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ABSTRACT

Purpose: For more than 20 years, the goal of glioma surgery has been to remove as much tumor as possible without compromising
patient safety. Many retrospective studies support that greater extent of resection is often associated with longer survival. However,
three recent developments have challenged this traditional approach. First, the 2021 World Health Organization classification
introduced a molecular approach to glioma diagnosis, which made tumor biology an additional consideration, alongside imaging,
in setting surgical targets. Second, the IDH-targeted therapies, particularly vorasidenib for IDH-mutant low-grade gliomas, have
made residual disease a clinically meaningful variable rather than a surgical failure. Third, early phase locoregional chimeric
antigen receptor (CAR) T-cell trials have suggested that the resection cavity may be an important site for treatment delivery. These
developments raise a question: should the goal of glioma surgery remain the same when targeted and locoregional therapies are
available? In this review, we examine the evidence for extent of resection and discuss how newer therapies may affect surgical
decision-making.

Methods: A structured literature search of PubMed, Scopus, and Web of Science (inception to May 2026) was conducted, and
evidence quality was graded narratively.

Findings: We argue that these therapies do not replace maximal safe resection but reshape its application in clinical practice.
Surgical planning may increasingly need to consider tissue sampling and access for future therapies alongside tumor removal. We
also highlight five key controversies and outline five priorities for future research.

Conclusion: Based on the available evidence, we propose an oncofunctional-immunotherapeutic framework in which molecular
subtype is considered before surgery, the resection cavity is seen as a potential therapeutic site, and preservation of neurological
function remains essential for enabling further treatment. These elements are not yet integrated into a single clinical framework.

Abbreviations: 5-ALA, 5-aminolevulinic acid; ATRX, alpha thalassemia/mental retardation syndrome X-linked; BBB, blood-brain barrier; CAR-T, chimeric antigen
receptor T-cell; CDKN2A/B, cyclin-dependent kinase inhibitor 2A/B; CE, contrast-enhancing; CNS, central nervous system; CSF, cerebrospinal fluid; DES, direct
electrostimulation; EGFR, epidermal growth factor receptor; EGFRVIII, EGFR variant III; EOR, extent of resection; FISH, fluorescence in situ hybridization; GBM,
glioblastoma multiforme; GTR, gross total resection; ICANS, immune effector cell-associated neurotoxicity syndrome; IDH, isocitrate dehydrogenase; IL-13Ra2,
interleukin-13 receptor alpha 2; LGG, low-grade glioma; MDSC, myeloid-derived suppressor cell; MEP, motor evoked potential; MGMT, O6-methylguanine-DNA
methyltransferase; MRI, magnetic resonance imaging; nCE, non-contrast-enhancing; NGS, next-generation sequencing; NSC, neural stem cell; OS, overall survival; PFS,
progression-free survival; STR, subtotal resection; TAM, tumor-associated macrophage; TIAN, tumor inflammation-associated neurotoxicity; TIL, tumor-infiltrating
lymphocyte; TME, tumor microenvironment; TMZ, temozolomide; Treg, regulatory T cell; WHO, World Health Organization.
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1 | Introduction

Gliomas account for approximately 80% of malignant brain
tumors and represent a biologically heterogeneous group of
diseases (P6hlmann et al. 2024). Glioblastoma accounts for nearly
58% of glioma cases and carries poor survival outcomes (Zhao
et al. 2025). Grade 2 IDH-mutant gliomas, the population in
which vorasidenib has been tested, often follow a slower but
progressive course (Mellinghoff et al. 2023), although IDH-
mutant gliomas span CNS WHO grades 2 to 4, and grade 4
astrocytomas behave more aggressively.* Health-related quality of
life remains a major treatment priority for many patients, making
functional preservation an important goal of surgery (P6hlmann
et al. 2024).

For decades, glioma surgery was guided mainly by anatomical
and histological findings. Surgery was consistently associated
with improved survival, and gross total resection showed better
outcomes than limited resection in large retrospective analyses
(Zhao et al. 2025). Operative success was largely measured by
postoperative residual tumor volume on MRI.

The 2021 WHO classification reorganized adult diffuse gliomas
into molecularly defined entities and established integrated
molecular diagnosis as standard practice (Louis et al. 2021).
Under this system, IDH-mutant astrocytoma is typically defined
by ATRX loss and TP53 mutation, oligodendroglioma by 1p/19q
codeletion with TERT promoter mutation, and IDH-wildtype
glioblastoma by features such as TERT promoter mutation, EGFR
amplification, or +7/-10.* H3 G34-mutant tumors are classified
as pediatric-type diffuse hemispheric gliomas and fall outside
this adult-focused review.* IDH mutation, MGMT promoter
methylation, and CDKN2A/B homozygous deletion now influ-
ence prognosis and treatment planning (Louis et al. 2021; Juratli
et al. 2023). Temozolomide-based chemoradiotherapy remains
the therapeutic backbone for glioblastoma management (Stupp
et al. 2005). The INDIGO trial later demonstrated that vorasi-
denib prolonged progression-free survival in grade 2 IDH-mutant
glioma and introduced new considerations regarding timing of
surgery and management of residual disease (Mellinghoff et al.
2023). Early-phase trials of locoregional chimeric antigen recep-
tor T-cell therapy have also increased the importance of operative
access, catheter placement, and tissue acquisition in glioblastoma
management (Brown et al. 2024; Geurts and Preusser 2024; Choi
et al. 2024).

This narrative review examines how three developments,
molecular classification, IDH-directed therapy and locoregional
immunotherapy, have unsettled long-standing surgical
assumptions in glioma and where they pull operative decisions
in opposing directions: between maximal cytoreduction and
the preservation of measurable disease for drug monitoring and
between surgery as tumor removal and surgery as a delivery plat-
form for immunotherapy. This raises a central question: should
the goals of glioma surgery remain unchanged when targeted
and locoregional therapies become available? Synthesizing this
evidence, we propose an oncofunctional-immunotherapeutic
framework in which molecular subtype is treated as a preop-
erative planning variable, the resection cavity as a therapeutic
instrument, and functional preservation as a prerequisite for
downstream therapy rather than a secondary goal.

2 | Methodology

2.1 | Review Design and Reporting Framework
This article is a narrative review with a structured and transparent
literature search. It aims to critically synthesize evidence on how
molecular classification, IDH-directed therapy, and locoregional
immunotherapy influence surgical decision-making in glioma. A
systematic review or meta-analysis was not undertaken because
the available evidence is heterogeneous in design, population,
and outcome measures, and the aim was conceptual synthesis
rather than pooled effect estimation. As a narrative review, it was
not prospectively registered, since registration platforms such as
PROSPERO do not accept narrative reviews.

2.2 | Literature Search

PubMed/MEDLINE, Scopus, and Web of Science were searched
from database inception to May 2026. No lower date limit was
applied so that landmark extent-of-resection studies could be
captured. ClinicalTrials.gov was searched to identify early-phase
locoregional CAR-T trials. Search terms combined controlled
vocabulary and free text across four domains using Boolean
operators:

* Disease: glioma, glioblastoma, IDH-mutant glioma, and low-
grade glioma

* Surgery: extent of resection, gross total resection, suprato-
tal resection, maximal safe resection, intraoperative MRI,
5-aminolevulinic acid, and awake craniotomy

* Molecular and targeted therapy: WHO 2021 classification,
IDH mutation, vorasidenib, MGMT, and CDKN2A/B

* Immunotherapy: CAR-T, locoregional delivery, intraventricu-
lar, resection cavity, and tumor microenvironment

An example PubMed string was (glioma OR glioblastoma) AND
(“extent of resection” OR “supratotal resection” OR “maximal safe
resection”) AND (IDH OR vorasidenib OR “CAR-T” OR “resection
cavity”). Reference lists of key articles and relevant guidelines
(WHO 2021, EANO, NCCN, SNO) were hand-searched to identify
additional sources.

