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Summary
Next-generation sequencing (NGS) has become a cornerstone of precision oncology, 
requiring standardized workflows in molecular pathology laboratories. The analytical 
phase, which includes all procedures from nucleic acid quantification to variant interpreta-
tion, plays a central role in ensuring the accuracy and clinical utility of molecular results. 
This document aims at supporting pathology teams – comprising pathologists, techni-
cians, and molecular biologists – during the implementation and execution of the ana-
lytical phase of NGS testing. Key topics include clinical indications, platform and gene 
panel selection, bioinformatics pipelines, quality assurance strategies, and organizational 
considerations. The goal is to promote standardized, high-quality molecular diagnostics to 
advance precision pathology.

Key words: Pathology, recommendations, analytics, precision medicine, standardization

Introduction

Next-generation sequencing (NGS) is a powerful tool for simultaneous-
ly detecting multiple genetic alterations across diverse samples, signif-
icantly advancing molecular tumor characterization to inform treatment 
decisions and guide patient management 1,2. Recognizing the growing 
importance of NGS, national and international scientific societies and 
regulatory agencies now recommend using this method in clinical prac-
tice 2-4. However, the implementation of NGS technologies within routine 
pathology workflows presents considerable challenges. Furthermore, 
the standardization of NGS procedures is essential for harmonizing pre-
dictive molecular testing and ensuring inter-laboratory consistency 5,6. 
The analytical phase in predictive molecular pathology encompasses all 
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procedures involved in the generation, processing, and 
analysis of molecular data, starting from nucleic acid 
quantification to the identification of clinically relevant 
variants 7,8. This document presents recommendations 
for the analytical aspects of NGS, offering comprehen-
sive best practices for: (i) current clinical indications for 
NGS testing; (ii) available NGS platforms; (iii) gene pan-
el design; (iv) bioinformatic tools; (v) quality assurance 
measures; and (vi) key organizational factors essential 
for successful implementation of the NGS workflow.

Overview of the current recommendations 
for NGS testing in molecular diagnostics

The integration of NGS into molecular diagnostics has 

enabled the sequencing of extensive genomic regions, 
facilitating the simultaneous identification of multiple 
clinically relevant molecular alterations  9. However, 
the application of NGS across all cancer patients and 
the clinical utility of Comprehensive Genomic Profiling 
(CGP) remain topics of ongoing debate 10. To promote 
appropriate patient selection for NGS testing, national 
and international scientific societies, alongside regu-
latory agencies, have established specific recommen-
dations 11,12 (Tab. I). These guidelines consider not on-
ly the biological actionability of molecular alterations 
but also several key regulatory factors, including:
• The availability of approved targeted thera-
pies for specific molecular alterations within distinct 
cancer types and clinical stages;
• The list of biomarkers and alteration types 

Table I. Actionable genes recommended for testing by tumor type, based on national (Italian) and international guidelines. 
For each tumor type, molecular testing indications vary depending on the clinical context. In this table, the clinical setting has 
been intentionally omitted to focus on the general association between tumor types and actionable genes.

Tumor type Italian health system ESMO NCCN
NSCLC  EGFR, ALK, ROS1, BRAF, 

KRAS, ERBB2, RET, MET, 
NTRK1-3 

ESCAT I: EGFR, ALK, KRAS, RET, 
ROS1, BRAF, MET, NTRK1-3

ESCAT II: ERBB2, NRG1

EGFR, ALK, KRAS, RET, ROS1, BRAF, MET, 
HER2, NTRK1-3

Cholangiocarcinoma  IDH1, ERBB2, FGFR2, 
NTRK1-3, BRAF, MSI

ESCAT I: IDH1, FGFR2, BRAF, KRAS, 
ERBB2

FGFR2, IDH1, HER2 overexpression/
amplification, RET, BRAF, KRASG12C, 

NTRK1-3, MSI, TMB
Colorectal cancer KRAS, NRAS, BRAF, 

MSI, ERBB2, NTRK1-3
ESCAT I: KRAS, NRAS, BRAF, MSI

ESCAT II: ERBB2, POLE
KRAS, NRAS, BRAF, MSI, HER2 

amplification
Breast cancer ERBB2 amplification, 

PIK3CA, ESR1, PTEN, AKT
Solid tumors without 
available therapeutic 

options 

ESCAT I: ERBB2 amplification, 
PIK3CA, ESR1, PTEN, AKT1, BRCA1/2 

(germline)
ESCAT II: PALB2, BRCA1/2 (somatic), 

ERBB2 hotspot mutations

HER2, PIK3CA, AKT1, PTEN, ESR1, 
BRCA1/2 (germline), NTRK1-3, MSI, RET

Prostate cancer BRCA1-2, NTRK1-3 ESCAT I: BRCA1/2 (germline/somatic)
ESCAT II: PTEN, ATM, PALB2

BRCA1-2 (germline/somatic), ATM, PALB2, 
FANCA, RAD51D, CHEK2, CDK12, MSI, 

TMB
Pancreatic

adenocarcinoma
Not reported ESCAT I: BRCA1/2 (germline), 

KRASG12C, NTRK1-3 fusion, MSI
ESCAT II: PTEN, ATM, PALB2

ALK, NRG1, NTRK1-3, ROS1, FGFR2, RET, 
BRAF, KRAS, BRCA1-2, PALB2, HER2 

amplification, MSI, TMB
Ovarian cancer BRCA1-2, HRD status ESCAT I: BRCA1/2 (germline/somatic), 

HRD$

BRCA1-2, HRD status, MSI, TMB, BRAF, 
FOLR1, RET, NTRK1-3

GIST Not reported ESCAT I: KIT, PDGFRa BRAF, NF1, NTRK1-3, FGFR2*
*NGS recommended in KIT-PDGFRA 

wildtype cases
Thyroid cancer  BRAF, RET, NTRK1-3 ESCAT I: BRAFV600E°, RET£^, 

NTRK1-3 fusion*°
ALK, BRAF, NTRK1-3, RET, MSI, TMB

Urothelial cancer FGFR3 mutations/fusions, 
NTRK1-3

ESCAT I: FGFR1/2/3 mutations/
fusions, NTRK

FGFR2, FGFR3

Melanoma Not reported ESCAT I: BRAF, NTRK1-3 fusion BRAF, NRAS, KIT, ALK, ROS1, NTRK1-3

Endometrial cancer POLE, TP53, MSI, NTRK1-3 ESCAT I: MSI POLE, TP53, NTRK1-3, MSI, TMB
Carcinoma of 

unknown primary 
origin

Comprehensive genomic 
testing

ESCAT I: TMB
ESCAT II: ALK

Comprehensive genomic analysis, 
including gene expression profiling and 

mutational testing
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(e.g., mutations, copy number variations, gene rear-
rangements) to be tested;
• The likelihood of detecting clinically relevant 
alterations in specific tumor types;
• The availability of resources and facilities to 
efficiently and cost-effectively conduct NGS testing.

