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Summary

Background. Mutations in the isocitrate dehydrogenase (IDH) genes are key biomarkers in
intrahepatic cholangiocarcinoma (CCA) and adult-type diffuse gliomas, although real-world
adoption of comprehensive molecular diagnostics remains uneven. This review aimed to
integrate published evidence, clinical experience, and international guidelines to provide
pragmatic recommendations that can standardize IDH testing across healthcare systems.
Methods. A multidisciplinary panel synthesized data identified through 10 PICO-driven
questions, critically appraised guideline statements from ESMO, EANO, NCCN, and
WHO-CNS5, and incorporated insights from clinical evidence on IDH molecular profiling
in CCA patients. Recommendations were developed through interactive expert discussion.
Results. The panel addressed six issues: (i) positioning of next-generation sequencing
(NGS) as a first-line assay; (ii) using liquid biopsy to supplement inadequate or uninfor-
mative tissue-based molecular analyses; (iii) tumor-adapted workflows combining immu-
nohistochemistry, PCR, or NGS with large genomic panels; (iv) optimizing pre-analytical
management of small biopsies in terms of neoplastic cell abundance and nucleic acid frag-
mentation to safeguard material for integrated testing; (v) evaluating promising biomarkers
based on genome-wide methylation profiling and metabolic imaging in specialized centers;
and (vi) novel testing strategies including centralized and decentralized algorithms. In addi-
tion, emerging approaches based on digital pathology, teleconsultation, and harmonized
reimbursement pathways were discussed. These considerations were distilled into a set
of “Golden Rules.”

Conclusions. Optimized molecular profiling is a cornerstone of precision oncology in
IDH-mutant tumors, but the lack of harmonized procedures hinders its widespread imple-
mentation in the clinical setting. In intrahepatic CCA, upfront NGS should be prioritized
to capture the full spectrum of actionable alterations, whereas in diffuse gliomas IHC for
IDH1 p.R132H remains recommended, with PCR or NGS reserved for IHC-negative or
equivocal cases. Advanced tools such as genome-wide methylation profiling or metabolic
imaging may add value in specialized centers. The consensus-based “Golden Rules” prag-
matically support harmonization of diagnostic workflows, reducing technical costs and
turnaround time, and promoting equitable access to IDH-directed therapies across diverse
healthcare settings.

Keywords: IDH mutations, next-generation sequencing, cholangiocarcinoma, diffuse
glioma; glioma, precision oncology
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Introduction

Precision oncology has profoundly transformed the
clinical management of solid tumors by stratifying
patients eligible for targeted treatments. Isocitrate de-
hydrogenase 1 and 2 (IDH1/2) actionable mutations
have emerged as clinically relevant targets in intrahe-
patic cholangiocarcinoma (CCA) and adult-type dif-
fuse gliomas, allowing the selection of patients who
may benefit from targeted therapy ™.

It has been established that IDH1/2 actionable muta-
tions drive tumorigenesis through the release of the
oncometabolite 2-hydroxyglutarate (2-HG) from met-
abolic pathways 5. These gain-of-function mutations
convert isocitrate to D-2HG rather than a-ketogluta-
rate, leading to pathological intracellular accumula-
tion. Elevated 2-HG competitively inhibits a-ketoglut-
arate-dependent dioxygenases, including TET-family
DNA hydroxylases and histone demethylases, cor-
relating with histone hypermethylation 7. As a con-
sequence, the resulting “hypermethylator” signature
significantly affects differentiation and promotes onco-
genesis 10,

In CCA, IDH1 — and less frequently IDH2 — activating
mutations occur in 10-20% of intrahepatic cases, de-
fining a distinct molecular subtype with specific clini-
cal outcomes ". Although the prognostic role of IDH
actionable mutations remains unclear, their predictive
role in identifying CCA patients who are eligible for
targeted drugs has been established and endorsed by
international and national societies >,
Approximately 90% of IDH-mutant gliomas harbor the
IDH1 p.R132H mutation, which can be detected using
immunohistochemistry with an antibody against the
mutant epitope ® Among the remaining 10%, about
5% exhibit alternative mutations in IDH1 at residue
R132, while another 5% show mutations in IDH2 at
residue R172. DNA sequencing is necessary to iden-
tify IDH2 mutations and IDH1 variants that deviate
from p.R132H, referred to as non-canonical IDH mu-
tations 16 1%

Recent clinical trials have validated IDH-activating
mutations as therapeutic targets. The phase Ill Clar-
IDHy trial showed that the IDH1 inhibitor ivosidenib
significantly improved progression-free survival com-
pared with placebo (median 2.7 vs 1.4 months; HR
~0.37) in patients with CCA ™. In addition, the phase
[l INDIGO trial demonstrated that the dual IDH1/2
inhibitor vorasidenib significantly improved median
progression-free survival (27.7 vs 11.1 months) in pa-
tients with IDH-mutant glioma, delaying the need for
chemo-radiotherapy in those with grade 2 IDH-mutant
glioma 11,18-21

In parallel, the diagnostic landscape has been re-

shaped by technological advances. For CCA,
next-generation sequencing (NGS) has become the
key platform for simultaneously detecting the wide
spectrum of clinically actionable point mutations,
copy-number changes, and structural rearrange-
ments 2225, Immunohistochemistry (IHC) remains a
rapid and cost-effective method for identifying com-
mon IDH1 mutations and selecting patients for target-
ed inhibitors 2°. Of note, challenging pre-analytical pro-
cedures dramatically affect the testing success rate of
tissue specimens, leaving 20-25% of patients who
are ineligible for molecular testing 2¢. In this scenar-
io, alternative sources of nucleic acids to complement
tissue-based molecular analysis are needed. Liquid
biopsy provides a reliable, easily obtainable, and
dynamic source of nucleic acids when tissue-based
approaches are inadequate. In particular, circulating
tumor DNA (ctDNA) has shown high concordance
with tissue testing in CCA cohorts where biopsy is in-
feasible, demonstrating a clinical role in the molecular
profiling of IDH mutations .

In gliomas, advanced imaging and metabolic tools —
such as magnetic resonance spectroscopy for 2-HG
— are being investigated as non-invasive adjuncts,
highlighting how integrative resources may optimize
clinical management 28. These approaches may also
improve clinical algorithms for CCA through compre-
hensive tumor investigation of both genomic and me-
tabolomic markers. However, the clinical implemen-
tation of these strategies remains limited: in Europe,
fewer than 10% of tumor samples eligible for molecu-
lar testing are profiled using NGS, reflecting disparities
between referral centers and peripheral hospitals 2.
Consequently, several patients are only partially pro-
filed or tested outside the optimal clinical framework,
compromising access to mutation-specific therapies.
International guidelines consistently underscore the
central role of IDH testing. Guidelines from ESMO,
NCCN, and AIOM advocate routine /IDH testing in
advanced CCA disease, including FGFR2, RET and
NTRK fusions, BRAF mutations, and HER2 overex-
pression/ERBB2 amplification '* 4. For diffuse glio-
mas, the 2021 WHO classification and EANO guide-
lines identify IDH profiling as a crucial diagnostic
procedure, while the NCCN recommends mandatory
IDH1/2 testing for prognostic assessment, therapeutic
decisions, and clinical trial eligibility, within an integrat-
ed molecular framework that also includes markers
such as 1p/19q codeletion, ATRX, TP53, and TERT
promoter status °%. These recommendations are
grounded in strong evidence, including randomized
trials and expert consensus. Unfortunately, testing
algorithms remain inconsistent, particularly outside
referral centers, due to logistical and technical limita-
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tions 21,

Despite harmonized guidelines supporting IDH test-
ing in diagnostic workflows, translation into practice
remains fragmented. Advanced diagnostic capabilities
— such as highly trained personnel, technical equip-
ment, and resources — are concentrated in tertiary
centers, whereas community institutions often face
limitations in laboratory infrastructure, workforce, and
turnaround times 2% %, Timely and accurate molecular
testing is therefore critical not only for disease classi-
fication and prognosis but also for enabling targeted
treatments 2'.

