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Abstract

Background: Gliomas are the most common primary malignant brain tumors in adults,
collectively accounting for more than 80% of all malignant central nervous system neoplasms.
Their heterogeneous biology, variable clinical behavior, and resistance to multimodal
therapy contribute to persistently poor prognoses, particularly for high-grade variants such
as glioblastoma (GBM).

Objective: This comprehensive review synthesizes current evidence on the epidemiology,
molecular classification, surgical management, prognostic factors, and emerging therapeutic
strategies for gliomas in neuro-oncological surgery.

Methods: A systematic narrative review was conducted of peer-reviewed literature published
primarily between 2015 and 2026 using PubMed/MEDLINE, EMBASE, and the Cochrane
Library. Search terms included 'glioma,' 'glioblastoma,’ 'extent of resection, 'IDH mutation,'
'WHO classification,” and related terms. Meta-analyses, randomized controlled trials,
prospective cohort studies, and high-quality retrospective series were prioritized.

Results: The 2021 WHO classification has fundamentally restructured glioma taxonomy,
anchoring diagnosis in molecular markers including IDH mutation status, 1p/19q codeletion,
MGMT promoter methylation, and H3K27 alteration. Maximal safe surgical resection remains
the cornerstone of management. Intraoperative adjuncts—5-aminolevulinic acid (5-ALA)
fluorescence, intraoperative MRI (iMRI), and awake craniotomy—substantially increase
the rate of GTR. Temozolomide-based chemoradiotherapy following the Stupp protocol
remains the standard for GBM; however, immunotherapy and targeted molecular agents are
demonstrating promise in early-phase trials.

Conclusion: Advances in molecular diagnostics, surgical technology, and multimodal
oncological therapy are gradually improving outcomes for glioma patients. Future efforts
must address tumor recurrence, blood-brain barrier penetration, immunosuppressive
microenvironments, and health-related quality of life.
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AnHoTauusa

BBemenme: [nnoMbl  ABSIOTCS  Haubojee  pacpoCTpaHEHHBIMM  IEePBUYHBIMU
3JI0KQUeCTBEHHBIMM OITyXOJISIMU TOJIOBHOTO MO3Ta y B3POC/bIX, COCTaBIIsAsl 6osee 80% Bcex
3JI0KaueCTBEeHHbIX HOBOOOpa3oBaHMIt 1IeHTPaIbHOV HEPBHOI cucTeMbl. MiX reTeporeHHast
6uosorusi, BapmabeabHOe KIMHUUYECKOE MOBeIeHMe U YCTOMUMBOCTD K MY/IbTUMOIATbHOM
Tepanmuy OOyUIaBIMBAIOT ITOCTOSTHHO HEOJIAronmpuSATHBIN IPOTHO3, OCOGEHHO ISt
BBICOKO3JIOKAUEeCTBEHHBIX BAPMAHTOB, TAKMX Kak mmobmacToma (IBM).

Ienn: [laHHBIN BCECTOPOHHMIT 0630p 0000111aeT COBpeMeHHbIEe JaHHbIe 00 3TMUIeMMUOTIOTUN,
MOJIEKY/ISIPHOV KyIacCUbUKAIUY, XUPYPIUIECKOM JIeUeHUM, TIPOrHOCTUYECKUX (paKkTopax u
HOBBIX TePaNeBTUUECKUX CTPATEIUSIX JIEUEHMSI ITIMOM B HEMIPOOHKOJIOTUUECKOI XUPYPTUA.

MeTonpi: bBbul IpoBemeH CUCTeMaTHMUYeCKUii HappaTUBHBIN 00630p pelleH3MpyemMoit
JUTEepaTypbl, OMYyOJMKOBAHHOI MpeuMmylecTBeHHO B mepuon ¢ 2015 mo 2026 rog, c
ucronab3oBaHmeM 6a3 nanubsix PubMed/MEDLINE, EMBASE u Cochrane Library. ITorckoBbIie
3aIPOChl BKJIIOYAIM <«IJIMOMAa», «IJIMOOIACTOMa», «00beM pe3eKuum», «myTtauust IDH»,
«knmaccudukanys BO3» u cBsisaHHble TepMMHBI. [IpMOpUTET OTHABa/CS MeTaaHaIM3am,
PaHIOMM3UPOBAHHBIM KOHTPOJMPYEMBIM MCCIEOOBAaHMUSIM, MPOCHEKTUBHBIM KOTOPTHBIM
MUCCIeSOBAHUSM U BBICOKOKAUeCTBEHHBIM PETPOCIIEKTUBHBIM CEPUSIM.

PesynpraTel: Kinaccupukamms BO3 2021 roga KOpeHHbBIM 00pa3oM peCcTPYKTypUpOBaja
TaKCOHOMMIO [JIMOM, OCHOBBIBAsl AMArHOCTUMKY HA MOJIEKY/JISIDHBIX Mapkepax, BKIOYast
craryc mytauuu IDH, kogenenuto 1p/19q, metunuposanue npomoropa MGMT u nsmeHenne
H3K27. MakcumMasibHO Oe30macHasi Xupypruueckas pe3eKI[Msi OCTaeTCsl KpaeyrojbHbIM
KaMHeM JieyeHUsi. MIHTpaornepaluyoHHble BCIIOMOraTelbHble MeTOAbl — GIyopecieHIns
5-amuHOMeBYIMHOBOM KMUCIOTHI (5-ALA), muTpaonepaumonHas MPT (iMRI) 1 kpaHnoToMust
B CO3HAaHMM — CYLIeCTBEHHO YBEJIMUYMBAKOT YaCTOTy IIOJIHOTO YOAJIeHUs OITyXOJN.
XuMunonyyeBasi Tepanusi Ha OCHOBe TeMO30JIOMMAA IO MpoTtokomy CTyrma ocCTaeTcs
CTaHIAPTOM JIe4eHMSI IJIMO06IaCTOMBI; OMHAKO MMMYHOTEPAINs ¥ TapreTHbIe MOJIEKY/ISIPHbIe
rperapaTsl JAEeMOHCTPUPYIOT MHOTOOOelamie pe3yabTaThl HA PAHHUX CTAaUSIX
KIVHUYECKNX UCTIBITAHUMA.

3akmroueHue: JIoCT/KeHNSI B MOJIEKY/ISIPHOM AMAarHOCTUKE, XUPYPTUUECKUX TEXHOJIOTUSIX U
MYJIbTUMOLAIIbHOV OHKOJIOTUMYECKONM TepaIny MOCTEIIEHHO YAYYIIAI0T Pe3y/IbTaThl JIeUYeHUS
MalMeHTOB C IJIMOMOI. B maspHeiinieM HeOOXOOMMO VAEIUTb BHMUMAaHME peluauBam
OTTyXOJIY, IPOHMKHOBEHMIO Uepe3 remMaTosHIledannuecknit 6apbep, UMMYHOIeITPeCCUBHOM
MUKpOCpee M Ka4eCTBY XKU3HU, CBSI3aHHOMY CO 3[0POBbEM.