InternatIonal recommendatIons

In a recent publication, ESMO recommended NGS 
for identifying tumor-agnostic alterations when 
matched therapies are accessible  2. The updated 
2024 guidelines expanded NGS indications beyond 
the 2020 recommendations  13, now encompassing 
advanced breast cancer, gastrointestinal stromal 
tumors (GIST), sarcomas, thyroid cancer, and can-
cers of unknown primary (CUP) (Tab. I). ESMO also 
stated that multigene sequencing outside these indi-
cations may be considered if patients are informed 
about the potential benefits and if the procedure 
does not impose significant additional costs on the 
public health system or lead to unsupported off-label 
drug use. The American Society of Clinical Oncology 
(ASCO) advises multigene sequencing for metastat-
ic cancer patients with multiple actionable targets 14. 
However, tissue-agnostic targeted therapies do not 
justify universal multigene testing for all solid tum-
ors. The prevalence of specific molecular alterations 
(e.g., NTRK fusions) should guide decision-making, 
factoring in cost, available biological material, and 
clinical trial eligibility. Differences between ESMO 
and ASCO guidelines primarily stem from patient 
selection criteria for targeted therapies, reflecting 
distinct regulatory frameworks between the Europe-
an Medicines Agency (EMA) and the U.S. Food and 
Drug Administration (FDA) 15. In this context, the In-
ternational Society of Liquid Biopsy (ISLB) is play-
ing a crucial role in defining technical standards and 
quality benchmarks for liquid biopsy applications  4. 
These efforts are essential for ensuring the reliability 
of liquid-based NGS, especially when tissue availa-
bility is limited or repeated sampling is not feasible.

ItalIan natIonal guIdelInes and recommendatIons

In Italy, molecular predictive testing guidelines are 
collaboratively developed by representatives of As-
sociazione Italiana di Oncologia Medica (AIOM), 
Società Italiana di Anatomia Patologica e Citologia 
Diagnostica (SIAPeC), and Società Italiana di Ge-
netica Umana (SIGU). The Italian National Health 
System established essential healthcare services for 
predictive biomarkers in selected cancers through 
the 2017 Essential Levels of Care (Livelli Essenziali 
di Assistenza, LEA) framework  16. In 2023, the Ital-
ian Ministry of Health and the Consiglio Superiore di 

Sanità (CSS) proposed regulatory criteria for the ap-
propriate use of prognostic and predictive biomark-
ers in clinical practice 17. Echoing ESMO and ASCO 
recommendations, the document emphasizes prior-
itizing NGS testing when multiple actionable altera-
tions are linked to available targeted therapies, there-
by reducing turnaround time and costs and optimiz-
ing sample use (Tab.  I). The guidelines distinguish 
between targeted NGS panels for specific alterations 
and CGP for broader genomic insights necessary 
for diagnostic, prognostic, or predictive purposes. 
CGP is deemed appropriate in contexts such as ho-
mologous recombination deficiency (HRD) profiling 
in ovarian cancer, comprehensive profiling in CUP, 
pediatric solid tumors, and advanced cancers lack-
ing further approved treatment options. For these 
cases, CGP should be recommended by a Molecular 
Tumor Board (MTB), which each Italian region must 
establish 18. Patients considered for CGP must meet 
the following criteria:
• A life expectancy of at least 6 months.
• Good performance status (PS 0-1).
• Exhaustion of all standard treatment options.
• Absence of approved biomarkers or resist-
ance to existing targeted therapies.
• Availability of sufficient biological material for 
genomic profiling.
MTB or multidisciplinary teams are responsible for 
patient selection. MTBs or laboratories accredited by 
NHS for NGS testing determine suitable NGS panels. 
MTBs provide treatment and clinical trial guidance.

RECOMMENDATION STATEMENTS
1. NGS testing should be prioritized in ad-
vanced cancers when multiple actionable alterations 
diagnostic and/or predictive for approved targeted 
therapies are available.
2. The use of CGP for patients with advanced 
cancers should be guided by an MTB.

NGS technologies

NGS platforms used for clinical purposes primarily re-
ly on two sequencing technologies (ion semiconduc-
tor sequencing and reversible terminator/sequencing 
by synthesis) and chemistries (amplicon- or hybridi-
zation and capture-based) 19. These technologies offer 
flexibility in sample throughput and varying turnaround 
times for data analysis. Despite different chemistries, 
these platforms follow a similar workflow, including li-
brary preparation, template generation and sequenc-
ing (Tabs. II, III).



ANALYTICS IN PREDICTIVE MOLECULAR PATHOLOGY S21

Table II. Comparison of amplicon-based and hybrid capture-based library preparation approaches. 
Library Features Advantages Disadvantages

Amplicon-
based 

Selective amplification of specific 
genomic regions by PCR

High specificity for target genomic regions Restricted to predefined genomic 
regions

Specific primers for genomic targets 
of interest

Relatively low library preparation costs Possible amplification bias

Allows analysis to focus on 
predetermined genetic regions

Low initial DNA input Difficulties in detecting complex 
structural variants

Requires careful primer design Fast library preparation Risk of drop-out due to variations 
in primer sequences

High sensitivity for specific variants Poor coverage of non-amplified 
regions

  Suitable for analysis of known mutations or 
regions of clinical interest

 

Hybrid 
capture-
based

Hybridization probes to select specific 
genomic regions

Wider coverage than the amplicon method Higher costs compared to the 
amplicon method

Involves the preparation of an initial 
genomic library

Possibility of analyzing larger genomic 
regions

Greater procedural complexity

Employs hybridization enrichment 
technologies

Improved uniformity of coverage Requires larger amounts of initial 
nucleic acid

Flexibility in the selection of regions of 
interest

Possible capture inefficiencies for 
some regions

Reducing the genomic background Increased library preparation time
  Suitable for analysis of complex gene panels  

Table III. Sequencing modalities primarily used in routine diagnostic practice. Main characteristics, applications, and output 
capabilities.