The rationale behind this project was to bridge the gap
between clinical recommendations and real-world
practice by supporting the operational application of
existing guidelines. We aimed to provide a structured
synthesis of available evidence and illustrate how it

can be translated into practical, context-sensitive solu-
tions across diverse healthcare settings. By empha-
sizing feasibility, equity, and clinical utility, we sought
to improve the timely implementation of IDH testing,
thereby ensuring broader and more consistent access
to molecular diagnostics and targeted therapies.

Methods

This project was designed as a structured two-phase
approach, combining a systematic literature review with
expert interpretation, to address practical issues in the
molecular diagnosis of IDH-mutant solid tumors - spe-
cifically CCA and diffuse glioma. We sought to identify
challenges and propose feasible, real-world solutions
to improve the implementation, timeliness, and clinical

Table I. Clinical questions addressed by the expert panel according to the PICO (Population, Intervention, Comparator, Out-
come) framework, guiding evidence synthesis for the consensus-based “Golden Rules.”

Clinical Question

# (PICO Summary) P (Population) | (Intervention) C (Comparator) O (Outcome)
1 Is NGS superior to PCR and IHC CCA NGS PCR, IHC Sensitivity, specificity,
for molecular diagnosis of CCA? failure rate, ability to detect
rare mutations, clinical
impact
2 Can liquid biopsy be used for Advanced CCA Liquid biopsy Tissue biopsy Concordance rate
IDH1/2 detection in advanced
CCA?
3 In IDH-negative Glioma by IHC, Glioma with IDH- IHC + NGS IHC + single-gene Sensitivity, specificity,
is NGS superior to single-gene negative IHC assays failure rate, detection of

assays?

rare mutations, clinical
impact

4 | Does methylation profiling improve

IDH-mutant glioma

Mutation analysis +

Mutation analysis

Prognostic stratification

(MRS) for 2-HG

diagnosis in IDH-mutant glioma vs methylation profiling alone
mutation-only analysis?
5 Are multiple biopsies superior Advanced CCA Multiple biopsies Single biopsy Failure rate in molecular
to single biopsy for molecular profiling
profiling adequacy in CCA?
6 Does early molecular profiling at CCA Molecular profiling | Molecular profiling Proportion of patients
CCA diagnosis improve access to at diagnosis at progression accessing targeted therapy
targeted therapies?
7 Does reflex testing increase CCA Reflex testing On-demand testing Turnaround time (TAT),
access to therapy compared to access to treatment
on-demand testing in CCA?
8 Does intraoperative histology Glioma with poor- Intraoperative Final histology alone | Diagnostic adequacy (fewer
improve diagnostic adequacy in quality surgical histology + final non-diagnostic biopsies)
poor-quality glioma samples? specimen histology
9 Can conventional MRI replace Suspected non- Conventional MRI Tissue biopsy Diagnostic accuracy /
biopsy in non-operable glioma for operable glioma concordance rate
IDH status assessment?
10 | Is MRS a valid alternative for IDH | Glioma not suitable Magnetic Biopsy / IHC Diagnostic concordance
detection in glioma when biopsy is for biopsy Resonance
unfeasible? Spectroscopy

Abbreviations: CCA, cholangiocarcinoma; IDH, isocitrate dehydrogenase; NGS, next-generation sequencing; IHC, immunohistochemistry; PCR, polymerase
chain reaction; MLPA, multiplex ligation-dependent probe amplification; MRS, magnetic resonance spectroscopy; FISH, fluorescence in situ hybridization;

ctDNA, circulating tumor DNA.
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Table Il. Operational recommendations (“Golden Rules”) for the implementation of molecular diagnostics in IDH-mutant
CCA and gliomas, derived from a synthesis of systematic evidence appraisal and multidisciplinary expert discussion. These
recommendations reflect current international guidelines and real-world feasibility across diverse clinical settings.

Setting Golden Rule PICO item

CCA NGS should be implemented as the reference assay at the time of diagnosis. 1
Liquid biopsy should be considered only in cases where tissue biopsy is contraindicated, 2

unfeasible, or inadequate.
A multi-core biopsy strategy should be adopted to improve adequacy rate of histological evaluation, 5

IHC, and molecular profiling.
Molecular profiling should be performed at diagnosis. 6
Reflex molecular testing at diagnosis should be preferred over on-demand ordering. 7
Diffuse Glioma IHC for IDH1 p.R132H should be the first-line test, with NGS in negative or equivocal cases. 3
Genome-wide methylation profiling should be reserved for diagnostically challenging cases in 4
specialized centers.

Frozen section may be selectively used but should not be mandatory for molecular workflows. 8
Conventional MRI and radiomics should not replace histological confirmation of IDH status due to 9

lack of clinical sensitivity.
2-hydroxyglutarate MRS should be used only in non-biopsiable cases and limited to expert centers. 10

utility of IDH testing in routine diagnostic scenarios.

A multidisciplinary panel of nine Italian experts — in-
cluding six anatomic pathologists, two molecular bi-
ologists, and one medical oncologist involved in the
diagnostic or therapeutic management of glioma or
biliopancreatic tumor patients — was convened. A first
in-person meeting, during which panelists shared in-
stitutional experiences and highlighted barriers in clin-
ical practice, was held. Clinically focused questions
were then developed using the PICO framework (Pop-
ulation, Intervention, Comparator, Outcome). These
covered a broad range of diagnostic issues, from test-
ing techniques to pre-analytical handling procedures
and imaging alternatives (Tab. I).

For each PICO question, a dedicated search strategy
was built on PubMed. Each search followed a progres-
sive refinement process: an initial broad query was fol-
lowed by increasingly specific search strings to opti-
mize yield. Search results were limited to articles pub-
lished within the last 10 years in indexed international
peer-reviewed journals. The inclusion criteria were de-
signed to select original studies consistent with the PI-
CO framework — primarily clinical trials (including ran-
domized and prospective studies), real-world cohort
analyses, and diagnostic accuracy studies. Reviews,
editorials, preclinical investigations, and studies not
reporting direct PICO-relevant outcomes were exclud-
ed. Titles and abstracts were independently screened
by two reviewers; when eligibility was uncertain, full
texts were assessed. No quantitative synthesis or
meta-analysis was attempted due to heterogeneity in
study designs and endpoints.

Results were compiled into structured summaries and
circulated among the experts prior to a second-round
follow-up online meeting. This meeting served to qual-

itatively interpret the evidence in light of clinical ex-
perience, identify potential gaps, and propose prac-
tical solutions. No formal consensus methodology
(e.g., Delphi rounds or voting) was applied. Instead,
the process aimed to synthesize structured insights
informed by both published data and real-world ex-
pertise, ultimately producing a set of actionable rec-
ommendations (“Golden Rules”) to support clinical
decision-making (Tab. I1).

Results

CHoLANGIocARcINOMA (CCA)

The most recent international guidelines agree on a
two-step framework: universal molecular profiling at
treatment decision points and mutation-directed ther-
apy when actionable alterations are detected in CCA
patients. The ESMO 2024 Clinical Practice Guideline
was updated to recommend upfront comprehensive
genomic testing “before or during first-line therapy,’
including an NGS panel covering IDH1 activating mu-
tations as well as FGFR2, RET, NTRK, BRAF, and
ERBB2 clinically relevant alterations, in line with the
ESMO ESCAT actionability scale. In the same con-
text, the NCCN Biliary Tract Cancers Guideline (Ver-
sion 2.2025) integrated IDH1/2 molecular analysis
into the panel of mandatory biomarkers for testing. As
recommended, broad NGS panels should be adopt-
ed to guide targeted therapy selection and clinical tri-
al referral in patients with unresectable or metastatic
disease 4.