2.3 | Eligibility Criteria

Eligible sources were English-language, peer-reviewed publi-
cations on adult diffuse glioma, including randomized trials,
prospective and retrospective cohort studies, phase 1-3 clin-
ical trials, systematic reviews, meta-analyses, narrative and
consensus reviews, clinical practice guidelines, and classifi-
cation documents. Selected preclinical or translational stud-
ies were also included where they informed the mechanistic
rationale for locoregional therapy. Topics covered were extent
of resection, molecular classification, targeted therapy, locore-
gional immunotherapy, intraoperative technologies, functional
outcomes, and disease burden. Preference was given to the
highest-level and most recent evidence. Case reports, conference
abstracts, preprints, non-peer-reviewed gray literature as sources
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of evidence, non-English publications, and studies limited to
pediatric gliomas were excluded. Editorials and commentaries
were not used as primary evidence and were cited only to
provide expert interpretation alongside the primary studies they
discuss. Sources on non-glioma tumors or general neurosurgi-
cal topics were included only where they directly informed a
glioma-specific surgical question.

2.4 | Study Selection and Data Extraction

Titles and abstracts were screened for relevance by the lead
author, followed by full-text assessment of potentially eligible
articles. Uncertain cases were discussed with the senior author
before a final decision was made. For each included source, the
following were extracted: study design, sample size, glioma grade
and molecular subtype, extent-of-resection target or intervention,
key outcome, and main limitation. Key studies are summarized
in Tables 1, 3, and 5. Because this is a narrative review, screening
was not performed in duplicate, no PRISMA flow diagram was
produced and no quantitative pooling was performed.

2.5 | Evidence Appraisal

Formal risk-of-bias tools were not applied, as is usual for narrative
reviews. Instead, each key source was assigned a pragmatic
evidence class according to design (Class I, randomized trial;
Class II, prospective cohort study; Class III, retrospective study or
meta-analysis of observational data; Class IV, small uncontrolled
case series) and a certainty rating (high, moderate, or low),
informed by GRADE principles. This considered design, sample
size, selection bias, heterogeneity, imprecision, and applicability
to current molecularly defined glioma. These ratings are shown
in the “Evidence class/credibility” and “Primary limitation”
columns of Table 1. Conclusions drawn from retrospective or
early-phase data are worded as hypotheses (“may”, “suggests™)
rather than established findings. Selection and appraisal were
performed by a single reviewer, with uncertain cases discussed
with the senior author, and without independent duplicate
verification. This is acknowledged as a limitation (Section 8.4).

2.6 | Synthesis

Evidence was synthesized thematically under the review’s core
domains: extent of resection, molecular stratification, targeted
therapy, immunotherapy, and functional preservation. Areas of
disagreement were identified as controversies (Section 6), and the
proposed oncofunctional-immunotherapeutic framework was
developed from this synthesis. The framework is a conceptual
proposal by the authors and has not been prospectively validated.

3 | The Resection Paradigm

3.1 | The Foundational Case for Maximal
Resection

The survival benefit of the extent of resection in glioma is sup-
ported mainly by retrospective evidence. Lacroix et al. reported

longer survival in patients with at least 98% tumor resection in a
416-patient glioblastoma study (2001). Sanai et al. later reported
a progressive survival association beginning at 78% extent of
resection, which may suggest a dose-response relationship rather
than a strict cutoff (2011). Supporting this, Sanai and Berger’s
review of 38 glioma studies associated greater resection with
prolonged survival in both high- and low-grade gliomas, despite
the absence of Class I evidence (Sanai and Berger 2008).

Meta-analyses have reported improved survival with gross total
resection in both high-grade and low-grade glioma, although
evidence credibility remains low to moderate as summarized in
Table 1 (Brown et al. 2016; Jagtiani et al. 2024; Xia et al. 2018).
Duffau further proposed that MRI underestimates LGG infiltra-
tion, supporting the rationale for supra-total resection beyond
radiographic margins (2013). In low-grade glioma, supra-total
resection beyond MRI-defined abnormalities was also associated
with delayed malignant transformation in small prospective
series (Yordanova et al. 2011).

These survival associations must be interpreted with caution.
Almost all of this evidence is retrospective, and no randomized
trial has tested the extent of resection directly, which leaves
the literature open to several systematic biases. Patients selected
for more aggressive resection tend to be younger, with better
performance status and more favorably located tumors, so part
of the apparent benefit reflects confounding by indication rather
than the effect of resection itself. Survival measured from the
date of surgery is also susceptible to immortal-time bias, and
heterogeneity across series is substantial, as reflected in the
wide confidence intervals and high P values summarized in
Table 1. In these studies, the extent of resection was estimated
volumetrically from contrast-enhancing tumor on postoperative
imaging, which does not capture non-enhancing infiltration.
Later work incorporated non-enhancing tumors,'® and the RANO
resect classification (Section 8.2) is intended to standardize assess-
ment of extent of resection in future studies. The consistency
of the association across many cohorts is reassuring, but it does
not establish causation, and the survival benefit attributable to
resection alone remains uncertain.

3.2 | Molecular Stratification of EOR Targets

The molecular era has changed traditional concepts of the extent
of resection. Molinaro et al. reported that maximal resection of
both contrast-enhancing and non-enhancing tumors was associ-
ated with longer survival in younger IDH-wildtype glioblastoma
patients but not in patients older than 65 years (2020). These
findings suggest that operative targets should be interpreted in
the context of tumor biology and patient factors.

Most foundational extent of resection studies were conducted
before routine molecular profiling and did not account for
biomarkers such as IDH mutation, MGMT methylation, or
ATRX status (Hervey-Jumper and Berger 2016). With molecularly
targeted therapies now available, operative planning increasingly
depends on obtaining adequate tissue for molecular character-
ization and treatment selection. The practical consequence is
that the resection targets validated in the pre-molecular era
cannot be assumed to transfer unchanged to molecularly defined

Brain and Behavior, 2026

30f19



"UOMJ9SAI [BI0IqNS YIS SLI 9ANR[AI Y {[BLI) PI[[0IIUOD PIZIWOPURI

‘LOY ‘[eAIAINS 9213-uo1ssa1301d ‘Sd ([BAIAINS [[BISAO ‘SO ‘ORI SPPO YO }BaI) 0} PAPIU JdqUINU ‘LNN ‘SUDUBYUI-ISEIU0I-UOU ‘DU ‘SYIUOW ‘OuW ‘ewol[3 opeid-mo[ ‘DT 2dApim-HAl m-HAl ‘ewors opeid-ysy
‘DOH ‘UOI}03SAI [£10) SSOI3 Y I,D ‘euwr0)se[qor3 ‘NGO ‘dn-mo[oJ ‘N, ‘UO0NIISAI JO JUXS YO ‘UONR[NWIISOIIOIS JIIP ‘SH( [LAIIUI dOUIPIFUOI ‘ID ‘SUIOUBYU-ISLIIUOD “FD) {PIOB IIUINAS[OUTUWIE-G ‘Y-S :SUOIIRIARIqQY
*G'Z U019 Ul sawayds drewderd ay) Suisn s10yIne ay) Aq paugisse a1om AJUre}Iad pue SSe[d ddUpIAg

K[uo uonuryep

(0000 = d)
%TT "SA %It SAd OW-9 ‘%9¢

(900T ‘T8 19
TowrwiniS) (9002)

orydexsorpey USiy °I sserd SA 9569 uondasaI 9yedwo) popms3 vIv-§ NdD IOY III °seyd (443 ‘Te 30 WIS