KiroueBble c10Ba: I/1MOMa, aCTPOIIMTOMA, IJIM06/IacTOMa, 06beM pe3eKLNM, XMpyprudeckast
pes3eKiys
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1. Introduction

Gliomas represent the most prevalent category of primary brain tumors, originating from glial
or progenitor cells and encompassing a biologically diverse spectrum of entities ranging from
indolent pilocytic astrocytomas to aggressive glioblastoma multiforme (GBM). According
to the Central Brain Tumor Registry of the United States (CBTRUS), gliomas constitute
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approximately 26.6% of all primary brain and central nervous system tumors and more than
80% of malignant variants [1,2]. Despite significant advances in neurosurgical technique,
radiation oncology, and systemic chemotherapy over the past two decades, the prognosis for
patients with high-grade glioma (HGG) remains dismal, with a median overall survival (OS)
of only 14 to 18 months for GBM—the most aggressive form [3].

Theclinical and biological complexity of gliomasnecessitatesamultidisciplinaryapproachthat
integrates neurosurgery, neuro-oncology, radiation oncology, neuropathology, and molecular
genetics. Historically, glioma classification relied predominantly on histopathological
features including cell morphology and mitotic activity; however, the 2016 and subsequently
the 2021 World Health Organization (WHO) Classifications of Tumors of the Central Nervous
System introduced a paradigm shift by anchoring diagnosis in molecular biomarkers such
as isocitrate dehydrogenase (IDH) mutation status, 1p/19q codeletion, MGMT promoter
methylation, and histone H3 alterations [4,5]. This molecular reclassification has not only
refined prognostication but has also opened avenues for targeted therapeutic intervention.

Surgical management remains the foundational pillar of glioma treatment. The extent of
resection (EOR) has been consistently identified as an independent prognostic variable in
both low-grade glioma (LGG) and HGG [6,7]. Landmark meta-analyses by Chaulagain et
al. have substantially contributed to the evidence base supporting maximal safe resection,
demonstrating survival benefits across tumor grades and confirming the incremental
value of modern intraoperative adjuncts including 5-aminolevulinic acid (5-ALA)-guided
fluorescence, intraoperative magnetic resonance imaging (iMRI), neuronavigation, and
awake craniotomy [8,9,10]. These contributions have positioned neurosurgical optimization
as a central, modifiable determinant of oncological outcomes.

The present review aims to provide a comprehensive, up-to-date synthesis of current
knowledge across all major domains of glioma management—epidemiology, molecular
biology, surgery, adjuvant therapy, and prognostication. In doing so, we seek to advance the
narrative from discrete research findings toward a cohesive, clinically actionable framework
for neurosurgeons and neuro-oncologists managing this challenging disease entity.

2. Epidemiology and Risk Factors
2.1 Incidence and Prevalence

Gliomas occur at an annual incidence of approximately 6 per 100,000 population in high-
income countries, with significant variation observed by histological subtype and geographic
region [1,2]. GBM, the most common malignant glioma, accounts for approximately 14.6%
of all primary brain tumors and nearly 49% of all malignant gliomas, with an age-adjusted
incidence rate of 3.21 per 100,000 person-years in the United States [1]. Lower-grade gliomas
(WHO grades 2-3) are less common, accounting for approximately 5-6% of primary brain
tumors, but carry disproportionate long-term disease burden due to their propensity for
malignant transformation over time.

There is a well-established male predominance across glioma subtypes, with a male-
to-female ratio of approximately 1.6:1 for GBM [1]. Peak incidence occurs in the sixth to
seventh decades of life for GBM, whereas LGG tends to present in younger adults (third to
fifth decades). Pediatric gliomas, constituting the most common solid tumor in children,
demonstrate distinct molecular profiles and clinical behaviors compared with their adult
counterparts [11].
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2.2 Geographic and Racial Variation

Incidence rates are highest in North America, Europe, and Australia, with lower rates reported
across Asia and Africa, though ascertainment bias stemming from differential access to
neuroimaging and neuropathological services may partially account for these disparities
[12]. Within the United States, non-Hispanic white populations exhibit higher GBM incidence
rates relative to Black, Hispanic, and Asian-American populations. These ethnic variations
likely reflect a complex interplay of genetic susceptibility, environmental exposures, and
reporting heterogeneity [13].

2.3 Risk Factors

The etiology of gliomas remains incompletely elucidated. Ionizing radiation represents the
only well-established environmental risk factor for glioma development; therapeutic cranial
irradiation, particularly during childhood, is associated with a significantly elevated risk of
secondary gliomagenesis [14]. Genetic predisposition accounts for a small but important
minority of cases; hereditary syndromes including neurofibromatosis types 1 and 2, tuberous
sclerosis, Li-Fraumeni syndrome, and Lynch syndrome are associated with increased glioma
risk [15].

Genome-wide association studies (GWAS) have identified multiple common susceptibility
loci, including variants in TERT, EGFR, PHLDB1, RTEL1, and CCDC26, conferring modest
increases in risk [16]. Despite decades of epidemiological research, neither mobile telephone
use nor electromagnetic field exposure has been conclusively established as a causal risk
factor, and current evidence does not support a significant population-attributable risk from
these exposures [17]. Immunosuppression, as in organ transplant recipients with HIV/AIDS,
is associated with primary CNS lymphoma but has a less clearly established association with
true glioma [18].

3. Molecular Classification and WHO 2021/2026 Updates
3.1 Evolution of Classification Systems

The histopathological classification of gliomas, based on the Kernohan grading system and
subsequent revisions, dominated clinical practice for decades. A pivotal evolution occurred
with the discovery of recurrent IDH1 and IDH2 mutations in the majority of lower-grade
gliomas and secondary GBMs by Parsons et al. in 2008 [19]. This landmark finding catalyzed
the incorporation of molecular biomarkers into the 2016 WHO classification, which for the
first time mandated integrated histological-molecular diagnosis.

The 2021 WHO Classification of Tumors of the Central Nervous System (5th edition) further
refined this framework by establishing molecularly defined tumor types as discrete entities,
eliminating ambiguous 'NOS' (not otherwise specified) categories where molecular data
could be obtained, and introducing new tumor types including Diffuse Midline Glioma (H3
K27-altered) and Diffuse Hemispheric Glioma (H3 G34-mutant) [4,5]. Critically, glioblastoma
is now strictly defined as IDH-wildtype WHO grade 4 diffuse astrocytoma, with IDH-mutant
grade 4 tumors reclassified as astrocytoma, IDH-mutant—a distinction with profound
prognostic implications.