NGS has consistently emerged as the reference
method for molecular profiling in CCA patients. Across
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nine eligible studies — mostly retrospective cohorts
— NGS demonstrated significantly higher technical
performance in detecting IDH1/2 mutations, FGFR2
fusions, and rare point mutations (PICO 1), compared
with conventional IHC and RT-PCR strategies °"
45, Failure rates were generally low (< 10%) even in
small and/or archival samples, and concordance with
orthogonal technologies (FISH or dPCR) was con-
sistently moderate to high. Of note, several cases re-
vealed therapeutic targets detectable only by NGS,
highlighting its diagnostic superiority over single-gene
or stepwise testing. Although technical heterogeneity
prevents precise quantification of the diagnostic accu-
racy of these methodologies, both the literature and
international guidelines designate NGS as the refer-
ence platform for single-step, comprehensive molec-
ular profiling, driven more by technical sensitivity than
by direct outcome-level validation 3745,

Liquid biopsy represents a promising complementa-
ry tool for IDH1/2 detection in advanced CCA (PICO
2). Six studies — including large retrospective series
and prospective single-center cohorts — reported high
concordance rates between plasma and tissue analy-
sis for IDH1 mutations, reaching 100% in pretreatment
samples “¢%'. IDH2 concordance rates were also high
in a few cases but remain underexplored. Sensitivity
declined when samples were collected during therapy
or in stable disease, and no data are available assess-
ing the clinical impact on treatment decisions. Thus,
liquid biopsy may be considered in selected or unfit
patients, but current evidence does not support its use
as a substitute for tissue testing. On this basis, liquid
biopsy should be regarded as an integrative source
of nucleic acids when tissue-based molecular profiling
faces limitations 451,

Pre-analytical management of tissue samples re-
mains affected by challenging and non-harmonized
procedures. The adequacy of tissue biopsies is an-
other critical determinant of successful profiling for
clinically relevant biomarkers (PICO 5). Although di-
rect CCA-specific evidence is lacking, data from large
cohorts (> 1100 biopsies, including pancreatobiliary
tumors) show that up to 18.5% of single-core sam-
ples are inadequate for molecular testing, whereas
multiple-core sampling strategies may represent a
valid option in clinical practice (> 80% adequacy). No
predictive factors — such as sampling order or lesion
site — were identified, suggesting that tissue adequacy
primarily depends on the number of cores. Consensus
therefore favors a planned biopsy approach to ensure
sufficient material for both histological and molecular
analyses %2,

The timing of molecular profiling also emerged as a
key issue (PICO 6). Two studies reported that mo-

lecular testing is often performed only after disease
progression, thereby excluding many patients from
targeted therapies due to poor performance status 5
% Although actionable alterations were identified in
59% of patients, only a small fraction (30%) received
treatment based on their molecular profile, mostly in
later lines ®. This indirectly suggests that profiling at
diagnosis — as recommended by guidelines — max-
imizes therapeutic opportunities. Evidence directly
comparing reflex versus on-demand testing is lacking
in CCA (PICO 7), leaving an important organization-
al gap, despite data from other tumor types showing
clear advantages of reflex testing strategies.

GLIOMAS

The WHO 2021 CNS classification and EANO 2021
guidelines recommend IDH profiling as an essential
diagnostic criterion in adult-type diffuse gliomas: tu-
mors are defined as IDH-mutant (astrocytomas or,
if 1p/19g-codeleted, oligodendrogliomas) versus
IDH-wildtype (glioblastomas). Current protocols (e.g.,
EANO and NCCN) consider IDH testing mandato-
ry for all diffuse gliomas. The EANO 2021 guideline
on rational molecular testing echoes this mandate,
supporting frontline immunohistochemistry for the
common IDH1 p.R132H protein, followed by target-
ed sequencing or multigene NGS analysis to detect
non-canonical IDH1/IDH2 variants, assess prognosis,
and determine trial eligibility. Consistently, the NCCN
Central Nervous System Cancers Guideline (Version
2.2025) lists IDH1/2 mutation assessment — alongside
1p/19q codeletion, ATRX, TP53 and TERT promoter
molecular analyses — as mandatory in the diagnostic
algorithm for all adult diffuse gliomas, with molecular
classification guiding radiotherapy, chemotherapy,
and eligibility for emerging mutant-IDH inhibitors 303,
NGS is particularly relevant when IHC for IDH1
p.R132H is negative in diffuse glioma patients. Two
studies confirmed that NGS outperforms IHC and mul-
tiplex ligation-dependent probe amplification (MLPA)
in detecting IDH mutations, especially non-canonical
variants that are systematically missed by convention-
al methods (PICO 3). NGS enabled reclassification of
misdiagnosed cases, in line with WHO CNSS5 criteria,
thereby improving eligibility for targeted therapies. Its
added value also lies in the simultaneous assessment
of additional markers such as 1p/19q codeletion,
TP53, ATRX, and TERT promoter mutations 55 %6,

Methylation profiling has been explored as a tool to re-
fine diagnosis and prognosis (PICO 4). Several stud-
ies have validated methylation classifiers since the
seminal work by Capper and colleagues, confirming
their diagnostic robustness 57'. A multicenter cohort
of 122 grade 2/3 gliomas demonstrated that methyl-
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ation-based subgroups correlated with survival and
resistance patterns, offering additional prognostic in-
formation beyond genetics . However, in this specific
setting, methylation profiling does not provide a direct
confirmation of IDH1/IDH2 mutational status, and a
proportion of cases — including some IDH-mutant gli-
omas — may remain unclassifiable. Current evidence
on its prognostic utility in IDH-mutant gliomas is still
limited, and its use cannot yet be recommended as
part of routine workflows.

Attempts to enhance diagnostic adequacy in subop-
timal surgical samples by combining intraoperative
histology with final pathology lack supporting ev-
idence (PICO 8). No eligible studies addressed this
question, leaving current practice dependent on local
expertise. For PICO 9, eight studies were included,
consistently showing that conventional MRI features
— particularly the T2-FLAIR mismatch sign — achieve
excellent specificity (> 97%) but poor sensitivity (ap-
proximately 25-50%) for detecting IDH-mutant as-
trocytomas. Meta-analyses confirmed that, while a
positive mismatch sign can reliably indicate mutation,
many true IDH-mutant cases are missed. Advanced
radiomic and Al-based methods achieved moderate
improvements, with diagnostic accuracies of 70-80%,
but further investigations are required before they can
replace histological analysis ¢7°.

Two eligible studies demonstrated that magnetic res-
onance spectroscopy (MRS)-based detection of 2-hy-
droxyglutarate provides higher diagnostic accuracy
than conventional MRI, with pooled sensitivity around
90% and specificity of 80-85% (PICO 10). A prospec-
tive study confirmed similar accuracy using optimized
protocols. Nonetheless, performance declines in
small tumors with a low neoplastic cell fraction, and
reproducibility varies across centers, limiting its rou-
tine applicability "' 72.

Discussion

International and national guidelines provide a robust
methodological framework for the molecular analysis
of intrahepatic CCA and glioma. The most recent ES-
MO and NCCN guidelines recommend comprehen-
sive genomic profiling at diagnosis or during first-line
treatment of CCA patients, evaluating IDH1/2 action-
able mutations together with other clinically relevant
FGFR2, BRAF, RET, NTRK, and HER2 alterations '
4, These recommendations are grounded in clinical
trials demonstrating the efficacy of mutation-directed
therapies, classified in accordance with the ESCAT
ranking of molecular targets that prioritize IDH1 in-
hibitors as a pivotal option " '®. Moreover, the WHO

CNS5 classification and EANO guidelines outline a
stepwise approach starting from immunohistochemis-
try for the canonical IDH1 p.R132H mutation in glioma
patients, leveraging PCR or NGS sequencing in neg-
ative or equivocal cases, and integrating other mark-
ers such as ATRX, TP53, TERT promoter mutations,
and 1p/19q codeletion 3%%, These standards, already
widely disseminated, confirm that IDH testing is indis-
pensable not only for diagnostic classification but also
for prognostic stratification and eligibility for clinical
trials.

