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Abstract: Next-generation sequencing (NGS) has transformed pediatric oncology by enabling precise genetic profiling of various
cancers, crucial for developing targeted diagnostics and treatments. However, the extensive data produced necessitates stringent quality
control (QC) to ensure accuracy and reliability, pivotal for clinical implementation. This paper reviews current QC tools and bioinformatics
pipelines employed in pediatric cancer NGS analysis, emphasizing the roles of tools such as FastQC, Picard, SAMtools, and GATK. These
tools assess data quality at multiple stages, helping to address challenges unique to pediatric cancer NGS, such as high specificity
requirements and small sample sizes. We highlight the need for further research to develop advanced bioinformatics solutions tailored for
pediatric oncology and for standardizing QC protocols to enhance data reproducibility across studies. Enhanced bioinformatics tools are
essential for exploiting the full potential of NGS in improving diagnostic precision and treatment customization in pediatric oncology.
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1. Introduction

Pediatric cancers encompass a range of malignancies
affecting children, with leukemia being the most common
type overall, followed by brain tumors, neuroblastoma,
Wilms tumor, and retinoblastoma in infancy [1], [2]. Pediatric
cancers include hematologic, central nervous system, and
extracranial solid tumors, which are further categorized into
mesenchymal-derived sarcomas and embryonal or epithelial-
type tumors that often require molecular testing for diagnosis
[3]. Leukemia is the most common pediatric cancer, while
central nervous system tumors are the most frequent solid
tumors [4]. Leukemia is the most common, with improved
survival rates due to early diagnosis and new treatments [1].

Pediatric cancer is now considered a chronic condition with
an 80% survival rate in the USA (United States of America)
[2], [5]. Psychosocial needs evolve throughout the illness
trajectory, with psychologists playing crucial roles in support
and advocacy [5]. Pediatric cancers in the United States
primarily consist of leukemias, lymphomas, and tumors of the
central and sympathetic nervous systems, affecting over
8,500 children annually[2]. Childhood cancer incidence
globally was around 200,000 in 2018 [4]. Childhood cancers
have an annual incidence of 150 per million children under
15, with leukemia and CNS tumors being the most common
types. Survival rates exceed 75% in industrialized countries

[6].

Challenges include late diagnosis, unique immune responses,
and long-term effects on growing bodies and fertility [7]. A
method of treating pediatric cancers involves administering
(S)-N-(5-((R)-2-(2,5-difluorophenyl)pyrrolidin-1-yl)-

pyrazolo[1,5-a]pyrimidin-3-yl)-3-hydroxypyrrolidine-1-
carboxamide or its salt to the patient, as per the research [8].

Worldwide efforts are being made to unravel the complexities
of pediatric cancer. Efforts towards improving outcomes for
pediatric cancers have been significant, with initiatives like
the Childhood Cancer Data Initiative (CCDI) focusing on
data-driven research to enhance understanding, survivorship,
and therapy development for children and young adults with
cancer [9]. Additionally, the Pediatric Cancer Dependencies
Accelerator project aims to bridge knowledge gaps and
enhance treatment effectiveness through a collaborative $60
million effort by leading research institutions [10]. The World
Health Organization's Global Initiative for Childhood Cancer
(GICC) is also playing a crucial role in improving pediatric
cancer services in Africa by implementing the CureAll
framework, emphasizing essential pillars like adequately
staffed care networks, universal health coverage, context-
appropriate treatments, and evaluation strategies [I1].
Furthermore, regulatory decisions on pediatric investigation
plans (PIPs) in oncology are evolving to support the
development of innovative and safe medicines for children
with high unmet medical needs, highlighting the importance
of evidence-based decision-making and stakeholder
engagement [12].

Various types of research have been conducted to identify
genes related to pediatric cancer. Pedican is a literature-based
gene resource for pediatric cancers, containing 735 genes, 88
gene fusions, and 24 chromosome abnormalities curated from
2245 PubMed abstracts [13]. Studies have focused on the
genetic basis of childhood cancers, highlighting the
prevalence of germline alterations in cancer predisposition
genes and the heterogeneity of genetic alterations driving
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tumorigenesis in pediatric cancers [14]. Efforts have been
made to develop tools for identifying children at increased
risk of cancer through genetic testing, emphasizing the need
for validation and large-scale application of these tools.
Research on the genetic bases of diseases using various
sequencing approaches is crucial for identifying high-risk
patients who may benefit from genetic testing [15].

