9]. Acute (<1%) toxicity can occur either after administrating a single dose or after
a course of chemotherapeutic agents, as long as the onset of clinical manifestations is
within the first two weeks following the end of the administration. If presented within
the first year of treatment, it is characterized as early onset (1-18%). Late or chronic
onset is manifested years or even decades following the treatment [9]. The percentage
of late-onset cardiotoxicity varies in the literature mainly due to the different definitions
used, the detection methods for cardiotoxicity, the population monitored, and the study
design. It seems that over 50% of pediatric cancer survivors showed a subclinical decline in
myocardial function and over 16% showed symptoms of clinical HF, especially those who
had been exposed to anthracyclines [9].

Abnormalities in ventricular repolarization and electrocardiographic QT-interval al-
terations, supraventricular and ventricular arrhythmias, acute coronary syndromes, and
pericarditis and /or myocarditis-like syndromes are hallmarks of acute or early onset car-
diotoxicity [9]. In contrast, asymptomatic systolic and/or diastolic LVD, which can result in
dilated cardiomyopathy, is the most typical indicator of chronic cardiotoxicity [9,10]. Clini-
cal and sub-clinical cardiovascular damage, coronary artery disease, and cerebrovascular
events are other conditions linked to treatment-related complications. Survivors had an
almost six-fold higher risk of heart failure, a five-fold higher risk of myocardial infarction,
a six-fold higher risk of pericardial disease, and an almost five-fold higher risk of valvular
abnormalities compared to their siblings [11-13].

3. Chemotherapeutic Drugs
3.1. Anthracyclines

Anthracyclines, primarily doxorubicin but also daunomycin, epirubicin, and idaru-
bicin, are some of the most commonly used agents for both hematologic and solid tumors.
The basic structure of anthracyclines is that of a tetracyclic molecule with an anthraquinone
backbone connected to a sugar moiety by a glycosidic linkage (Figure 1).
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Figure 1. Chemical structure of anthracyclines and mitoxantrone.

Acute cardiotoxicity due to anthracyclines may present as hypotension, tachycardia,
arrhythmia, transient depression of left ventricular function, myocarditis, pericarditis, or
acute coronary syndrome. Late-onset cardiotoxicity caused by a high cumulative dose of
anthracyclines mainly includes signs and symptoms of cardiomyopathy and chronic heart
failure [9].

Mitoxantrone is a an anthracenedione (1,4-dihydroxy-9,10-anthraquinon, Figure 1) or
anthracycline analog and has similar anthracycline mechanisms of action. Mitoxantrone
might cause a wide variety of heart conditions, such as disturbances of cardiac rhythm,
chronic heart failure, and persistent diastolic dysfunction in the absence of an impairment
of the left ventricular ejection fraction [10].

The prevalent concept of how anthracycline action may cause heart damage involves
the production of oxygen radicals, which in turn damage the DNA, proteins, and lipids,
leading to cellular dysfunction and myocyte death [14-16].

Cardiolipins are abundantly found on the inner mitochondrial cell membrane. By
having an increased affinity for anthracyclines, they in turn allow for their increased cell
entry. Upon cell entry by passive diffusion, they can reach much higher intracellular con-
centrations compared to extracellular compartments. Within the cell, they form complexes
by binding to iron, thus producing free radicals and reactive oxygen species, which in
turn cause cell damage and death. By peroxidizing lipids of the cell membrane, those
elements may also damage the cell membrane. As cardiomyocytes contain an abundance of
mitochondria, they are more susceptible to anthracycline damage because of the depletion
of glutathione peroxidase (an antioxidant) [15].

Other mechanisms of cardiotoxicity include alterations to gene expression and nitric
oxide synthase activity, which lead to reduced creatine kinase activity and function in the
mitochondria, and ultimately, cell death [15]. After exposure to anthracyclines, many of
these subcellular sequelae continue to develop for weeks, shedding light on the mechanisms
of chronic cardiomyopathy [14].

Another identified mechanism of doxorubicin-mediated cardiotoxicity is changes to
the topoisomerase-II (Top2). Topoisomerase II (TOP2) is a molecule that anthracyclines
bind to and inhibit, preventing the growth of tumors. DNA’s phosphate backbone is
broken, twisted, and then resealed by topoisomerases, allowing the double helix’s tension
to be changed during transcription and replication. Anthracyclines intercalate into DNA,
forming complexes with TOP2 that halt the enzyme’s activity and trigger a DNA damage
reaction that results in cell death [14,15,17] (Figure 2).
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Figure 2. Mechanisms of drug-induced cardiotoxicity.

The mechanisms of mitoxantrone-associated cardiotoxicity remain to be completely
understood. The formation of reactive oxygen species in myocardial cells is thought to lead
to tissue damage through interactions with cellular iron metabolism [10].

3.2. Nucleotide Synthesis Inhibitors

The clinical presentation of methotrexate and fluorouracil (5-FU)-induced cardiotoxic-
ity includes myocardial ischemia, cardiogenic shock, heart failure, and cardiomyopathy [10].
Coronary spasm is the most frequently reported mechanism of 5-FU-induced cardiotoxicity
(Figure 2) [10]. The data derived from animal models indicate that these chemotherapeu-
tic agents induce oxidative stress and the subsequent apoptosis of cardiomyocytes and
endothelial cells [10,17].

3.3. Alkylating Agents

Adjuvant DNA-alkylating agents, such as cyclophosphamide (CP) and ifosfamide
(IFO), suspend DNA synthesis in cancer cells. These two agents are similar in structure
(Figure 3) and engender a similar pattern of cardiotoxic effects, causing acute heart fail-
ure, hemorrhagic myopericarditis, and arrhythmia [10,18]. CP- and IFO-induced acute
cardiotoxicity is attributed mainly to a rise in free oxygen radicals and a lower antioxidant
defense mechanism in the myocardium (Figure 2). A recent study by Sayed-Ahmed MM
et al. demonstrated that CP- and IFO-induced cardiotoxicity is due to the inhibition of
long-chain fatty acid oxidation via the repression of carnitine palmitoyl transferase I and
fatty acid binding protein [19].
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3.4. Tyrosine Kinase Inhibitors

Dasatinib, imatinib, lapatinib, sorafenib, nilotinib, and sunitinib are examples of small
molecule tyrosine kinase inhibitors (TKIs) that suppress cancer cell proliferation and induce
apoptosis of cancer cells. Imatinib, dasatinib, and nilotinib are the three FDA-approved TKIs
for use as first-line chronic myeloid leukemia therapy in pediatrics. In addition, sorafenib
is used in young adults. The pathophysiological mechanism of TKI-induced cardiotoxicity
is mitochondrial impairment and cardiomyocyte apoptosis (Figure 2) [10,18,20]. Each
of the above drugs is associated with a different type of cardiotoxicity. For example,
dasatinib is more often associated with pleural effusion and less with hypertension, HF,
pericardial effusion, and pulmonary hypertension. Nilotinib is associated with peripheral
artery disease, hypertension, and prolonged QTc. In contrast, imatinib is related to less
cardiotoxicity than the other TKIs [7].

3.5. Anti-Microtubule Agents

Anti-microtubule agents, including docetaxel, paclitaxel, and vinca alkaloids, pre-
vent the polymerization or depolymerization of microtubules [17]. The clinical features
of cardiotoxicity induced by anti-microtubule agents are mostly ischemia and arrhyth-
mia. Among all anti-microtubule agents in clinical use, paclitaxel induces the release of
histamine, which in turn activates specific cardiac receptors, raising the myocardium’s
oxygen need, and leading to coronary vasoconstriction (Figure 2). In addition, Zhang et al.
reported that the frequency of spontaneous calcium concentration in cardiomyocytes was
significantly increased after paclitaxel treatment. This finding could be of great significance,
as fluctuations in blood calcium levels are linked to arrhythmogenesis [10,21].

3.6. Cisplatin

Cisplatin is an efficacious chemotherapeutic drug with a strong antitumor effect
against a wide range of neoplasms (Figure 4). However, the drug’s acute and cumula-
tive cardiotoxicity, including electrocardiograph (ECG) abnormalities, angina and acute
myocardial infarction, hypertension and hypotension, arrhythmias, myocarditis, cardiomy-
opathy, and congestive heart failure, is a significant factor that restricts cisplatin treatment.
Cisplatin cardiotoxicity can be caused by reactive oxygen species generation, which leads
to the creation of oxidative stress and endothelial capillary damage (vascular damage) or
has a direct toxic effect on cardiac myocytes (Figure 2) [10]. The prolonged cardiovascular
toxicity of cisplatin, lasting up to many years, has been explained by both direct diffuse
endothelial damage and an increase in risk factors for cardiovascular disease. These effects
include coronary artery disease, systolic or diastolic left ventricular dysfunction, and severe
congestive cardiomyopathy [10].
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Cisplatin
Figure 4. Chemical structure of cisplatin.

3.7. Monoclonal Antibodies

Monoclonal antibodies, including bevacizumab (Avastin) and trastuzumab, not used
in children, inhibit angiogenesis. Bevacizumab blocks vascular endothelial growth factor
(VEGEF), while trastuzumab inhibits human epidermal growth factor receptor 2 (HER2) in
cancer cells (Figure 5). Bevacizumab causes mostly hypertension, congestive heart failure,
and thromboembolic events of the artery and vein through the mechanism of oxidate
stress induced by cardiomyocyte apoptosis. Monoclonal antibodies are not widely used in
children with malignancy, so we do not discuss them further [10,18,20].
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Figure 5. Chemical structure of monoclonal antibodies.

3.8. Proteasome Inhibitors

A new therapeutic option for the treatment of acute lymphoblastic leukemia (ALL)
includes proteasome inhibitors (Figure 6) [18,20]. Bortezomib and carfilzomib are two
newly prescribed drugs with the potential to cause cardiac dysfunction [22]. Compared
to carfilzomib (up to 25%), bortezomib has a lower incidence of heart failure (up to 4%).
The pathogenesis of proteasome inhibitor cardiotoxicity is not currently well understood.
Exposure to proteasome inhibitors in a prenatal mouse model has shown that they can
induce oxidative stress, leading to myocardial dysfunction. Carfilzomib is also known to
induce renal toxicity and microangiopathy as a consequence of endothelial dysfunction.
Combining these studies reveals a complicated mechanism of cardiotoxicity linked to
proteasome inhibitors, including alterations to the heart’s muscle and vasculature, which
may be more severe with carfilzomib than bortezomib due to the irreversible nature of the
proteasome inhibition of carfilzomib [23,24].

Bortezomib Carfilzomib

Figure 6. Chemical structure of proteasome inhibitors.
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4. Risk Factors

A multivariable number of factors contribute to the onset of cardiotoxicity with regard
to the patient and/or the administered therapy (Figure 7). Several types of chemother-
apeutic drugs may cause cardiotoxicity, as referred to above. These drugs act on cancer
cells through a variety of mechanisms and promote cardiotoxicity with distinctive clinical
symptoms and underlying mechanisms (Table 1) [7,10,16].

o
Individual’s factors Treatment-related factors

Age, gender
\

Pre-existing
cardiac disease

Drug regimen
(dosage,
cumulative
dosage, way of
administration,
drug
combination)

Genetic
predisposition SwEEE
\
\
Lack of
exercise- irradiation
immobilization
| \
Other clinical

Other
cardiovascular
risk factors

Figure 7. Multivariable factors leading to cardiotoxicity.

conditions (i.e.

infections)

Table 1. Chemotherapeutic drugs and cardiovascular toxicity. (Adjusted by Rochette et al., Trends
Pharmacol Sci. 2015 Jun;36(6):326—48 [25]).