Several limitations emerged from our analysis, which
are not related to gaps in the quality of the recom-
mendations themselves but to variability in their im-
plementation across different healthcare systems. Re-
al-world data show that NGS systems are still mainly
adopted in high-volume institutions. Across Europe,
fewer than 10% of tumor samples requiring molecular
analysis are processed by NGS platforms, whereas
peripheral institutions, due to logistic delays, limited
infrastructure, and lack of skilled personnel, imple-
ment diagnostic activities using older-generation tech-
niques. On this basis, a non-negligible percentage of
patients are only partially tested or selected for mo-
lecular profiling without clinical benefit. The systematic
review confirmed that NGS is able to detect a broader
spectrum of clinically actionable alterations compared
with conventional PCR-based or IHC approaches,
with low failure rates even in small or archival samples
in CCA patients. Of note, NGS platforms also revealed
a moderate-to-high concordance rate with orthogonal
techniques, significantly paving the way for upfront
testing strategies in clinical scenarios. Nevertheless,
the heterogeneous landscape of trials and the lack of
standardized approaches still prevent the definition
of quantitative performance benchmarks. In glioma,
formal evidence regarding the role of comprehensive
molecular profiling is more limited but indicates that
up to 10% of IDH-mutant tumors carry non-canonical
variants that cannot be detected by IHC alone. These
findings emphasize that the variability observed in
clinical practice is not due to methodological uncer-
tainty but to unequal access and inconsistent adher-
ence to established diagnostic algorithms.

The experience of the expert panel underscores the
need for targeted interventions aimed at fostering the
widespread adoption of best practices already codified
in guidelines. Training programs dedicated to molecu-
lar pathologists, combined with educational activities
for multidisciplinary teams, are essential to increase
awareness of diagnostic procedures. The creation of
structured diagnostic networks connecting periph-
eral hospitals and specialized centers for advanced
assays plays a key role in optimizing diagnostic pro-
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cedures for IDH testing. Reflex testing strategies,
where histological diagnosis automatically triggers
molecular profiling, represent a promising approach.
Evidence from other settings, such as non-small cell
lung cancer, shows that the reflex testing approach
reduces turnaround times and increases the propor-
tion of patients who actually receive targeted therapy,
and similar benefits can be reasonably anticipated for
IDH-mutant tumors. Simplification of diagnostic work-
flows is critical: integrating multiple cores and on-site
adequacy assessment improves the success rate of
molecular testing in CCA patients, while intraoperative
frozen sections may help ensure diagnostic adequacy
in borderline glioma cases.

The heterogeneous landscape of diagnostic scenari-
0s represents an unmet need for equitable access to
therapeutic innovations. Retrospective series of CCA
patients demonstrate that molecular testing after pro-
gression often misses therapeutic opportunities due to
low performance status. Early profiling, ideally at diag-
nosis, can increase the chances of selecting patients
for targeted agents or clinical trials 7>77. The risk of
under-diagnosis or misclassification persists in glioma
patients if institutions fail to apply PCR- or NGS-based
testing after IHC-negative results. Non-invasive tools
such as MRI radiomics or 2-hydroxyglutarate magnet-
ic resonance spectroscopy show promise but cannot
yet replace tissue-based molecular analysis. Ensuring
that all patients, regardless of where they are treated,
can access the same diagnostic standards is there-
fore a matter of equity. Regional centralization of com-
plex techniques such as NGS or genome-wide meth-
ylation profiling, coupled with telepathology platforms
and virtual tumor boards, can bridge the gap between
academic and peripheral centers 7%, These infra-
structures not only standardize quality but also enable
multidisciplinary interpretation of results, which is es-
sential for guiding patient management in rare tumors
such as CCA and glioma.

Looking forward, further improvements in diagnostic
pathways will require the systematic collection of pro-
spective data and continuous updating of protocols in
line with technological and therapeutic advances. For
instance, while liquid biopsy for IDH1/2 mutations in
CCA shows high concordance with tissue in pre-treat-
ment cohorts, prospective studies are needed to clar-
ify the clinical impact on therapeutic decision-making
and outcomes. Genome-wide methylation profiling
has proven capable of refining prognostic stratification
in glioma patients, but infrastructural barriers limit this
application to specialized centers 884 The same ap-
plies to advanced imaging modalities and metabolic
spectroscopy, which are valuable in selected non-bi-
opsiable patients but cannot yet be recommended for

routine use. Continuous updating of diagnostic algo-
rithms is therefore crucial, and prospective audits that
monitor the timing, yield, and clinical impact of molec-
ular testing will be essential to ensure progress.

In conclusion, evidence indicates that the real chal-
lenge lies in ensuring the consistent and equitable
implementation of established diagnostic standards.
International and national guidelines already provide
clear methodological references; reducing variability,
expanding access, and harmonizing diagnostic path-
ways require education, networking, simplification
of workflows, and prospective monitoring — with the
ultimate goal of guaranteeing that every patient with
IDH-mutant CCA or glioma can benefit from timely
and accurate molecular analysis and access to bio-
marker-driven therapies.

Golden rules

Across both pathologies, the following recommen-
dations reinforce the central role of international and
national guidelines as the methodological foundation
for molecular diagnostics. The priority now lies not in
redefining diagnostic strategies but in ensuring their
consistent implementation. Wider dissemination of ex-
isting recommendations requires targeted training ini-
tiatives and the development of pragmatic operational
tools that can be adapted to diverse clinical settings,
including peripheral centers. Collaborative platforms,
such as regional molecular tumor boards and telepa-
thology infrastructures, can further facilitate adoption
in institutions lacking ultra-specialized expertise. En-
suring uniform diagnostic pathways is a prerequisite
for equitable access to targeted therapies, and the
ongoing collection of prospective data, combined with
continuous updating of protocols in line with techno-
logical advances, will be essential to sustain progress.

CCA

¢ In CCA, NGS should be implemented as the ref-
erence assay at the time of diagnosis. Evidence
from nine eligible studies (mostly retrospective)
highlights that NGS is comparable and often su-
perior, in terms of detection rate of IDH mutations,
to conventional PCR-based or IHC approaches for
detecting clinically actionable alterations, such as
IDH1/2 mutations and FGFR2 aberrant rearrange-
ments. Technical failure rates are generally below
10% even on archival material, and concordance
with orthogonal techniques such as FISH or PCR
ranges from moderate to high. Although out-
come-level data are limited, the analytic superiority
of NGS and the alignment with ESMO and NCCN
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recommendations support its technical implemen-
tation in diagnostic settings (PICO 1).

Liquid biopsy represents a promising, complemen-
tary tool for tissue-based molecular analysis. The
concordance rate with IDH1 tissue genotyping
reached 100% in pretreatment plasma, whereas
sensitivity decreased when samples were collect-
ed during therapy or in stable disease. Data on
IDH2 remain controversial, as no impact on clinical
outcomes has been demonstrated. Liquid biopsy
should therefore be considered a key tool when tis-
sue biopsy is contraindicated or yields insufficient
material (PICO 2).

Ensuring adequate tissue sampling is critical. Da-
ta from 1,100 biopsy cores in oncology patients,
including 79 pancreatobiliary tumors, showed an
inadequacy rate of up to 18% of cases, while ob-
taining multiple image-guided cores increases the
likelihood of diagnostic adequacy to over 80%. No
study has directly compared single versus multiple
sampling in CCA, but expert consensus favors a
multi-core strategy combined with careful pre-an-
alytical planning and distribution of tissue across
histology, IHC, and NGS (PICO 5).

Molecular profiling should be performed at the time
of diagnosis. Observational cohorts demonstrate
that more than half of patients harbor actionable
alterations, but only a small fraction (30%) receive
targeted therapy due to poor performance status
or treatment delays. Early testing maximizes the
probability of maintaining therapeutic eligibility and
should be systematically adopted (PICO 6).