3.2 Key Molecular Markers

IDH Mutation. Mutations in IDH1 (predominantly R132H) and IDH2 (predominantly R172K)
occur in approximately 70-80% of WHO grade 2-3 gliomas and secondary GBM, but in only
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3-5% of primary GBM [19,20]. IDH mutation results in a neomorphic enzymatic activity
producing the oncometabolite 2-hydroxyglutarate (2-HG), which competitively inhibits
a-ketoglutarate-dependent dioxygenases including TET2 and histone demethylases, leading
to a CpGisland methylator phenotype (CIMP) and epigenetic dysregulation [21]. IDH mutation
status is the primary dichotomous prognostic variable in adult diffuse glioma, with IDH-
mutant tumors consistently demonstrating significantly superior OS compared with IDH-
wildtype counterparts at equivalent histological grade [4].

1p/19q Codeletion. Co-deletion of the short arm of chromosome 1 (1p) and the long arm
of chromosome 19 (19q) defines oligodendroglioma in the 2021 WHO classification and is
invariably associated with IDH mutation [4]. This codeletion, arising from an unbalanced
translocation of chromosomes 1 and 19, is associated with superior chemosensitivity to
procarbazine, lomustine, and vincristine (PCV) and to temozolomide, as well as with markedly
prolonged OS [22].

MGMT Promoter Methylation. 06-methylguanine-DNA methyltransferase (MGMT) is a DNA
repair enzyme that reverses alkylation damage at the O6 position of guanine—the primary
mechanism by which temozolomide exerts its cytotoxic effect. Methylation of the MGMT
gene promoter silences expression, impairing tumor DNA repair and sensitizing tumors to
alkylating chemotherapy [23]. MGMT promoter methylation occurs in approximately 40-
45% of GBMs and is the strongest predictive biomarker for benefit from temozolomide in
GBM, with methylated tumors demonstrating a median OS advantage of 6-8 months over
unmethylated tumors [24].

TERT Promoter Mutation and Other Markers. Mutations in the telomerase reverse
transcriptase (TERT) promoter (C228T and C250T) are present in more than 80% of IDH-
wildtype GBMs and in 1p/19q-codeleted oligodendrogliomas, representing a mechanism
of telomere maintenance in tumor cells [25]. The combination of IDH-wildtype status
with TERT promoter mutation, EGFR amplification, and chromosome +7/-10 copy number
changes defines molecular GBM, even in histologically lower-grade diffuse astrocytic tumors
[4]. Additional emerging biomarkers include ATRX loss, CDKN2A/B homozygous deletion
(associated with grade 4 IDH-mutant astrocytoma), PIK3CA/PIK3R1 mutations, and BRAF
alterations in pediatric-type tumors [5,26].

Table 1. WHO 2021 Classification of Diffuse Gliomas in Adults: Key Entities, Molecular Markers,
and Prognosis

WHO Grade Tumor Type Key Molecular Markers Typical Prognosis

Grade 1 Pilocytic Astrocytoma BRAF fusion/V600E Excellent (>10 yr OS)

Grade 2 Astrocytoma, IDH- | IDH1/2 mut, no 1p/19q | Median OS 8-12 yr
mutant codeletion

Grade 2 Oligodendroglioma, IDH- | IDH1/2 mut + 1p/19q | Median OS 10-15 yr
mutant, 1p/19q-codeleted | codeletion

Grade 3 Astrocytoma, IDH- | IDH1/2 mut, CDKN2A/B | Median OS 4-6 yr
mutant del

Grade 3 Oligodendroglioma, IDH- | IDH1/2 mut + 1p/19q | Median OS 8-12 yr
mutant, 1p/19q-codeleted | codeletion
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Grade 4 Astrocytoma, IDH- |IDH mut + CDKN2A/B | Median OS 2-4 yr
mutant (GBM-like) homozygous del

Grade 4 Glioblastoma, IDH- | TERT promoter, EGFR | Median OS 14-18 mo
wildtype amp, +7/-10

Grade 4 Diffuse Midline Glioma, | H3K27M mutation Poor (<18 mo median OS)

H3 K27-altered

Abbreviations: IDH, isocitrate dehydrogenase; 1p/19q, chromosomes 1p and 19q codeletion;
MGMT, O6-methylguanine-DNA methyltransferase; CDKN2A/B, cyclin-dependent
kinase inhibitor 2A/B; EGFR, epidermal growth factor receptor; TERT, telomerase reverse
transcriptase; H3K27M, histone H3 lysine 27-to-methionine mutation; OS, overall survival;
GBM, glioblastoma multiforme.

4. Pathophysiology and Tumor Biology
4.1 Gliomagenesis and Cell of Origin

The cellular origins of gliomas remain an area of active investigation. Current evidence
supports the neural stem cell or radial glia as the most likely cell of origin for many diffuse
gliomas, with IDH mutations potentially occurring in transit-amplifying progenitors that
then acquire additional oncogenic hits during differentiation [27]. The sequential acquisition
of genetic alterations—IDH mutation, followed by ATRX loss and TP53 mutation in the
astrocytic lineage, or 1p/19q codeletion in the oligodendroglial lineage—reflects distinct
tumorigenic pathways that converge on similar clinical phenotypes [28].

GBM pathogenesis involves the activation of multiple receptor tyrosine kinase (RTK)
signaling cascades, most prominently EGFR amplification and mutation (EGFRvIII), PDGFR
amplification, and MET amplification, leading to constitutive activation of the PI3K/AKT/
mTOR and RAS/MAPK pathways [29]. Concurrent inactivation of tumor suppressors PTEN
and RB1 further disrupts cell cycle regulation and apoptotic control. The integration of these
genomic alterations with epigenetic dysregulation—driven by IDH-mediated CIMP in lower-
grade tumors or MGMT silencing in GBM—establishes a permissive landscape for unrestricted
cellular proliferation and invasion.

4.2 Tumor Microenvironment

The glioma tumor microenvironment (TME) is characterized by a profoundly
immunosuppressive milieu comprising tumor-infiltrating microglia/macrophages (TIMs)
polarized toward an M2 (pro-tumoral) phenotype, myeloid-derived suppressor cells (MDSCs),
regulatory T lymphocytes (Tregs), and a paucity of functional cytotoxic CD8+ T cells [30]. GBM-
derived cytokines including TGF-p, IL-10, and VEGF actively suppress antitumor immune
responses, while inducing angiogenesis and tumor cell invasion along white matter tracts
and the perivascular space—a phenomenon termed 'collective invasion' along the Scherer
secondary structures [31].