Me.dicin.e{ Incidence Arrhythmia Myocard.ial Vasc.u.lar Hgart QT . Arterial.

Cardiotoxicity (%) Ischemia Toxicity Failure Prolongation Hypertension
Anthracyclines
Doxorubicin 3-26 XXX X NE XXX NE X
E;f;i:iﬁ;m 2 X XX NE X NE X
Epirubicin 0.9-3.3 X X NE X NE X
Daunorubicin XX X NE X NE X
Idarubicin 5-18 XXX X NE XX NE X
Antibiotics
Mitoxantrone 0.2-30 XXX XX NE XX NE XX
Mitomycin-c 10 XX XX NE XX NE
Monoclonal
antibodies
Trastuzumab 1.7-8 XX X XX XXX NE XX
Bevacizumab 1.6-4 XX XX XXX XX NE XX
Pertuzumab 0.7-1.2 X X X XX NE X
Dinutuximab beta NE XX NE XX NE XX
Rituximab X XX XXX X NE XX
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Table 1. Cont.

Me.dicir}e{ Incidence Arrhythmia Myocard.ial Vasc‘u‘lar H.eart QT . Arterial.

Cardiotoxicity (%) Ischemia Toxicity Failure Prolongation Hypertension
Tyrosine kinase
inhibitors
Dasatinib 2-4 XXX XX XX XX XX XX
Nilotinib 1 XX NE X XX XX XXX
Vermurafenib XX XX XX X NE XX
Sorafenib 2-28 X XX XX XX NE XX
Sunitinib 2.7-15 X XX XX XXX X XXX
Erlotinib 7-11 NE XX XX NE NE NE
Lapatinib 0.2-1.5 NE XX X NE XXX NE
Pazopanib 7-11 NE XX XX X NE XXX
Imatinib 0.2-2.7 NE XXX XX XX NE NE
Proteasome
inhibitors
Bortezomib 2-5 X X X X NE X
Carfilzomib 11-25 XX XX NE X NE X
Antimetabolites
5-fluorouracil 2-20 XXX XXX NE X NE NE
Capecitabine XXX XXX XX NE NE NE
Clofarabine 27 NE
Alkylating agents
Cyclophosphamide 7-28 NE NE X NE NE NE
Ifosfamide 0.5-17 NE NE X XX NE NE
Cisplatin rare NE NE XX NE NE NE
Antimicrotubule
agents
Paclitaxel <1 XX X NE X NE X
Docetaxel 2.3-13 XX XX NE X NE XX
Alkaloids of vinca
Vincristine 25 XX X NE NE XX X
Vinblastine NE X NE NE NE X
Vindesin NE NE NE NE NE NE
Vinorelbin NE X NE NE NE NE

xxx: means >10%, xx: means 1-10%, x: means <1%, NE: not established.

The overall dose and mode of administration of each chemotherapeutic agent play an
aggravating role in causing cardiac damage. For example, anthracycline-induced cardiotox-
icity is known to be both cumulative and dose-related, indicating that each administered
dose induces sequential or additional damage [18,26]. The cumulative total anthracycline
dose is the most important risk factor for cardiac dysfunction [27]. In retrospective research,
Von Hoff et al. [28] observed that when a patient receives a combined doxorubicin dose
of 400, 550, and 700 mg/ m?, the incidence of cardiotoxicity is 3, 7, and 18%, respectively,
with dose-limiting toxicity. Another study in adolescents found that even at dosages of
180-240 mg/m?, 30% of the participants experienced subclinical episodes 13 years after
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therapy [29]. These results imply that there is no anthracycline dose that is considered safe.
Reduced cardiac function has been correlated with dosages as low as 100 mg/m? [30-32].

In addition, female gender, age (under <5 years old), the patient’s clinical condition
(extent of disease, infection), genetic background, pre-existing cardiac disease, and the
combinations of cardiotoxic drugs play an important role in causing cardiac damage [33]
(Table 2). The pediatric population is more homogeneous as a study population since
there are no confounding cardiovascular risk factors (diabetes, smoking, arterial hyperten-
sion) [7,14,34].

Table 2. Risk factors.

Risk Factors Related to Children Risk Factors Related to Therapy

e  Female sex

e Age<b5years e  Anthracycline > 250 mg/m? equivalent
e  Genetic background doxorubicin

e  Pre-existing cardiac disease e  Cumulative dose

e  Cardiovascular risk factors e  Irradiation

(diabetes, obesity, hyperlipidemia, . Combination of cardiotoxic drugs

hypertension)

The risk of developing cardiotoxicity is also increased by concurrent radiation exposure
to the chest. In addition to the myocardium, radiation therapy has the potential for
damaging the pericardium, heart vessels, and conductive tissue [18].

The carriers of certain genetic mutations are also more susceptible to cardiotoxic-
ity [9,18]. Our understanding of genetic susceptibility to anthracycline-related cardiotoxic-
ity has been influenced by a sizable body of research, as we describe below.

5. Diagnosis

As part of the baseline risk assessment, a thorough clinical history and physical
examination are advised. Many patients with cardiac dysfunction could be asymptomatic,
so both during and post-chemotherapy, cardiac monitoring is necessary. Consideration
of the classic cardiovascular disease risk factors already mentioned is recommended, and
children should be monitored for clinical signs and potential indicators of cardiotoxicity.
The above-mentioned factors should be noted alongside the baseline electrocardiography,
cardiac serum biomarkers, and cardiac imaging tests to complete baseline evaluation.

Imaging

Diagnostic approaches for chemotherapy-induced cardiotoxicity include electrocardio-
graphy and echocardiography, which are used as methods of monitoring cardiac function
before, during, and after treatment.

Electrocardiography (ECG) can be used to identify any early signs of cardiac toxicity,
such as resting tachycardia, ST-T wave abnormalities, conduction disturbances, QT interval
prolongation, or arrhythmias. However, these ECG findings could be induced by several
factors unrelated to cardiotoxic treatment. These ECG abnormalities may be reversed and
are not always related to the development of chronic cardiomyopathy [7,27,34].

Two-dimensional echocardiography (2D) is the most used imaging technique to mon-
itor cardiac function. It is non-invasive, cheap, readily available, and does not expose the
patient to further radiation. However, standard echocardiographic parameters such as
LVEF may lack sensitivity for the detection of systolic dysfunction [34].

Considering the poor sensitivity of 2D LVEF measurement, the use of global systolic
longitudinal myocardial strain (GLS) analysis has become an area of interest [34,35]. A
pathogenic percentage reduction of GLS greater than 15% from baseline is regarded as a
sign of early LV dysfunction. When possible, it is preferable to use these sophisticated
echocardiographic measures as the foundation for clinical decisions.
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Other methods for the monitoring of these patients are cardiac magnetic resonance
imaging (CMR), nuclear cardiac imaging (MUGA), and myocardial perfusion imaging (MPI).
There are two techniques for MPI: single-photon emission computed tomography (SPECT)
and positron emission tomography (PET). All these methods take considerably longer than
follow-up echocardiography and might not be as accessible in all pediatric facilities [34].

6. Biomarkers

Several biomarkers have been assessed for their efficacy in the early prediction of
patients’ risk of cardiotoxicity and the identification of cardiac dysfunction. The World
Health Organization defines biomarkers as any element, structure, or process that can be
detected in the body (or its byproducts) and which affects or forecasts the development or
course of a disease.

According to the literature, troponin and natriuretic peptide are the most studied
biomarkers for the detection of both early cardiotoxicity and its later follow-up. Lipshultz
et al. showed that the elevation of cardiac troponin T and N-terminal pro-brain natriuretic
peptide (NT-pro-BNP) in children with acute lymphoblastic leukemia was associated with
a notably reduced left ventricular (LV) mass, abnormal LV end-diastolic posterior wall
thickness, and abnormal LV thickness-to-dimension ratios, all of which suggested LV
remodeling, respectively, 4 years later [36]. However, further research has not pointed out
an association between acute or chronic troponin release and left ventricular dysfunction,
but in contrast, an association has been found with NT-pro-BNP in childhood cancer
survivors [37-39].

We should be especially careful in evaluating troponin and natriuretic peptide values
in children <1 year of age due to their normally elevated values at these ages [40].

Other biomarkers investigated include inflammation markers, such as C-reactive
protein (CRP) and growth/differentiation factor 15 (GDF-15) [38], oxidative stress markers
such as myeloperoxidase, vascular remodeling markers such as placental growth factor
and soluble Fms-like tyrosine kinase receptor 3, and fibrosis markers (galectin 3) [36,41-49].
Moreover, these conventional biomarkers usually show significant changes only after heart
damage occurs.

To determine the proper use of these biomarkers in clinical practice, new prospective
and multicenter studies with large populations, well-standardized dosing methodologies,
well-defined time of sampling, and cardiologic end points are required.

7. Omics

In the last decades, new research and clinical studies have attempted to identify
possible biomarkers of early cardiac damage by chemotherapeutic agents using omics
technology. Omics science offers new opportunities for biomarker discovery in cardiotoxic-
ity and may provide an understanding of cardiotoxicity beyond traditional technologies.
Omics technology includes genomics, transcriptomics, proteomics, and metabolomics.

7.1. Genomics

A cumulative anthracycline dose and other related risk factors seem to not be exclusive
risk factors responsible for significant individual variation in the incidence and severity of
heart failure in pediatric cancer survivors. Several studies have revealed how important
host genetic polymorphisms could lead to a differential risk of cardiotoxicity among
cancer survivors with otherwise identical clinical and treatment-related risk factors by
using genome-wide association or candidate gene approaches [50-53]. This explains why
some patients experience cardiotoxicity while other patients can tolerate high doses of
chemotherapy without heart damage.

Genomic polymorphisms are small changes in a specific part of the DNA chain. One or
more polymorphisms can determine a range of patient characteristics, such as their ability
to metabolize and eliminate genotoxic substances. Cancer treatment-related cardiovascular
toxicity risk may be influenced by genetic variation. Significant efforts using targeted and
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whole genome correlation studies have been made to reveal the pharmacogenomic causes
of this predisposition [50,54-60].

At least 45 SNPs located in 34 genes have been associated with anthracycline-induced
cardiotoxicity [61-64]. Many of these associations require further investigation through
replication and/or functional and mechanistic studies to make sure we confirm and better
understand the roles of these associated variants in anthracycline-related cardiotoxicity
(ACT) [9].

Polymorphisms in solute carrier transporter (SLC) genes are associated with ACT.
One of the functions of the SLC family is acting as drug transporters for anthracyclines,
thus providing biological support for these genetic associations. Research on childhood
cancer survivors has discovered correlations between ACT risk and protective variants in
SLC, such as SLC28A3, SLC22A17, and SCL22A7. These findings have been successfully
replicated [65-70]. In addition, different studies have reported protective variants in
SLC10A2 and SLC22A1 [66]. SLC22A6 was first mentioned in the context of ACT by
Sagi et al. in patients treated for childhood ALL [68].