Reflex molecular testing at diagnosis should be
preferred to on-demand ordering. While no study
has compared these strategies in CCA, other evi-
dence shows that reflex testing reduces turnaround
time, increases testing rates, and improves access
to matched therapies. In a disease as aggressive
as CCA, reflex NGS at diagnosis is operationally
and clinically justified, even in the absence of tu-
mor-specific randomized evidence (PICO 7).

GLioma

In gliomas, the recommended first step remains
IHC for IDH1 p.R132H, given its rapidity and
cost-effectiveness. After IHC-negative or equivocal
results, direct sequencing methods or NGS sys-
tems should be performed to identify less common
IDH1 variants and IDH2 mutations. This strategy
ensures accurate classification under WHO CNS5
criteria and provides simultaneous assessment of
additional markers such as ATRX, TP53, 1p/19q
codeletion, and TERT promoter mutations. Broad
upfront NGS is not recommended, but in IHC-neg-

ative or ambiguous cases it is essential to classify
glioma patients in accordance with molecular as-
sessment (PICO 3).

Genome-wide methylation profiling should not be
integrated into routine diagnostic practice. A sin-
gle-center experience built on 122 tumors demon-
strated a correlation between methylation-defined
subgroups and clinical outcome, but the design
was exploratory and not integrated into routine
decision-making. Additional studies have focused
only on specific loci rather than comprehensive
classifiers. Technical and infrastructural barriers al-
so limit feasibility. As a consequence, methylation
profiling should be reserved for selected ambigu-
ous or diagnostically challenging cases in referral
centers (PICO 4).

Intraoperative frozen section analysis may confirm
the presence of lesional tissue, but does not relia-
bly improve downstream molecular adequacy. No
published studies directly address this question,
and its application should remain discretionary,
depending on lesion size, trajectory through elo-
quent cortex, or risk of inadequate sampling. Fro-
zen section should not be mandated for molecular
workflows (PICO 8).

Conventional MRI and advanced radiomic ap-
proaches cannot substitute for histological anal-
ysis of IDH status. The T2-FLAIR mismatch sign
has specificity close to 100% but sensitivity as low
as 25-50%, while radiomic and machine-learn-
ing models achieve 70-80% accuracy with incon-
sistent external validation. These methods may
inform diagnostic probability but cannot replace
tissue-based molecular testing, which remains the
gold standard (PICO 9).

MRS for 2-hydroxyglutarate may be considered in
patients with suspected glioma who cannot under-
go biopsy due to clinical or anatomical constraints.
Meta-analytic data report pooled sensitivity of
93% and specificity of 84%, and a prospective
single-center study confirmed 79% sensitivity and
100% specificity with optimized protocols. How-
ever, diagnostic performance declines in small or
low-cellularity lesions, and reproducibility across
centers is limited. MRS should therefore be re-
stricted to expert centers and reserved exclusively
for non-biopsiable cases, serving as a supportive
adjunct rather than a substitute for histological
confirmation (PICO 10).

Conclusions

Mutations in the IDH1 and IDH2 genes have emerged
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as pivotal biomarkers in the diagnostic and therapeu-
tic landscape of solid tumors, particularly intrahepatic
CCA and diffuse glioma. Molecular analysis not only
enables precise disease classification and prognos-
tication but also paves the way for targeted therapies
with the potential to improve clinical outcomes.
Despite their established clinical relevance, the im-
plementation of IDH testing within broader integrated
molecular diagnostic workflows remains inconsistent
across different settings, limited by varying diagnos-
tic pathways, access to advanced technologies, and
lack of harmonized protocols. This expert initiative
addressed these challenges by combining a system-
atic review of the evidence with multidisciplinary con-
sensus-building, ultimately delivering contextualized
recommendations for the optimal integration of IDH
diagnostics into routine clinical practice.

The resulting operational guidelines — organized
as “Golden Rules” — support a structured, efficient,
and equitable approach to molecular diagnostics in
IDH-mutant tumors. Key priorities include early test-
ing at diagnosis, adoption of stepwise or NGS-based
workflows, integration with international guidelines,
and strategic use of centralized or regional resources
to ensure access.

Looking ahead, the continued evolution of IDH-target-
ed therapies and molecular classification systems will
further amplify the need for standardized and sustain-
able diagnostic strategies. By aligning evidence with
real-world feasibility, the recommendations provided
here aim to facilitate the implementation of precision
oncology for IDH-mutant tumors across diverse clini-
cal settings.

ACKNOWLEDGEMENTS

The Authors wish to acknowledge Ethos S.r.I. for pro-
viding editorial assistance in organizing and providing
technical support.

FunpING

Servier ltalia funded the multidisciplinary panel dis-
cussion. The authors received no payment from Serv-
ier ltalia related to the development of this publication.
The authors remain responsible for all content, edito-
rial decisions and the decision to submit the manu-
script.

DECLARATION OF COMPETING INTEREST

M.F. reports advisory and consultancy roles for Am-
gen, Astellas, Roche, Merck Serono, GlaxoSmith-
Kline, Novartis, Janssen, and others; research funding
to the institution from Roche, ThermoFisher, Astellas,
and Diaceutics; and personal honoraria from Roche,
Astellas, AstraZeneca, Lilly, Incyte, Bristol Myers

Squibb, Gilead, Agilent, Merck Serono, Pierre Fab-
re, Sanofi, GlaxoSmithKline, Novartis, and Amgen.
U.M. reports personal fees as speaker or advisor
from Amgen, AstraZeneca, Boehringer Ingelheim,
Diatech, Eli Lilly, GlaxoSmithKline, Hedera, Jans-
sen, Merck Sharp & Dohme, Novartis, Qiagen, Ro-
che, and Thermo Fisher Scientific; and holds lead-
ership roles with the International Society of Liquid
Biopsy and The Journal of Liquid Biopsy (Elsevier).
N.N. reports speaker fees and/or advisory roles
for AstraZeneca, Bayer, Biocartis, Bristol My-
ers Squibb, Eli Lilly, lllumina, Incyte, Merck, MSD,
Novartis, Roche, Servier, and Thermo Fisher.
All other authors declare no conflicts of interest.

AUTHOR CONTRIBUTION

M.A., V.B, L.B,, B.D.,, M.F,, UM., N.N., G.P, and A.S.
contributed to the conception and design of the pro-
ject, literature review, and correction of the initial man-
uscript draft. All authors reviewed and approved the
final version of the manuscript.

References

' Internd V, Melaccio A, Vitale P, et al. Therapeutic inhibition of iso-
citrate dehydrogenase mutations in glioma and cholangiocarci-
noma: new insights and promises — a narrative review. Chinese
Clinical Oncology. 2024;13(5):69

2 Zhang X, Han J, Shi R, et al. Guideline of precisional testing in
intrahepatic cholangiocarcinoma: an international expert consen-
sus. Clinical Cancer Bulletin. 2025;4(1):9. https://doi.org/10.1007/
$44272-025-00036-0

3 Normanno N, Martinelli E, Melisi D, et al. Role of molecular genetics
in the clinical management of cholangiocarcinoma. ESMO Open.
2022;7(3):100505. https://doi.org/10.1016/j.esmoop.2022.100505

4 Fassan M, Angerilli V, Normanno N, et al. Practical guidelines for
molecular testing of cholangiocarcinoma in clinical practice: Italian
experts’ position paper. Crit Rev Oncol Hematol. 2024;194:104224.
https://doi.org/10.1016/j.critrevonc.2023.104224

5 Cohen AL, Holmen SL, Colman H. IDH1 and IDH2 mutations in
gliomas. Curr Neurol Neurosci Rep. 2013;13(5):345. https://doi.
org/10.1007/s11910-013-0345-4

6 Figueroa ME, Abdel-Wahab O, Lu C, et al. Leukemic IDH1 and
IDH2 mutations result in a hypermethylation phenotype, disrupt
TET2 function, and impair hematopoietic differentiation. Cancer
Cell.. 2010;18(6):553-67. https://doi.org/10.1016/j.ccr.2010.11.015

