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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-13R α2, 
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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2

 Introduction 

liomas account for approximately 80% of malignant brain
umors and represent a biologically heterogeneous group of
iseases (Pöhlmann et al. 2024 ). Glioblastoma accounts for nearly
8% of glioma cases and carries poor survival outcomes (Zhao
t al. 2025 ). Grade 2 IDH-mutant gliomas, the population in
hich vorasidenib has been tested, often follow a slower but
rogressive course (Mellinghoff et al. 2023 ), although IDH-
utant gliomas span CNS WHO grades 2 to 4, and grade 4
strocytomas behave more aggressively.4 Health-related quality of
ife remains a major treatment priority for many patients, making
unctional preservation an important goal of surgery (Pöhlmann
t al. 2024 ). 

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

he 2021 WHO classification reorganized adult diffuse gliomas
nto molecularly defined entities and established integrated
olecular diagnosis as standard practice (Louis et al. 2021 ).
nder this system, IDH-mutant astrocytoma is typically defined
y ATRX loss and TP53 mutation, oligodendroglioma by 1p/19q
odeletion with TERT promoter mutation, and IDH-wildtype
lioblastoma by features such as TERT promoter mutation, EGFR
mplification, or + 7/ − 10.4 H3 G34-mutant tumors are classified
s pediatric-type diffuse hemispheric gliomas and fall outside
his adult-focused review.4 IDH mutation, MGMT promoter
ethylation, and CDKN2A/B homozygous deletion now influ-
nce prognosis and treatment planning (Louis et al. 2021 ; Juratli
t al. 2023 ). Temozolomide-based chemoradiotherapy remains
he therapeutic backbone for glioblastoma management (Stupp
t al. 2005 ). The INDIGO trial later demonstrated that vorasi-
enib prolonged progression-free survival in grade 2 IDH-mutant
lioma and introduced new considerations regarding timing of
urgery and management of residual disease (Mellinghoff et al.
023 ). Early-phase trials of locoregional chimeric antigen recep-
or T-cell therapy have also increased the importance of operative
ccess, catheter placement, and tissue acquisition in glioblastoma
anagement (Brown et al. 2024 ; Geurts and Preusser 2024 ; Choi
t al. 2024 ). 

his narrative review examines how three developments,
olecular classification, IDH-directed therapy and locoregional
mmunotherapy, have unsettled long-standing surgical
ssumptions in glioma and where they pull operative decisions
n opposing directions: between maximal cytoreduction and
he preservation of measurable disease for drug monitoring and
etween surgery as tumor removal and surgery as a delivery plat-
orm for immunotherapy. This raises a central question: should
he goals of glioma surgery remain unchanged when targeted
nd locoregional therapies become available? Synthesizing this
vidence, we propose an oncofunctional-immunotherapeutic
ramework in which molecular subtype is treated as a preop-
rative planning variable, the resection cavity as a therapeutic

nstrument, and functional preservation as a prerequisite for 
ownstream therapy rather than a secondary goal. 
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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
Brain and Behavior, 2026
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f evidence, non-English publications, and studies limited to
ediatric gliomas were excluded. Editorials and commentaries
ere not used as primary evidence and were cited only to
rovide expert interpretation alongside the primary studies they
iscuss. Sources on non-glioma tumors or general neurosurgi-
al topics were included only where they directly informed a
lioma-specific surgical question. 

.4 Study Selection and Data Extraction 

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

.5 Evidence Appraisal 

ormal risk-of-bias tools were not applied, as is usual for narrative
eviews. Instead, each key source was assigned a pragmatic
vidence class according to design (Class I, randomized trial;
lass II, prospective cohort study; Class III, retrospective study or
eta-analysis of observational data; Class IV, small uncontrolled
ase series) and a certainty rating (high, moderate, or low),
nformed by GRADE principles. This considered design, sample
ize, selection bias, heterogeneity, imprecision, and applicability
o current molecularly defined glioma. These ratings are shown
n the “Evidence class/credibility” and “Primary limitation”
olumns of Table 1 . Conclusions drawn from retrospective or
arly-phase data are worded as hypotheses (“may”, “suggests”)
ather than established findings. Selection and appraisal were
erformed by a single reviewer, with uncertain cases discussed
ith the senior author, and without independent duplicate
erification. This is acknowledged as a limitation (Section 8.4 ). 

.6 Synthesis 

vidence was synthesized thematically under the review’s core
omains: extent of resection, molecular stratification, targeted
herapy, immunotherapy, and functional preservation. Areas of
isagreement were identified as controversies (Section 6 ), and the
roposed oncofunctional-immunotherapeutic framework was
eveloped from this synthesis. The framework is a conceptual
roposal by the authors and has not been prospectively validated.

 The Resection Paradigm 

.1 The Foundational Case for Maximal 
esection 

he survival benefit of the extent of resection in glioma is sup-
orted mainly by retrospective evidence. Lacroix et al. reported
rain and Behavior, 2026
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 I2 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,1 8 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
3 of 19
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ubgroups, where the relationship between extent of resection
nd outcome is only beginning to be characterized. 