In pediatric cancer research, various sequencing approaches
are utilized to enhance diagnosis and treatment. Studies have
employed low-pass whole genome sequencing (LPWGS) and
targeted sequencing (TS) of cell-free DNA to detect copy
number alterations, fusions, and driver mutations in pediatric
solid and brain tumors, showcasing the potential of liquid
biopsy assays for diagnosis and minimal residual disease
monitoring [16]. Additionally, RNA-Seq assays have been
developed to identify gene fusions, expressed mutations, and
gene expression abnormalities in pediatric tumors,
demonstrating the utility of tumor RNA profiling in clinical
settings [17]. Furthermore, targeted genomic sequencing
approaches have been explored to overcome the challenges of
lower mutation frequency in pediatric cancers, emphasizing
the importance of clinically available and targeted sequencing
methods for tumor genomic profiling in pediatric oncology
[18]. Moreover, the implementation of next-generation
sequencing (NGS) panels in middle-income countries like
Mexico has shown promise in improving diagnostic accuracy
and identifying actionable genetic alterations for risk
stratification and tailored therapy in pediatric cancer patients
[19]. These sequencing strategies collectively contribute to
advancing precision medicine and personalized treatment
approaches in pediatric oncology, aiming to improve
outcomes for young cancer patients [20].

Next-generation sequencing (NGS) approaches used in
pediatric cancer include a three-platform sequencing strategy
incorporating whole-genome sequencing (WGS), whole-
exome sequencing (WES), and RNA sequencing (RNA-seq)
to analyze tumor and germline genomes revealing diagnostic,
prognostic, therapeutically relevant, and cancer-predisposing
variants [21], [22]. Additionally, low-pass whole genome
sequencing (LPWGS) and targeted sequencing (TS) of cell-
free DNA (cfDNA) in pediatric solid and brain tumors have
shown promise in detecting aberrations, with a high positivity
rate in treatment-naive cases and potential for minimal
residual disease (MRD) monitoring [23].

Whole-genome sequencing (WGS) is paramount in pediatric
oncology as it yields diagnostically significant data across
diverse patient populations, thus facilitating actionable
insights for therapeutic strategies [24]. Complementing WGS
with whole-transcriptome sequencing (RNA-Seq) notably
enhances fusion gene detection, which is crucial for the
accurate subclassification of tumors and pinpointing
prognostic indicators [24] . The integration of WGS and
RNA-Seq enables the identification of high confidence
tumor-specific gene fusions, potentially pathogenic fusions,
and associated structural variants, aiding in precision
oncology applications and clinical decision-making[25].

Whole-exome sequencing (WES) for pediatric cancer is
highly relevant as it enables the comprehensive examination
of genetic alterations in both tumor and germline genomes,

providing crucial diagnostic, prognostic, and therapeutic
insights. Studies have shown that WES, when combined with
whole-genome sequencing (WGS) and RNA sequencing
(RNA-seq), allows for the identification of diverse genomic
variants in pediatric cancers, regardless of tumor type, with a
high percentage of patients harboring clinically actionable
variants[24]. WES has been instrumental in detecting
activating gene fusions, enhancer hijacks, small intragenic
deletions, and mutational signatures, shedding light on the
pathogenic effects of variants and their relevance to tumor
development[22]. Additionally, the integration of WES data
in multidisciplinary molecular tumor boards facilitates
informed clinical decision-making, contributing to improved
patient management and outcomes in pediatric oncology [22].