(Tr0T

Te 19 IoWRH NIM

sanbruyo9y MOH PaseaIdul im SAJ + Surddewr no7T Q) (2102) T8 19

sSnoaua3oraloy djeIapour {I1I SSe[D J101J9p JusuewLIdd paonpay ey ‘0OH SIsA[eue-e1oN 000°8< IoweH MM 2d

(0zoz T 19

Hou NGO oreurjoN) (0Z07)

u31sap aanoadsonay MO[ ‘TTT SSe[D Iuour €'£€ SO UBIPIA + 4D [eWIXe]\ IM-HAI aAndadsonay 19L ‘Te 39 OIRUT[ON
(owr £'6€ N UBSWI) [01)UOD

IO Ul £ "SA UOT}eULIOJSURT) SOLIOS (€107 negnQ)

ordures [ews MOT ‘AT SSe[D onserdeue o197 e103-e1dns no7T ased aAnoadsoig <1 (€102) negng

MIVTIA-CL

Jud)sIsuodul ‘sarrewrtad (Asdo1q 'sa SO 14-01) (8107 "B 19 BIX)

aATydadson oy djeIapouI {I1I SSB[D LT'0T 4O (SO 14-6) 06°€ IO MO no7T SIsA[eue-e1oN 8CI'C (8102) ‘Te 1@ BIX

(b2oz T8 19

(¥000°0 = d *85T°0— 0 ruenger) (+202)

K1ouadoraey ySiyg MO[ ‘TTT SSe[D G55 0— 1D %S6) 9S€°0— = D3 IS SA YLD 0oH MIIAJI B[[RIqQUIN SIpNIS ¢t ‘Te 19 tuenger

(910 T8 39

SBIq 9dUBIYIUSIS 6= LNN (69°0-95°0 ID umoiq) (9107)

SS90XD 1%6'16 = (I MO ‘TIT SSe[D %S6) 79°0 WYY Afertowt 14T ULS SAYLD DOH sisA[eue-eloN LIT'TY ‘Te 30 umorgq

(8007 13199

[earaIns 1a3uof 0o MIIARI pue reues) (8002)

SISOUJIUAS SATIRIIBN MOT ITT SSB[D 0} PIYUI] UON}DISAI I9JBIID) MO 1918a1n) ‘0DOH JIBWAISAS S9IpNIS 8¢ 133199 pue reues

(10000 > d) YOH %001 OLIIPWN[OA (110€ 'Te 10 Teues)

SeIq UOTO9[3S MOT ITT SSB[D 03 dn j1jouaq SO 9smmdals MO %8L< WO ‘aAnoadsonay 00S (T102) 'Te 32 reues

(100Z B39

selq [ednsnels (10000 X1019€7) (1007)

‘eJep IL[NO[OW ON MOT TIT SSe[D > d) ow 8'8 "SA 0°€T SO MO %86< NgO 2Anoadsonay T “Te 39 X1010%]

uon eI ATeWLIJ AIqrpard QW09IN0 A33[ 3981e1 yod ape1n usisaq N [309]

/ SSe[d 9oudpIAg (1e3)) T0yIMY

"KITIQIPAId SOUAPIAS PUE SIIPNIS JTRWIPUER] :RWIOI[S UT UONIISAIJO1UalXy | T ATIIVL

Brain and Behavior, 2026

40f19



subgroups, where the relationship between extent of resection
and outcome is only beginning to be characterized.

3.3 | Functional Preservation and Intraoperative
Adjuncts

Maximal safe resection requires balancing tumor removal with
neurological preservation (Roh and Kim 2023). Awake cran-
iotomy with direct electrostimulation is widely regarded as the
preferred approach for eloquent cortex surgery and has been asso-
ciated with improved extent of resection and lower permanent
neurological deficits (Duffau 2013; Hervey-Jumper and Berger
2016; De Witt Hamer et al. 2012). Fluorescence-guided surgery
with 5-aminolevulinic acid was associated with higher complete
resection rates and improved 6-month progression-free survival
in a phase III trial, without a demonstrated overall survival
benefit and without increasing neurological morbidity (Stummer
et al. 2006).

Current evidence supports an individualized approach in which
the extent of resection, operative technique, and preservation
strategies are adapted according to tumor location, imaging
features, and molecular subtype. While maximal safe resection
remains the operative foundation of glioma surgery, contem-
porary planning increasingly requires integration of molecular
biomarkers, targeted therapies, and treatment sequencing con-
siderations. These principles are summarized in Figure 1. This
shifts the question from whether to resect maximally to what
“maximal” should mean once tumor biology, rather than imaging
alone, defines the target.

4 | The Molecular Revolution

4.1 | WHO 2021 Classification and Surgical
Consequences

The 2021 WHO Classification reorganized adult diffuse gliomas
into molecularly defined entities, including astrocytoma IDH-
mutant, oligodendroglioma IDH-mutant, 1p/19q-codeleted,
and glioblastoma IDH-wildtype (Louis et al. 2021). Molecular
biomarkers now directly influence diagnosis, grading, and
prognosis.

These changes have important surgical implications. Adequate
tissue sampling is now essential for molecular analysis and treat-
ment planning (Juratli et al. 2023; Guo et al. 2024). Imaging signs
such as the T2-FLAIR mismatch sign may support diagnosis but
remain insufficiently sensitive for reliable classification without
molecular confirmation (Park et al. 2023).

Table 2 summarizes the molecular classification system and its
surgical implications.
4.2 | Targeted Therapy and Strategic Tension

With Cytoreduction

The INDIGO trial demonstrated that vorasidenib significantly
prolonged progression-free survival in grade 2 IDH-mutant

TABLE 2 | WHO 2021 molecular classification of adult diffuse gliomas and surgical consequences.

WHO

grade

Defining molecular

Surgical consequence

Key prognostic implication

biomarkers

Tumor type

Tissue must yield a diagnostically complete

Favorable vs. IDH-wt; CDKN2A/B

2,3,4

IDH1/2 mutation; ATRX
loss; no 1p/19q codeletion

Astrocytoma,
IDH-mutant

molecular specimen for grading

GTR of T2-FLAIR target; 1p/19q status
required for treatment eligibility often pursued

deletion upstages to Grade 4

Best prognosis among diffuse

2,3

IDH1/2 mutation + 1p/19q

Oligodendroglioma,
IDH-mutant and

gliomas; chemo-sensitive

codeletion; TERTp

where safe (retrospective evidence)

mutation
IDH-wt plus >1 of: TERTp

1p/19g-codeleted
Glioblastoma,

Retrospective data suggest benefit of CE +
nCE resection in younger patients but not > 65

Median OS ~15 months; MGMT

methylation predicts TMZ

mutation, EGFR
amplification, +7/-10

IDH-wildtype

years

response

Resection extent should not rely on imaging

4 (GBM) Morphologically deceptive;

Histologically low-grade
but TERTp+ / EGFR amp

IDH-wt astrocytoma

alone; molecular profiling mandatory

aggressive biology despite

(molecularly upgraded)

low-grade look
‘Worse than Gr 2/3 IDH-mutant;

/ +7-10
IDH mutation +
CDKN2A/B homozygous

Maximal safe resection generally favored;
supporting data are largely retrospective

IDH-mutant Grade 4

astrocytoma

better than IDH-wt GBM

deletion

Abbreviations: CE, contrast-enhancing; EGFR, epidermal growth factor receptor; FISH, fluorescence in situ hybridization; GBM, glioblastoma; GTR, gross total resection; IDH, isocitrate dehydrogenase; IDH-wt, IDH-

wildtype; MGMT, O6-methylguanine-DNA methyltransferase; nCE, non-contrast-enhancing; NGS, next-generation sequencing; OS, overall survival; TERTp, TERT promoter; TMZ, temozolomide.
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Preoperative assessment
MRI volumetrics, IDH, MGMT, 1p/19q, performance status, age, eloquent cortex

}

Three planning dimensions

1. Molecular subtype as a 2. Resection cavity as a 3. Functional preservation as

preoperative planning variable

IDH, MGMT, CDKN2A/B guide
the resection target and the
need for adequate tissue
sampling. Biology is an added
consideration alongside imaging.

potential therapeutic instrument

Catheter placement, cavity shape and
steroid use may affect locoregional
delivery. This role is still unproven and
needs prospective testing. Applies to
bulk and cavity compartments only.

a prerequisite for therapy

Awake mapping and monitoring
protect neurological function.
Deficits that block adjuvant
therapy may reflect a planning
failure, not only a complication.