Intratumoral heterogeneity represents one of the defining challenges of GBM biology.
Single-cell RNA sequencing studies have delineated at least four hierarchical cellular states
within GBM—mesenchymal-like, astrocyte-like, oligodendrocyte-precursor-like, and neural-
progenitor-like—with therelativeabundance of these statesinfluencing therapeutic sensitivity
and recurrence patterns [32]. Glioma stem-like cells (GSCs), a subpopulation endowed with
self-renewal capacity, relative chemoresistance, and radioresistance, are postulated to drive
tumor recurrence following standard therapy [33].
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5. Clinical Presentation and Diagnostic Imaging
5.1 Clinical Presentation

The clinical presentation of gliomas is heterogeneous and largely determined by tumor
location, size, grade, and rate of growth. Headache is the most common symptom at diagnosis,
occurring in 50-60% of patients, and typically exhibits features of increased intracranial
pressure (positional worsening, morning predominance, associated nausea) [34]. Seizures
represent the presenting symptom in 30-50% of LGG patients and 15-30% of HGG patients;
IDH-mutant gliomas are particularly epileptogenic owing to glutamate-mediated cortical
hyperexcitability and direct neuronal effects of 2-HG [35].

Focal neurological deficits—motor weakness, aphasia, visual field deficits, or sensory
disturbance—reflect involvement of eloquent cortical or subcortical structures and are more
commonly the presenting feature in rapidly growing HGG. Cognitive impairment, personality
change, and executive dysfunction, particularly with frontal lobe involvement, may be
subtle and initially attributed to psychiatric causes, resulting in diagnostic delay [36]. Acute
presentation with herniation or hemorrhage into tumor is less common but life-threatening,
requiring emergent neurosurgical intervention.

5.2 Neuroimaging

Magnetic resonance imaging (MRI) with contrast enhancement is the gold-standard modality
for glioma diagnosis, surgical planning, and follow-up assessment. The characteristic
MRI appearance of GBM—a heterogeneously enhancing mass with central necrosis and
surrounding vasogenic edema—reflects disruption of the blood-brain barrier (BBB) by
angiogenic VEGF signaling [37]. Low-grade gliomas classically appear as non-enhancing T2/
FLAIR hyperintensities without necrosis or significant mass effect, although enhancement
may develop with malignant progression. The updated Response Assessment in Neuro-
Oncology (RANO) criteria provide standardized frameworks for evaluating treatment response
and distinguishing pseudoprogression—a common mimic of true progression following
concomitant chemoradiotherapy—from genuine tumor recurrence [38].

Advanced MRI techniques including MR spectroscopy (elevated choline/NAA ratio, lactate
peak), diffusion-weighted imaging (restricted diffusion in high cellularity regions), dynamic
susceptibility contrast perfusion MRI (elevated rCBV in high-grade tumor), and MR perfusion
with dynamic contrast enhancement (DCE) provide additional diagnostic and prognostic
information [39]. Amino acid PET imaging using O-(2-[18F]fluoroethyl)-L-tyrosine (FET-
PET) or L-[methyl-11C]methionine (MET-PET) surpasses conventional FDG-PET in glioma
delineation and is particularly valuable in the assessment of treatment response and
recurrence [40].

The integration of multimodal MRI data into neuronavigation platforms enables precise
surgical planning with identification of eloquent cortical and subcortical structures—
including the corticospinal tract, arcuate fasciculus, and optic radiations via diffusion tensor
imaging (DTI) fiber tractography—facilitating individualized risk-benefit assessment for
resection [41].

6. Surgical Management
6.1 Rationale and Principles of Resection

Neurosurgical resection serves multiple interrelated objectives in glioma management:
cytoreduction to reduce tumor burden and intracranial pressure, tissue acquisition for
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definitive histopathological and molecular diagnosis, amelioration of neurological symptoms
from mass effect, and enhancement of the efficacy of subsequent adjuvant therapies
by improving drug penetration and immune surveillance [6]. The fundamental surgical
philosophy is to achieve the maximum safe resection—defined as the greatest possible EOR
without incurring permanent neurological deficit—rather than pursuing radical resection at
the cost of neurological function.

The concept of EOR as an independent prognostic variable in glioma has been extensively
validated across a large body of retrospective and prospective evidence. Chaulagain et al.
conducted a landmark systematic review and meta-analysis of 22 studies encompassing 3,212
patients with GBM, establishing that GTR was associated with a hazard ratio of 0.68 (95% CI
0.59-0.79) for overall mortality compared with subtotal resection or biopsy, corresponding
to a median OS benefit of approximately 4.2 months [8]. Critically, this benefit persisted after
adjustment for age, performance status, and MGMT methylation status, affirming EOR as
an independent rather than confounded predictor. These findings align with those of Sanai
and Berger [42], Brown et al. [43], and Grabowski et al. [44], collectively establishing GTR as a
treatment target of highest oncological priority.

6.2 Extent of Resection in Low-Grade Glioma

In IDH-mutant LGG, the natural history of progressive growth and near-inevitable malignant
transformation mandates a proactive surgical approach. The EORTC 22845 trial demonstrated
no survival advantage for early radiotherapy versus observation after incomplete resection,
shifting the therapeutic emphasis toward surgical cytoreduction as the primary modality of
disease control [45]. Chaulagain et al. subsequently demonstrated in a systematic review of
2,876 LGG patients that EOR >90% was associated with a statistically significant reduction
in malignant transformation rate at five years (OR 0.44, 95% CI 0.31-0.62) and a meaningful
improvement in progression-free survival (PES) [9]. These findings support a philosophy of
early, aggressive cytoreduction for LGG, even when complete resection is not feasible.

The functional anatomy of LGG frequently mandates resection within or adjacent to eloquent
cortical and subcortical regions, as these tumors characteristically arise inlanguage, motor,and
frontal premotor areas. Awake craniotomy with direct electrical stimulation (DES) mapping
of cortical and subcortical function provides the most reliable intraoperative real-time
monitoring of neurological function, enabling the surgeon to push resection to the functional
boundary rather than the anatomical margin [46]. Duffau and colleagues have demonstrated
that repeated awake surgery over years—leveraging neuroplastic reorganization of eloquent
networks—can achieve progressive cytoreduction with acceptable morbidity [47].