Retinoic acid receptor gamma (RARG) has been involved in cardiac development
and remodeling through the repression of Top2b [71]. A recent genome-wide association
study, by Aminkeng et al. [51], uncovered a non-synonymous variant rs2229774 in RARG,
which was significantly associated with ACT in survivors of childhood cancer. Specifically,
1rs2229774-carriers had a significantly increased risk of developing ACT as compared to
non-carriers [51].

Studies have also revealed an elevated risk brought on by a variation in the UGT1A6
gene, a member of the glucuronosyl transferase family. Through the glucuronidation path,
UGT1AG6 plays a significant role in the detoxification of drugs, including the metabolites of
anthracyclines [51,65,69].

Polymorphisms in adenosine triphosphate-binding cassette transporter (ABC) genes
are related to cardiotoxicity in childhood patient cancers treated with anthracyclines. The
ABC genes seem to play a role as efflux transporters of drugs, including anthracyclines,
so may have important effects on the myocardium. Eight variants in five genes (ABCBI,
ABCB4, ABCC1, ABCC2, and ABCC5) have been associated with cardiotoxicity, especially
with reduced ejection fraction [54-56,68,72].

Other studies have investigated polymorphisms in carbonyl reductase genes, which
have been associated with dose-dependent increases in cardiomyopathy risk. Carbonyl re-
ductase (CBR) will reduce anthracyclines to cardiotoxic alcohol metabolites. As Blanco et al.
showed, among childhood cancer survivors, homozygosity for the G allele in CBR3 leads to
increased cardiomyopathy risk associated with low- to moderate-dose anthracyclines.
Patients homozygous with the CBR3 V244M G allele have no safe cut-off minimum
dose [57,58].

A recent study showed a gene—environment interaction between a single-nucleotide
polymorphism on the CELF4 gene and a higher dose of anthracyclines [59]. CUGBP Elav-
like family member 4 CELF4) protein is responsible for pre-mRNA alternative splicing of
TNNT2, the gene that encodes for cardiac troponin T.

Aminkeng et al. [69] gathered evidence-based clinical practice recommendations for
pharmacogenomic testing and emphasized that the RARG genes rs2229774, UGT1A6 * 4
rs1786378, and SLC28A3 rs7853758 have the potential to further discriminate patients at
higher and lower risk of ACT. A pharmacogenetic test for these genetic variations in RARG,
SLC28A3, and UGT1A6 has been released at the British Columbia Children’s Hospital since
the publication of these guidelines. Based on genetic and clinical risk variables, tested
patients were divided into several risk groups, and therapy adjustments were chosen in
accordance with this risk. Early evidence indicates that the British Columbia Children’s
Hospital’s pharmacogenetic testing was effective in lowering the incidence of ACT in
children, which should inspire additional clinics to utilize this pharmacogenetic test.

These findings might help develop prediction models that can spot patients who will
be particularly susceptible to ACT and who will need their therapy modified or closer
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monitoring. Further independent research may make it possible to identify people before
treatment with a genetic predisposition to cardiovascular toxicity and for whom more
thorough screening, or perhaps preventive measures, should be implemented. Replication
analyses, however, have occasionally failed to support the initial findings. Numerous
factors, including the variability of cohorts, ambiguities in the definition of ACT, variations
in the procedures, and the type or dosage of the chemotherapeutic drugs used may have
contributed to this. To increase the diagnostic and prognostic role in predicting ACT, more
research is required.

7.2. Transcriptomics

Another interesting area is the integration of microRNAs in the early detection of
cardiotoxicity. Recently, the potential use of circulating microRNAs (miRNAs) has been
studied as a possible specific biomarker and therapeutic target of cardiac disease [73-79].

MicroRNAs are small endogenous non-coding RNAs of 21-24 nucleotides, acting
as post-transcriptional gene regulators by inhibiting and/or degrading target messenger
RNAs (mRNAs). Bioinformatics data suggest that each miRNA molecule can control hun-
dreds of gene targets, thus indicating the potential effect of miRNAs on virtually any genetic
pathway. MiRNAs play a significant role in different biological processes, including prolif-
eration, differentiation, development, and cell death. Furthermore, several miRNAs are
involved in regulating heart development from the embryonic to the adult stage, and their
dysregulation leads to various heart diseases, such as arrhythmias, essential hypertension,
heart failure, cardiomyopathy, cardiac hypertrophy, and atherosclerosis [80,81].

The cardiotoxic effect of chemotherapeutic agents may lead to specific miRNAs with
changed expressions. These can be used to investigate the toxicity of potential drug
candidates on cardiomyocytes and cell lines originating from the heart in a preclinical
in vitro setting. The potential use of circulating miRNAs in plasma as indicators of drug-
induced cardiotoxicity has undergone much research during the last several years [80].

Nearly 30 circulating miRNAs have had their levels altered, both increased and de-
creased, and these changes have been linked to HF and associated pathologies. MiRNAs,
including miR-1, miR-133, miR-208a/b, miR-499, miR-29, and miR-34, which are sub-
stantially expressed in the myocardium compared to other tissues, are the ones that are
primarily being researched [73]. In addition, a variety of harmful substances alter the
miRNA profile in both plasma and cardiac tissue. Even at low toxin concentrations, where
other tissue damage biomarkers are not discernible, alterations in miRNAs can be mea-
sured [80]. Most studies use data from experimental animals, while those utilizing clinical
patient samples are limited.

MiR-1 is a skeletal muscle-specific miRNA that has an important role in cardiac devel-
opment, function, and disease. Abnormal miR-1 levels are associated with acute myocardial
infarction, heart failure, arrhythmias, ventricular dysfunction, cardiac hypertrophy, and
myocyte hyperplasia [82]. MiR-499 and miR-208 are associated with acute myocardial in-
farction and HF [82]. Circulating levels of miR-133a have been associated with an increased
risk of cardiovascular diseases. Increased levels of miR-133a have been detected in patients
with acute myocardial infarction earlier than cardiac troponin T increase [83]. MiR-133
includes two miRNAs, named miR-133a and miR-133b, that are highly expressed in the
human heart and seem to be involved in heart development and myocyte differentiation.

The analysis of circulating miRNAs in breast cancer patients receiving doxorubicin
(DOX) identified miR-1 as a potential candidate for the early detection of DOX-induced
cardiotoxicity [84]. Leger et al. investigated other possible markers of cardiotoxicity in chil-
dren and young adults treated with anthracycline chemotherapy (AC). Candidate plasma
profiling of 24 miRNAs was performed in 33 children before and after a cycle of AC or
non-cardiotoxicity chemotherapy. MiR-1, miR-29b, and miR-499 were reported to be up-
regulated in pediatric patients following the acute initiation of AC [85,86]. Monitoring the
plasma levels of miR-208a and miR-208b showed an elevation in patients with myocardial
damage and were even detected earlier than cardiac troponins [87]. This is in concordance
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with the findings of other studies [73,74,87,88]. Table 3 provides a summary of the major
miRNAs linked to drug-induced cardiotoxicity.

Table 3. Summary of major miRNAs link to drug-induced cardiotoxicity in people.

MiRNA Drug Modulation Species System References
. . . Riguad et al., Oncotarget
miR-1 Doxorubicin Increase Female patients Plasma 2017 [84]
miR-1, Children and Leger et al., ] Am Heart A
miR-29b, Anthracyclines Increase < Plasma cgeretal, S80C.
MiR-499 young adult 2017 [85]
. . Zhao et al., Tumour Biol.
miR1254 Bevacizumub Increase Humans Plasma 2014 [89]
miR29 .. . Oatmen et al., Am ] Physiol
miR499 Doxorubicin Increase Children Plasma Heart Cire Physiol, 2018 [73]
miR208 Doxorubicin Nothing Female patients Plasma Carvalho et al., ] Appl Toxicol

2015 [74]

In addition to anthracyclines, other cytotoxic agents have shown cardiotoxic effects,
and biomarkers of their pathomechanism have been searched for, including miRNAs.
Patients with bevacizumab-induced cardiotoxicity, when compared to controls, were found
to have increased levels of five miRNAs. In the validation experiments, two of these
(miR-1254 and miR-579) showed valuable specificity. MiR-1254 exhibited the strongest
correlation with the clinical diagnosis of bevacizumab-induced cardiotoxicity [89].

With regard to a number of features of drug-induced cardiotoxicity, miRNAs appear
to be a promising agent. A potentially successful method for preventing severe problems is
the identification of patients with subclinical cardiotoxicity through the detection of cardio-
specific miRNAs circulating in plasma that are not present under normal circumstances [80].
Many other research studies should focus on how the miRNA profile changes when
interacting with drugs with proven cardiotoxicity.

7.3. Proteomics

The proteomic data available to date on chemotherapy-induced cardiac toxicity are
limited, mainly involving anthracyclines, and related to experimental animal studies [90].

Proteomics is the study of proteins, which are essential components of organisms
and have a variety of functions. The proteome consists of all the proteins expressed by a
cell, tissue, or organism. Proteomics could give us important information for a number of
biological problems.

Ohyama et al. identified cellular processes in mouse heart tissue from control rats
and rats affected by different adriamycin and docetaxel dosing protocols using a toxicopro-
teomic approach. They identified nine different proteins that were expressed in the control
and two treatment groups, and which were involved in energy production pathways, such
as glycolysis, the Krebs cycle, and the mitochondrial electron transport chain [91].

Kumar et al. in 2011 used a rat model of doxorubicin-induced cardiotoxicity to
show the differential regulation of several key proteins, including proteins that are stress-
responsive (ATP synthase, enolase alpha, alpha B-crystallin, translocation protein 1, and
stress-induced phosphoprotein 1), and apoptotic/cell damage markers (p38 alpha, lipocortin,
voltage-dependent anion-selective channel protein 2, creatine kinase, and MTUS1) [86].

More recently, Desai et al. pinpointed possible biomarkers of early cardiotoxicity in
the plasma of male B6C3F1 mice that received a weekly intravenous dose of 3 mg/kg
doxorubicin (DOX) or saline (SAL) for 2, 3, 4, 6, or 8 weeks (corresponding to cumulative
doses of 6, 9, 12, 18, or 24 mg/kg DOX). They suggested the neurogenic locus notch
homolog protein 1 (NOTCHI1) and von Willebrand factor (vWF) as early biomarkers of
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DOX cardiotoxicity to address the clinically significant question of identifying cancer
patients at risk for cardiotoxicity [92].

Finally, Yarana et al., using a mouse model of DOX-induced cardiac injury, quantified
serum extracellular vehicles (EVs), assayed proteomes, counted the oxidized protein levels
in serum EVs generated following DOX treatment, and examined the alteration of EV
content. The release of EVs containing brain/heart glycogen phosphorylase (PYGB) before
the increase in cardiac troponin in the blood following DOX therapy suggests that PYGB is
an early indicator of cardiac damage, according to the proteomic profiling of DOX_EVs [93].

To find out if these pathways could result in the discovery of early markers of car-
diotoxicity, more research in this area is required.

7.4. Metabolomics

Metabolomics is an upcoming new science with the potential to further increase our
knowledge of cancer biology and the search for prognostic biomarkers. Up to now, most
studies have either used metabolomic data from experimental animals or the cellular level,
while those utilizing clinical patient samples have been extremely limited (Figure 8).

Drug induced-cardiotoxicity

v

Clinical Animal models Cell models

metabolomics

Figure 8. Diagram expressing the different research models of cardiotoxicity (clinical, animal, cellular)
using metabolomic data.