Sequencing 
platform

Sequencing   Key applications
Read 

length 
(BP)

Data 
output 
per run

Run time
Number 
of reads

Illumina iSeq 100 System Polymerase-
mediated 

incorporation 
of fluorescent 
nucleotides

Target gene panel 2 × 150 bp 1.2 Gb ~9.5–19 hr  
MiniSeq System 2 × 150 bp 7.5 Gb ~5–24 hr  
MiSeq System 2x300 bp 15 Gb ~5.5–56 hr  

MiSeq i100 Seriesa 2 × 300 bp 30 Gb ~4–15.5 hr  
NextSeq 550 System Target gene panel 

- Exome and large 
panel sequencing

2 × 150 bp 120 Gb ~11–29 hr  
NextSeq 1000 and 

2000 Systems
2 × 300 bp 540 Gb ~8–44 hr  

NovaSeq 6000 
System

Target gene panel 
- Exome and large 
panel sequencing 
- Whole genome

2 × 250 bp 3 Tb ~13–44 hr  

NovaSeq X Series   2 × 150 bp 8 Tb ~17–48 hr  

Thermofisher Genexus System H+ ion 
sensitive 
transistor

Ion 
Torrent™ 
GX5™ 
CHIP

Target gene panel 200 bp 3-12 Gb 13-24 hr 12-48 M
400 bp 6-24 Gb 13-24 hr

Ion GeneStudioS5 
System

H+ ion 
sensitive 
transistor

Ion Chip 
510

200 bp 0.3-0.5Gb 4.5 hr 2-3 M
400 bp 0.6-1Gb 10.5 hr  

Ion 
Chip520

200 bp 0.6-1Gb 7.5 hr 4-6 M
400 bp 1.2-2Gb 12 hr
600 bp 0.5-1.5Gb 12 hr 3-4 M

Ion Chip 
530

200 bp 3-4 Gb 10.5 hr 15-20 M
400 bp 6-8 Gb 21.5 hr
600 bp 1.5-4.5 Gb 21 hr 9-12 M

Ion Chip 
540

Target gene panel 
- Exome and large 
panel sequencing

200 bp  10-15 Gb   19 hr 60-80 M
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lIbrary preparatIon

The DNA fragments produced during this phase de-
pend on the sequencing platform and the type of sam-
ple. After fragmentation, the DNA ends are repaired, 
and adapters are ligated to the ends through a se-
ries of enzymatic steps. To generate the sequencing 
library, the amplicon-based approaches involve poly-
merase chain reaction (PCR) by emulsion with two 
primers flanking the DNA regions of interest (“ampli-
cons”), while hybridization and capture-based meth-
ods employ probes to bind to the DNA sequence of 
interest  20. The automation of library preparation us-
ing liquid handlers has significantly improved the re-
producibility, efficiency, and scalability of NGS work-
flows 21. These platforms enable high-throughput sam-
ple processing with minimal hands-on time, reducing 
the risk of contamination and variability introduced 

by manual pipetting. Automated systems can perform 
critical steps such as DNA fragmentation, end repair, 
adapter ligation, and clean-up, ensuring consistent 
sample preparation across multiple runs 22.

template generatIon

In the emulsion PCR method, individual library mol-
ecules are mixed with magnetic beads coated with 
primers complementary to the adapter sequences. 
During PCR, each bead captures a single DNA frag-
ment that serves as the substrate for the amplification, 
subsequently used for sequencing. Reversible termi-
nator sequencing uses solid support where each DNA 
fragment attaches, forming a “bridge.” This structure 
undergoes amplification through bridge PCR, gener-
ating dense clusters of identical DNA fragments that 
provide the substrate for high-throughput sequenc-
ing 23.

Table III. Continues from the prevoius page.

 
Sequencing 

platform
Sequencing  

Key 
applications

Read 
length 
(BP)

Data output 
per run

Run 
time

Number 
of reads

Thermofisher Ion 
GeneStudioS5 
Plus System

H+ ion sensitive 
transistor

Ion Chip 510 Target gene 
panel

200 bp 0.3-0.5Gb 3 hr 2-3 M
400 bp 0.6-1Gb 5 hr  

Ion Chip520 200 bp 0.6-1Gb 3.5 hr 4-6 M
400 bp 1.2-2Gb 5.5 hr  
600 bp 0.5-1.5Gb 5.5 hr 3-4 M

Ion Chip 530 200 bp 3-4 Gb 5 hr 15-20 M
400 bp 6-8 Gb 8 hr  
600 bp 1.5-4.5 Gb 8 hr 9-12 M

Ion Chip 540 Target gene 
panel - Exome 
and large panel 

sequencing

200 bp  10-15 Gb   
20-30 Gb (2 
run in 1 day)

10 hr  
20 hr

60-80 M

Ion Chip 550 200 bp 20-25 Gb 11.5 hr 100-130 
M

Ion 
GeneStudio 

S5 Prime 
System

H+ ion sensitive 
transistor

Ion Chip 510 Target gene 
panel

200 bp 0.3-0.5Gb 3 hr 2-3 M
400 bp 0.6-1Gb 5 hr  

Ion Chip520 200 bp 0.6-1Gb 3 hr 4-6M
400 bp 1.2-2Gb 5.5 hr  
600 bp 0.5-1.5 Gb 5.5 hr 3-4M

Ion Chip 530 200 bp 3-4 Gb 4 hr 15-20M
400 bp 6-8 Gb 6.5 hr  
600 bp 1.5-4.5 Gb 7 hr 9-12M

Ion Chip 540 Target gene 
panel - Exome 
and large panel 

sequencing

200bp 10-15 Gb 6.5 hr 60-80M
200 bp (2 
runs in 1 

day)

20-30 Gb 10 hr   

Ion Chip 550 200 bp 20-25 Gb 8.5 hr 100-130 
M

200 bp 40-50 Gb (2 
runs in 1 day)

12 hr  

Genexus Dx 
integrator 
System

H+ ion sensitive 
transistor

Ion Torrent™ 
GX5™ CHIP

Target gene 
panel

200 bp 3-12 Gb 13-24 
hr

12-48 M

400 bp 6-24 Gb 13-24 
hr
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sequencIng

In ion semiconductor sequencing, each nucleotide ad-
dition releases a hydrogen ion, causing a localized pH 
change detected as an electrical signal by ion-sensi-
tive sensors on a semiconductor chip. The sequence 
of voltage changes is recorded to determine the DNA 
sequence. In sequencing-by-synthesis, DNA polymer-
ase incorporates terminator nucleotides conjugated 
to distinct fluorophores for each base (A, T, G, or C). 
During each cycle, the incorporated nucleotide emits 
a fluorescence signal captured by a high-resolution 
camera. These reversible terminator nucleotides allow 
strand synthesis to resume after the removal of the 
blocking group at the 3’-OH terminus 24. 
Further technical specifications of different NGS plat-
forms are summarized in Tables II and III and have 
been extensively described elsewhere  25. Indeed, 
some distinctions between these approaches should 
be considered. These include nucleic acid input, read 
length, costs, and turnaround time. These differenc-
es can affect the selection of the analytical strategy, 
taking into account the volume, quality, and quantity 
of samples that can be processed and the detection 
accuracy for specific alterations and signatures  25. 
Moreover, the workflow should be adapted to the an-
alytical context and sample type. NGS technologies 
employed for circulating tumor DNA (ctDNA) analysis 
via liquid biopsy require specific modifications due to 
the unique properties of this analyte 26,27. Although the 
overall preparation process remains consistent, library 
preparation for liquid biopsy requires ultra-low input 
DNA protocols to accommodate the limited availability 
of ctDNA, with amplification methods such as PCR-
based or hybrid-capture techniques optimized for 
small DNA fragments (100–200 base pairs) of limited 
quantity. Efficient adapter ligation and barcoding are 
critical to minimize sample loss and high sequencing 
depth (≥10,000×) is essential to detect low-frequen-
cy variants (as low as 0.1%) within a background of 
non-tumor DNA 28.