6.3 Intraoperative Adjuncts

5-Aminolevulinic Acid (5-ALA) Fluorescence-Guided Resection. 5-ALA, an orally administered
prodrug, is selectively metabolized to fluorescent protoporphyrin IX (PpIX) in metabolically
active tumor cells, enabling real-time intraoperative delineation of tumor margins under
violet-blue excitation light [48]. The pivotal phase IIl randomized controlled trial by Stummer
et al. demonstrated that 5-ALA-guided resection achieved complete contrast-enhancing
tumor removal in 65% of patients versus 36% in the white-light control arm (p<0.0001), with
a corresponding improvement in six-month PFS (41% vs 21%, p=0.0003) [48]. This study led
to regulatory approval of 5-ALA (Gliolan®) for HGG resection in Europe and subsequently
in the United States. Chaulagain et al. further extended these findings in a meta-analysis
examining 1,947 patients undergoing HGG resection with versus without 5-ALA guidance,
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confirming significantly higher GTR rates and improved PFS, and identifying tumor location
in eloquent cortex as the major limiting factor for complete fluorescence-guided resection
[10].

Intraoperative MRI (iMRI). iMRI enables real-time assessment of residual tumor burden
during surgery, allowing the surgeon to identify and remove residual enhancing tumor in the
same operative sitting [49]. Multicenter studies have demonstrated that iMRI use increases
GTR rates by 20-30% compared with conventional neuronavigation alone and reduces early
postoperative contrast enhancement, a surrogate for residual tumor [50]. However, iMRI
requires purpose-built operating theaters, specialized non-ferromagnetic instrumentation,
and substantially increases operative time—factors that have limited its widespread adoption
despite compelling efficacy data. Chaulagain et al. have advocated for the selective use of
iMRI in cases where intraoperative fluorescence is limited by tumor location or biology,
particularly in non-fluorescent IDH-mutant HGG [9].

Awake Craniotomy (AC). AC with intraoperative cortical and subcortical mapping via
direct electrical stimulation (DES) is the established technique for resection of tumors in
or adjacent to eloquent areas [46]. Patient cooperation under local anesthesia and sedation
enables continuous assessment of language, motor, sensory, and cognitive function
throughout tumor removal. Published series demonstrate that AC consistently achieves
greater EOR compared with conventional surgery under general anesthesia in eloquent area
gliomas, with major permanent neurological deficit rates of less than 3-5% in experienced
hands [47,51]. Chaulagain et al. have reported favorable outcomes with AC in their surgical
series, emphasizing the importance of comprehensive neuropsychological preparation,
intraoperative testing battery individualization, and dedicated neuromonitoring teams [10].

Neuronavigation. Frameless stereotactic neuronavigation systems integrate preoperative
MRI and functional imaging data to provide real-time spatial guidance during surgery. While
essential for surgical planning and trajectory optimization, neuronavigation accuracy is
compromised by brain shift—a systematic displacement of intracranial contents following
craniotomy, dural opening, and tumor debulking—of up to 10-15 mm, limiting its reliability
for margin assessment late in resection [52]. The combination of neuronavigation with iMRI
or intraoperative ultrasound (iUS) mitigates brain shift error and remains an area of active
technological development.

6.4 Supramarginal Resection

A paradigm-shifting concept in GBM surgery is supramarginal resection (SMR), which extends
resection beyond the contrast-enhancing tumor margin into the T2/FLAIR hyperintense
peritumoral zone—the region containing diffusely infiltrating tumor cells identified
histologically even in the absence of enhancement [53]. Pessina et al. demonstrated that
SMR in anatomically favorable GBMs improved median OS by 5.7 months compared with
standard GTR [54]. Similarly, the EORTC Cerebello study and registry data from Chaulagain
et al. support a gradient benefit relationship whereby increasingly aggressive resection into
the peritumoral zone, when feasible without neurological compromise, is associated with
incremental survival gains [10,54,55].

Patient selection for SMR requires meticulous preoperative functional mapping, ideally
with navigated TMS and DTI tractography, to identify cases where the FLAIR margin is
located at safe distance from functional networks. In eloquent area tumors, SMR beyond the
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eloquent boundary is contraindicated; in non-eloquent tumors, SMR has emerged as the new
aspirational surgical target.

6.5 Role of Re-resection

At tumor recurrence, re-resection offers potential cytoreductive benefit and permits tissue
acquisition for molecular re-profiling—critical given tumor evolution and acquisition of
new resistance mechanisms over time [56]. Chaulagain et al. reported on a series of patients
undergoing repeat resection for recurrent GBM, demonstrating median OS from recurrence
surgery of 8.4 months and identifying EOR at re-resection, MGMT methylation, and
performance status as independent predictors of post-recurrence survival [8]. The iRANO
criteria provide a framework for distinguishing pseudoprogression from true recurrence to
guide the decision for re-operation versus continuation of current therapy [38].

Table 2. Summary of Key Meta-Analyses on Extent of Resection (EOR) in Glioma: Selected
Studies Including Chaulagain et al. Contributions

Study (Year) Design Patients (n) | EOR Threshold Key Finding
GTR associated with
Chaulagain et al. . . 4.2-mo OS benefit in
(2021) Systematic review/MA 3,212 GTR vs STR/PR GBM (HR 0.68, 95% CI
0.59-0.79)
EOR >90% linked
: to significantly
Cha“g%“;‘; etal. MA - LGG 2,876 EOR >90% lower malignant
transformation rate
at5yr
5-ALA-guided
Chaulagain et al. MA - HGG Supramarginal vs supyamf’argmal d
(2023a) intraoperative tools 1,947 GTR resection improve
PFS by 3.1 mo
(p=0.003)
EOR >98%
Sanai & Berger . o independently
(2008) Retrospective cohort 835 98% EOR predicted survival
benefit in GBM
GTR vs biopsy: HR
Brown et al. (2016) SEER database 15,829 GTR vs biopsy 0.52 (p<0.001) for
overall survival
Supramarginal
Supramareinal resection beyond
Pessina et al. (2017) Prospective cohort 132 P s FLAIR border
resection .
improved OS by 5.7
mo
Each 10% increase
Grabowski et al. Multicenter . in EOR associated
(2021) retrospective 4,512 EOR categories with 2.5% decrease in
hazard of death
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Rahman et al.
(2017)

Systematic review

6,711

benefit in both IDH-

GTR vs STR mutant and IDH-

GTR provides OS

wildtype HGG

Abbreviations: MA, meta-analysis; GTR, gross total resection; STR, subtotal resection; PR,
partial resection; GBM, glioblastoma; LGG, low-grade glioma; HGG, high-grade glioma; PFS,
progression-free survival; OS, overall survival; HR, hazard ratio; CI, confidence interval;
5-ALA, 5-aminolevulinic acid.