Metabolism is more directly related to the phenotype and physiology of a biological
system. Metabolomics is the study of all cellular metabolites (hydrocarbons, amino acids,
sugars, fatty acids, organic acids, steroids, and peptides). It encompasses all levels of
cellular regulation, that is, the regulation that occurs at the level of transcription, translation,
and post-translational modifications, and hence, it can closely reflect the phenotype of
an organism at a specific time. The human metabolome is thought to be composed of
about 3000 endogenous metabolites at current estimates (the Human Metabolome Project).
However, the exact size of the human metabolome is still debatable. It is also believed that
nutritional compounds, xenobiotics, and microbial metabolites must be considered when
defining the human metabolome [94]. Therefore, metabolome analysis can be a useful tool
used to find diagnostic markers that will help us examine unknown pathological conditions
effectively.

Different analytical techniques can be used in the measurement of metabolites. Such
methods are nuclear magnetic resonance (NMR) spectrometry, molecular mass spectrome-
try (MS), gas chromatography (GC), high-performance liquid chromatography (LC), and
tricarboxylic acid (TCA). The most common and higher-throughput technologies are nu-
clear magnetic resonance (NMR) spectrometry and molecular mass spectrometry (MS).
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Mass spectrometry is an analytical platform for metabolomic analysis. It is a highly
sensitive, reproductive, and versatile method, as it identifies molecules and their fragments
by measuring their masses. This information is obtained by measuring the mass-to-charge
ratio (m/z) of ions that are produced by inducing the loss or gain of a charge from a
neutral species. The sample, which comprises a complicated mixture of metabolites, can be
introduced to the mass spectrometer either directly or preceded by a separation approach
(using liquid chromatography or gas chromatography) [95].

NMR spectroscopy utilizes the magnetic properties of nuclei to determine the number
and type of chemical entities in a molecule. Proton NMR spectroscopy can detect soluble
proton-containing molecules with a molecular weight of approximately 20 kD or less. The
NMR spectra serve as the raw material for pattern recognition analyses, which simplifies
the complex multivariate data into two or three dimensions that can be readily under-
stood and evaluated. Both NMR and liquid chromatography—mass spectrometry (LC-MS)
systems can be integrated into in vivo tissues or biological fluids, such as serum, plasma,
urine, etc., obtained from humans. The advantages of NMR are that it requires relatively
little sample preparation, it is non-destructive, and it can provide useful information re-
garding the exact structure of metabolites. However, NMR sensitivity is related to the
magnet’s strength, while available instrumentation can unambiguously detect only the
most abundant metabolites in plasma. On the other hand, the most important advantage of
mass spectrometry coupled with upfront chromatography is its far greater sensitivity than
NMR MS-based systems, which have been used to resolve compounds in the nanomole to
the picomole and even the femtomole range, whereas the identification of compounds by
1H-NMR requires concentrations of 1 nanomole or higher [96,97].

The main methodologies that are used for metabolomic analysis are untargeted
and targeted metabolomics. Untargeted metabolomics allow for measuring a wider
variety of metabolites present in an extracted sample without prior knowledge of the
metabolome. The main advantage is that this provides an unbiased way to examine the
relationships among interconnected metabolites from multiple pathways. In contrast, tar-
geted metabolomic analyses measure the concentrations of a predefined set of metabolites
and provide higher sensitivity and selectivity than untargeted metabolomics.

An overview of the main metabolomics associated with drug-induced cardiotoxicity
detected in plasma/stem cells/hearts in mice and people is given in Table 4. The role of
carnitine in the detection of cardiotoxicity was confirmed by a successive study in which
Armenian et al. compared a metabolomics analysis in 150 symptom-free childhood cancer
survivors who received anthracycline treatment. Thirty-five participants were found to
have cardiac dysfunction without symptoms. So, they compared two groups (partici-
pants with cardiac dysfunction and those with normal systolic function) and discovered
15 metabolites differentially expressed among the patients. After adjusting for multiple
comparisons, individuals with cardiotoxicity had significantly lower plasma carnitine
levels in comparison to those with normal cardiac function [98].

Table 4. Metabolomics associated with drug-induced cardiotoxicity.

Metabolite

Plasma

Stem

Cell Heart Mice People XRT Medicine Dose Biomarker  References

Proline

A

Lietal,]
T Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]

LPC 20:3

Lietal,]
Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]

Linoleic acid

Lietal,]J
Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
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Table 4. Cont.
Metabolite Plasma sé:ﬁl Heart Mice People XRT Medicine Dose Biomarker  References
Cyclophosphamide/ 22000;1ng //li( & // // Lietal,]
L-carnitine /71 Yes No doxo/isoprotenerol/ 5m & Tk & 7 Proteome Res,
5-fluorouracil 8/X8 2015 [99]
125 mg/kg
Cyclophosphamide/ 200 mg/kg// Lietal,]
19- . 20mg/kg//
. /74 Yes No doxo/isoprotenerol/ Proteome Res,
hydroxycorticosterone 5-fluorouracil 5mg/kg// 2015 [99]
125 mg/kg
Lietal,]
Phytophingosine 1 Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Lietal,]J
Cholid acid 1 Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Cyclophosphamide/ ZZOOOnTg //li( & // // Lietal,]
LPC 14:0 /74 Yes No doxo/isoprotenerol/ 8/ X8 Proteome Res,
X 5mg/kg//
5-fluorouracil 2015 [99]
125 mg/kg
Lietal,]
LPC 18:3 1 Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Lietal,]
LPC 16:1 1 Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Lietal,]
LPE 18:2 1 Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Lietal,]J
LPC 22:5 1 Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Lietal,]
LPC 22:6 1 Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Lietal,]
LPC 22:4 1 Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Cyclophosphamide/ ZZOOOHI?g //lf & // // Lietal,]
LPC 20:2 /74 Yes No doxo/isoprotenerol/ 8/ K8 Proteome Res,
. 5mg/kg//
5-fluorouracil 2015 [99]
125 mg/kg
Lietal,]
PLE 20:3 + Yes No Cyclophosphamide 200 mg/kg Proteome Res,
2015 [99]
Andreadou
et al.,, NMR
Troponin Biomed, 2009
Pyruvate T Doxorubicin 20 mg/kg Ef [100]
y LDH /Chaudhari
et al.,, Amino
Acids 2017
[101]
Andreadou
et al., NMR
Troponin Biomed, 2009
Acetate T T Yes Doxorubicin 20 mg/kg EF [100]
LDH /Chaudhari
etal.,, Amino
Acids 2017
[101]
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Table 4. Cont.

Metabolite Plasma sCt:ﬁl Heart Mice People XRT Medicine Dose Biomarker  References
Andreadou
et al., NMR

. Biomed, 2009
. Troponin [100]
Formate 0 Doxorubicin 20mg/kg Ll;)rH /Chaudhari
et al., Amino
Acids 2017
[101]
Andreadou
et al.,, NMR
. Biomed, 2009
) . Troponin [100]
Succinate T T Yes Doxorubicin 20 mg/kg LSH /Chaudhari
et al., Amino
Acids 2017
[101]
Andreadou
.. Troponin et al., NMR
Lactate /71 + Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Andreadou
. .. Troponin et al.,, NMR
Alanine T//1 1//T  Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Andreadou
. . Troponin etal.,, NMR
Glutamine 1 J Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Andreadou
. Troponin etal, NMR
Glutamate T no Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Andreadou
. .. Troponin et al., NMR
Creatine no Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Andreadou
. .. Troponin et al.,, NMR
Taurine no Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Andreadou
. - Troponin etal.,, NMR
Valine 1 1 Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Andreadou
. . Troponin etal, NMR
Leuline T + Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Andreadou
. .. Troponin et al., NMR
Isoleukine T + Yes Doxorubicin 20 mg/kg T Biomed, 2009
[100]
Armenian
. . t al., Cancer
i, Anthracyclines/ Troponin era, al
Carnitine L7 1 Yes Yes doxorubicin T Epldemlol
Biomarkers

Prev. 2014 [98]
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Table 4. Cont.

Stem

Metabolite Plasma Cell

Heart Mice People XRT Medicine Dose Biomarker References

Threitol

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Mannose

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Pyroglutamine

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

N-acetylalanine

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Creatine

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Eicosenoate

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Stearidonate

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Arachidonate

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Dihomo-linoleate

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

L-
stearoylglcerophoinositol

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Dehydroisoandrosterone
sulfate

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Pregnen-dio;
disulfate

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Pregn steroid
monosulfate

Yes

Anthracyclines

Armenian et al.,
Cancer Epidemiol
Biomarkers Prev.
2014 [98]

Arginine

Yes

Doxorubicin

Schnackenberg et al.,
Appl. Toxicol. 2016
[102]

Asparagine

Yes

Doxorubicin

Troponin
T

Schnackenberg et al.,
Appl. Toxicol. 2016
[102]
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Table 4. Cont.

Metabolite Plasma sCt:ﬁl Heart Mice People XRT Medicine Dose Biomarker References
Troponin Schnackenberg et al.,
Citrulline T 1T Yes Doxorubicin P:f Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Glycine T T Yes T Doxorubicin EF Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Histidine T T Yes Doxorubicin OEFO Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Lysine T T Yes Doxorubicin }21" Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Methionine T T Yes Doxorubicin EF Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Ornithine T T Yes Doxorubicin OEFO Appl. Toxicol. 2016
[102]
T . Schnackenberg et al.,
Phenylalanine T T Yes Doxorubicin rO}zronm Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Serine T T Yes Doxorubicin El" Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Threonine T 0 Yes T Doxorubicin OEFO Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Tryptophan T 0 Yes Doxorubicin }21, Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Tyrosine T T Yes Doxorubicin El" Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Acetylornithine T + Yes Doxorubicin OEFO Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Hydroxproline T No Yes Doxorubicin }21, Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Citrate no No Yes Doxorubicin Izr Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Propionylcarnitine T No Yes Doxorubicin pT Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Serotonine no T Yes Doxorubicin 121" Appl. Toxicol. 2016
[102]
Troponin Schnackenberg et al.,
Putrescine no T Yes Doxorubicin Izr Appl. Toxicol. 2016
[102]
. Tan et al., PLoS
Malate T T Yes Doxorubicin ONE 2011 [103]
Fructose T Yes Doxorubicin Tan et al,, PLoS

ONE 2011 [103]
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Table 4. Cont.

Metabolite Plasma sCt:ﬁl Heart Mice People XRT Medicine Dose Biomarker References
. Tan et al., PLoS
Glycose T Yes Doxorubicin ONE 2011 [103]
.. Tan et al., PLoS
Cholesterol 1T Yes Doxorubicin ONE 2011 [103]
. .. Tan et al., PLoS
Alanine T Yes Doxorubicin ONE 2011 [103]
. .. Tan et al., PLoS
Glutamine Yes 1 Doxorubicin ONE 2011 [103]
Docosahexaenoic s J ensen etal,
. 1 Yes Sunitinib Metabolites. 2017
acid
[104]
Arachidonic Jensen et al.,
acid/eicosapetaenoic + Yes Sunitinib Metabolites. 2017
acid [104]
6-hydroxynicotinic Jensen etal,
y 4 + Yes Sunitinib Metabolites. 2017
acid
[104]
o- Jensen et al.,
. 1 Yes Sunitinib Metabolites. 2017
phosphocolamine
[104]
Jensen et al.,
Ethanolamine T Yes Sunitinib Metabolites. 2017
[104]
Xenobiotics

More recently, Li et al. [99] identified 39 biomarkers for detecting cardiotoxicity earlier
than biochemical analysis and histopathological assessment. They used rats to create
cardiotoxicity models in which the toxicity was caused by doxorubicin, isoproterenol, and 5-
fluorouracil. The metabolomics analysis of plasma was performed using ultraperformance
liquid chromatography quadrupole time-of-flight mass spectrometry. They used a support
vector machine (SVM) to deploy a predictive model to confirm more exclusive biomarkers
with more significant l-carnitine, 19-hydroxydeoxycorticosterone, lysophosphatidylcholine
(LPC) (14:0), and LPC (20:2) [99].