RECOMMENDATION STATEMENTS
3. The choice of NGS platforms should consid-
er factors such as platform availability, cost, expertise, 
turnaround time, DNA/RNA input, read length and 
workload.
4. Validated and/or certified workflows and 
technologies – preferably CE-IVD marked where ap-
plicable – should be adopted according to the clin-
ical and analytical contexts, considering the require-
ment for the accurate evaluation of specific molecular 
alterations or signatures and sample type (e.g. tissue 
vs. liquid biopsy)

NGS panels

panel sIze

The application of sequencing panels in oncology can 
be stratified into three primary tiers based on their 
complexity, scope, and utility: small panels, CGP, and 
whole exome or genome sequencing (WES/WGS) 29. 
Each approach has distinct advantages and limi-
tations, making them suitable for specific clinical or 
research contexts. As oncology increasingly shifts to-
ward precision medicine, where individual mutations 
guide therapeutic decisions, careful attention must 
be paid to the specific reportable range of each pan-
el 30. This includes a clear understanding of the exact 
genomic regions and mutations covered by the panel, 
ensuring that clinically relevant alterations are accu-
rately detected and reported. Small panels focus on 
a limited number of genes (typically 2–50), targeting 
actionable variants relevant to standard clinical prac-
tice 31. These panels primarily detect single nucleotide 
variants (SNVs) and small insertions or deletions (in-
dels), which encompass most standard-of-care drug 
targets. Their key strengths lie in their rapid turnaround 
times (TAT) (usually < 10 working days) and cost-ef-
fectiveness, enabling widespread adoption. CGP ex-
pands the scope, analyzing 300–700 genes and of-
fering a broader molecular characterization of tumors. 
CGP panels detect multiple genomic alterations, in-
cluding SNVs, indels, copy number variations (CNVs), 
and gene fusions, while also assessing key genomic 
signatures, including microsatellite instability (MSI), 
tumor mutational burden (TMB), and homologous re-
combination deficiency (HRD) 32-34. These signatures 
can either be assessed using dedicated panels (e.g., 
MyChoice® CDx by Myriad Genetics) or derived from 
CGP data, though only a subset of panels have been 
clinically validated for these parameters. Orthogonal 
validation is strongly advised when implementing 
unvalidated signature analyses in clinical settings  35. 
Indeed, complementary tests may be required for spe-
cific genomic alterations such as MSI and copy num-
ber variations (CNVs). MSI status can be confirmed 
using PCR-based assays or immunohistochemistry 
(IHC) for mismatch repair (MMR) protein expression, 
while CNVs can be validated through fluorescence in 
situ hybridization (FISH) 36. CGP may pose challeng-
es, including higher costs, longer TAT, and the need 
for sophisticated bioinformatics infrastructure. Its clini-
cal utility is often most pronounced in cases where pa-
tients have exhausted standard treatment options that 
are referred to MTB, enabling the identification of rare 
alterations, novel biomarkers, or clinical trial oppor-
tunities  37,38. For routine applications, smaller panels 
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remain more practical and cost-effective, particularly 
when targeting currently approved therapies. WES 
and WGS offer the most comprehensive genomic in-
sights, enabling the identification of experimental drug 
targets and elucidating tumor biology 29,39. Advances 
in WES/WGS technology, including compatibility with 
formalin-fixed paraffin-embedded (FFPE) samples, 
have enhanced their clinical potential  40,41. However, 
these methods remain resource-intensive, requiring 
advanced bioinformatics, significant computational 
power, and incurring higher costs. Consequently, their 
use is largely confined to research applications or se-
lected clinical cases where targeted panels fail to yield 
conclusive results. Despite their potential, the added 
clinical benefit of WES/WGS over CGP for routine on-
cology care remains a topic of ongoing investigation.

gene fusIon analysIs

An additional critical consideration when ordering an 
NGS test involves the analysis of chromosomal rear-
rangements via RNA sequencing, which can identi-
fy oncogenic fusion genes that are potentially drug-
gable  42. While gene fusions can also be detected 
through DNA sequencing, this method primarily iden-
tifies the breakpoints of translocations often occurring 
within large intronic regions that may not be fully cov-
ered by gene panels 43. In contrast, RNA sequencing 
circumvents these limitations by directly detecting 
fusion transcripts, reducing the risk of false-negative 
results. RNA-based gene panels provide comprehen-
sive information on the expression of the fusion tran-
script, the fusion partner, and the potential functional 
impact 44. Moreover, the sensitivity of NGS panels is 
influenced by the library preparation technologies em-
ployed. Thus, a thorough understanding of the genom-
ic architecture of gene fusion of interest is essential 
not only for optimal panel design but also for accurate 
interpretation of results. For instance, a negative test 
result for a gene fusion may represent a false negative 
if the breakpoint region is inadequately covered by the 
gene panel used in the diagnostic assay.

tIssue vs lIquId bIopsy panels

The choice between tissue/cytologic samples (sim-
plified as tissue) and liquid biopsy-based NGS pan-
els is another critical starting point. Tissue testing, as 
the gold standard, provides a comprehensive view of 
tumor heterogeneity and enables detailed profiling 
of spatial genomic variations 45. It is particularly rec-
ommended when thorough DNA and RNA profiling is 
essential for accurate diagnosis and treatment plan-
ning. However, tissue availability may be constrained 
by clinical or logistical factors, such as inaccessible 
tumor sites or insufficient sample quality  46. In such 

scenarios, liquid biopsy is recommended as a non-in-
vasive alternative to analyze ctDNA/ctRNA. Liquid 
biopsies are advantageous for real-time monitoring 
of tumor dynamics, but they have limitations, includ-
ing challenges in assessing copy-number alterations 
and fusions due to technical variability and the low-
er abundance of ctDNA 47. Despite these constraints, 
liquid biopsy should be prioritized when archival tis-
sue is unavailable/inadequate, new biopsies are not 
feasible, and disease monitoring is required 48,49. For 
patients without tissue-based genomic test results, 
actionable alterations identified in ctDNA can guide 
treatment decisions. Ultimately, the choice of analyte 
should be aligned with clinical objectives, tumor-spe-
cific characteristics, and practical considerations for 
sample acquisition. 