Integrated, molecularly informed surgical plan
Resection goal set by subtype, function and planned downstream therapy together

!

IDH-wildtype GBM, age under 65

Maximal contrast-enhancing and
non-enhancing resection

IDH-mutant grade 2-3
Gross total resection of T2-FLAIR
signal; supratotal only if safe

IDH-wildtype GBM, age over 65

Contrast-enhancing resection only;
function preserved first

Illustrative targets based on retrospective data; not validated.

FIGURE 1 | Surgical Decision-Making Framework in Glioma: A Conceptual Overview. Alt text: Flowchart of a maximal safe resection framework
in glioma surgery. Preoperative assessment (MRI volumetrics, IDH, MGMT, 1p/19q, performance status, age, and eloquent cortex) feeds three planning
dimensions: molecular subtype as a preoperative variable (IDH, MGMT, and CDKN2A/B define the resection target by biology, not imaging); resection
cavity as a potential therapeutic instrument (catheter placement, cavity shape, and steroid use may affect locoregional delivery, though unproven and
requiring prospective testing); and functional preservation as a prerequisite for therapy (awake mapping protects neurological function; deficits blocking
adjuvant therapy represent a planning failure). These converge into an integrated, molecularly informed surgical plan, stratified into three targets:
IDH-mutant grade 2-3 (gross total resection of T2-FLAIR, supratotal only if safe), IDH-wildtype GBM under 65 (maximal contrast-enhancing and non-
enhancing resection), and IDH-wildtype GBM over 65 (contrast-enhancing resection only, function preserved first). Labeled a conceptual, non-validated

synthesis.

glioma (Mellinghoff et al. 2023). At the same time, residual post-
operative tumor volume remains an important prognostic factor
in IDH-mutant disease (Van Den Bent et al. 2024). This creates
a clinical question regarding the balance between aggressive
cytoreduction and preservation of measurable disease for targeted
therapy monitoring.

Additional prognostic biomarkers, including CDKN2A/B dele-
tion, PDGFRA amplification, and PI3K mutations, also require
adequate tissue sampling for assessment (Tesileanu et al. 2021).
Surgery therefore remains essential for molecular characteriza-
tion and treatment planning.

Synthesizing available evidence, a pragmatic position emerges:
in patients with grade 2 IDH-mutant glioma where gross total
resection is achievable without functional compromise, maximal
cytoreduction may remain appropriate, given the prognostic
value of residual tumor volume. Where gross total resection is
not safely achievable, residual disease provides both a measurable

target for vorasidenib monitoring and a rationale for early drug
initiation per the ASCO-SNO rapid update (Blakeley et al. 2025).
The INDIGO trial enrolled patients with residual or recurrent
disease; benefit from vorasidenib in molecularly complete resec-
tion remains unstudied and should not be assumed (Mellinghoff
et al. 2023; Blakeley et al. 2025). Van den Bent et al. further
reported that residual tumor volume retained independent prog-
nostic significance in IDH-mutant disease even in the targeted
therapy era, which supports the oncological rationale for maximal
cytoreduction where functionally feasible (2024).

The intermediate-risk candidate profile for vorasidenib eligibility
includes preserved performance status, non-enhancing disease,
and low preoperative tumor volume (Dipasquale et al. 2024).
Preliminary pilot data from a small early-access series in WHO
grade 3 IDH-mutant glioma reported 6-month progression-
free survival of 90% with vorasidenib under early access
(Dipasquale et al. 2026). These uncontrolled data require
confirmation.
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4.3 | Guideline Frameworks and the Perioperative
Evidence Gap

Current guidelines continue to support maximal safe resection
while prioritizing functional preservation (Weller et al. 2021).
The ASCO-SNO rapid update also incorporated vorasidenib as
a post-surgical option in selected grade 2 IDH-mutant gliomas
(Blakeley et al. 2025). The perioperative safusidenib trial further
explored neoadjuvant IDH inhibition between biopsy and defini-
tive surgery (Cain et al. 2024). Despite these developments, no
guideline clearly defines how surgical timing, tissue acquisition,
or perioperative planning should be modified when targeted
molecular therapy is incorporated into treatment pathways.

Vorasidenib does not appear to remove the rationale for cytore-
duction; it may give residual disease a new role as a target for drug
monitoring rather than a marker of surgical failure. Although
molecular classification and targeted therapy have reshaped
glioma management in this way, locoregional immunotherapy
introduces a further set of operative considerations related to ther-
apeutic delivery and surgical access. The key clinical trials and
guideline frameworks informing these decisions are summarized
in Table 3.

5 | The Immunotherapy Era

5.1 | Structural Basis of GBM Immuno-Resistance
Glioblastoma resists systemic immunotherapy through mul-
tiple cellular and anatomical mechanisms. Tumor-associated
macrophages, microglia, myeloid-derived suppressor cells, and
regulatory T cells contribute to a highly immunosuppressive
microenvironment (Liu et al. 2024; Lin et al. 2024). Glioblastoma
has also been reported to reduce peripheral T-cell activity through
bone marrow sequestration mechanisms (Liu et al. 2024; Montoya
etal. 2024). The blood-brain barrier is disrupted mainly within the
tumor core, whereas it remains intact at the tumor edges, where
it can impede the distribution of immunotherapeutic agents (Liu
et al. 2024; Arvanitis et al. 2020). Together these factors are
thought to limit the effectiveness of systemic immunotherapy and
support interest in locoregional treatment approaches, although
the rationale differs between disease compartments, as discussed
below (Lin et al. 2024; Krélikowska and Tarnowski 2025).