7 XuW, Yang H, Liu Y, et al. Oncometabolite 2-hydroxyglutarate is
a competitive inhibitor of alpha-ketoglutarate-dependent dioxy-
genases. Cancer Cell.. 2011;19(1):17-30. https://doi.org/10.1016/j.
ccr.2010.12.014

8 Wang F, Travins J, DeLaBarre B, et al. Targeted inhibition of mutant
IDH2 in leukemia cells induces cellular differentiation. Science.
2013;340(6132):622-6. https://doi.org/10.1126/science. 1234769

9 Losman JA, Looper RE, Koivunen P, et al. (R)-2-hydroxyglutarate
is sufficient to promote leukemogenesis and its effects are revers-
ible. Science. 2013;339(6127):1621-5. https://doi.org/10.1126/
science.1231677

1 Kernytsky A, Wang F, Hansen E, et al. IDH2 mutation-induced
histone and DNA hypermethylation is progressively reversed by



GOLDEN RULES FOR OPTIMIZING THE DIAGNOSTIC PATHWAY OF IDH-MUTANT TUMORS

105

20

21

22

23

24

small-molecule inhibition. Blood. 2015;125(2):296-303. https://doi.
org/10.1182/blood-2013-10-533604

Abou-Alfa GK, Macarulla T, Javle MM, et al. Ilvosidenib in IDH1-
mutant, chemotherapy-refractory cholangiocarcinoma (ClarIDHy):
a multicentre, randomised, double-blind, placebo-controlled,
phase 3 study. Lancet Oncol. 2020;21(6):796-807. https://doi.
org/10.1016/S1470-2045(20)30157-1

Goyal L, Govindan A, Sheth RA, et al. Prognosis and Clinico-
pathologic Features of Patients With Advanced Stage Isocitrate
Dehydrogenase (IDH) Mutant and IDH Wild-Type Intrahepatic
Cholangiocarcinoma. Oncologist. 2015;20(9):1019-27. https://doi.
org/10.1634/theoncologist.2015-0210

Vogel A, Ducreux M, clinicalguidelines @ esmo.org EGCEa. ESMO
Clinical Practice Guideline interim update on the management of
biliary tract cancer. ESMO Open. 2025;10(1):104003. https://doi.
org/10.1016/j.esmoop.2024.104003

National Comprehensive Cancer Network (NCCN). NCCN
Clinical Practice Guidelines in Oncology: Biliary Tract Can-
cers, Version 2.2025. https://www.nccn.org/guidelines/guidelines-
detail?category=1&id=1517 (accessed 15 July 2025).

Capper D, Sahm F, Hartmann C, et al. Application of mutant
IDH1 antibody to differentiate diffuse glioma from nonneoplastic
central nervous system lesions and therapy-induced changes.
Am J Surg Pathol. 2010;34(8):1199-204. https://doi.org/10.1097/
PAS.0b013e3181e7740d

Hartmann C, Meyer J, Balss J, et al. Type and frequency of IDH1
and IDH2 mutations are related to astrocytic and oligodendrog-
lial differentiation and age: a study of 1,010 diffuse gliomas.
Acta Neuropathol. 2009;118(4):469-74. https://doi.org/10.1007/
s00401-009-0561-9

Reuss DE, Sahm F, Schrimpf D, et al. ATRX and IDH1-R132H im-
munohistochemistry with subsequent copy number analysis and
IDH sequencing as a basis for an “integrated” diagnostic approach
for adult astrocytoma, oligodendroglioma and glioblastoma.
Acta Neuropathol. 2015;129(1):133-46. https://doi.org/10.1007/
s00401-014-1370-3

Mellinghoff IK, van den Bent MJ, Blumenthal DT, et al. Vorasidenib
in IDH1- or IDH2-Mutant Low-Grade Glioma. N Engl J Med.
2023;389(7):589-601. https://doi.org/10.1056/NEJM0a2304194

Houillier C, Wang X, Kaloshi G, et al. IDH1 or IDH2 mutations pre-
dict longer survival and response to temozolomide in low-grade
gliomas. Neurology. 2010;75(17):1560-6. https://doi.org/10.1212/
WNL.0b013e3181f96282

Babakoohi S, Lapidus RG, Faramand R, et al. Comparative Analy-
sis of Methods for Detecting Isocitrate Dehydrogenase 1 and 2
Mutations and Their Metabolic Consequence, 2-Hydroxyglutarate,
in Different Neoplasms. Appl Immunohistochem Mol Morphol
2017;25(5):334-7. https://doi.org/10.1097/PAI.0000000000000342

Mosele MF, Westphalen CB, Stenzinger A, et al. Recommenda-
tions for the use of next-generation sequencing (NGS) for patients
with advanced cancer in 2024: a report from the ESMO Precision
Medicine Working Group. Ann Oncol. 2024;35(7):588-606. https://
doi.org/10.1016/j.annonc.2024.04.005

Malone ER, Oliva M, Sabatini PJB, et al. Molecular profiling for
precision cancer therapies. Genome Med. 2020;12(1):8. https:/
doi.org/10.1186/s13073-019-0703-1

Hinrichs JW, van Blokland WT, Moons MJ, et al. Comparison of
next-generation sequencing and mutation-specific platforms in
clinical practice. Am J Clin Pathol. 2015;143(4):573-8. https://doi.
org/10.1309/AJCP40XETVYAMJPY

Moorcraft SY, Gonzalez D, Walker BA. Understanding next gen-
eration sequencing in oncology: A guide for oncologists. Crit
Rev Oncol Hematol. 2015;96(3):463-74. https://doi.org/10.1016/j.
critrevonc.2015.06.007

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

DiPeri TP, Javle MM, Meric-Bernstam F. Next generation sequenc-
ing for biliary tract cancers. Expert Rev Gastroenterol Hepatol.
2021;15(5):471-4. https://doi.org/10.1080/17474124.2021.1896967

Kendall T, Overi D, Guido M, et al. Recommendations on maximis-
ing the clinical value of tissue in the management of patients with
intrahepatic cholangiocarcinoma. JHEP Rep. 2024;6(6):101067.
https://doi.org/10.1016/j.jhepr.2024.101067

Ma L, Guo H, Zhao'Y, et al. Liquid biopsy in cancer: current status,
challenges and future prospects. Signal Transduct Target Ther.
2024;9(1):336. https://doi.org/10.1038/s41392-024-02021-w

Pope WB, Prins RM, Albert Thomas M, et al. Non-invasive de-
tection of 2-hydroxyglutarate and other metabolites in IDH1 mu-
tant glioma patients using magnetic resonance spectroscopy.
J  Neurooncol. 2012;107(1):197-205. https://doi.org/10.1007/
$11060-011-0737-8

Normanno N, Apostolidis K, Wolf A, et al. Access and quality of
biomarker testing for precision oncology in Europe. Eur J Cancer.
2022;176:70-7. hitps://doi.org/10.1016/j.ejca.2022.09.005

Weller M, van den Bent M, Preusser M, et al. EANO guidelines
on the diagnosis and treatment of diffuse gliomas of adulthood.
Nat Rev Clin Oncol. 2021;18(3):170-86. https://doi.org/10.1038/
s41571-020-00447-z

Louis DN, Perry A, Reifenberger G, et al. The 2016 World Health
Organization Classification of Tumors of the Central Nervous Sys-
tem: a summary. Acta Neuropathol. 2016;131(6):803-20. https://
doi.org/10.1007/s00401-016-1545-1

Brat DJ, Aldape K, Colman H, et al. cIMPACT-NOW update 3: rec-
ommended diagnostic criteria for “Diffuse astrocytic glioma, IDH-
wildtype, with molecular features of glioblastoma, WHO grade IV
Acta Neuropathol. 2018;136(5):805-10. hitps://doi.org/10.1007/
s00401-018-1913-0