RNA sequencing (RNA-seq) is highly relevant for pediatric
cancer as it enables the detection of gene fusions, expressed
mutations, and important gene expression abnormalities in
tumors, aiding in diagnosis and treatment decisions[25]. By
integrating RNA-seq with whole genome sequencing (WGS),
Fusion-sq can identify tumor-specific gene fusions with high
confidence, distinguishing them from healthy-occurring
fusions and resolving fusions in copy number unstable
genomes[17]. A three-platform sequencing approach
incorporating WGS, whole-exome sequencing (WES), and
RNA-seq has shown the power to identify diverse genomic
lesions in pediatric cancers, enabling the detection of
diagnostic, prognostic, and therapeutically relevant variants,
highlighting the importance of RNA-seq in understanding the
genomic landscape of pediatric cancers [26]. Fusion-sq is a
novel method developed to detect tumor-specific gene fusions
in pediatric cancers by integrating evidence from RNA
sequencing (RNA-seq) and whole genome sequencing
(WGS) using intron-exon gene  structure  [25].
Next-generation sequencing (NGS) technologies, including
whole-genome sequencing (WGS), whole-exome sequencing
(WES), and RNA-seq, have revolutionized genomics but
come with challenges. The vast amount of data generated by
NGS requires sophisticated bioinformatics tools for analysis
and interpretation [27], [28]. Identifying causative variants in
rare diseases is complex due to the increased number of
variants to evaluate per patient, leading to diagnostic
odysseys and a rise in variants of uncertain significance
(VUSs)[29]. In the clinical setting, challenges include the
need for precise sequencing, data curation, and accurate
genome annotation to derive meaningful insights for disease
prognosis, diagnosis, and treatment [30], [31]

2. Challenges in NGS for Pediatric Cancer

Achieving high specificity and sensitivity in next-generation
sequencing (NGS) analyses for pediatric tumors presents
significant challenges due to diverse molecular features,
limited sample sizes, and the need for precise variant
interpretation. Variability in technically challenging variants,
such as large indels and small copy number variations, can
impact the diagnostic yield and clinical sensitivity of NGS
workflows, affecting test design and validation for pediatric
cancers. Additionally, the rarity of pediatric cancers and
heterogeneity within narrow types pose difficulties in risk
stratification and treatment selection, emphasizing the need
for accurate variant classification and therapy matching.
Sequencing methods also face obstacles such as the limited
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availability of targeted drugs due to low mutation frequency
and the use of large-scale genome-wide screening
applications, which hinder the clinical integration of tumor
genomic profiling in pediatric cancers [18]. Other challenges
include limited amounts of cell-free DNA (cfDNA), a higher
prevalence of copy number alterations and fusions over point
mutations, and small sample sizes, impacting the progress of
liquid biopsy assays for diagnosis and monitoring [16].
Moreover, extracting sufficient mRNA from children with
low white blood cell counts complicates the diagnosis of
infectious diseases [26], while the reliance on multiple tests
like FISH, karyotyping, microarray, and sequencing for
genetic characterization leads to longer analysis times,
increased costs, and higher consumption of limited tumor
material [32]. Efforts to implement genomic sequencing in
low- and middle-income countries are further challenged by
human resource training needs and site-level implementation
costs [33], to address these a set of specialized algorithms and
enhanced sample preparation techniques are employed. The
FDA-led SEQC2 project focuses on developing standard
analysis protocols and quality control metrics for DNA
testing, enhancing precision medicine [34], [35].

Specialized algorithms significantly enhance next-generation
sequencing (NGS) quality control by providing accurate and
automated procedures. They facilitate the detection of
erroneous base calls, removal of contaminating sequences,
and mitigation of issues like barcode swapping, ensuring
high-quality data output [36]. These specialized algorithms
serve as valuable tools for NGS specialists, enabling them to
better understand quality issues, perform automatic quality
control, and improve the reliability and efficiency of NGS
experiments. Additionally, the AmpliSeq for Illumina
Childhood Cancer Panel demonstrates high sensitivity,
specificity, and reproducibility, refining pediatric acute
leukemia diagnosis, prognosis, and treatment through a
targeted NGS panel [37]. These approaches collectively
contribute to improving the reliability and clinical utility of
NGS in pediatric oncology [37].