These mechanisms are not uniform across the disease, which
limits what locoregional therapy can be expected to achieve.
Three compartments can be distinguished conceptually. First, the
enhancing tumor bulk and the resection cavity wall, where the
barrier is disrupted, and myeloid cells may account for up to half
of the tumor mass (Liu et al. 2024). Their composition varies
between tumors, and monocyte-derived macrophage infiltration
has been reported to be higher in IDH-wildtype glioblastoma
(Lin et al. 2024). This is the compartment removed by cytore-
duction and most directly reached by catheter- or cavity-based
delivery. Second, the infiltrative margin, where tumor cells at
the periphery are more prone to infiltrate surrounding brain
tissue (Liu et al. 2024), the barrier is largely intact, and the
immune environment may differ from that of the bulk. These cells
are a recognized source of recurrence because infiltration limits

complete resection, (Liu et al. 2024), and cells delivered to the
cavity would need to migrate or diffuse to reach them. Whether
they do so in effective numbers has not been established. In low-
grade glioma, tumor cells have been reported up to about 20 mm
beyond MRI abnormalities (Duffau 2013), which illustrates how
far infiltration can extend beyond imaging. Third, distant infil-
trated brain and cerebrospinal fluid spaces. Distant parenchymal
sites may more closely resemble homeostatic CNS tissue, with
resident microglia rather than monocyte-derived macrophages,
but this is inferential and is not directly supported by the studies
reviewed here. Cavity delivery is unlikely to reach these sites.
Intraventricular delivery has been used in recurrent glioblastoma,
including multifocal disease (Brown et al. 2024; Choi et al. 2024;
Bagley et al. 2024), and a single-patient report summarized in
a review described regression of intracranial and spinal lesions
after dual-route delivery (Liu et al. 2024). However, we are not
aware of evidence that it reaches or eliminates infiltrating tumor
cells in distant brain parenchyma. Locoregional immunotherapy
should therefore be viewed as addressing mainly the bulk and
cavity compartments and, possibly, the margin and CSF spaces.
It should not be assumed to treat the diffusely infiltrating
population that contributes to recurrence. For this compartment,
the surgical contribution is limited to tissue sampling and, where
safe, resection of non-enhancing tumors, which was associated
with longer survival in younger IDH-wildtype patients (Molinaro
et al. 2020). Effective control would probably require systemic or
multimodal approaches that remain unproven.

Table 4 summarizes major immunosuppressive mechanisms and
relevant surgical considerations.

5.2 | CAR-T Cell Therapy: Surgical Delivery as
Pharmacological Prerequisite

Locoregional CAR-T therapy depends on neurosurgical access
for catheter or reservoir placement. IL-13Ra2 and EGFRVIII are
attractive targets because of their tumor-associated expression
patterns in glioblastoma (Liu et al. 2024; Sterner and Sterner
2024). However, systemic delivery has shown limited efficacy,
probably because CAR-T cells must cross the blood-brain barrier
and function within a suppressive tumor microenvironment
(Sterner and Sterner 2024).

Recent phase I trials reported radiographic responses in some
patients following intratumoral or intraventricular CAR-T infu-
sion (Brown et al. 2024; Geurts and Preusser 2024; Choi et al.
2024; Bagley et al. 2024; Mariniello and Migliorini 2026). In
the largest study, dual intratumoral and intraventricular delivery
was associated with longer median overall survival compared
with single-route delivery in a non-randomized comparison
(Brown et al. 2024). However, these findings remain hypothesis-
generating given the early-phase, non-randomized nature of
available evidence. Surgical re-biopsy specimens also showed
evidence of antigen loss or escape after therapy in some patients
(Choi et al. 2024; Bagley et al. 2024; Begley et al. 2025).

Table 5 summarizes major locoregional CAR-T trials and their
surgical implications.
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5.3 | Operative Decisions and Immunotherapy
Delivery: Determinants or Prerequisites?

Recent CAR-T trials suggest that operative factors such as
catheter configuration, tissue sampling, and cavity access may
influence locoregional treatment delivery (Brown et al. 2024;
Geurts and Preusser 2024; Choi et al. 2024). The INCIPIENT trial
incorporated simultaneous craniotomy, molecular sampling, and
Ommaya placement within a single procedure (Choi et al. 2024).
Other studies used intraoperative FISH and postoperative cavity-
directed delivery strategies to support target confirmation and
treatment administration (Bagley et al. 2024).

Preclinical scaffold-based approaches have also suggested that
cavity geometry and timing of implantation may influence cell
persistence within the postoperative microenvironment (Kass
et al. 2024). However, these findings remain preliminary and
require prospective validation. A conceptual distinction underlies
these observations and deserves to be made explicit. It is not yet
clear whether operative variables such as catheter configuration,
cavity geometry, and tissue handling are true determinants of
immunotherapeutic efficacy or whether they are prerequisites
that enable delivery without independently shaping the response.
The current evidence cannot separate the two, because in the
available early-phase trials surgical access and treatment delivery
are confounded by design: an apparent difference between deliv-
ery routes may reflect the route itself, the tumors that happened
to be amenable to it or unmeasured biological factors. Until
comparative studies are designed to isolate the operative variable,
the neurosurgical contribution to locoregional immunotherapy
is best regarded as a plausible but unproven determinant of
efficacy rather than an established one. These considerations
apply mainly to the bulk, cavity, and CSF compartments. None
of the cited trials was designed to assess activity against distant
infiltrating disease. Figure 2 summarizes the neurosurgeon’s
operative role in locoregional immunotherapy as a decision
algorithm.

Whether the resection cavity should be planned as a delivery site
remains a hypothesis rather than established practice, but it is
one with enough early-phase support to warrant testing. Either
way, the expanding surgical responsibilities introduced by molec-
ular characterization and locoregional therapeutic delivery have
increased dependence on intraoperative technologies capable of
simultaneously maximizing resection, preserving function, and
facilitating precise tissue acquisition.

6 | Current Controversies

The developments discussed above have not produced full agree-
ment. Instead, they have created several open questions. Five
of these are important because each one depends on a surgical
decision, not only on an oncological one (Table 6).

6.1 | Does Vorasidenib Reduce the Need for
Aggressive Resection?

Not directly, but it changes the decision in difficult cases.
When gross total resection is possible without harming function,

residual tumor volume still has prognostic value, so maximal
resection may remain the preferable option. When gross total
resection is not safe, the remaining tumor can be used as a target
for vorasidenib monitoring. In this way, the drug does not appear
to replace surgery; it may instead provide a reason to accept
planned subtotal resection when needed.

6.2 | IsSupratotal Resection Still Useful in all
IDH-Mutant Gliomas?

Not in every case. Some prospective studies have supported
supratotal resection in low-grade glioma in non-eloquent areas.
But now that vorasidenib can control the disease, the extra benefit
of removing tissue beyond the functional limit is no longer clear.
This question has not been studied after the INDIGO trial.

6.3 | Can Molecular Therapy Make Up for
Residual Disease?

This is not known, and the INDIGO trial cannot answer it. The
trial included patients who already had residual or recurrent
disease. Therefore, its benefit does not prove that gross total
resection followed by vorasidenib and planned subtotal resection
followed by vorasidenib give the same result. This remains the
most important open question in IDH-mutant glioma surgery.

6.4 | Should Locoregional Immunotherapy
Delivery Become a Surgical Goal?

It is too early to require this, but it is reasonable to plan for
it. The question must be framed with attention to glioblastoma
biology, because the resection cavity addresses only part of the
disease. Locoregional delivery acts mainly on the enhancing bulk
and cavity wall, where the barrier is disrupted, (Liu et al. 2024;
Arvanitis et al. 2020) and, through intraventricular routes, on
the CSF spaces (Brown et al. 2024; Choi et al. 2024; Bagley
et al. 2024). It is not expected to reach the diffusely infiltrating
cells in distant parenchyma, which are a recognized source of
recurrence. (Liu et al. 2024) Even in low-grade glioma, tumor
cells have been reported beyond MRI abnormalities, (Duffau
2013) which illustrates how far infiltration can extend beyond
what imaging shows. Early studies suggest that catheter con-
figuration and cavity access may affect delivery, (Brown et al.
2024; Geurts and Preusser 2024; Choi et al. 2024) but they cannot
separate surgical factors from tumor biology because access and
delivery are linked by trial design. Delivery should therefore
be regarded as one component of a multimodal strategy, not
as a surgical goal that can compensate for residual infiltrative
disease. Surgeons should prepare for immunotherapy access,
but the contributions on firmer ground are different: maximal
safe resection, including non-enhancing tumor where safe in
selected IDH-wildtype patients; (Molinaro et al. 2020) adequate
tissue acquisition to confirm target antigens, since antigen loss
or escape was observed at re-biopsy; (Choi et al. 2024; Bagley
et al. 2024; Begley et al. 2025) and selection of the delivery
route according to disease pattern, with intraventricular delivery
used in multifocal disease (Brown et al. 2024; Choi et al. 2024;
Bagley et al. 2024). Control of distant infiltrating disease would