NCCN. (2023, March 24). NCCN Clinical Practice Guidelines in
Oncology; Central Nervous System Cancers v1.2023. National
Comprehensive Cancer Network. https://www.nccn.org/profes-
sionals/physician_gls/pdf/cns.pdf [

Nabors B, Portnow J, Hattangadi-Gluth J, et al. NCCN CNS tumor
guidelines update for 2023. Neuro Oncol. 2023;25(12):2114-6.
https://doi.org/10.1093/neuonc/noad169

Horbinski C, Nabors LB, Portnow J, et al. NCCN Guidelines(R)
Insights: Central Nervous System Cancers, Version 2.2022. J Natl
Compr Canc Netw. 2023;21(1):12-20. https://doi.org/10.6004/
jncen.2023.0002

Dutta R, Vallurupalli M, McVeigh Q, et al. Understanding inequities
in precision oncology diagnostics. Nat Cancer. 2023;4(6):787-94.
https://doi.org/10.1038/s43018-023-00568-1

Uson Junior PLS, DeLeon TT, Bogenberger JM, et al. FGFR2-
Illb Expression by Immunohistochemistry Has High Specific-
ity in Cholangiocarcinoma with FGFR2 Genomic Alterations.
Dig Dis Sci. 2022;67(8):3797-805. https://doi.org/10.1007/
$10620-021-07303-9

Rizzato M, Brignola S, Munari G, et al. Prognostic impact of
FGFR2/3 alterations in patients with biliary tract cancers receiv-
ing systemic chemotherapy: the BITCOIN study. Eur J Cancer.
2022;166:165-75. https://doi.org/10.1016/j.ejca.2022.02.013

Koehne de Gonzalez A, Mansukhani MM, Fernandes H, et
al. Pan-tumor screening for NTRK gene fusions using pan-
TRK immunohistochemistry and RNA NGS fusion panel test-
ing. Canc Genet. 2022;262-263:47-52. https://doi.org/10.1016/j.
cancergen.2021.12.010

Kikuchi AT, Umetsu S, Joseph N, et al. Genomic Analysis in the
Categorization of Poorly Differentiated Primary Liver Carcinomas.
Am J Surg Pathol. 2023;47(11):1207-18. https://doi.org/10.1097/
PAS.0000000000002116


https://www.nccn.org/guidelines/guidelines-detail?category = 1&id = 1517
https://www.nccn.org/guidelines/guidelines-detail?category = 1&id = 1517
https://www.nccn.org/professionals/physician_gls/pdf/cns.pdf
https://www.nccn.org/professionals/physician_gls/pdf/cns.pdf

106

M. Antonelli et al.

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Cao Z, Yang Y, Liu S, et al. FGFR2 fusions assessed by NGS,
FISH, and immunohistochemistry in intrahepatic cholangiocarci-
noma. J Gastroenterol. 2025;60(2):235-46. https://doi.org/10.1007/
s00535-024-02175-y

Lapin M, Huang HJ, Chagani S, et al. Monitoring of Dynam-
ic Changes and Clonal Evolution in Circulating Tumor DNA
From Patients With IDH-Mutated Cholangiocarcinoma Treated
With Isocitrate Dehydrogenase Inhibitors. JCO Precis Oncol.
2022;6:e2100197. https://doi.org/10.1200/P0.21.00197

Kamath SD, Lin X, Kalyan A. A Case of Metastatic Biliary Tract
Cancer Diagnosed Through lIdentification of an IDH1 Muta-
tion. Oncologist. 2019;24(2):151-6.  https://doi.org/10.1634/
theoncologist.2018-0210

Driescher C, Fuchs K, Haeberle L, et al. Bile-Based Cell-Free
DNA Analysis Is a Reliable Diagnostic Tool in Pancreatobiliary
Cancer. Cancers (Basel). 2020;13(1). https://doi.org/10.3390/
cancers13010039

Demols A, Rocq L, Perez-Casanova L, et al. A Two-Step Diagnos-
tic Approach for NTRK Gene Fusion Detection in Biliary Tract and
Pancreatic Adenocarcinomas. Oncologist. 2023;28(7):e520-e5.
https://doi.org/10.1093/oncolo/oyad075

Peraldo-Neia C, Scatolini M, Grosso E, et al. Assessment of a
High Sensitivity Method for Identification of IDH1 R132x Muta-
tions in Tumors and Plasma of Intrahepatic Cholangiocarcinoma
Patients. Cancers (Basel). 2019;11(4). https://doi.org/10.3390/
cancers11040454

Lamarca A, Kapacee Z, Breeze M, et al. Molecular Profiling in
Daily Clinical Practice: Practicalities in Advanced Cholangiocar-
cinoma and Other Biliary Tract Cancers. J Clin Med. 2020;9(9).
https://doi.org/10.3390/jcm9092854

Hwang S, Woo S, Kang B, et al. Concordance of ctDNA and tis-
sue genomic profiling in advanced biliary tract cancer. J Hepatol.
2025;82(4):649-57. https://doi.org/10.1016/j.jhep.2024. https://doi.
org/10.020

Csoma SL, Bedekovics J, Veres G, et al. Circulating Cell-Free
DNA-Based Comprehensive Molecular Analysis of Biliary Tract
Cancers Using Next-Generation Sequencing. Cancers (Basel).
2022;14(1). https://doi.org/10.3390/cancers 14010233

Berchuck JE, Facchinetti F, DiToro DF, et al. The clinical land-
scape of cell-free DNA alterations in 1671 patients with advanced
biliary tract cancer. Ann Oncol. 2022;33(12):1269-83. https://doi.
org/10.1016/j.annonc.2022.09.150

Astier C, Ngo C, Colmet-Daage L, et al. Molecular profiling of
biliary tract cancers reveals distinct genomic landscapes be-
tween circulating and tissue tumor DNA. Exp Hematol Oncol.
2024;13(1):2. https://doi.org/10.1186/s40164-023-00470-7

Bhamidipati D, Verma A, Sui D, et al. An analysis of research bi-
opsy core variability from over 5000 prospectively collected core
samples. NPJ Precis Oncol. 2021;5(1):94. https://doi.org/10.1038/
s41698-021-00234-8

Mahmood U, Muhamad Faizul E, Howlett S, et al. Comprehensive
Examination of Cholangiocarcinoma Patients Treated with Novel
Targeted Therapies after Extended Molecular Profiling on Liquid
Biopsies. Cancers (Basel). 2024;16(4). https://doi.org/10.3390/
cancers16040697

Tomczak A, Springfeld C, Dill MT, et al. Precision oncology for
intrahepatic cholangiocarcinoma in clinical practice. Br J Cancer.
2022;127(9):1701-8. https://doi.org/10.1038/s41416-022-01932-1

Sledzinska P, Bebyn M, Szczerba E, et al. Glioma 2021 WHO
Classification: The Superiority of NGS Over IHC in Routine Di-
agnostics. Mol Diagn Ther. 2022;26(6):699-713. https:/doi.
0rg/10.1007/s40291-022-00612-3

Jabbar KJ, Luthra R, Patel KP, et al. Comparison of next-genera-
tion sequencing mutation profiling with BRAF and IDH1 mutation-

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

specific immunohistochemistry. Am J Surg Pathol. 2015;39(4):454-
61. https://doi.org/10.1097/PAS.0000000000000325

Wu Z, Abdullaev Z, Pratt D, et al. Impact of the methylation classi-
fier and ancillary methods on CNS tumor diagnostics. Neuro On-
col. 2022;24(4):571-81. hitps://doi.org/10.1093/neuonc/noab227

White CL, Kinross KM, Moore MK, et al. Implementation of DNA
Methylation Array Profiling in Pediatric Central Nervous System
Tumors: The AIM BRAIN Project: An Australian and New Zealand
Children’s Haematology/Oncology Group Study. J Mol Diagn.
2023;25(10):709-28. https://doi.org/10.1016/j.jmoldx.2023.06.013