3. Quality Control Metrics and Standards

In pediatric cancer sequencing, QC metrics play a crucial role
in ensuring the accuracy and reliability of the results. Various
metrics such as coverage depth, error rate, and alignment
quality are essential for assessing the quality of sequencing
data [38]. Studies have shown that analytical validation of
RNA-Seq assays in pediatric oncology clinics involves
evaluating fusion detection with high precision, establishing
the limit of detection for gene fusions, and assessing gene
expression  measurements for accuracy[17], [39].
Additionally, a three-platform sequencing approach
incorporating WGS, WES, and RNA-seq has been utilized to
identify diagnostic, prognostic, and therapeutically relevant
variants in pediatric cancers, demonstrating the importance of
comprehensive genomic analysis for understanding the full
spectrum of genomic variants in pediatric oncology[22].
These QC metrics are vital for ensuring the robustness and
validity of sequencing data, ultimately leading to more
accurate diagnoses and targeted treatment strategies for
pediatric cancer patients [38].

These advancements in NGS technology not only refine
diagnostic and prognostic capabilities but also pave the way
for more precise and effective therapeutic interventions in
pediatric oncology, ultimately improving patient outcomes
and the overall management of childhood cancer [40]. Efforts
to standardize these metrics across laboratories are ongoing
to promote consistency and reliability in NGS data analysis.
Studies emphasize the importance of analytical validation to
establish high accuracy, sensitivity, repeatability, and
reproducibility in detecting genomic alterations, thus
enabling comprehensive molecular profiling of pediatric
cancers with fast turnaround times and high-quality
results[24], [41]. Standardization initiatives aim to ensure that
QC metrics are uniformly applied, enhancing the
interpretation and clinical utility of genomic data in pediatric
oncology [42].

4. Review of Quality Control Tools
4.1 Pre-Sequencing QC Tools

In the realm of next-generation sequencing (NGS), quality
control (QC) initiates even before sequencing commences.
Sample Integrity Checks are vital to verify the integrity and
purity of DNA or RNA extracted from samples, ensuring
reliable sequencing outcomes [43]. Subsequently, Library
Preparation QC plays a crucial role in evaluating the quality
and size of the library, guaranteeing adequate representation
of the sample [42]. These pre-sequencing QC steps are
fundamental in laying the groundwork for a successful
sequencing run, setting the stage for accurate and meaningful
downstream analyses. Various tools and technologies have
been developed to streamline and standardize these QC
processes, enhancing the efficiency and reliability of NGS
workflows [44], [45], [46].

4.2 Sequencing Run QC

Real-time monitoring during a sequencing run is crucial for
tracking the process and promptly addressing any emerging
issues like signal intensity drops or base calling errors, as
highlighted in the research papers [42], [47]. This real-time
analysis is essential for optimizing flow cell performance,
balancing coverage across samples, and reducing sequencing
time and costs, especially in amplicon-based sequencing
scenarios [48].

4.3 Post- sequencing data analysis

Post-sequencing data analysis methods for pediatric cancer
analysis involve various approaches. These include exploring
germline secondary findings (SFs) through whole-genome
sequencing to identify pathogenic variants and classify their
significance[49]. Additionally, RNA editing events in
pediatric cancers are investigated using RNA-Seq data to
understand protein sequence diversity and biological
implications [50]. A cancer genomic analysis pipeline has
been developed to analyze genetic mutations in pediatric
tumors, highlighting driver mutations and their impact on
gene expression [51]. Liquid biopsy analysis for pediatric
tumors utilizes deep whole-genome sequencing profiles to
detect circulating tumor DNA and classify cancer-specific
chromatin signatures, providing insights into minimally
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invasive disease monitoring and treatment response [52].
Furthermore, the development of an RNA-Seq assay pipeline
aims to identify gene fusions, expressed mutations, and gene
expression abnormalities in pediatric tumors, advancing
molecular diagnostic methods in pediatric oncology [17].