Brain and Behavior, 2026

11 of 19



"£30100UQ
-0INAN UI JUSWSSaSSY asuodsay ‘ONVY 0seuagoIpAyap 2Jen1o0st ‘H] SU0NIISaI [830) SS0IS Y.L ‘SSNSI00S [Bd13INS0INaN Jo uoneroossy ueadoiny ‘SNVH ‘£80[00uQ-01naN Jo uonenossy ueadoing ‘ONVH :SUOHRIAIGQY

"Pa1139s 194 10U ST UONIRIIP I pue ‘d39[dwoour
SI UON)ISUEBI} QY ], "MIIAI ST} UI PISSISSE 10U dI9M JNq ISYIINJ SIWI] UOT}IISAT dUJI
Aew TYIN 1. pue Surdewt orjoqelaur ‘Adodaso13dads YA Se Yons SaNIepow padueApe pue
‘(sorworpel pue ‘9ouepIing aoduadsalonyj ‘Suidewt saneredoenur oun) SUIOUBYUI-UOU)
Suroueape osye st Jjosi1 SurSew] ‘spjoysa1y} orydeiSorper paxy juswadwod
AjSursearour yorym ‘syurodpus uond9saI PIULIOJUI A[[eUOnouny pue A[[ed13001q pIemo}
1J1US © J09[Jo1 UOTJBIIJISSB[O 109591 ONVY U} pue sauIepms sz0z ONVA-SNVA UL
"PaYOEaI 2q 0) A[SYI[UN a1k $)IS JULISIP J® S[[90 Sunenyur pue ‘sjusuniedwod JsO pue
£)1ARD “Y[nq ) A[UTEW SISSAIPPE I1 ‘pazrundo ST ATSAT[OP J1 USAY "9ANI3[q0 paysIiqelsd
ue se uonezrundo AI9AT[op Sunean; ynoyim ssaode Aderayjounwwil 10f ue(d pnoys
su0331ng ‘u3Issp Aq popuNOJUO0d I AISAI[SP PUE SSIIJE [BI13INS Isneddq ‘AJo1o1q Town)
wolj sd[qeLtea danerado djeredas jouued Jnq (ATuo [esruroaid are ejep A1owoa3-411aed)
KISAT[9p ouaN[uI Aewl pue uoneIndyuod 19)aY)ed 1s933ns eyep aseyd-A[req

*A1981ns vwror]S jueINUWI-H ] UI UONsSanb paromsueun (1)U
oY) ST SIY, "qIUSPISLIOA AQ PIMO][O] UOIDSAI [2103qNS ) eIQI[OP PUE qIUIPISLIOA
£q Pamo[[0J UO1O3SAI [8)0) SSOIT USIMIDQ 2OUSTeAINDS YSI[qEISO JOU S0P JIJOUI] [BAIAINS
9913-uo1ssa13o1d s3] *9SBAISIP JUSLINIAI IO [BNPISAI I siuanied pa[[oIus OOIANI

‘Sumes OOIANTI-Isod ay3 ur paisay
U93q 10U SEY PUE JUSPIA-J[3S I93UO] OU SI SALIBPUNOq [BUOLIOUN] pU0Adq SUu130asal
JO 1Jouaq [21S0[00UO TeUISIEW JY) ‘TOIIUO0D ISBISIP SULIDJO MOU qIUSPISEIOA HIM
ng “ewor[3 apei3-mof yusnbofa-uou ur uor}dasal ejorerdns jxoddns sa119s 9A109dso1g

"uono9sal Tejoiqns pauued
undadoe 10j oTeuOnERI B 9pIa0id Aeur 31 {U0T309sa1 doe[da1 03 1eadde jou seop Snip ayJ,
‘SuL10)TUOW qIUSPISLIOA 10 1931€) S[qRINSEIU B S SI[qNOP ISBISIP [ENPISI ‘O]qeAIY DR
A1ayes 10U SI 31 919y M “20ueoyTuSIS onsoudoid juspuadapul suIejaI SWN[OA IOWN)
[enpisa1 ‘osruoIduwrod [euonouny JNOYIIM S[qEASIYIE ST UOIIISAI [8)0) SSOIT dIY M

UIATOAS ST
PIeY oy ‘A[oInud J0N

1oy uerd 03
dreudoadde ‘orepuewr
0] aInjewWald

J1 Jomsue

jouued ODIANI
pue — umouun

AJesiaATun JoN

SOSBD QUII9pIOq
I0J SN[NITEd 3y}
sagueyo J1Inq — ON

{Pa1epIno urwosaq sy
U01)09sa1 paseq-urdewt a1y 'S

Jyurodpus [ed131ns © owW093q
K39A119p AdeISyjoUNWIMIL

[euo1321090] pnoys ‘+

({,ASeasIp [enpIsal 10} ajesuadwod
Kde1oy} re[nos[ow uB) ¢

(sewor[3

yueInW-H] [[e ul pagnsnf
[0S uo1393sa1 Tejojerdns sJ g

{UO0TO3S3I dAISS2133e 10] paou
1]} 2ONPAI qIUIPISEIOA SA0(T ‘T

32UIPIAS pUE d[eUonEY

uaye)] uonisoqd

AsxaAonyuo)

“SUn{RW-UOISIOaP [BIISINS BWOI[S UT SAISIOAOTIUOD JUSIIN) | 9 HTIVL

Brain and Behavior, 2026

12 0f 19



Preoperative assessment
MRI, EGFRVIII and IL-13Raz2 testing, disease extent, CAR-T trial eligibility

l

Consider disease pattern and surgical access

' '

Unifocal / limited disease Multifocal / leptomeningeal
Craniotomy with maximal safe Biopsy with Ommaya placement;
resection and Ommaya placement intraventricular route preferred

I

Intraoperative tissue acquisition and target confirmation

Confirm EGFR / IL-13Ra2; single versus dual antigen target

Minimize perioperative steroids where possible
No validated dexamethasone threshold is defined

—

[ Locoregional CAR-T delivery ]
Catheter or reservoir delivery Scaffold-based cavity delivery
Through Ommaya or intraventricular port Preclinical only, not yet in human trials

FIGURE 2 | Potential Surgical Pathways Supporting Locoregional Immunotherapy Delivery: A Conceptual Framework; Applies to bulk, cavity
and CSF compartments; distant infiltrating disease is not addressed. Alt text: Flowchart of surgical pathways supporting locoregional immunotherapy
delivery in glioblastoma. Preoperative assessment (MRI, EGFRVIII and IL-13Ra2 testing, disease extent, CAR-T eligibility) leads to a disease-pattern
decision: unifocal or limited disease (craniotomy with maximal safe resection and Ommaya placement) vs. multifocal or leptomeningeal disease (biopsy
with Ommaya placement, intraventricular route preferred). Both converge into intraoperative tissue acquisition and target confirmation, confirming
EGFR and IL-13Ra2 status and single vs. dual antigen targeting. A dashed step highlights minimizing perioperative steroids, noting no validated
dexamethasone threshold exists. The pathway reaches locoregional CAR-T delivery, branching into catheter or reservoir delivery (via Ommaya or
intraventricular port) vs. scaffold-based cavity delivery, marked as preclinical only and not yet in human trials. Labeled a conceptual, non-validated
synthesis.