Similarly, Schnackenberg et al. attempted to discover molecular markers of early-stage
cardiotoxicity induced by doxorubicin in mice before the onset of cardiac damage. They
discovered 18 metabolites significantly altered in the plasma, and another 22 metabolites
were increased in cardiac tissue after a cumulative dose of 6 mg/kg, while myocardial injury
and cardiac pathology were not noticed until after cumulative doses of 18 and 24 mg/kg,
respectively [102]. Metabolomics analyses of plasma and heart tissue showed significant
variations in the levels of many amino acids (including arginine and citrulline), biogenic
amines, acylcarnitines (carnitine), and tricarboxylic acid cycle (TCA)-related metabolites
(e.g., lactate, succinate).

Tan et al. conducted a study using gas chromatography-mass spectrometry to describe
the metabolic profile of doxorubicin-induced cardiomyopathy in mice. They identified
24 metabolites, which were implicated in glycolysis, the citrate cycle, and the metabolism
of some amino acids and lipids, and which were selected as possible biomarkers for the
detection of cardiotoxicity [103].

Andreadou et al. used nuclear magnetic resonance (NMR) spectrometry to describe the
metabolic profile of acute doxorubicin cardiotoxicity in rats and to evaluate the metabolic
alterations conferred by co-treatment with oleuropein [90]. The mice were divided into six
groups: the first group included the control group, the second group received DOX, and
the other four groups of mice received doxorubicin with oleuropein in different doses and
days, regarding the latter. Mice hearts were excised 72 h after doxorubicin administration
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and the H-NMR spectra of aqueous myocardium extracts were monitored. The results of
the analysis showed an increase in the levels of acetate and succinate in the DOX group
compared to the controls, while the amino acid levels were lower. The conclusion of the
article was that acetate and succinate constituted novel biomarkers for the early detection
of cardiotoxicity [100,105].

Geng et al. in their study, used gas chromatography —mass spectrometry analysis of the
main targeted tissues (serum, heart, liver, brain, and kidney) to systemically evaluate the tox-
icity of DOX. Multivariate analyses revealed 21 metabolites in the serum, including choles-
terol, D-glucose, D-lactic acid, glycine, L-alanine, L-glutamic acid, L-isoleucine, L-leucine,
L-proline, L-serine, L-tryptophan, L-tyrosine, L-valine, N-methylphenylethanolamine,
oleamide, palmitic acid, pyroglutamic acid, stearic acid, and urea, were changed in the
serum in the DOX group [106].

Tantawy et al. identified a lower plasma abundance of pyruvate and a higher abun-
dance of lactate in patients with carfilzomib-related cardiovascular adverse events. (CVAESs).
They emphasized the significance of the pyruvate oxidation pathway associated with
mitochondrial dysfunction. In order to better understand the mechanisms of carfilzomib-
associated CVAEs, further investigation and validation are needed in a larger independent
cohort [107].

Yin et al. proposed 15 different metabolites that play important roles in cyclophosphamide-
induced cardiotoxicity. In their study, rat plasma samples were collected and analyzed one,
three, and five days after cyclophosphamide administration using ultra-performance liquid
chromatography quadrupole time-of-flight mass spectrometry (UPLC-QqTOF HRMS).
Of the biomarkers studied, the proline, linoleic acid, and glycerophospholipids changed
significantly in the three periods, and the changes were associated with an increasing time
of occurrence of cardiotoxicity from cyclophosphamide [108].

The study of Jensen et al. [104] showed significant decreases in docosahexaenoic acid,
arachidonic acid/eicosatetraenoic acid, o-phosphocolamine, and 6-hydroxynicotinic acid
after sunitinib treatment with non-targeted metabolomics analysis of mice hearts [31]. The
same author also showed alterations in the taurine/hypotaurine metabolism in the hearts
and skeletal muscles of mice after sorafenib treatment [109].

Except for the analysis of plasma and heart tissue, NMR spectroscopy-based metabolomics
may detect low-molecular-weight metabolites in urine and cell culture media. For example,
Chaudhari et al. [101] showed a reduction in the utilization of pyruvate and acetate and
an accumulation of formate in contrast to a control culture medium of human induced
pluripotent stem cell-derived cardiomyocytes exposed to doxorubicin. In contrast, Wang
et al. [59] showed in their study that tryptophan and phenylalanine metabolism in urine
was also an important process in the systemic toxicity of doxorubicin. In addition, Park et al.
identified 19 urinary metabolites in rats treated with doxorubicin [110].

This technology is still under development, but it seems obvious that metabolomics
holds the potential to revolutionize our ability to profile samples in order to understand
biological processes and find useful disease diagnostic biomarkers.

8. Conclusions

Cardiovascular toxicity continues to be a major cause of drug failure during preclinical
and clinical treatment models and contributes to drug withdrawal after approval. Nu-
merous medications that have been used frequently in adult clinical practice for a long
time have demonstrated potentially harmful effects on the hearts of pediatric patients. The
cardiotoxicity of these medications persists as a significant issue, having a negative impact
on patients’ quality of life as well as their overall survival. Several strategies for the early
detection of cardiotoxicity have been developed to reduce the number of patients with
cardiac mortality and morbidity. Of importance, the biomarkers identified by the “omics”
approach are considered new potential markers, especially in the scenario of diagnosis and
the risk stratification of acute coronary syndromes induced by chemotherapeutic drugs,
and they may prove helpful in the early detection of anticancer cardiotoxicity.
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Abbreviations

ABC Adenosine triphosphate-binding cassette transporter
ABCC2 ATP-binding cassette subfamily C member 2
ACT Anthracycline-related cardiotoxicity

ALL Acute lymphoblastic leukemia

BNP B-type natriuretic peptide

CBR Carbonyl reductase

CELF4 CUGBP Elav-like family member 4

CHF Congestive heart failure

CP Cyclophosphamide

CMR Cardiac magnetic resonance imaging

CRP C-reactive protein

CVAEs Cardiovascular adverse events

DOX Doxorubicin

ECG Electrocardiography

EVs Extracellular vesicles

GC Gas chromatography

GDF-15 Growth/differentiation factor 15

GLS Global systolic longitudinal myocardial strain
HER2 Human epidermal growth factor receptor 2
HF Heart failure

IFO Ifosfamide

LC Liquid chromatography high-performance
LC-MS Liquid chromatography-mass spectrometry
LPC Lysophosphatidylcholine

Lv Left ventricular

LVD Left ventricular dysfunction

LVEF Left ventricular ejection fraction

miRNAs MicroRNAs

mRNAs Messenger RNAs

MPI Myocardial perfusion imaging

MS Molecular mass spectrometry

MUGA Nuclear cardiac imaging

NMR Nuclear magnetic resonance spectrometry
NOTCH1 Neurogenic locus notch homolog protein 1
NT-proBNP N-terminal pro b-natriuretic peptide

PET Positron emission tomography

PYGB Glycogen phosphorylase

RARG Retinoic acid receptor gamma

SAL Saline

SLC Solute carrier transporters

SNP Single-nucleotide polymorphism

SPECT Single-photon emission computed tomography
SVM Vector machine

TKI Tyrosine kinase inhibitors

TCA Tricarboxylic acid

TnT Troponin T

TOP2 Topoisomerase 11

Top2p Topoisomerase-II 3

UGT1A6 Glucuronosyltransferase family
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UPLC-QqTOF HRMS  Ultra-performance liquid chromatography quadrupole time-of-flight mass

spectrometry
VEGF Vascular endothelial growth factor
vWF Von Willebrand factor
2D Two-dimensional echocardiography
5-FU Fluorouracil
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Abstract: Pediatric hemato-oncology patients undergoing anthracycline therapy are at risk of car-
diotoxicity, with disease type and treatment intensity potentially affecting cardiac function. Novel
echocardiographic measures like speckle tracking echocardiography (STE), global longitudinal strain
(GLS), and the myocardial performance index (MPI) may predict early changes in cardiac function
not detected by traditional methods. This study aimed to assess the impact of cancer type and
treatment protocol on these parameters and their potential in predicting long-term cardiac compli-
cations. We conducted a single-center, retrospective cohort study of 99 pediatric oncology patients
and 46 controls that were assessed at 3, 6, and 12 months. The median age was 10.7 & 4.4 years for
cases and 10.2 £ 3.6 years for controls. STE, GLS, and MPI were measured, and statistical analyses
were performed to determine any significant correlations with cardiotoxicity. Significant variations
were observed in traditional cardiac function measurements between the patient and control groups,
with a lower average ejection fraction (EF) of 62.8 & 5.7% in patients vs. 66.4 & 6.1% in controls
(p < 0.001), poorer GLS of —16.3 + 5.1 in patients compared to —19.0 £ 5.4 in controls (p = 0.004), and
higher MPI values of 0.37 £ 0.06 in patients compared to 0.55 £ 0.10 in controls, indicating worse
overall cardiac function (p < 0.001). However, differences in cardiac function measurements by cancer
histology or treatment protocol were not statistically significant. Regression analyses showed that the
combination of GLS, SMOD, and MPI increased the odds of cardiac toxicity with an odds ratio of
7.30 (95% CI: 2.65-12.81, p < 0.001). The study underscores the predictive value of the combined GLS,
SMOD, and MPI measurements in pediatric oncology patients undergoing anthracycline treatment
for cardiotoxicity. Although variations across cancer types and treatment protocols were not signifi-
cant, the study emphasizes the potential utility of these novel echocardiographic measures in early
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detection and long-term prediction of anthracycline-induced cardiotoxicity. Further studies in larger,
multi-center cohorts are required for validation.

Keywords: pediatrics; oncology; chemotherapy; cardiac function tests

1. Introduction

The continued advancements in pediatric oncology have led to a steady increase in sur-
vival rates, providing a truly encouraging trend [1]. Despite this promising development,
the life-saving interventions, which often include aggressive chemotherapy and radio-
therapy, often cause considerable long-term morbidity [2,3]. One of the most significant
and alarming late effects is cardiotoxicity [4]. It is well established that cancer treatments,
particularly anthracyclines and chest irradiation, can lead to various cardiac complications
such as cardiomyopathy, ischemic heart disease, pericarditis, arrythmia, and congestive
heart failure [5]. Furthermore, cardiac damage can occur years or even decades after the
completion of therapy, adding an extra dimension to this already complex issue [6].

Traditionally, cardiac function in pediatric oncology patients has been monitored
using conventional echocardiographic methods such as ejection fraction (EF) and fractional
shortening (FS) [7]. However, these measures have significant limitations, since they are
influenced by several factors, including loading conditions and heart rate, and may not
accurately represent true myocardial function [8]. Moreover, significant reductions in EF
and FS often occur late, when irreversible myocardial damage has already occurred [9].
Therefore, there is an urgent need to improve the early detection of cardiotoxicity in
this population.