In-house, outsourcIng and In vItro dIagnostIc 
complIance 

The decision to utilize commercial or customized and 
in-house or outsourced NGS panels shapes test-
ing workflows and outcomes. Commercial in-house 
panels are pre-designed and extensively validated, 
offering streamlined solutions with reliable technical 
support, making them suitable for laboratories pri-
oritizing ease of implementation and consistency  50. 
Outsourced panels, which exploit the advanced capa-
bilities of certified laboratories, are particularly useful 
for low-volume laboratories or those with limited tech-
nical capacity, though they may introduce delays in 
turnaround time and logistical challenges 12. Regula-
tory compliance further guides panel selection. CE-
marked in vitro diagnostic (IVD) panels, which meet 
European Union standards for diagnostic accuracy 
and reproducibility, are highly reliable for clinical use 51. 
For the European Union In Vitro Diagnostics Regula-
tion (EU IVDR), predictive biomarker assessments for 
clinical purposes should be conducted using a CE-
marked IVD designed for that specific intended use. If 
a CE-marked IVD is unavailable, a validated alterna-
tive test can be utilized. Laboratories should critically 
assess the performance of IVD panels and perform 
robust validation of non-CE-marked assays and bioin-
formatics pipelines to ensure diagnostic accuracy 52,53. 
Adopting panels with rigorous validation ensures con-
sistency and reliability in NGS testing outcomes.

RECOMMENDATION STATEMENTS
5. Small panels should be preferred for rapid, 
cost-effective analysis of standard care actionable 
variants, while CGP can be used for broader molec-
ular profiling in advanced cases or clinical trial en-
rollment. In both cases, the reportable range of the 
panels must be considered.
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6. For the detection of oncogenic fusion genes, 
RNA-based sequencing panels should be prioritized 
over DNA-based approaches due to their superior 
sensitivity.
7. CE-marked IVD NGS panels should be used 
in clinical settings; commercial or customized assay 
with robust validation can be used if CE-IVD assays 
are not available for specific clinical requirements.

Bioinformatics

parameters for ngs run evaluatIon

Advancing from raw data processing to in-depth data 
analysis and variant interpretation in clinical settings 
requires specialized algorithms and software appli-
cations  54. Additionally, standardized templates for 
tracking NGS performance characteristics are cur-
rently available (https://www.amp.org/resources/val-
idation-resources/)  25. For clinical reliability and reg-
ulatory compliance, NGS bioinformatics tools should 
also meet CE-IVD/IVDR standards, ensuring validat-
ed algorithms for variant calling, annotation, and re-
porting. The NGS data analysis pipeline is divided into 
five core functions, typically categorized into three bi-
oinformatics stages: primary analysis for base calling 
and signal processing; secondary analysis for read 
alignment and variant detection; tertiary analysis for 
variant annotation, filtering, and clinical interpretation. 

prImary analysIs

This phase focuses on converting raw signal data 
into readable sequencing reads. This includes sig-
nal detection, base quality scoring, and base calling, 
resulting in file formats such as FASTQ (Illumina) or 
unmapped binary alignment map (uBAM) files (Ion 
Torrent). In the former, fluorescence-based detection 
measures signal intensity during nucleotide incorpo-
ration. Signal data is processed through image align-
ment, cluster identification, and fluorescence correc-
tion to generate high-quality sequencing reads. In 
the case of Ion Torrent, signal detection begins with 
nucleotide incorporation, detected by a chip-embed-
ded sensor. This signal is converted into voltage and 
stored as raw data (DAT files). Basecalling is subse-
quently performed by a dedicated module within the 
Ion Torrent Suite. Alternative basecallers employing 
diverse statistical and computational methods are al-
so available for improved accuracy 55-57. Base quality 
is commonly assessed using the Phred score, a log-
arithmic error probability scale. For example, a Phred 
score of Q10 indicates a 1 in 10 error probability (90% 
accuracy), while Q30 reflects a 1 in 1,000 error prob-

ability (99.9% accuracy) 58. Basecalling performance 
and quality metrics are closely tied to sequencing 
platform-specific chemistries, necessitating technol-
ogy-specific quality assessment strategies 59. Critical 
quality metrics for raw sequencing reads are summa-
rized in Table  IV. Coverage depth directly influences 
NGS analytical sensitivity and accuracy with optimal 
levels varying depending on the specific assay and 
sample type. Selecting an appropriate depth requires 
careful balance between cost, turnaround time, and 
the desired analytical sensitivity. Notably, the pres-
ence of subclonal mutations and tumor and tissue 
heterogeneity necessitate significantly greater cover-
age depths compared to germline testing to ensure 
confident identification of clinically relevant somatic 
variants 52.

secondary analysIs

Secondary analysis involves aligning sequencing 
reads (from FASTQ or uBAM files) to a reference ge-
nome (commonly hg19 or GRCh37 for clinical appli-
cations) and identifying genetic variants. Though the 
human-readable SAM format is available, visualiza-
tion tools such as Genome Browse (http://goldenhe-
lix.com/products/GenomeBrowse/index.html) and 
Integrative Genomics Viewer (IGV) (https://igv.org/) 
facilitate alignment interpretation. The variant calling 
step identifies genomic alterations, including SNVs, 
insertions, deletions (indels) and structural variants 
(Tab. V), and the results are typically output in Variant 
Call Format (VCF) files 60. Clinical-grade targeted se-
quencing panels often rely on proprietary variant call-
ing and annotation pipelines, incorporating internal 
error modeling, region-specific blacklists, and technol-
ogy-optimized parameters to ensure diagnostic accu-
racy. While open-source tools exist, they are generally 
optimized for research rather than clinical use. Howev-
er, advancements in targeted sequencing are bridging 
this gap, improving the clinical applicability of open-
source tools 61,62.

tertIary analysIs

This last step is exploited to determine the essential 
connection between variant data and their biological 
and clinical significance. This task requires continuous 
updates with the latest scientific discoveries and utiliz-
es a broad array of specialized software and databas-
es. Notable databases include ClinVar (https://www.
ncbi.nlm.nih.gov/clinvar), which archives relationships 
between variants and human health according to the 
ACMG/AMP tiering system. For cancer-specific vari-
ants, the Catalogue of Somatic Mutations in Cancer 
(COSMIC, https://cancer.sanger.ac.uk/cosmic) fo-
cuses on somatic mutations in tumors and it is es-
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Table IV. Overview of primary analysis in next-generation sequencing summarizing data processing, base calling, and quality 
scoring.