5. Tools used for Post-Sequencing Quality
Check

In the realm of pediatric oncology, the integrity of sequences
in NGS post-processing is evaluated through a variety of
quality metrics. These metrics include measuring the mean

read depth, sensitivity for DNA and RNA variants, specificity,
reproducibility for DNA and RNA, clinical impact of
mutations and fusions, refinement of diagnosis, targetability
of mutations, and clinical relevance of results [37].
Additionally, metrics such as adequacy rate, initial DNA
concentration, fragment size, insert size, total reads, target
coverage, duplication rate, and usable bases are crucial for
evaluating the quality of samples and libraries in NGS
analysis [53], [54]. Furthermore, for multi-sample
experiments like tumor-normal pairs, specific QC metrics are
essential to ensure the validity of results, with proposed
workflows and tools available for comprehensive QC analysis
[55]. An overview of the tools is given in Table 1.

Table 1: Overview of Quality Control Tools

Feature/Tool Fast QC

SAM tools GATK

Initial quality assessment of raw

Primary Function sequencing data.

Managing SAM/BAM files
including duplicate marking.

Comprehensive genomic data analysis
including variant calling and quality
recalibration.

- Per Base Sequence Quality

- Read and Mate Reference

- Alignment Metrics

- Per Sequence GC Content

Quality Metrics i - Positions \fapi - .
Per Sequence Quality Scores - Pair Orientation Variant Calling Metrics
Content Analysis - Per Base Sequence Content N/A N/A

- Per Base N Content
- Sequence Length Distribution

Base/Sequence Specific
Checks

- Leftmost Position - Haplotype Caller

Duplication and - Sequence Duplication Levels

- UMI/Barcodes (optional)

Overrepresentation - Overrepresented Sequences - Read Groups (optional) NIA
Adapter and Contaminant - Adapter Content N/A N/A
Screening
Quality Adjustments and i . - Base Quality Score Recalibration (BQSR)
Filtering NIA Base Quality Scores - Variant Filtration
5.1 FASTQC 5) Per Base N Content: Indicates the count of bases called

FastQC is a widely used tool for quality control in DNA
sequencing analysis, deeply integrated into standard pipelines
at sequencing centers [56]. It plays a crucial role in the initial
stages of data analysis by providing detailed diagnostic
information on sequencing data quality, highlighting potential
issues such as per base sequence content, per tile sequence
quality, and adapter content warnings[57]. FastQC is
particularly valuable for assessing the quality of DNA
samples, confirming their origin through mapping reads to
reference genomes[58]. Additionally, FastQC aids in
optimizing computing resources by offering faster
computation times and reduced memory requirements
compared to other tools like Falco, ensuring efficient quality
control processes in sequencing data analysis[59]. Overall,
FastQC is essential for ensuring the reliability and accuracy
of sequencing data, especially in scenarios where multiple
genomes need to be considered or when uncertainty exists
regarding the DNA sample's origin[60].

FastQC provides several metrics to ensure the quality of high-

throughput sequencing data:

1) Per Base Sequence Quality: Visualizes the quality score
across each base position in the reads.

2) Per Sequence Quality Scores: Shows the distribution of
quality scores across all reads.

3) Per Base Sequence Content: Assesses base composition
across each position.

4) Per Sequence GC Content: Analyzes the GC distribution
in the reads compared to a theoretical distribution.

as 'N' per position.

6) Sequence Length Distribution:
sequences are of uniform length.

7) Sequence Duplication Levels: Highlights the degree of
duplication.

8) Overrepresented Sequences: Identifies sequences that
appear more often than statistically expected.

9) Adapter Content: Detects the presence of adapter
sequences in the data.[61]

Checks if all the

5.2 SAM tools

SAMtools is a crucial tool for quality control in next-
generation sequencing (NGS) bioinformatics analysis,
especially in pediatric cancer research. It aids in excluding
duplicates and ensuring the accuracy of variant calling [62].
Quality control (QC) is essential in all stages of NGS data
analysis, with tools like SAMtools providing metrics for
single-sample experiments and tumor-normal pairs [63].
Additionally, a quality control system has been developed to
enhance the NGS detection process in tumor samples,
ensuring comprehensive quality control from experiment
source to quantification results, thereby improving
experiment efficiency and reliability [55]. By utilizing
SAMtools and other QC tools, researchers can maintain data
integrity, enhance the accuracy of variant calling, and ensure
the reliability of NGS data analysis in pediatric cancer studies.
Samtools uses the following metrics to ensure quality through
duplicate marking:

1) Read and Mate Reference Positions: Evaluates if reads

align to the same reference and position.
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2) Pair Orientation: Checks the orientation of the read pairs.