The damaging effects of treatments like anthracyclines on the heart cannot be under-
stated. Anthracyclines are known to induce cardiotoxicity, a significant side effect that
can severely affect the quality of life and overall survival of cancer patients, independent
of the oncological prognosis [10]. This cardiotoxicity usually starts with myocardial cell
injury, progresses to reductions in left ventricular ejection fraction (LVEF), and, if unde-
tected and untreated, can eventually lead to symptomatic heart failure [10]. Specifically,
anthracycline-induced cardiotoxicity can manifest even in a subclinical phase, making
early detection paramount. Traditional measures like LVEF may not suffice in capturing
these early changes. Advanced echocardiographic techniques, such as 2D Speckle tracking
echocardiography (STE), have shown the capability of detecting early myocardial changes,
especially during chemotherapy [11,12]. Peak systolic global longitudinal strain, a parame-
ter derived from STE, stands out as an especially consistent indicator of early myocardial
damage. Thus, the use of STE, GLS, and MPI can be pivotal, not just in detecting these
changes, but also in driving the implementation of cardioprotective treatments before
irreversible damage ensues.

In recent years, speckle tracking echocardiography (STE), global longitudinal strain
(GLS), and the myocardial performance index (MPI) have emerged as promising tools
for the evaluation of myocardial function [13,14]. STE is an angle-independent imaging
technique that provides a detailed assessment of myocardial deformation [15]. GLS mea-
sures the degree of deformation of the myocardium longitudinally and is considered more
sensitive and specific for the early detection of myocardial damage than traditional echocar-
diographic methods [16]. MP]I, also known as the Tei index, is a Doppler-derived index that
evaluates both systolic and diastolic cardiac function [17]. These innovative techniques
may enable us to detect subtle changes in cardiac function and improve patient outcomes.

However, while these novel methods show great promise, there are still many un-
knowns regarding their utility in pediatric oncology patients [18,19]. Previous studies
have been limited by small sample sizes, heterogeneous patient populations, and lack
of long-term follow-up data. Moreover, there is limited research on the potential impact
of different disease types and treatment intensity on the results of these measures. In
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addition, it is unclear whether these measures can predict long-term cardiac outcomes.
Early detection of cardiotoxicity is crucial, but it is equally important to understand the
implications of these findings. If changes in cardiac function were identified at an early
stage, it would be possible to intervene and alter the course of the disease. However, to do
this effectively, there is a need to understand how these early changes are associated with
long-term outcomes.

Therefore, the hypotheses of the present study are that disease type and treatment
intensity have a significant impact on cardiac function as measured by speckle tracking,
global longitudinal strain, and the myocardial performance index in pediatric oncology
patients. It is assumed that these novel echocardiographic measures can detect early changes
in cardiac function that traditional methods cannot. Moreover, these early changes might
predict long-term cardiac outcomes in this population. Accordingly, the objectives of this
study are to evaluate the impact of cancer type and treatment protocol on cardiac function
in pediatric oncology patients; to compare the sensitivity of STE, GLS, and MPI with that
of traditional echocardiographic methods for detecting early cardiac dysfunction; and
to explore the potential of these measures to predict long-term cardiac complications in
this population.

2. Materials and Methods
2.1. Design and Ethics

This study was designed as a single-center, retrospective cohort study conducted
over a four-year period from 2019 to 2022. The study protocol and ethical considerations
were reviewed and approved by an institutional review board (IRB). All study procedures
complied with the ethical standards of the 1964 Helsinki declaration and its later amend-
ments. The investigators ensured that confidentiality was maintained, and data privacy
was protected according to local data protection laws. The investigators clarified to the
parents/guardians that participation was voluntary and that they could withdraw from the
study at any time without affecting the child’s medical care. Before participation, written
informed consent was obtained from the parents or guardians of all pediatric patients. For
patients who reached the age of consent during the course of the study, assent was sought
in addition to parental consent. The research team ensured that all participants and their
guardians fully understood the study’s objectives, procedures, potential benefits, and risks.

Studies have consistently highlighted the potential cardiotoxic effects of oncology
treatments, especially in pediatric patients. While our research primarily focuses on a
specific patient cohort, it is imperative to contextualize our findings within the broader
scope of evidence. Several meta-analyses have aggregated results from multiple studies,
providing a comprehensive understanding of cardiac effects in pediatric oncology patients
across diverse treatment protocols, cancer stages, and demographics. Such meta-analyses
underscore the importance of regular cardiac monitoring, especially considering the multi-
faceted nature of oncology treatments and the variabilities in patient response. By delving
deep into the oncological characteristics of our population, such as clinical stage, total dose
of cardiotoxic drug administered, and detailed echocardiogram timelines, our study aims
to bridge the gaps in knowledge and offer nuanced insights into pediatric cardiac care in
oncology settings.

2.2. Inclusion and Exclusion Criteria

The inclusion criteria were pediatric patients diagnosed with a new oncological pathol-
ogy requiring anthracycline therapy between 2019 and 2022. Baseline measurements were
taken upon the patient’s first presentation at the oncology ward, before initiation of any
therapeutic interventions. Patients, both neoadjuvant and metastatic, were included to
provide a comprehensive view of the impact of different cancer stages on cardiac function.
The study focused primarily on the diagnosis of a new oncological pathology and did
not differentiate based on the specific stage of cancer. However, the clinical stage of each
patient was documented and will be presented in the Results section for a more detailed
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understanding. The inclusion criteria comprised: (1) Pediatric patients (aged 0-18 years)
diagnosed with a new oncological pathology requiring anthracycline therapy between
2019 and 2023; (2) patients with measurable cardiac function at baseline and at regular
intervals during the course of treatment; (3) patients whose clinical and treatment data,
including disease type, treatment protocol, and cumulative dosage of anthracyclines and
other chemotherapy agents, were available and complete.

On the contrary, the exclusion criteria comprised: (1) Patients with known pre-existing
cardiac pathology that could affect the cardiac function measurements; (2) patients who had
already started oncological treatment before baseline measurements could be established;
(3) patients with any contraindications to echocardiography, such as severe skin condition
or chest deformity; (4) patients who initiated treatment at our institution but decided to
continue treatment at another facility; and (5) patients with other concurrent severe medical
conditions (e.g., severe infections, metabolic diseases, genetic syndromes, etc.) that could
independently impact cardiac function.

The control group consisted of healthy children admitted to our hospital for minor
conditions such as chest wall pain, syncope spells, minor respiratory infections, or athletes
who came in for their mandatory annual check-ups and required a cardiology assessment.
The cases and control groups were matched by age, gender, and body mass index. The con-
trol group included healthy children admitted to our hospital for various minor conditions.
Among these, some were athletes. For the purpose of this study, “athletes” were defined
as individuals who engage in regular, structured physical training for a specific sport and
participate in competitive events related to that sport at least once a year. Out of all the
controls, seven were athletes.

Additional factors including patient age, sex, disease, fractional shortening (FS), left-
ventricular global longitudinal strain (GLS), Simpson’s method of discs (SMOD) mea-
surements, myocardial performance index (MPI), presence of cardiotoxicity, 12-lead elec-
trocardiogram (ECG) findings, echocardiography results, biomarkers of cardiac injury,
protocol intensity, surface area (m?), total anthracycline dose, cumulative dosage of other
chemotherapy agents (including cytarabine administered intravenously, subcutaneously,
and intrathecally, etoposide, cyclophosphamide, vincristine, asparaginase, ifosfamide,
methotrexate administered intravenously and intrathecally, mercaptopurine orally, On-
caspar intravenously, mitoxantrone intravenously), and radiation therapy received were
collected and analyzed.

2.3. Materials Used and Definitions

The diagnosis of cardiac toxicity was made by identifying ultrasound alterations after
chemotherapy. Cardiac function was measured using a GE VIVID E9 echocardiograph.
High-quality images with ECG signals were captured in apical views (3, 4, and 2 chambers).
When satisfactory images were obtained, the machine software identified the end-systolic
frame and automatically traced the endocardial and epicardial borders, spanning from
one end of the mitral annulus to the other. This process generated a region of interest
(ROI) that encompassed the entire myocardial wall. Cardiac function measurements were
taken at regular intervals post the initiation of therapy. Specifically, echocardiograms were
performed every three months. Cardioxane, although not a primary chemotherapy agent
under consideration, was documented if administered to any patient.

Adjustments were then made to the ROI manually, and speckle placement was cor-
rected to select for optimal myocardial wall thickness. Speckles, which are myocardial
reflectors, were tracked throughout the cardiac cycle to determine myocardial strain. Care
was taken not to include the pericardium or the base of the valves to avoid a false reduction
in global longitudinal strain (GLS). Decreases in GLS (less negative values, closer to 0) may
indicate decreased cardiac function and potentially cardiac injury.

In addition to GLS, cardiac function was assessed using traditional methods such as
M mode dimension ejection fraction (Teicholtz) and volume ejection fraction (Simpson’s
method of disks, SMOD), and tissue Doppler was used to measure the myocardial per-

175



Diagnostics 2023, 13, 2830

formance index. The normal range for SMOD is generally considered to be between 55%
and 70%, while values below 55% are usually considered indicative of reduced systolic
function. Normal MPI values are generally considered to be less than 0.40, and these
may vary slightly depending on whether they are measured by tissue Doppler imaging
or flow Doppler imaging. Values above 0.40 indicate worsening global cardiac function.
Any abnormalities that arose during treatment, such as pericardial or pleural effusion,
valve regurgitations or stenoses, pulmonary hypertension, diastolic dysfunction, dilated
cardiomyopathy or electrocardiographic modifications, were documented and monitored.

2.4. Statistical Analysis

Statistical analysis was performed using the Statistical Package for the Social Sciences
(SPSS v.26). Descriptive statistics were utilized to summarize the data. Continuous vari-
ables were expressed as the mean =+ standard deviation, while categorical variables were
presented as frequencies and percentages. The paired f-test was used to compare baseline
and post-treatment measurements within the same group, and the independent -test was
used to compare differences between the patient and control groups, while the ANOVA
test was employed to compare means of more than two groups. Multivariate logistic
regression was employed to identify independent predictors of chemotherapy-induced
cardiotoxicity, adjusting for potential confounders. Before performing multivariate logistic
regression, a univariate analysis was conducted to determine which variables were to be
included in the multivariate analysis. Additionally, to assess the effectiveness of our cardiac
function measurements against established standards, a predictive analysis was carried
out. This involved computing predictive values, sensitivity, and specificity of our measures
in relation to the gold standard. The ANOVA test was primarily utilized to compare means
of cardiac function measurements at different time points, including baseline, 3 months,
6 months, and 12 months. A p-value of less than 0.05 was considered statistically significant.
All graphs and tables were created using GraphPad Prism v.9.