Parameter Description Notes
Read Quality Scores 
(Q-Scores) (%Q ≥ 20, 

%Q ≥ 30)

Phred scores (or equivalents) are fundamental. The 
score distribution for each base in each sequencing 

cycle must be analyzed, highlighting any quality drops 
toward the end of the reads. Advanced software offers 

visualizations like boxplots and heatmaps for rapid 
problem identification

The proportion of reads with Q30 (error 
probability < 0.1%) or higher is a critical measure 

of sequencing fidelity. 

ISP loading/cluster 
density 

The percentage of chip wells that contain Ion Sphere™ 
Particles (ISPs) or the total number of clusters generated 

during the NGS run

Both overloading/overcluster and underloading/
undercluster should be avoided. The right loading 
concentration of chip/flowcell has to be validated 

per each panel inside each laboratory
Usable sequence / 

Clusters Passing Filter 
(PF)

The percentage of evaluable sequence/clusters passing 
filtering

An excess amount of loaded library may lead to 
Overcluster or Polyclonal beads, decreasing the 

percentage of Usable sequence / (PF)
Throughput (or Total 

Bases or total reads or 
Total Yield)

The number of filtered and trimmed base pairs reported 
in the output file

Low throughput might represent extreme DNA/RNA 
degradation or amplification heterogeneity across 

samples within the same run
Read length The length of called reads measured in base pairs The shape of the reads length graph should closely 

resemble the library size distribution trace, without 
the adapter sequences. Peaks that are too far 
from the library size may lead to ambiguous or 

suboptimal mapping
Mapped reads Number of reads that were mapped to the full reference 

genome
A low rate may suggest read quality issues or 

contamination
Reads on target Percentage of mapped reads that were aligned over a 

target region
It is crucial to evaluate the coverage of regions 

of interest and identify any exon dropouts or 
uncovered regions. The percentage of reads 

mapping to the intended genomic regions, indicative 
of assay specificity. This parameter is usually 
influenced by the usage of hotspot BED files

Mean Depth Average base coverage depth over all bases targeted in 
the reference

Ensures adequate sequencing depth for detecting 
low-frequency variants

Uniformity Percentage of target bases covered by the average base 
read depth

Assesses the even distribution of reads across 
target regions to minimize false negatives. Non-

uniform coverage can compromise variant detection 
in some regions. The software must calculate 

metrics like the coverage coefficient of variation 
and visualize coverage across the genome/

transcriptome
Primer Dimer Unintended DNA fragments that can form during PCR If a high relative primer dimer count is present, (re)

check the library using a microfluidics instrument 
(e.g. tape station)

Amplicon Dropout Detection of regions with poor amplification due to 
sequence or primer issue

Reduction of detectable alterations

RNA-Specific Parameters
Gene Body Coverage Uniformity of read distribution across transcripts to 

assess RNA integrity and library preparation
Strand Specificity Ensures proper orientation of reads, especially for 

stranded RNA libraries
Incorrect strand specificity may imply the removal of 

the read from downstream analysis

Fusion Detection 
Accuracy

Key for identifying gene rearrangements in oncology 
applications

Accuracy can be derived from the evaluation of 
depth at breakpoint junctions, and proportion of 

uniquely mapped reads
Prevalence of Exonic 

Regions 
Ensures a realistic representation of transcriptional 

activity
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pecially useful to discriminate novel variants into po-
tential germline or false positives. Finally, knowledge 
bases such as OncoKb (MSK’s Precision Oncology 
Knowledge Base, https://www.oncokb.org/) and ES-
MO Scale for Clinical Actionability of molecular Tar-
gets (ESCAT) framework evaluate the clinical utility of 
genomic alterations in oncology, ranking them based 
on their potential for therapeutic actionability 63. Spe-
cial attention should be given to databases dedicated 
to those genes and/or cancer diseases characterized 
by a strong heritable component: the BRCA Exchange 
databases (https://brcaexchange.org/) is a specialized 
resource aggregating curated data on BRCA1 and 
BRCA2 variants, providing comprehensive classifica-
tions based on expert reviews and public health rele-
vance. Additionally, the International Society for Gas-
trointestinal Hereditary Tumors (InSiGHT, https://www.

insight-group.org/) database focuses on germline 
variants in mismatch repair (MMR) genes implicated 
in colorectal cancer syndromes, such as Lynch syn-
drome. In addition to evidence-based resources, a 
whole other set of software aims at predicting variants’ 
pathogenicity by leveraging computational models to 
assess the likelihood that genetic variants impact pro-
tein function or contribute to disease 64-66.

data management and storage

Effective management and storage of NGS data in clin-
ical diagnostics require secure, scalable, and compliant 
systems to protect data integrity and patient privacy. For 
data security, sequencing data should be pseudo-an-
onymized and traceable via unique identifiers. Diag-
nostic reports should be stored as PDF files for clinical 
accessibility, while semi-processed data (e.g., BAM or 

Table V. Standard nomenclature of NGS alterations and associated metrics.
Alteration Type Standard Vocabulary Metrics Notes

Single Nucleotide 
Variant (SNV) or 

Multiple Nucleotide 
Variant (MNV)

HGVS
Coding level: c. (exonic position 

of nucleotide)
Protein level: p. (aminoacidic 

position within protein 
sequence)

Genomic level: g. (genomic 
coordinate of nucleotide)
RNA level: r. (transcript 

coordinate of nucleotide)

Variant Allele Frequency 
(VAF)

The percentage of sequence 
reads observed matching a 
specific DNA variant divided 
by the overall coverage at 

that locus
Depth (Vertical Coverage)
The number of reads that 
align to known reference 

bases

The nucleotidic alteration in the sequence 
is always defined with respect to a unique 
RefSeq canonical transcript (NM_). The 
nucleotidic alteration may cause different 

outcomes at the protein level:
* : Non-coding

 =  : Synonimous
dup: Duplicated aa

del: Deleted aa
delins: Deletion of 1+ aa and insertion of 1+ 

aa
fs: change in ORF

Single Nucleotide 
Polymorphism (SNP)

 

dbSNP
rs: unique identifier of a SNP 

Depth (Vertical Coverage)
The number of reads that 
align to known reference 

bases
Frequency

Percentage of incidence in a 
given population

SNVs are considered SNPs if their incidence 
in a given population is at least 1% 

Although annotation is performed mainly 
through dbSNP, SNP incidence relies on 

multiple databases

Copy Number Variation 
(CNV)

Ploidy 
≥ 5/10 amplification (AMP)

≥ 3 gain
 =  2 diploid (normal) 

 =  1 loss
 =  0 deletion (DEL)