.3 Functional Preservation and Intraoperative 
djuncts 

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

urrent evidence supports an individualized approach in which
he extent of resection, operative technique, and preservation
trategies are adapted according to tumor location, imaging
eatures, and molecular subtype. While maximal safe resection
emains the operative foundation of glioma surgery, contem-
orary planning increasingly requires integration of molecular
iomarkers, targeted therapies, and treatment sequencing con-
iderations. These principles are summarized in Figure 1 . This
hifts the question from whether to resect maximally to what
maximal” should mean once tumor biology, rather than imaging
lone, defines the target. 

 The Molecular Revolution 

.1 WHO 2021 Classification and Surgical 
onsequences 

he 2021 WHO Classification reorganized adult diffuse gliomas
nto molecularly defined entities, including astrocytoma IDH-
utant, oligodendroglioma IDH-mutant, 1p/19q-codeleted,
nd glioblastoma IDH-wildtype (Louis et al. 2021 ). Molecular
iomarkers now directly influence diagnosis, grading, and
rognosis. 

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

able 2 summarizes the molecular classification system and its
urgical implications. 

.2 Targeted Therapy and Strategic Tension 

ith Cytoreduction 

he INDIGO trial demonstrated that vorasidenib significantly
rolonged progression-free survival in grade 2 IDH-mutant
rain and Behavior, 2026 5 of 19



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

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

ynthesizing available evidence, a pragmatic position emerges:
n patients with grade 2 IDH-mutant glioma where gross total
esection is achievable without functional compromise, maximal
ytoreduction may remain appropriate, given the prognostic
alue of residual tumor volume. Where gross total resection is
ot safely achievable, residual disease provides both a measurable
of 19
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. 
Brain and Behavior, 2026
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B

.3 Guideline Frameworks and the Perioperative
vidence Gap 

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

orasidenib does not appear to remove the rationale for cytore-
uction; it may give residual disease a new role as a target for drug
onitoring rather than a marker of surgical failure. Although
olecular classification and targeted therapy have reshaped
lioma management in this way, locoregional immunotherapy
ntroduces a further set of operative considerations related to ther-
peutic delivery and surgical access. The key clinical trials and
uideline frameworks informing these decisions are summarized
n Table 3 . 

 The Immunotherapy Era 

.1 Structural Basis of GBM Immuno-Resistance 

lioblastoma resists systemic immunotherapy through mul-
iple cellular and anatomical mechanisms. Tumor-associated
acrophages, microglia, myeloid-derived suppressor cells, and
egulatory T cells contribute to a highly immunosuppressive
icroenvironment (Liu et al. 2024 ; Lin et al. 2024 ). Glioblastoma
as also been reported to reduce peripheral T-cell activity through
one marrow sequestration mechanisms (Liu et al. 2024 ; Montoya
t al. 2024 ). The blood-brain barrier is disrupted mainly within the
umor core, whereas it remains intact at the tumor edges, where
t can impede the distribution of immunotherapeutic agents (Liu
t al. 2024 ; Arvanitis et al. 2020 ). Together these factors are
hought to limit the effectiveness of systemic immunotherapy and
upport interest in locoregional treatment approaches, although
he rationale differs between disease compartments, as discussed
elow (Lin et al. 2024 ; Królikowska and Tarnowski 2025 ). 

hese mechanisms are not uniform across the disease, which
imits what locoregional therapy can be expected to achieve.
hree compartments can be distinguished conceptually. First, the
nhancing tumor bulk and the resection cavity wall, where the
arrier is disrupted, and myeloid cells may account for up to half
f the tumor mass (Liu et al. 2024 ). Their composition varies
etween tumors, and monocyte-derived macrophage infiltration
as been reported to be higher in IDH-wildtype glioblastoma
Lin et al. 2024 ). This is the compartment removed by cytore-
uction and most directly reached by catheter- or cavity-based
elivery. Second, the infiltrative margin, where tumor cells at
he periphery are more prone to infiltrate surrounding brain
issue (Liu et al. 2024 ), the barrier is largely intact, and the
mmune environment may differ from that of the bulk. These cells
re a recognized source of recurrence because infiltration limits
rain and Behavior, 2026
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-13R α2 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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.3 Operative Decisions and Immunotherapy 
elivery: Determinants or Prerequisites? 

ecent CAR-T trials suggest that operative factors such as
atheter configuration, tissue sampling, and cavity access may
nfluence locoregional treatment delivery (Brown et al. 2024 ;
eurts and Preusser 2024 ; Choi et al. 2024 ). The INCIPIENT trial
ncorporated simultaneous craniotomy, molecular sampling, and
mmaya placement within a single procedure (Choi et al. 2024 ).
ther studies used intraoperative FISH and postoperative cavity-
irected delivery strategies to support target confirmation and
reatment administration (Bagley et al. 2024 ). 