probably require systemic or multimodal approaches that remain imaging losing its role. Volumetric imaging remains the basis
unproven. for defining and comparing extent of resection, and its limits

are being addressed from several directions: inclusion of non-

enhancing tumors in resection targets (Molinaro et al. 2020);
6.5 | Are Imaging-Based Resection Limits recognition that MRI underestimates infiltration (Duffau 2013);
Becoming Outdated? intraoperative imaging and 5-aminolevulinic acid fluorescence

that improve detection of residual tumor and complete resection
Not entirely, and the direction is still evolving. The EANS-  (Stummer et al. 2006; Roder et al. 2023; Fountain et al. 2021);
EANO 2025 guidelines and the RANO resect classification and radiomic and artificial intelligence approaches that remain
show a move toward resection goals informed by biology and investigational (Sanker et al. 2026; Patel et al. 2026). Advanced
function, in addition to fixed imaging cut-offs (Goldbrunner ~ modalities such as MR spectroscopy, metabolic imaging, and
et al. 2025; Wen et al. 2025). Molecular testing, preservation  ultra-high-field (7T) MRI may sharpen the definition of tumor
of function, and treatment delivery increasingly complement extent further. Their role in defining resection limits was not
the older percentage thresholds. This should not be read as  evaluated in this review and warrants prospective study. The
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field is dynamic, and improved diagnostics may refine and
redefine imaging-based resection limits, not simply replace
them.

7 | Intraoperative Technologies and Functional
Preservation

Modern glioma surgery increasingly depends on intraoperative
technologies that support maximal safe resection while preserv-
ing neurological function. These approaches also improve tissue
acquisition and operative precision in the molecular era.

Fluorescence-guided surgery with 5-aminolevulinic acid was
associated with higher complete resection rates and improved 6-
month progression-free survival in a phase III trial compared with
white light surgery in glioblastoma (Stummer et al. 2006). In low-
grade glioma its diagnostic value appears greater than its resective
utility because visible fluorescence is less common (Picart et al.
2024).

Intraoperative MRI has been reported to improve detection
of residual tumor and compensate for brain shift, although a
prospective trial found it not superior to 5-ALA guidance in
glioblastoma (Roder et al. 2023; Fountain et al. 2021). Intraopera-
tive ultrasound provides a more accessible real-time alternative in
centers without intraoperative MRI capability (Picart et al. 2024).
Current evidence suggests that both imaging approaches improve
operative guidance, although confirmed survival benefit remains
uncertain (Roder et al. 2023; Fountain et al. 2021).

Awake craniotomy with direct electrostimulation remains central
for surgery involving eloquent cortex (Hervey-Jumper and Berger
2016; De Witt Hamer et al. 2012). Meta-analytic evidence suggests
improved extent of resection with lower permanent neurological
deficit rates when mapping techniques are used (De Witt Hamer
et al. 2012; Baig Mirza et al. 2025). In the cited series, MEP ampli-
tude changes were irreversible in approximately 40% of cases,
requiring real-time team interpretation as an active resection
determinant (Guzzi et al. 2024).

Functional preservation remains important because postoper-
ative neurological deficits may reduce tolerance to adjuvant
therapy and negatively affect quality of life (P6hlmann et al.
2024; Hervey-Jumper and Berger 2016; De Zwart and Ruis 2024).
Adequate tissue acquisition and preservation of neurological
function are therefore both important components of treatment
planning.

7.1 | Artificial Intelligence and Surgical Planning
Artificial intelligence applications in glioma surgery continue to
expand. Current research focuses mainly on radiogenomic pre-
diction, operative planning, and intraoperative imaging analysis
(Sanker et al. 2026; Patel et al. 2026).

Radiomic models have shown potential for predicting IDH
mutation, MGMT methylation, and 1p19q codeletion using pre-
operative imaging (Sanker et al. 2026). These methods may
support biopsy targeting and surgical planning, although molec-

ular pathology remains necessary for diagnosis and treatment
selection.

Artificial intelligence has also been explored for intraoperative
navigation and tissue characterization (Sanker et al. 2026; Patel
et al. 2026). However, most systems remain investigational and
lack prospective multicenter validation. Current evidence sup-
ports their role as adjunctive decision support tools rather than
independent determinants of operative strategy.

7.2 | Functional Outcomes and Quality of Life
Functional outcomes remain central in glioma surgery because
postoperative neurological deficits directly affect independence,
cognition, and quality of life (P6hlmann et al. 2024; Hervey-
Jumper and Berger 2016). Preservation of language, motor, and
cognitive function is therefore an essential operative objective in
its own right.

This matters most in low-grade glioma, where survival can extend
for many years and where long-term cognitive and occupational
function, rather than short-term resection metrics, often deter-
mines whether a patient returns to work and independent living.
Here the aim of surgery is not simply to maximize resection but
to protect the neurological reserve on which a long survivorship
depends.

The balance between aggressive cytoreduction and neurological
preservation therefore remains individualized, depending on
tumor location, molecular subtype, patient age, and anticipated
adjuvant therapy.

7.3 | Technological Limitations and Access
Disparities

Despite advances in intraoperative imaging, major differences
remain in access to neurosurgical technologies across healthcare
systems (Roder et al. 2023; Fountain et al. 2021). Intraoperative
MRYI, fluorescence-guided surgery, and advanced neurophysio-
logical monitoring are often limited to specialized centers.

Cost, infrastructure requirements, and operative time may restrict
implementation in resource-limited settings. Variability in insti-
tutional expertise also affects outcomes and limits standardiza-
tion across studies.

As molecular and immunotherapeutic strategies continue to
evolve, disparities in access to advanced surgical technologies
may contribute to unequal treatment opportunities.

8 | Discussion

Glioma surgery has evolved beyond a purely anatomical model
focused only on cytoreduction (Sanai and Berger 2018). Molecular
classification-targeted therapy and locoregional immunother-
apy have introduced additional considerations related to tissue
acquisition, treatment sequencing, and therapeutic delivery.
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When we look at all this evidence together, the goal of surgery
has not changed in its main idea, but it has changed in how
it is used in practice. Retrospective studies and meta-analyses
consistently report an association between greater extent of
resection and longer survival in both high-grade and low-grade
glioma, although confounding by indication cannot be excluded
(Lacroix et al. 2001; Sanai et al. 2011; Brown et al. 2016; Jagtiani
et al. 2024; Xia et al. 2018). However, many foundational extent
of resection studies were conducted before routine molecu-
lar classification and did not account for biomarkers such as
IDH mutation, MGMT methylation, or other molecular sub-
types (Hervey-Jumper and Berger 2016). Contemporary operative
planning therefore increasingly depends on integration of both
radiographic and molecular information.

The introduction of IDH inhibitors has also changed
management considerations in selected IDH-mutant gliomas
(Mellinghoff et al. 2023; Van Den Bent et al. 2024; Blakeley
et al. 2025). Residual tumor volume remains prognostically
important while targeted therapies now provide additional
treatment options for selected patients. Questions regarding
operative timing, postoperative treatment sequencing, and
optimal residual disease burden remain incompletely resolved.
The most important open question is whether planned subtotal
resection with vorasidenib can give the same result as gross total
resection. This has not been tested directly yet.

Locoregional CAR T approaches have further increased the
importance of operative access, catheter placement and tissue
acquisition (Brown et al. 2024; Geurts and Preusser 2024; Choi
et al. 2024; Bagley et al. 2024). Early-phase studies suggest
that surgical variables may influence therapeutic delivery and
monitoring, although prospective validation remains limited. It
is too early to say that the delivery route alone decides how well
immunotherapy works. In the current trials, the surgical access
and the tumor type are linked, so their effects cannot be separated.