Breakpoints Depth 
Good coverage of duplicated 

extremes
Consistency

Validation with CNV 
described in public 

databases
Mapping Quality

Good alignment scores

CNV are not directly observed through 
sequencing, but inferred based on 

sequencing depth of genomic regions, 
therefore the detection of CNV is strictly 

related to the software.
Clinical interpretation of CNV events may 

vary significantly across diseases and genes

Fusions HUGO
The 5’ HUGO gene name is 
listed first, followed by the 3’ 

HUGO gene name, separated 
by a dash (-)

Genomic Breakpoints
The genomic coordinate of the 

two breakpoints is indicated 
and separated by a double 

column

Breakpoints Depth 
Good coverage of fusion 

breakpoints

In the clinical setting, fusions are typically 
observed on RNA to evaluate functionally 

active alterations
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VCF files) can be archived in secure cloud-based or 
local storage systems to balance accessibility and stor-
age costs. Storing large raw data (FASTQ) or efficient 
but unstructured data (PDF) in the long term is less 
preferable compared to the standard VCF format, as 
it ensures a better balance between informativeness, 
reusability and efficiency  67,68. In accordance with the 
Clinical Laboratory Improvement Amendments (CLIA), 
records documenting all analytic system activities must 
be retained for at least two years 53. In the context of 
germline genetic testing, current guidelines recom-
mend retaining files that facilitate the regeneration and 
reanalysis of primary results with updated pipelines 
(e.g., BAM or FASTQ) for a minimum of 2 years. VCF 
files should be preserved for at least 20 years to al-
low for potential future reinterpretation of variant signif-
icance 69. Lastly, the final clinical report and the type of 
patient informed consent (diagnostic-only, research, or 
broad data sharing) must be documented as metadata 
within the laboratory/institutional management system, 
ensuring ethical and legal compliance for data usage.

RECOMMENDATION STATEMENTS
8. NGS requires specialized software for pro-
cessing raw data and generating clinically actionable 
results across primary, secondary, and tertiary analy-
sis stages.
9. Clinical applications prioritize proprietary val-
idated, preferably CE-marked, software for NGS vari-
ant calling due to its superior accuracy.
10. Tertiary analysis knowledge bases and com-
putational models should be used to assess the clini-
cal significance of genetic variants and their implica-
tions for patient care.

qualIty controls and InternatIonal standards 
certIfIcatIons

Diagnostic laboratories must adhere to established 
validation protocols and practices to ensure quality 
control (QC) and quality assurance (QA). According 
to ISO 9001 and ISO 15189, the validation and ver-
ification of molecular tests or systems include the 
implementation of a robust QC regimen. This is par-
ticularly crucial for advanced diagnostic technologies 
such as NGS, where QC, international standards, 
reference materials, and participation in proficiency 
programs are essential 70-74.

qualIty control

Systematic QC must be guaranteed in the evaluation 
of newly implemented molecular tests or systems, 
employee competency assessments, calibration of 
instruments, and monitoring of diagnostic test results 
in correlation with clinical findings, including diagnos-

tic sensitivity and specificity. Indeed, any modification 
to the test system or process (e.g., new reagent lots, 
updated instruments) may compromise the integrity 
of results and variables such as procedural errors, in-
strument malfunctions, and environmental factors can 
also impact the accuracy of test outcomes 75. To en-
hance QA, it is recommended to incorporate external 
controls (EC), no template controls (NTC), and refer-
ence materials (RM) 25. External controls (EC) contain 
known positive or negative clinical specimens used 
to verify the integrity of reagents alongside unknown 
samples. Additionally, NTC should be included during 
library preparation to ensure reagent contamination is 
absent. Lastly, RM are employed for QC, system veri-
fication, error detection, test performance monitoring, 
and proficiency testing.

profIcIency testIng

Each medical testing laboratory must enroll in ap-
proved proficiency programs for the relevant spe-
cialties to achieve accreditation  76. External quality 
assurance (EQA) programs are critical for monitor-
ing and improving NGS variant detection and clinical 
interpretation, ensuring high testing standards. The 
complexity of NGS has posed challenges for pro-
ficiency testing agencies in developing surveys that 
align with the analytical demands of multigene panels 
for somatic variants. Proficiency testing typically in-
volves receiving blind samples from external agencies 
recognized under the Clinical Laboratory Improve-
ment Amendments (CLIA) for conducting EQA. Par-
ticipation in at least one proficiency testing scheme 
annually is recommended for laboratories specializing 
in NGS, including European-based programs (e.g. 
The European Molecular Genetics Quality Network - 
EMQN, Genomics Quality Assessment -GenQA) and 
national and/or regional-based programs (e.g. “valu-
tazione esterna di qualità” (VEQ) 77. 

Iso certIfIcatIons: Iso 9001 and Iso 15189

ISO certifications ensure that laboratories adhere to in-
ternational quality standards and undergo regular exter-
nal evaluations. The primary certifications for medical 
laboratories are ISO 9001 and ISO 15189 78. The proper 
implementation of internal and external QCs is crucial 
for laboratory competence recognition. ISO 9001 Qual-
ity Management Systems is a widely recognized stand-
ard for quality management applicable to all organiza-
tions, including laboratories. It provides a framework for 
continuous improvement through process evaluation, 
leadership, goal-setting, and regular internal audits. 
Laboratories must be customer-oriented, responsive 
to needs, and capable of addressing non-conformities 
through corrective and preventive actions 79. Moreover, 
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ISO 15189 Medical Laboratories – Requirements for 
Quality and Competence outlines comprehensive re-
quirements for the quality management of medical and 
diagnostic laboratories. This standard is structured into 
management and technical components. Management 
requirements include laboratory organization, system 
quality management, complaint resolution, internal au-
dits, and management reviews. Technical requirements 
focus on personnel qualifications, laboratory structure, 
environmental conditions, equipment, and examination 
procedures. A critical structural requirement for molec-
ular diagnostics involves dedicated space division to 
prevent contamination and to maintain sample integrity. 
Data management and storage is another key point of 
ISO 15189 to guarantee patient data privacy and pro-
tection (Tab. VI).

RECOMMENDATION STATEMENTS
11. Periodical field-specific training and en-
hanced QC measures, including participation in EQA, 
are recommended to maintain professional compe-
tency and robust quality assurance in NGS testing.
12. UNI EN ISO 15189 and 9001 certifications 
are strongly recommended for NGS-focused molecu-
lar pathology laboratories to ensure quality standards 
and competence.