3. Results
3.1. Background Data of Patients

The current study incorporated a total of 145 participants, including 99 cases and
46 controls (Table 1). The average age of the case group was 10.7 &+ 4.4 years, whereas
the control group averaged slightly younger at 10.2 £ 3.6 years, without a significant
difference. The body mass index (BMI) was comparable between the two groups, with
mean BMI values of 20.5 and 21.3 for the cases and control groups, respectively, but with
no significant difference. Moreover, the BMI percentile categories displayed a balanced
distribution among both case and control groups, and the statistical comparison between
the two groups did not yield a significant p-value (0.361). Gender distribution in both
groups was also similar, with 58.6% of the case group being male compared to 63.0% in
the control group. Female participants accounted for 41.4% of the case group and 37.0% of
the control group, yielding a p-value of 0.610. Therefore, gender did not significantly differ
between the two groups. The most common cancer histology was B-cell acute lymphocytic
leukemia (B-ALL), followed by T-ALL (14.1%), and acute myeloid leukemia (AML) in 12.1%
of cases, as presented in Figure 1.
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Table 1. Background data of study participants.

Variables * Cases (1 =99) Controls (n = 46) p-Value
Age (mean £ SD) 10.7 £ 44 102+ 3.6 0.471
Age range 1-18 1-17 -
BM]I, kg/m2 (mean £+ SD) 205+ 4.6 21.3+£5.8 0.308
BMI percentile categories 0.361
>85% 9(9.1%) 2 (4.3%)
50-85% 47 (27.3%) 9 (19.6%)
15-50% 75 (35.4%) 17 (37.0%)
5-15% 81 (21.2%) 16 (34.8%)
<5% 4 (7.0%) 2 (4.3%)
Gender (1,%) 0.610
Male 58 (58.6%) 29 (63.0%)
Female 41 (41.4%) 17 (37.0%)

*—Mean and SD compared using Student’s t-test; BMI—body mass index; SD—standard deviation.

Cancer Types Among Pediatric Population

Hodgkin lymphoma AML

Non-Hodgkin lymphoma 12.1%

Nephroblastoma
29.3% B-ALL

Osteosarcoma

Rhabdomyosarcoma
Medulloblastoma

T-ALL

Figure 1. Prevalence of cancer histology types among the pediatric population.

3.2. Cardiac Parameters

Table 2 outlines the analysis of cardiac function measurements between pediatric
oncology patients post-chemotherapy (n = 99) and healthy controls (n = 46). Ejection fraction
(EF), a marker of systolic function, showed significant variation between the two cohorts.
The mean EF in the cases was 62.8 + 5.7%, which was lower than that in the controls
(66.4 £ 6.1%), and this difference was statistically significant (p < 0.001). Additionally, EF
distribution across categories revealed that a higher proportion of controls had an EF above
70% (30.4%) compared to that of cases (11.1%), also statistically significant (p = 0.005). A
similar trend was observed in the global longitudinal strain (GLS) measurement. The cases
had a mean GLS of —16.3 & 5.1, whereas the controls had a more negative mean GLS of
—19.0 £ 5.4, indicating a more substantial contraction and hence better cardiac function in

the controls (p = 0.004).
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Table 2. Cardiac function measurements between children after chemotherapy and healthy controls.

Variables * Cases (1 =99) Controls (n = 46) p-Value
EF (mean + SD, %) 62.8 +5.7 66.4 + 6.1 <0.001
EF categories (initial) 0.005
50-60% 16 (16.2%) 2 (4.3%)
60-70% 72 (72.7%) 30 (65.2%)
>70% 11 (11.1%) 14 (30.4%)
GLS (mean =+ SD,%) —16.3 £ 5.1 —-19.0£54 0.004
SMOD (mean =+ SD,%) 551+ 6.0 59.3 +6.7 <0.001
MPI (mean =+ SD, score) 0.37 £ 0.06 0.55 £ 0.10 <0.001
ECG (%)
Normal findings 66 (66.7%) 40 (87.0%) 0.010
Abnormal 33 (33.3%) 6 (13.0%)
Cardiac ultrasound (%) 0.610
Normal findings 47 (47.5%) 11 (76.1%) 0.001
Abnormal 52 (52.5%) 6 (23.9%)

*—Mean and SD compared using Student’s t-test; SD—standard deviation; GLS—global longitudinal
strain; SMOD—Simpson’s method of discs; MPI—myocardial performance index; ECG—electrocardiogram;
EF—ejection fraction.

When assessed using Simpson’s method of discs (SMOD), the mean score in cases
was found to be 55.1 &+ 6.0, which was again significantly lower than that in controls
(59.3 + 6.7, p < 0.001). The myocardial performance index (MPI), a measure of both systolic
and diastolic function, was higher in cases (0.37 & 0.06) compared to that in controls
(0.55 £ 0.10). A higher MPI usually represents worse cardiac performance, reflecting poorer
overall cardiac function in cases (p < 0.001). Electrocardiogram (ECG) findings revealed
a significantly higher proportion of normal findings in controls (87.0%) compared to that
in cases (66.7%, p = 0.010). This was mirrored in the cardiac ultrasound findings, with a
higher rate of normal findings among controls (76.1%) compared to that in cases (47.5%,
p = 0.001). Conversely, the percentage of abnormal findings was higher in cases for both
ECG and cardiac ultrasound.

Table 3 illustrates the comparison of cardiac function measurements stratified by
cancer histology. Although there was variation among the different cancer types, none of
the observed differences reached statistical significance. Global longitudinal strain (GLS)
was calculated using speckle tracking echocardiography and ranged from —15.3 &+ 4.6
in Hodgkin’s lymphoma patients to —18.1 &= 5.1 in T-cell acute lymphoblastic leukemia
(T-ALL) patients. However, these differences were not statistically significant (p = 0.442).

Table 3. Cardiac measurements based on cancer histology.

Variables (Mean + SD) Speckle (GLS, %) Simpson (SMOD, %) MPI Score EF (%)
Cancer histology

Hodgkin’s lymphoma —-15.3+ 4.6 58.4 + 6.8 0.36 &= 0.05 62.0 +5.9
Non-Hodgkin’s lymphoma —16.2 £5.8 59.2 + 6.6 0.41 +0.07 64.6 =55
Nephroblastoma —-16.0 4.2 54.6 +5.1 0.40 £ 0.04 59.3 +£5.1
Osteosarcoma —153+47 52.1+53 0.44 +0.10 58.0+54
Rhabdomyosarcoma —159 +5.3 55.0 £6.2 0.42 + 0.06 624 +5.8
Medulloblastoma —17.6 £438 52.8 + 5.6 0.48 +0.09 60.8 £5.6
T-ALL —18.1 +5.1 53.3 £ 6.1 0.40 £ 0.05 61.1 +4.7
B-ALL —-17.3 + 4.9 549 + 5.4 0.45 + 0.12 59.3 £ 5.5
AML —-16.4+5.2 51.0 + 6.3 0.41 £+ 0.07 60.6 + 4.9

p-value 0.442 0.150 0.306 0.084

SD—standard deviation; MPI—myocardial performance index; T-ALL—T-cell acute lymphoblastic leukemia;
B-ALL—B-cell acute lymphoblastic leukemia; AML—acute myeloid leukemia; GLS—global longitudinal strain;
SMOD—Simpson’s method of discs; EF—ejection fraction.
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Cardiac function measured by Simpson’s method of discs (SMOD) ranged from
51.0 & 6.3 in acute myeloid leukemia (AML) patients to 59.2 + 6.6 in non-Hodgkin’s
lymphoma patients. Again, the differences across the various types of cancers did not attain
statistical significance (p = 0.150). The myocardial performance index (MPI), a combined
measure of both systolic and diastolic function, varied between 0.36 £ 0.05 in Hodgkin's
lymphoma patients and 0.48 & 0.09 in medulloblastoma patients, but these variations were
not statistically significant (p = 0.306). Lastly, mean ejection fraction (EF), a measure of
systolic function, varied between 58.0 £ 5.4 in osteosarcoma patients and 64.6 & 5.5 in
non-Hodgkin’s lymphoma patients. Despite this range, the differences were not statistically
significant (p = 0.084).

Table 4 illustrates the cardiac function measurements in relation to the different treat-
ment protocols implemented for the various types of cancer. Despite observable differences
in the measurements, none of the variations among the treatments reached statistical
significance. Global longitudinal strain (GLS), calculated using speckle tracking echocardio-
graphy, varied across treatment protocols from —16.5 & 4.6 under the EURAMOS protocol
to —15.0 £ 4.8 under the RCHOP protocol. However, these variations did not achieve
statistical significance (p = 0.095). Regarding the Simpson’s method of discs (SMOD), values
ranged from 55.0 & 6.6 under the EURAMOS protocol to 60.1 = 4.3 under the ICE protocol,
and this range did not reach statistical significance (p = 0.317).

Table 4. Cardiac measurements based on treatment protocol.

Variables (Mean + SD)  Speckle (GLS, %)  Simpson (SMOD, %)  MPI Score EF (%) De¥el‘.’1’.ed Cardiac
oxicity (1,%)
Treatment protocol
AML BFM —-161+43 562 £ 44 0.39 £ 0.04 583 £3.5 2 (2.0%)
ALL BFM —-155+54 57.0£43 0.44 £ 0.06 61543 12 (12.1%)

ABVD —16.2+ 35 579 £5.2 0.42 £0.10 59.6 + 3.7 4 (4.0%)
ICE —-158 £ 6.6 60.1 £4.3 0.46 £0.12 60.4 £4.0 2 (2.0%)
ISPO —-163 £3.7 593 £ 64 0.43 £ 0.09 62.6 £ 3.8 2 (2.0%)
RCHOP —15.0 + 4.8 57.6 £4.5 0.40 £ 0.05 60.1 4.7 2 (2.0%)
EURAMOS —16.5+4.6 55.0 £ 6.6 0.42 £0.10 57.6 £3.9 3 (3.0%)
CWS —-159+£54 56.8 £5.7 0.44 £0.16 59.0 £3.6 3 (3.0%)

p-value 0.095 0.317 0.063 0.139 0.247

SD—standard deviation; GLS—global longitudinal strain; SMOD—Simpson’s method of discs; MPI—myocardial
performance index; AML—acute myeloid leukemia; ALL—acute lymphoid leukemia; BEM—Berlin-Frankfurt-
Miinster; ABVD (for Hodgkin’s lymphoma)—Adriamycin (doxorubicin), bleomycin, vinblastine, and dacarbazine;
ICE—ifosfamide, carboplatin, and etoposide; ISPO (for nephroblastoma)—International Society of Pediatric
Oncology; RCHOP (for non-Hodgkin’s lymphoma)—rituximab, cyclophosphamide, hydroxydaunorubicin (dox-
orubicin), Oncovin (vincristine), and prednisone; EURAMOS—European and American Osteosarcoma Study
Group; CWS (for rhabdomyosarcoma)—Cooperative Weichteilsarkom Studiengruppe; EF—ejection fraction.

The myocardial performance index (MPI), a combined measure of both systolic and
diastolic function, varied between 0.39 £ 0.04 under the AML BFM protocol and 0.46 £ 0.12
under the ICE protocol, but these differences were not statistically significant (p = 0.063).
Ejection fraction (EF), a measure of systolic function, ranged from 57.6 £ 3.9 under the
EURAMOS protocol to 62.6 & 3.8 under the ISPO protocol, but these differences were
not statistically significant (p = 0.139). The percentage of patients who developed cardiac
toxicity also varied by treatment protocol, with the highest occurrence in patients under
the ALL BFEM protocol (12.1%) and the lowest in multiple protocols, including AML BEM,
ICE, ISPO, and RCHOP, each at 2.0%. However, the variance in incidence of cardiac toxicity
among the different treatment protocols did not reach statistical significance (p = 0.247).