3) Leftmost Position: Determines if the read is the leftmost
(lowest position) in a pair.

4) UMI/Barcodes (optional): Adds barcode checking to
further identify duplicates.

5) Read Groups (optional): Uses read group information
from the RG tag to distinguish duplicates.

6) Base Quality Scores: Uses the sum of base quality scores
to identify the original among duplicates.[64]

5.3 GATK (Genome Analysis ToolKit)

The Genome Analysis Toolkit (GATK) provides a robust
framework for quality control (QC) tools in next-generation
sequencing (NGS) bioinformatics analysis, particularly in
pediatric cancer research. GATK's structured programming
philosophy facilitates the development of efficient and
reliable NGS tools, including coverage calculators and single
nucleotide polymorphism (SNP) calling, essential for
analyzing genomic variants in cancer studies [65].
Additionally, the K-mer Analysis Toolkit (KAT) offers
reference-free QC for WGS reads and de novo genome
assemblies, aiding in error detection and assembly quality
assessment [66]. Furthermore, the NGS QC Toolkit provides
user-friendly tools for QC and filtering of high-quality data
generated from NGS platforms like Illumina, crucial for
downstream analysis in pediatric cancer research [67].
Integrating these tools can enhance the precision and
efficiency of NGS bioinformatics analysis in pediatric cancer
studies, ensuring accurate and meaningful conclusions from
the rich cancer genomics data available [68].

The GATK (Genome Analysis Toolkit) provides several
metrics and tools for ensuring high-quality genomic data
analysis as mentioned below:

1) Alignment Metrics: Assess the quality and efficiency of
alignment to the reference genome.

2) Base Quality Score Recalibration (BQSR): Adjusts the
base quality scores of sequencing reads to correct for
biases that arise during the sequencing process.

3) Variant Calling Metrics: Evaluate the quality of variant
calls, considering factors like depth of coverage and
quality by depth.

4) HaplotypeCaller: Generates accurate variant calls with
evaluation of evidence supporting each possible
haplotype.

5) Variant Filtration: Applies filters to variant calls based on
quality metrics to ensure the reliability of the results.

6) Depth of Coverage: Analyzes the depth of coverage
across the genome to identify areas with low coverage
that may affect variant calling accuracy.

These metrics and tools are part of a comprehensive approach
to optimize the accuracy and reliability of NGS data analysis
using GATK.

6. Conclusion

The ongoing evolution of next-generation sequencing (NGS)
technologies has catalyzed significant advancements in
pediatric cancer research, offering insights into the complex
genomic landscapes of various malignancies. However, the
vast data generated by NGS requires rigorous quality control

(QC) measures to ensure the accuracy and reliability of the
findings, which are necessary for clinical decision-making.
The current QC tools, while effective, underscore the
necessity for continual development of more sophisticated
bioinformatics pipelines. These enhancements are essential to
manage the intricacies of pediatric cancer genomics, where
the accuracy of variant detection and interpretation directly
impacts therapeutic outcomes.

Future research in NGS bioinformatics should focus on
refining algorithms that enhance the sensitivity and
specificity of data analysis, integrating artificial intelligence
to handle data complexity, and developing standardized
protocols that can be universally applied to improve
reproducibility across studies. Moreover, as pediatric cancers
are notably diverse and often present unique genomic
signatures compared to adult cancers, there is a pressing need
for tailored bioinformatics approaches that address these
specific challenges.

Emphasizing the development of robust, scalable, and
flexible bioinformatics solutions will not only streamline
diagnostic workflows but also expedite the translation of
genomic discoveries into clinical applications. This will
ultimately foster personalized treatment strategies that are
more effective and less invasive, marking a significant step
forward in the fight against pediatric cancer. Thus, continued
investment in research and development within this circle is
imperative to harness the full potential of NGS technologies,
aiming to transform pediatric oncology by enhancing
diagnostic precision and therapeutic efficacy.
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