Current evidence supports a broader surgical planning approach
in which molecular subtype, functional preservation, tissue
acquisition, and therapeutic delivery are considered together
during operative decision-making.

The oncofunctional-immunotherapeutic framework proposed
here operates across three planning dimensions. First, molecular
subtype functions as a pre-operative planning variable: IDH
mutation status, MGMT methylation, and CDKN2A/B deletion
may inform resection targets, tissue acquisition priorities, and
adjuvant sequencing. Second, the resection cavity is treated as
a therapeutic instrument for the bulk and cavity compartments:
catheter placement, cavity geometry, and steroid minimiza-
tion are operative decisions that may influence locoregional
immunotherapy delivery. Third, functional preservation is posi-
tioned as a prerequisite for downstream therapy rather than
a secondary objective: neurological deficits that limit adjuvant
eligibility may represent a failure of surgical planning rather than
merely a complication. The clearest objection to this framework
is that it formalizes relationships that are still largely unproven,
most of all the cavity-as-instrument dimension, which currently
rests on early-phase and preclinical data. We therefore present
it not as a validated protocol but as a hypothesis-generating

structure, intended to make these emerging surgical decisions
explicit and testable rather than to prescribe them.

8.1 | Clinical Implications

Several practical implications emerge from current evidence.

First, adequate tissue acquisition is now essential because molec-
ular biomarkers directly influence diagnosis, prognosis, and
treatment eligibility (Louis et al. 2021; Juratli et al. 2023; Guo et al.
2024). Second, operative planning increasingly depends on bal-
ancing cytoreduction with preservation of neurological function
and future treatment options. Third, locoregional immunother-
apy approaches may require coordinated planning between neu-
rosurgeons, neuro-oncologists, and molecular pathology teams.

These developments support a multidisciplinary treatment
approach in which surgery functions as part of an integrated
therapeutic strategy.

8.2 | Future Directions

Future glioma surgery will likely become increasingly integrated
with molecular diagnostics, targeted therapies, and locoregional
immunotherapy approaches. Prospective studies are needed to
determine how molecular subtype should influence extent of
resection goals and perioperative treatment strategies.

Further research is also required to evaluate neoadjuvant targeted
therapy, cavity-directed therapeutic delivery, scaffold-based cel-
lular therapies, artificial intelligence-assisted operative planning,
and standardized functional outcome assessment.

As locoregional immunotherapy strategies continue to evolve,
operative variables such as catheter placement, delivery route,
and postoperative cavity architecture may become increasingly
important areas of investigation. Future locoregional trials should
report outcomes by compartment, distinguishing local cavity
recurrence from distant parenchymal and leptomeningeal pro-
gression, so that the reach of these therapies can be defined. The
SNO-EANO consensus also proposed the RANO resect classifica-
tion to standardize extent of resection terminology across future
trials (Wen et al. 2025). Studies should also evaluate whether
advanced imaging, such as MR spectroscopy, metabolic imaging,
and 7T MRI, can refine imaging-based resection limits.

8.3 | Future Clinical Trial Priorities

The questions raised in this review can be turned into clear
research priorities. We list five that we consider most important
(Table 7).

First, future trials should study the extent of resection separately
in IDH-mutant and IDH-wild-type tumors, instead of mixing
them together. The RANO resect classification can be used to keep
the resection categories the same across studies.
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TABLE 7 | Future clinical trial priorities.

Priority

Rationale and proposed design

1. Molecularly stratified
extent-of-resection trials

2. Post-vorasidenib residual
volume studies

3. Neoadjuvant IDH inhibitor
window studies

4. Surgical optimization of
CAR-T delivery

5. Biological extent-of-resection
metrics

Prospective studies comparing oncological outcomes across defined resection
thresholds within IDH-mutant and IDH-wildtype subgroups separately rather than
pooling them. The RANO resect classification offers a standardized framework for

endpoints.

Trials examining whether the prognostic impact of residual disease volume is
modified by vorasidenib. Whether planned subtotal resection followed by
vorasidenib is equivalent to gross total resection requires direct, prospective
comparison.

Building on the perioperative safusidenib model to determine whether pre-surgical
IDH inhibition alters tumor demarcation, reduces infiltrative margin, or improves
subsequent resection completeness.

Prospective studies treating operative variables — catheter configuration, cavity
geometry, perioperative steroid tapering — as primary independent variables rather
than confounders. Current evidence confounds delivery route with tumor biology.

Development and validation of resection endpoints beyond radiographic
volumetrics: circulating tumor DNA clearance, cerebrospinal fluid proteomics, or
intraoperative molecular sampling as surrogates for biologically complete resection.

Abbreviations: CAR-T, chimeric antigen receptor T-cell; IDH, isocitrate dehydrogenase; RANO, Response Assessment in Neuro-Oncology.

Second, studies are needed to see whether the effect of residual
tumor volume changes when patients receive vorasidenib. The
INDIGO trial only included patients who already had residual
disease, so we still do not know if planned subtotal resection
followed by vorasidenib yields the same result as gross total
resection.

Third, neoadjuvant trials should test whether giving an IDH
inhibitor before surgery changes the tumor border or makes the
later resection more complete. The safusidenib study is an early
example of this approach.

Fourth, trials on CAR-T delivery should treat surgical factors such
as catheter position, cavity shape, and steroid use as the main
variables to study, not as side factors. In current studies these
factors are mixed with tumor biology, so their real effect is not
clear.

Fifth, new ways to measure resection should be developed and
tested. These may include circulating tumor DNA, cerebrospinal
fluid markers, or molecular testing during surgery, which could
show whether the resection is complete in a biological sense and
not only on imaging.

8.4 | Limitations

This review has several limitations. Much of the evidence regard-
ing the extent of resection and locoregional immunotherapy
remains retrospective or early-phase in nature. Considerable
heterogeneity also exists across operative techniques, molecular
classification systems, and patient populations. The proposed
framework addresses mainly the tumor bulk and resection
cavity and offers no solution for diffusely infiltrating disease
distant from the cavity, which is thought to contribute to recur-

rence. Advanced imaging modalities, including MR spectroscopy,
metabolic imaging and 7T MRI, were not systematically assessed.

The proposed oncofunctional immunotherapeutic framework
has not been prospectively validated and should therefore be
interpreted as a conceptual synthesis of currently available
evidence.

Narrative reviews are also inherently subject to selection bias
despite structured literature searching. The review is limited
to English-language publications; gray literature was excluded,
and the proposed framework has not undergone formal expert
consensus validation. Study selection and evidence appraisal
were performed without independent duplication, and no formal
risk-of-bias tool was applied. Evidence was instead graded using
a pragmatic classification, so some degree of selection and
interpretive bias is likely. The literature search was completed in
May 2026, and later publications are not captured.

9 | Conclusion

Glioma surgery remains centered on maximal safe resection,
but modern operative planning increasingly requires integration
of molecular classification, targeted therapy and locoregional
immunotherapy considerations.

The molecular era has increased the importance of tissue
acquisition, perioperative planning, and functional preservation.
Emerging locoregional immunotherapy approaches have also
increased the relevance of surgical access and cavity-directed
therapeutic delivery. The resection cavity can be viewed as a
therapeutic instrument for the bulk and cavity compartments,
with catheter placement, cavity geometry, and steroid minimiza-
tion representing operative considerations that may influence
locoregional immunotherapy delivery.
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Current guidelines do not fully integrate these developments into
a unified surgical decision-making framework. This review pro-
poses a conceptual framework that combines molecular profiling,
functional preservation, and therapeutic delivery considerations
within contemporary glioma surgery.
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