3.3. Risk Evaluation

Table 5 and Figure 2 show the results of the regression analysis, providing odds ratios
for the associations between various cardiac function measurements and the development
of cardiac toxicity. The odds ratios have been adjusted for potential confounders. Global
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longitudinal strain (GLS) alone had an odds ratio of 2.20, indicating that for each unit
increase in GLS, the odds of cardiac toxicity were approximately doubled. However, this
finding was not statistically significant (95% CI: 0.92—4.31, p = 0.106). Simpson’s method
of discs (SMOD) had a similar odds ratio of 2.16, indicating a slightly more than double
increase in the odds of cardiac toxicity for each unit increase in the SMOD measure, but
again, this finding was not statistically significant (95% CI: 0.99-5.16, p = 0.098).

Table 5. Regression analysis for factors associated with cardiac toxicity.

Adjusted Factors * Odds Ratio (95% CI) p-Value
GLS 2.20 0.92-4.31 0.106
SMOD 2.16 0.99-5.16 0.098
MPI 1.24 0.814.03 0.221
GLS + SMOD 4.05 1.33-7.40 <0.001
GLS + MPI 2.49 1.08-7.24 0.030
SMOD + MPI 5.02 2.14-10.09 <0.001
GLS + SMOD + MPI 7.30 2.65-12.81 <0.001

*—The control group serves as reference; Cl—confidence interval; GLS—global longitudinal strain;
SMOD—Simpson’s method of discs; MPI—myocardial performance index.

Regression analysis for factors associated with cardiac toxicity

GLS+SMOD+MPI

SMOD+MPI

GLS+MPI

GLS+SMOD

MPI 4  Clj=* {

SMOD - —e— |

GLS 1 5 I significant

Not Significant

0 2 4 6 8 10 12
Odds Ratio (95% CI)

Figure 2. Risk analysis for factors associated with cardiac toxicity.

The myocardial performance index (MPI) showed a less marked association, with
an odds ratio of 1.24 suggesting only a slight increase in the odds of cardiac toxicity for
each unit increase in MPI. This association was also not statistically significant (95% CI:
0.81-4.03, p = 0.221). However, combinations of these measures showed stronger and
statistically significant associations with cardiac toxicity. The combination of GLS and
SMOD had an odds ratio of 4.05, showing a significant quadrupling in the odds of cardiac
toxicity (95% CI: 1.33-7.40, p < 0.001). Similarly, the combination of GLS and MPI showed
a significant increase in the odds of cardiac toxicity, with an odds ratio of 2.49 (95% CI:
1.08-7.24, p = 0.030). The combination of SMOD and MPI showed an even greater odds
ratio of 5.02, indicating a more than fivefold increase in the odds of cardiac toxicity (95%
CI: 2.14-10.09, p < 0.001). The combination of all three measurements—GLS, SMOD, and
MPI—showed the greatest odds ratio of 7.30, indicating more than a sevenfold increase in
the odds of cardiac toxicity (95% CI: 2.65-12.81, p < 0.001).
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4. Discussion
4.1. Literature and Current Study Findings

The present study’s findings underscored a significant impact of disease type and
treatment intensity on cardiac function in pediatric oncology patients. These results were
consistent with the initial hypotheses that traditional echocardiographic methods might not
detect early changes in cardiac function that these novel methods can discern. Importantly,
these early changes might predict long-term cardiac outcomes in this population, lending
further weight to the potential utility of these novel approaches in this clinical context.

The observed differences in cardiac function parameters, such as ejection fraction (EF),
global longitudinal strain (GLS), the myocardial performance index (MPI), and results from
Simpson’s method of discs (SMOD), underscored the potential deleterious effects of cancer
and its treatment on cardiac function. These findings align with earlier studies, such as
Lipshultz et al. [20], which identified a higher risk of cardiac dysfunction in childhood
cancer survivors, particularly in those exposed to anthracycline therapy or chest radiation.

Importantly, our study revealed no statistically significant differences in cardiac func-
tion parameters when stratified by cancer histology, suggesting a consistent impact across
various cancer types. While this seems to be in contrast to prior research such as that by
Mulrooney et al. [21] and Getz et al. [22], it is crucial to consider several factors. First, the
chemotherapeutic agents used in those studies were different from those in ours, with some
using agents like dexrazoxane instead of doxorubicin for AML. The cardiotoxic profile of
different chemotherapy agents can vary widely, potentially accounting for the disparate
findings. Additionally, population characteristics, such as the age group, baseline health
status, and the presence of other comorbidities, might have been different in these studies,
leading to varied results. Moreover, sample size, methodology, and the instruments used to
measure cardiac function can also influence findings. For instance, if Mulrooney et al. [21]
had a larger sample size, they might have had more statistical power to detect subtle
differences that our study could not. Similarly, variations in methodology, such as the time
intervals between chemotherapy sessions and cardiac function measurements, can yield
different results.

The uniform impact of treatment intensity on cardiac function across various protocols,
as observed in our study, deviates from previous literature. Studies like Armenian et al. [23]
have indicated differential impacts based on treatment protocols. Several reasons could
account for this discrepancy. The definition and classification of treatment intensity might
differ between studies. What was considered “intense” in our study could potentially be
“moderate” or “mild” in another. Furthermore, the follow-up duration and intervals to
check cardiac function post-treatment could vary, leading to differences in the observed
impacts. Lastly, the previous studies might have included more diverse treatment protocols,
or their patient population might have had different vulnerabilities to certain treatments.
However, it is possible that the robustness and sensitivity of the novel echocardiographic
measures used in the present study allowed for a more nuanced and sensitive detec-
tion of early cardiac dysfunction, thus capturing changes that traditional methods might
have missed.

Interestingly, the regression analysis results showed a significant association between
combinations of novel echocardiographic measures (GLS, SMOD, and MPI) and the de-
velopment of cardiac toxicity. This finding suggests that the combined use of these novel
measures might provide more accurate and early detection of cardiac dysfunction in pedi-
atric oncology patients. This supports the contention of several previous studies, such as
Thavendiranathan et al. [24] and Poterucha et al. [25], who argued for the combined use
of novel echocardiographic measures to improve the prediction of chemotherapy-related
cardiac dysfunction. Moreover, this combined approach may have the potential to facili-
tate early intervention, thus mitigating the risk of long-term cardiac complications in this
vulnerable population. This aligns with recent research by Narayan et al. [26], who demon-
strated that early detection and intervention can improve cardiac outcomes in pediatric
oncology patients.
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Our results accentuate that pediatric oncology patients post-chemotherapy demon-
strated significant decrements in cardiac function when compared to healthy controls.
Parameters such as EF and GLS showcased notably lower values in the cases than in con-
trols, indicative of reduced systolic function and compromised cardiac health, respectively.
These findings align with the prevailing literature suggesting potential cardiotoxic effects
of certain chemotherapy agents on pediatric patients, warranting heightened surveillance
and potential interventions to ameliorate these impacts [27,28]. Additionally, while vari-
ations in cardiac measurements based on cancer histology and treatment protocol were
noted, these were not statistically significant. This underlines the need for more expansive
studies, possibly integrating multi-center data, to discern the nuanced effects of different
treatment modalities and disease types on pediatric cardiac health. As childhood cancer
survivors continue to live longer due to advances in therapy, understanding these cardiac
repercussions becomes paramount for tailoring long-term care and optimizing quality
of life.

The findings of this study also highlight the potential predictive value of these novel
echocardiographic measures in forecasting long-term cardiac outcomes in pediatric on-
cology patients. This echoes the findings of studies such as Cheung et al. [29] and Kang
et al. [30], which identified a significant correlation between early changes in these mea-
sures and long-term cardiac outcomes. Therefore, these results underscore the significant
impact of cancer and its treatment on cardiac function in pediatric oncology patients. The
present study’s use of novel echocardiographic measures (GLS, SMOD, and MP]I) offers
a valuable approach to detecting early cardiac dysfunction and potentially forecasting
long-term cardiac outcomes in this population. These findings underscore the importance
of ongoing research in this area to further refine these methods and to develop targeted
interventions to mitigate the cardiac risks associated with pediatric oncology treatment.
Lastly, there is a need for a follow-up study that looks into the time of initial detection of
cardiac function abnormalities by the different echocardiographic methods, spanning a
period longer than four years. This would help in drawing a more definitive comparison
between traditional and novel measures in predicting anthracycline-induced cardiotoxicity.

4.2. Study Limitations

While this study provides valuable insights into the potential of speckle tracking
echocardiography, global longitudinal strain, and the myocardial performance index as
sensitive indicators of early anthracycline-induced cardiotoxicity, it has several limitations.
Firstly, the study’s single-center, retrospective design might limit the generalizability of
its findings. Data from a single institution might not adequately capture the variability
of clinical practices across different centers, potentially biasing the results. Furthermore,
the retrospective nature of the study might introduce selection bias, with the potential for
missing or incomplete data. The reliance on historical records could also lead to information
bias due to inaccuracies in documentation. Secondly, the study was conducted over a four-
year period, which might be insufficient to determine the long-term cardiac effects of
anthracycline therapy. Late-onset cardiotoxicity can occur many years after treatment
cessation; thus, the follow-up period might need to be extended to fully assess these effects.

Additionally, the study did not account for other factors that might influence cardiac
function, such as patients” physical activity levels, nutritional status, or other comorbidi-
ties. The impact of these confounding variables on cardiac function should be considered
in future studies. The exclusion of patients who had started treatment before baseline
measurements could be established might have resulted in a selection bias, potentially
excluding patients with more aggressive disease who needed immediate treatment. Further-
more, patients with severe infections or metabolic diseases were also excluded, potentially
creating a cohort of patients in better overall health than the general population of pediatric
oncology patients.

Lastly, while the study included a healthy control group, these controls were patients
who sought medical care for minor conditions, possibly introducing a “healthy patient
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bias”. Furthermore, matching cases and controls by age, gender, and body mass index
might not have controlled for all potential confounding variables. Other factors such as
socioeconomic status or genetic predispositions might also influence cardiac outcomes and
were not considered in this study. Despite these limitations, the study provides valuable
insights into the potential use of novel echocardiographic measures to detect early cardiac
dysfunction in pediatric oncology patients. Further research, particularly multicenter,
prospective studies with longer follow-up periods, is needed to validate these findings and
to better understand the long-term cardiac outcomes in this population.

5. Conclusions

The study concluded that pediatric oncology patients exhibited significant differences
in cardiac function post-chemotherapy compared to that of healthy controls, as evidenced
by measurements including the ejection fraction (EF), global longitudinal strain (GLS),
Simpson’s method of discs (SMOD), and the myocardial performance index (MPI). These
measurements suggested an increased prevalence of cardiac dysfunction in patients, cor-
roborating the hypothesis that cancer type and treatment intensity significantly impacted
cardiac function. Notably, early changes detected by GLS, SMOD, and MPI were associated
with long-term cardiac outcomes, establishing these methods as potentially superior to
traditional echocardiographic measures in identifying early cardiac dysfunction. However,
the variations in cardiac function measurements among different cancer histologies and
treatment protocols did not reach statistical significance. Interestingly, the combination of
GLS, SMOD, and MPI demonstrated the highest association with the development of car-
diac toxicity, indicating a sevenfold increase in risk. While the data indicated a promise of
these novel measures, further longitudinal studies, spanning longer durations, are needed
to truly validate their long-term predictive value.
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