Pickles JC, Fairchild AR, Stone TJ, et al. DNA methylation-based
profiling for paediatric CNS tumour diagnosis and treatment: a pop-
ulation-based study. Lancet Child Adolesc Health. 2020;4(2):121-
30. https://doi.org/10.1016/S2352-4642(19)30342-6

Jaunmuktane Z, Capper D, Jones DTW, et al. Methylation array
profiling of adult brain tumours: diagnostic outcomes in a large,
single centre. Acta Neuropathol Commun. 2019;7(1):24. https:/
doi.org/10.1186/s40478-019-0668-8

Capper D, Jones DTW, Sill M, et al. DNA methylation-based
classification of central nervous system tumours. Nature.
2018;555(7697):469-74. https://doi.org/10.1038/nature26000

Binder H, Willscher E, Loeffler-Wirth H, et al. DNA methylation,
transcriptome and genetic copy number signatures of diffuse ce-
rebral WHO grade II/lll gliomas resolve cancer heterogeneity and
development. Acta Neuropathol Commun. 2019;7(1):59. https://
doi.org/10.1186/s40478-019-0704-8

Lam LHT, Do DT, Diep DTN, et al. Molecular subtype clas-
sification of low-grade gliomas using magnetic resonance im-
aging-based radiomics and machine learning. NMR Biomed.
2022;35(11):e4792. hitps://doi.org/10.1002/nbm.4792

Nam YK, Park JE, Park SY, et al. Reproducible imaging-based
prediction of molecular subtype and risk stratification of gliomas
across different experience levels using a structured reporting
system. Eur Radiol. 2021;31(10):7374-85. https://doi.org/10.1007/
s00330-021-08015-4

Li M, Ren X, Chen X, et al. Combining hyperintense FLAIR rim
and radiological features in identifying IDH mutant 1p/19g non-
codeleted lower-grade glioma. Eur Radiol. 2022;32(6):3869-79.
https://doi.org/10.1007/s00330-021-08500-w

Luo H, Zhuang Q, Wang Y, et al. A novel image signature-based
radiomics method to achieve precise diagnosis and prognostic
stratification of gliomas. Lab Invest. 2021;101(4):450-62. https://
doi.org/10.1038/s41374-020-0472-x

Goyal A, Yolcu YU, Goyal A, et al. The T2-FLAIR-mismatch sign
as an imaging biomarker for IDH and 1p/19q status in diffuse low-
grade gliomas: a systematic review with a Bayesian approach
to evaluation of diagnostic test performance. Neurosurg Focus.
2019;47(6):E13. https://doi.org/10.3171/2019.9.FOCUS 19660

Fukuma R, Yanagisawa T, Kinoshita M, et al. Prediction of IDH
and TERT promoter mutations in low-grade glioma from magnetic
resonance images using a convolutional neural network. Sci Rep.
2019;9(1):20311. https://doi.org/10.1038/s41598-019-56767-3

Corell A, Ferreyra Vega S, Hoefling N, et al. The clinical signifi-
cance of the T2-FLAIR mismatch sign in grade Il and Il gliomas:
a population-based study. BMC Cancer. 2020;20(1):450. https:/
doi.org/10.1186/s12885-020-06951-w

Broen MPG, Smits M, Wijnenga MMJ, et al. The T2-FLAIR mis-
match sign as an imaging marker for non-enhancing IDH-mutant,
1p/19g-intact lower-grade glioma: a validation study. Neuro Oncol.
2018;20(10):1393-9. https://doi.org/10.1093/neuonc/noy048

Cuccarini V, Antelmi L, Pollo B, et al. In vivo 2-hydroxyglutarate-
proton magnetic resonance spectroscopy (3 T, PRESS technique)
in treatment-naive suspect lower-grade gliomas: feasibility and ac-



GOLDEN RULES FOR OPTIMIZING THE DIAGNOSTIC PATHWAY OF IDH-MUTANT TUMORS

107

72

73

74

75

76

77

curacy in a clinical setting. Neurol Sci. 2020;41(2):347-55. https://
doi.org/10.1007/s10072-019-04087-9

Bhandari A, Sharma C, Ibrahim M, et al. The role of 2-hydroxy-
glutarate magnetic resonance spectroscopy for the determination
of isocitrate dehydrogenase status in lower grade gliomas versus
glioblastoma: a systematic review and meta-analysis of diagnostic
test accuracy. Neuroradiology. 2021;63(11):1823-30. https://doi.
0rg/10.1007/s00234-021-02702-1

Cheema PK, Menjak IB, Winterton-Perks Z, et al. Impact of Re-
flex EGFR/ ALK Testing on Time to Treatment of Patients With Ad-
vanced Nonsquamous Non-Small-Cell Lung Cancer.J Oncol Pract.
2017;13(2):e130-€8. https://doi.org/10.1200/JOP.2016.014019

Gosney JR, Paz-Ares L, Janne P, et al. Pathologist-initiated re-
flex testing for biomarkers in non-small-cell lung cancer: expert
consensus on the rationale and considerations for implementa-
tion. ESMO Open. 2023;8(4):101587. https://doi.org/10.1016/].
esmoop.2023.101587

Anand K, Phung TL, Bernicker EH, et al. Clinical Utility of Re-
flex Ordered Testing for Molecular Biomarkers in Lung Adeno-
carcinoma. Clinical Lung Cancer. 2020;21(5):437-42. https://doi.
org/10.1016/j.cllc.2020.05.007

Pelizzari G, Caggiari L, Battiston M, et al. EP11.01-004 An Effec-
tive Two-step Reflex Test for 10 Biomarkers Analysis in Non-small
Cell Lung Cancer. JJ Thorac Oncol. 2022;17(9):S510-S1. https:/
doi.org/10.1016/j.jtho.2022.07.901

Braxton D, Huang Y, Darabi S, et al. Pathology molecular reflex
testing improves turn-around-time and overall molecular test-
ing rates in NSCLC. J Clin Oncol. 2021;39:e13507-e. https://doi.
org/10.1200/JC0.2021.39.15_suppl.e 13507

78

79

80

81

82

83

84

Ceccarelli M, Barthel FP, Malta TM, et al. Molecular Profiling
Reveals Biologically Discrete Subsets and Pathways of Pro-
gression in Diffuse Glioma. Cell. 2016;164(3):550-63. https://doi.
org/10.1016/j.cell.2015.12.028

Johannessen LE, Brandal P, Myklebust TA, et al. MGMT Gene
Promoter Methylation Status - Assessment of Two Pyrosequenc-
ing Kits and Three Methylation-specific PCR Methods for their
Predictive Capacity in Glioblastomas. Cancer Genomics Pro-
teomics. 2018;15(6):437-46. https://doi.org/10.21873/cgp.20102

Tesileanu CMS, van den Bent MJ, Sanson M, et al. Prognostic
significance of genome-wide DNA methylation profiles within the
randomized, phase 3, EORTC CATNON trial on non-1p/19q de-
leted anaplastic glioma. Neuro Oncol. 2021;23(9):1547-59. https://
doi.org/10.1093/neuonc/noab088

Capper D, Stichel D, Sahm F, et al. Practical implementation of
DNA methylation and copy-number-based CNS tumor diagnostics:
the Heidelberg experience. Acta Neuropathol. 2018;136(2):181-
210. https://doi.org/10.1007/s00401-018-1879-y

Olar A, Sulman EP. Molecular Markers in Low-Grade Glioma-To-
ward Tumor Reclassification. Semin Radiat Oncol. 2015;25(3):155-
63. https://doi.org/10.1016/j.semradonc.2015.02.006

Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene silencing
and benefit from temozolomide in glioblastoma. N Engl J Med.
2005;352(10):997-1003. https://doi.org/10.1056/NEJMo0a043331

Wick W, Weller M, van den Bent M, et al. MGMT testing--the chal-
lenges for biomarker-based glioma treatment. Nat Rev Neurol.
2014;10(7):372-85. https://doi.org/10.1038/nrneurol.2014.100