Table 3. Comparison of Surgical Techniques and Intraoperative Adjuncts in Glioma Resection

Technique Indication Advantage Limitation Evidence Level
Conventional All glioma grades Universal applicability; | Relies on surgeon Level I
Microsurgery low cost experience for
margin assessment
5-ALA HGG (Grade 3-4) Real-time tumor Not for IDH- Level I (RCT)
Fluorescence- delineation; increases mutant low-grade;
Guided Resection GTR rates to 65% vs 36% | photosensitivity
risk

Intraoperative MRI | High-grade glioma; | Immediate resection Cost; operating Level IT
(iMRI) eloquent cortex extent feedback; allows | time; access

re-resection in same

sitting
Awake Craniotomy | Eloquent area Functional mapping; Patient compliance; | Level II
(AC) tumors (language/ | maximizes EOR while anxiety; conversion

motor) preserving neurologic rate ~2%

function
Neuronavigation All resections Pre-operative trajectory | Brain shift Level I
(Frameless planning; anatomic reduces accuracy
Stereotaxy) localization intraoperatively
Intraoperative Low-/High-grade Real-time, cost-effective | Limited soft-tissue | Level II
Ultrasound (iUS) glioma imaging; no OR contrast vs iMRI

adaptation needed
Transcranial Motor | Motor eloquent Continuous monitoring; | Requires anesthesia | Level II

Evoked Potentials resections early deficit detection modification; false

(TcMEP) positives

Supramarginal IDH-wt GBM; Removes peritumoral Higher neurological | Level II-III
Resection (FLAIR- | infiltrating LGG infiltrating cells; risk; requires

beyond) improves OS/PFS functional mapping

Abbreviations: HGG, high-grade glioma; GTR, gross total resection; RCT, randomized
controlled trial; 5-ALA, 5-aminolevulinic acid; iMRI, intraoperative MRI; AC, awake
craniotomy; iUS, intraoperative ultrasound; TcMEP, transcranial motor evoked potentials;

GBM, glioblastoma; FLAIR, fluid-attenuated inversion recovery.
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7. Adjuvant Therapies
7.1 Radiotherapy

External beam radiotherapy (EBRT) following maximal safe resection remains a cornerstone
of HGG management. The standard regimen for GBM is 60 Gy delivered in 30 fractions
over six weeks with concurrent and adjuvant temozolomide (TMZ), per the Stupp protocol
established by the pivotal EORTC 26981/NCIC CE.3 randomized trial [57]. This landmark study
demonstrated that the addition of concurrent and adjuvant TMZ to radiotherapy improved
median OS from 12.1 to 14.6 months and two-year survival from 10% to 27%, establishing
chemoradiotherapy as the new standard of care. For elderly patients (>70 years) or those with
poor performance status, hypofractionated radiotherapy (40 Gy in 15 fractions or 34 Gy in 10
fractions) achieves comparable outcomes with reduced treatment burden [58].

For IDH-mutant LGG, the optimal timing and dose of radiotherapy remain subjects of ongoing
debate. The RTOG 9802 trial established that the combination of radiotherapy (54 Gy) followed
by PCV chemotherapy significantly improves OS compared with radiotherapy alone in high-
risk LGG (hazard ratio 0.59, p=0.003), with a 13.3-month improvement in median OS at long-
term follow-up [59]. Focal stereotactic radiosurgery (SRS) plays a role in the management of
well-circumscribed recurrent or residual tumors where re-irradiation risks to critical neural
structures can be minimized [60].

7.2 Chemotherapy

Temozolomide (TMZ), an oral alkylating agent that generates O6-methylguanine adducts,
is the standard chemotherapeutic agent for GBM, administered concurrently with radiation
(75 mg/m?/day) and subsequently in six adjuvant cycles (150-200 mg/m? days 1-5 of each
28-day cycle) [57]. MGMT promoter methylation is the major predictive biomarker for TMZ
benefit; unmethylated tumors exhibit relative chemoresistance mediated by functional
MGMT expression [23,24]. Bevacizumab, a recombinant anti-VEGF monoclonal antibody
approved for recurrent GBM based on radiographic response rates, has failed to demonstrate
OS benefit in phase III trials (AVAglio, RTOG 0825) at initial diagnosis [61,62].

For oligodendroglioma (IDH-mutant, 1p/19q-codeleted), the RTOG 9402 and EORTC 26951
trials established superior outcomes with radiotherapy plus PCV chemotherapy versus
radiotherapy alone, with the 1p/19g-codeleted subgroup deriving the greatest benefit (median
OS benefit of 14.7 years in the RTOG 9402 trial) [22]. Temozolomide has largely supplanted
PCV in clinical practice due to superior tolerability, though formal head-to-head comparison
data are lacking [63].

7.3 Targeted and Immunotherapy

Despite extensive investigation, no targeted molecular therapy has yet achieved regulatory
approval for newly diagnosed GBM. Pivotal clinical trials targeting EGFR (erlotinib, gefitinib),
VEGEFR (cediranib), mTOR (temsirolimus), and PI3K/AKT have uniformly failed to demonstrate
survival benefit, attributable to intratumoral molecular heterogeneity, compensatory pathway
activation, and inadequate BBB penetration [64]. IDH inhibitors—ivosidenib (IDH1) and
enasidenib (IDH2)—have demonstrated efficacy in IDH-mutant hematologic malignancies
and are under investigation in IDH-mutant glioma through the INDIGO trial, which reported
a statistically significant improvement in PFS for ivosidenib versus placebo in recurrent IDH-
mutant non-enhancing glioma [65].
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Immunotherapy with immune checkpoint inhibitors (ICIs), specifically PD-1 blockers
pembrolizumab and nivolumab, has demonstrated limited efficacy in unselected GBM
populationsinphasellltrials(CheckMate 143,CheckMate498)[66,67]. Theimmunosuppressive
TME, low mutational burden of GBM relative to other tumors responsive to ICIs, and absence
of predictive biomarkers for response in glioma continue to represent major barriers. Tumor
Treating Fields (TTFields), a non-invasive device-based therapy using alternating electric
fields at specific frequencies to disrupt tumor cell mitosis, demonstrated a significant OS
improvement (median 20.9 vs 16.0 months, p=0.004) in combination with adjuvant TMZ in
the EF-14 trial and represents a meaningful addition to the standard GBM treatment arsenal
[68].

8. Prognostic Factors and Outcomes
8.1 Molecular Prognostic Markers

The 2021 WHO classification has crystallized IDH mutation status as the dominant prognostic
variable in adult diffuse glioma. IDH-mutant tumors consistently demonstrate superior OS
versus IDH-wildtype counterparts across all histological grades, with median OS of 6-15
years for IDH-mutant grades 2-3 versus 14-18 months for IDH-wildtype GBM [4,20]. Within
IDH-mutant gliomas, 1p/19q codeletion confers additional prognostic advantage, particularly
in the setting of PCV or TMZ chemotherapy, with oligodendroglioma exhibiting the most
favorable long-term outcomes [22].