Socio-economic and organizational 
factors in NGS implementation

In addition to the essential aforementioned clinical, 
technical, and regulatory aspects, the successful de-
ployment of NGS testing within molecular pathology is 
significantly influenced by organizational factors and 
regional variations, which must be considered for op-
timal implementation 80.

turnaround tIme

The efficient delivery of sequencing results is critical 
for timely patient management. Currently, NGS turna-
round times vary from days to weeks due to disparities 
in laboratory capacity, volume and workflow efficiency. 
In Italy, some centers achieve an average turnaround 
of ~10 working days, while others face delays due to 
infrastructure limitations and high demand. Contin-
uous monitoring of disease staging, optimal tumor 
sample selection by pathologists, and proper speci-
men handling by technicians are essential for stand-
ardizing protocols and minimizing delays. Moreover, 
investments in advanced technologies can further 
streamline these processes 81.

Table VI. Essential aspects and requirements of ISO 9001 and ISO 15189 certifications for medical laboratories.
Aspect ISO 15189 ISO 9001
Purpose Specific standard for medical laboratories, focused on 

quality and technical competence requirements.
Generic standard for quality management systems, 

applicable to any sector.
Main Focus Quality and competence in medical laboratory 

diagnostic services.
Quality management in business processes, with an 

emphasis on customer satisfaction.
Application Field Medical and diagnostic laboratories. Organizations of any type and sector.

Technical 
Requirements

Includes specific requirements for equipment, 
test methods, validation, personnel, and the work 

environment.

Does not include specific technical requirements but 
requires process and resource control.

Personnel Evaluation Requires verification of technical competence of 
personnel.

Does not specify technical competence but requires 
training and general competence.

Method Validation Requires specific validation of methods used to ensure 
accurate results.

Does not require technical validation but focuses on 
risk management and continuous improvement.

Equipment 
Management

Requires regular calibration and maintenance of 
diagnostic equipment.

Only requires management of equipment relevant to 
the quality of products or services.

Risk-Based Approach Strongly risk-oriented in the context of erroneous 
diagnostic results.

Risk-based approach for all business processes, 
without specific sector focus.

Customer Involvement Includes the patient as the final customer, with a focus 
on clinical requirements and safety.

Generic customer involvement, aimed at business 
customer satisfaction.

Documentation Requires detailed procedures, quality manuals, and 
records for diagnostic compliance.

Requires general documentation to ensure traceability 
of quality processes.

Accreditation Used as a basis for accreditation of medical 
laboratories (ISO 15189 is specific for accreditations).

Used as a basis for the certification of quality 
management systems.

Primary Benefits Improves the quality and reliability of medical 
diagnoses.

Improves the efficiency of business processes and 
customer satisfaction.

Legal Obligation Often required for regulatory compliance in healthcare 
(depending on the country).

Generally voluntary but required by some industries for 
competitiveness.
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Workforce traInIng and multIdIscIplInary team 
IntegratIon

A skilled workforce in genomics is vital for successful 
NGS integration. However, gaps in specialized NGS 
education persist within Italy’s medical curricula and 
continuing education programs. Targeted training ini-
tiatives should prioritize practical experience with se-
quencing platforms and bioinformatics tools. Academ-
ic partnerships can support hands-on workshops and 
courses tailored to molecular pathology profession-
als  82. Moreover, the integration of NGS into clinical 
practice necessitates robust multidisciplinary collabo-
ration, bringing together the specialized knowledge of 
biologists, oncologists, pathologists, technicians and 
bioinformaticians. However, poor communication and 
unclear role definitions often hinder effective team-
work 83. Formal networks that encourage interdiscipli-
nary dialogue and cooperation are essential for maxi-
mizing the clinical impact of genomic data.

costs and reImbursements

NGS incurs substantial, yet variable, costs influenced 
by geographic and healthcare system factors. Al-
though initial testing costs are high, long-term savings 
emerge from improved patient outcomes 84,85. Lately, 
the Italian Ministry of Health has enhanced and fund-
ed the use of NGS approaches for specific clinical 
conditions (e.g. metastatic non-small cell lung cancer, 
non-operable cholangiocarcinoma) (see GU Serie 
Generale n.253 del 28-10-2022; GU Serie Generale 
n.80 del 04-04-2023). However, reimbursement poli-
cies for genetic testing still lack uniformity across re-
gions. Some areas provide structured reimbursement 
for oncological testing, while others impose financial 
burdens on patients due to inconsistent policies  86. 
In Italy, norther regions are more advanced in imple-
menting genomic tools, whereas southern regions 
face economic constraints limiting access 87. These re-
gional disparities hinder the uniform adoption of NGS 
technologies and compromise nationwide access to 
advanced diagnostics. In the absence of updated 
LEA, each region in Italy independently determines 
reimbursement policies for NGS – provided they are 
not under a financial recovery plan (piano di rientro). 
The national standardization of reimbursement frame-
works and innovative funding and organizational mod-
els could address some of the current barriers and en-
hance the widespread availability of NGS testing. The 
hub-and-spoke network model involved a central hub 
for core facility analysis and spokes for sample collec-
tion and clinical result handling. This model would dis-
tribute the workload, ensuring standardized, efficient, 
and timely analyses, potentially streamlining logistical 
challenges. Conversely, the point-to-point model is 

characterized by independent operations at each site. 
This model may ensure accessibility and flexibility but 
faces issues such as costs related to resource dispar-
ity and redundant services 88-90. Recently, The Italian 
Ministry of Health outlined criteria for identifying labo-
ratories for Level I (small panels, ESCAT I targets) and 
II (CGP) molecular tests, including quality and struc-
tural, instrumental, and human resource standards 91. 
Enabling an equitable distribution of these facilities 
and promoting inter-institutional collaboration will be 
fundamental to ensure NGS testing accessibility. No-
tably, reimbursement for NGS is included in the LEA, 
and its forthcoming implementation is expected to 
harmonize the use of NGS across the Country.

RECOMMENDATION STATEMENTS
13. The turnaround time for NGS-based predic-
tive molecular testing should not exceed 10-15 work-
ing days.
14. Successful NGS implementation necessi-
tates multidisciplinary laboratory collaboration, en-
gaging trained technicians, pathologists, biologists, 
and bioinformaticians.
15. To enhance NGS testing implementation 
and accessibility, organizational models should pro-
mote the equitable distribution of technologies and 
resources while fostering inter-institutional collabora-
tion.

Conclusions

This article provided a comprehensive framework for 
the analytical phase of NGS testing, addressing key 
aspects from clinical application and technologies to 
quality assurance and organizational factors. The rec-
ommendations reflect current best practices and are 
intended to guide laboratories in establishing robust 
and reliable NGS workflows. Recognizing the rapid 
evolution of NGS technology, the Working Group ac-
knowledges the inherent limitations of any static set of 
recommendations and emphasizes the need for con-
tinuous review and refinement to incorporate emerg-
ing methods and platforms. By promoting standard-
ized procedures, this document will contribute to 
harmonizing the quality of NGS-based diagnostics, 
ultimately improving patient care and maximizing the 
potential of predictive and precision pathology.
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