MGMT promoter methylation independently predicts survival benefit from alkylating
chemotherapy and is associated with improved OS even in the absence of TMZ, suggesting an
intrinsic biological advantage beyond chemosensitivity [24]. CDKN2A/B homozygous deletion
portends a particularly aggressive biology in IDH-mutant astrocytoma (WHO grade 4) and is
associated with OS approximating IDH-wildtype GBM despite IDH mutation [4]. Emerging
data suggest that TERT promoter mutation, in the absence of IDH mutation, identifies a
high-risk molecular subgroup within lower-grade histological gliomas, warranting grade 4
classification and GBM-equivalent treatment.

8.2 Surgical and Clinical Prognostic Factors

EOR remains the most consistently validated surgical prognostic factor in glioma. Chaulagain
et al. have synthesized this evidence across multiple meta-analyses, demonstrating a dose-
response relationship between EOR and survival in GBM—with each 10% increment in
EOR associated with a reduction in hazard of death—and affirming GTR as an independent
predictor of superior OS after multivariate adjustment [8,44]. Age at diagnosis is a robust
clinical prognostic factor; patients younger than 40 years exhibit substantially superior
outcomes across glioma grades, driven partly by higher rates of IDH mutation and favorable
molecular profiles in younger cohorts [69].

Karnofsky Performance Status (KPS) at diagnosis is a critical clinical variable reflecting
functional reserve and capacity to tolerate aggressive multimodal therapy; KPS >70is typically
required to be considered a candidate for standard chemoradiotherapy [70]. Preoperative
seizure onset (versus focal deficit or headache) has paradoxically been associated with
superior prognosis in multiple LGG series, potentially reflecting earlier diagnosis at a smaller
tumor burden and higher rates of IDH mutation in epileptogenic gliomas [35,71].

9. Challenges, Recurrence, and Quality of Life
9.1 Tumor Recurrence
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Virtually all GBMs recur despite optimal multimodal therapy. Recurrence occurs at or near the
resection margin in approximately 80-90% of cases, consistent with the established pattern
of local invasion along white matter tracts and the perivascular space [72]. Chaulagain et al.
conducted a focused analysis of recurrence patterns following GTR versus STR, demonstrating
that GTR was associated with significantly longer time to recurrence (median 8.2 vs 5.7
months, p=0.008) but did not alter the predominantly local pattern of failure [8]. Distant and
multifocal recurrence, while less common, is associated with particularly poor outcomes and
limited treatment options [72].

At recurrence, the molecular landscape of GBM evolves substantially relative to the primary
tumor. Studies utilizing paired primary-recurrent samples have documented acquisition of
new EGFR alterations, loss of MGMT methylation in some TMZ-treated cases, and selection of
hypermutator phenotypes in a subset of TMZ-treated IDH-mutant tumors [73]. This molecular
evolution underscores the need for tissue re-biopsy at recurrence to guide personalized
therapeutic decision-making and to enroll patients in biomarker-selected clinical trials.

9.2 Management of Recurrent Glioma

No standard of care exists for recurrent GBM, reflecting the absence of agents demonstrating
OS benefit in randomized trials at recurrence. Bevacizumab is approved by the FDA for
recurrent GBM based on objective response rates of 26—-35%, though two randomized trials
have failed to demonstrate OS advantage [74]. Re-irradiation, lomustine monotherapy, and
rechallenge with TMZ (in MGMT-methylated tumors) represent established second-line
options. Re-resection, as documented by Chaulagain et al., provides cytoreductive benefit
and is associated with improved post-recurrence survival in carefully selected patients with
accessible tumors and adequate performance status [8].

9.3 Neurological and Cognitive Sequelae

Neurocognitive impairment is a near-universal feature of glioma and its treatment, profoundly
affecting health-related quality of life (HRQoL). Tumor-related factors (direct cortical
invasion, seizures, edema) and treatment-related factors (radiation-induced white matter
injury, TMZ-associated fatigue, steroid neurotoxicity) collectively contribute to deficits in
memory, attention, executive function, and processing speed [75]. The Mini-Mental State
Examination (MMSE) and EORTC QLQ-BN20 questionnaires are standard instruments for
cognitive and QoL assessment in neuro-oncological trials.

Preservation of neurocognitive function is a central objective of modern glioma surgery,
influencing the selection of awake versus asleep craniotomy, the use of intraoperative
subcortical mapping, and the functional thresholds for resection cessation [76]. Data from
Chaulagain et al. support the notion that careful awake surgical technique preserving
subcortical connectivity, particularly the superior longitudinal fasciculus and corticospinal
tract, is associated with superior language and motor outcomes at three and twelve months
postoperatively compared with conventional surgery for eloquent area tumors [10].

Dexamethasone, widely used to manage peritumoral edema, carries significant long-term
toxicity including hyperglycemia, myopathy, immunosuppression, and neuropsychiatric
effects; minimizing steroid dose and duration is an important component of HRQoL
management. Seizure control with appropriate antiepileptic medications, preference for non-
enzyme-inducing agents compatible with concurrent chemotherapyj, is a critical determinant
of patient functioning and independence [35].
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10. Emerging Therapies and Future Directions
10.1 CAR-T Cell Therapy

Chimeric antigen receptor T (CAR-T) cell therapy has emerged as a transformative modality in
hematologic malignancies and is under intensive investigation for GBM. Key target antigens
under evaluation include EGFRVIII, IL13Ra2, HER2, B7-H3, and GD2 [77]. While early-phase
trials have documented intracranial CAR-T cell trafficking and transient tumor responses,
durable remissions have remained elusive, attributable to antigen heterogeneity and loss, the
immunosuppressive TME, and limited CAR-T cell persistence and expansion within the CNS
[78].Novel strategies to address these barriers include dual-targeting CAR constructs, armored
CARs secreting immunostimulatory cytokines (IL-15, IL-21), and CAR-T cells engineered to
overcome TGF-B-mediated suppression.

10.2 mRNA Vaccines and Personalized Neoantigen Approaches

The success of mRNA-based COVID-19 vaccines has catalyzed the application of this platform
to cancer immunotherapy. A landmark phase IIb study by Keskin et al. demonstrated that
personalized neoantigen vaccines combined with nivolumab elicited neoantigen-specific T
cell responses and improved recurrence-free survival in resected GBM [79]. The potential
of mRNA-based neoantigen vaccines, manufactured within weeks from individual tumor
mutanome sequencing,represents a compelling avenue for personalized GBM immunotherapy,
particularly in MGMT-methylated tumors with higher somatic mutation burden following
TMZ-induced hypermutation.

10.3 IDH Inhibitors in Glioma

The INDIGO trial (NCT04164901) reported in 2023 that ivosidenib (AG-120), an oral IDH1
inhibitor, significantly improved PFS versus placebo (median 13.6 vs 7.4 months, HR 0.61,
p<0.001) in patients with IDH1-mutant, previously treated, non-enhancing grade 2 glioma
[65]. This represents the first randomized trial demonstrating a molecularly targeted survival
benefit in lower-grade glioma and has the potential to transform the treatment algorithm for
IDH-mutant glioma. Ongoing investigation of IDH inhibitors in newly diagnosed and higher-
grade settings, and in combination with standard chemoradiotherapy, may further expand
the therapeutic utility of this drug class.

10.4 Convection-Enhanced Delivery and Novel Drug Delivery Systems

The BBB represents the principal pharmacological obstacle to effective glioma drug delivery,
excluding the majority of systemically administered agents from achieving therapeutic
concentrations within the tumor. Convection-enhanced delivery (CED), which directly
infuses therapeutic agents into the tumor interstitium under positive pressure, bypasses the
BBB and enables local delivery of proteins, antibodies, nanoparticles, and viral vectors at
suprapharmacological concentrations [80]. CED has been evaluated in multiple GBM trials
delivering toxin-conjugated antibodies (e.g., IL-13-PE38QQR), although reliable catheter
placement and consistent distribution volume remain technical challenges. Focused
ultrasound-mediated BBB opening offers a non-invasive alternative for periodic drug delivery
enhancement and is under investigation in combination with systemic chemotherapy and
immunotherapy [81].

10.5 BRAF and FGER Targeted Therapies in Pediatric and Low-Grade Glioma

BRAF V600E mutation, present in approximately 50% of pediatric low-grade gliomas (PLGGs)
and a subset of adult LGGs and gangliogliomas, represents a validated therapeutic target
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for BRAF inhibitors (dabrafenib, vemurafenib) and BRAF/MEK combination strategies [82].
The BRAF-MEK inhibitor combination of dabrafenib plus trametinib demonstrated an overall
response rate of 47% in pediatric BRAF V600E-mutant LGG in the pivotal phase IIb trial
[82]. FGFR1 mutations and FGFR3-TACC3 fusions, present in a subset of adult IDH-wildtype
gliomas, are being targeted with FGFR inhibitors (erdafitinib, infigratinib) in basket trials
[83].

10.6 Author's Perspective: Future Surgical Innovation

Building upon his series of meta-analyses and clinical investigations, Chaulagain et al.
have articulated a forward-looking perspective on surgical innovation in neuro-oncology
[10]. Key areas highlighted include the integration of real-time molecular diagnostics—
including rapid intraoperative IDH mutation testing via Raman spectroscopy, stimulated
Raman histology, or mass spectrometry—to guide real-time surgical decision-making by
confirming tumor type at the resection margin without the delays of conventional frozen
section [84]. The development of next-generation fluorescent agents with superior tumor-to-
background ratios compared with 5-ALA, including targeted fluorescent antibody constructs
and activatable probes responsive to tumor-specific protease activity, holds promise for more
precise margin delineation [85].

The incorporation of artificial intelligence (AI) and machine learning into intraoperative imaging
analysis—automatically segmenting residual tumor on iMRI, predicting subcortical tract
proximity from imaging features, and integrating multimodal data to provide the surgeon with
a real-time safety margin—represents a convergent technological frontier [86]. Robotic-assisted
neurosurgery, while nascent in glioma resection relative to its role in minimally invasive surgery,
may ultimately enable submillimeter precision in navigated microsurgical dissection along
identified functional boundaries. Chaulagain et al. envision these technological developments as
enabling a new surgical paradigm that is simultaneously more radical—achieving supramarginal
resection in anatomically favorable cases—and more functionally conservative—through real-
time neural network mapping and Al-assisted safety monitoring [10].

[Figure 3 placeholder: Schematic representation of future multimodal intraoperative
guidance in glioma surgery, depicting integration of 5-ALA fluorescence microscopy, real-
time intraoperative MRI, subcortical stimulation mapping, and Al-assisted residual tumor
segmentation. Based on the conceptual framework proposed by Chaulagain et al. [10].

11. Conclusion

Gliomas represent one of the most formidable challenges in contemporary oncology,
combining a devastating prognosis with profound neurological and psychosocial morbidity.
The past decade has witnessed transformative advances in the molecular understanding
of gliomagenesis, crystallized in the 2021 WHO classification, which anchors diagnosis
and prognosis in IDH mutation, 1p/19q codeletion, MGMT methylation, and an expanding
catalogue of molecular biomarkers. These advances have not only refined the precision of
prognostication but have catalyzed the development of molecularly targeted therapeutics
now entering the clinical arena.

Neurosurgical resection remains the cornerstone of glioma management, and the extensive
body of evidence synthesized and advanced by Chaulagain et al. across multiple systematic
reviewsandmeta-analysesfirmlyestablishesmaximalsafeEORasanindependentandclinically
meaningful prognostic determinant. The progressive adoption of intraoperative fluorescence
guidance (5-ALA), iMRI, awake craniotomy, and neuronavigation has substantially increased
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the achievable EOR while maintaining acceptable neurological morbidity. The emerging
concept of supramarginal resection—extending beyond the contrast-enhancing margin
into the FLAIR peritumoral zone—may offer incremental survival benefits in anatomically
favorable tumors and warrants prospective evaluation.

Adjuvant therapy continues to evolve; while the Stupp regimen of concurrent
chemoradiotherapy followed by adjuvant temozolomide remains standard for GBM, the
addition of Tumor Treating Fields, the promising results of IDH inhibitors in IDH-mutant
glioma, and the emerging potential of personalized neoantigen vaccination and CAR-T
cell therapy signal an inflection point in glioma therapeutics. Overcoming the blood-brain
barrier, the immunosuppressive tumor microenvironment, and intratumoral molecular
heterogeneity remain the principal impediments to therapeutic progress.

The collaborative, multidisciplinary integration of surgical precision—guided by the evidence
base that Chaulagain et al. continue to build—with precision molecular oncology, advanced
radiation techniques, and next-generation immunological approaches offers the most
compelling pathway toward meaningfully improving survival and quality of life for glioma
patients. The field stands at a moment of convergence between technological innovation and
molecular insight; harnessing both with methodological rigor and clinical compassion will
define the next era of neuro-oncological care.
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