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

hether the resection cavity should be planned as a delivery site
emains a hypothesis rather than established practice, but it is
ne with enough early-phase support to warrant testing. Either
ay, the expanding surgical responsibilities introduced by molec-
lar characterization and locoregional therapeutic delivery have
ncreased dependence on intraoperative technologies capable of
imultaneously maximizing resection, preserving function, and
acilitating precise tissue acquisition. 

 Current Controversies 

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

.1 Does Vorasidenib Reduce the Need for 
ggressive Resection? 

ot directly, but it changes the decision in difficult cases.
hen gross total resection is possible without harming function,
rain and Behavior, 2026
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 Is Supratotal 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
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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-13R α2 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-13R α2 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. 
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robably require systemic or multimodal approaches that remain
nproven. 

.5 Are Imaging-Based Resection Limits 
ecoming Outdated? 

ot entirely, and the direction is still evolving. The EANS-
ANO 2025 guidelines and the RANO resect classification
how a move toward resection goals informed by biology and
unction, in addition to fixed imaging cut-offs (Goldbrunner
t al. 2025 ; Wen et al. 2025 ). Molecular testing, preservation
f function, and treatment delivery increasingly complement
he older percentage thresholds. This should not be read as
rain and Behavior, 2026
imaging losing its role. Volumetric imaging remains the basis
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 );
recognition that MRI underestimates infiltration (Duffau 2013 );
intraoperative imaging and 5-aminolevulinic acid fluorescence
that improve detection of residual tumor and complete resection
(Stummer et al. 2006 ; Roder et al. 2023 ; Fountain et al. 2021 );
and radiomic and artificial intelligence approaches that remain
investigational (Sanker et al. 2026 ; Patel et al. 2026 ). Advanced
modalities such as MR spectroscopy, metabolic imaging, and
ultra-high-field (7T) MRI may sharpen the definition of tumor
extent further. Their role in defining resection limits was not
evaluated in this review and warrants prospective study. The
13 of 19
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ield is dynamic, and improved diagnostics may refine and
edefine imaging-based resection limits, not simply replace
hem. 

 Intraoperative Technologies and Functional 
reservation 

odern glioma surgery increasingly depends on intraoperative
echnologies that support maximal safe resection while preserv-
ng neurological function. These approaches also improve tissue
cquisition and operative precision in the molecular era. 

luorescence-guided surgery with 5-aminolevulinic acid was
ssociated with higher complete resection rates and improved 6-
onth progression-free survival in a phase III trial compared with
hite light surgery in glioblastoma (Stummer et al. 2006 ). In low-
rade glioma its diagnostic value appears greater than its resective
tility because visible fluorescence is less common (Picart et al.
024 ). 

ntraoperative MRI has been reported to improve detection
f residual tumor and compensate for brain shift, although a
rospective trial found it not superior to 5-ALA guidance in
lioblastoma (Roder et al. 2023 ; Fountain et al. 2021 ). Intraopera-
ive ultrasound provides a more accessible real-time alternative in
enters without intraoperative MRI capability (Picart et al. 2024 ).
urrent evidence suggests that both imaging approaches improve
perative guidance, although confirmed survival benefit remains
ncertain (Roder et al. 2023 ; Fountain et al. 2021 ). 

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

unctional preservation remains important because postoper-
tive neurological deficits may reduce tolerance to adjuvant
herapy and negatively affect quality of life (Pöhlmann et al.
024 ; Hervey-Jumper and Berger 2016 ; De Zwart and Ruis 2024 ).
dequate tissue acquisition and preservation of neurological
unction are therefore both important components of treatment
lanning. 

.1 Artificial Intelligence and Surgical Planning 

rtificial intelligence applications in glioma surgery continue to
xpand. Current research focuses mainly on radiogenomic pre-
iction, operative planning, and intraoperative imaging analysis
Sanker et al. 2026 ; Patel et al. 2026 ). 

adiomic models have shown potential for predicting IDH
utation, MGMT methylation, and 1p19q codeletion using pre-
perative imaging (Sanker et al. 2026 ). These methods may
upport biopsy targeting and surgical planning, although molec-
4 of 19
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 (Pöhlmann 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
MRI, 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. 
Brain and Behavior, 2026
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hen we look at all this evidence together, the goal of surgery
as not changed in its main idea, but it has changed in how
t is used in practice. Retrospective studies and meta-analyses
onsistently report an association between greater extent of
esection and longer survival in both high-grade and low-grade
lioma, although confounding by indication cannot be excluded
Lacroix et al. 2001 ; Sanai et al. 2011 ; Brown et al. 2016 ; Jagtiani
t al. 2024 ; Xia et al. 2018 ). However, many foundational extent
f resection studies were conducted before routine molecu-
ar classification and did not account for biomarkers such as
DH mutation, MGMT methylation, or other molecular sub-
ypes (Hervey-Jumper and Berger 2016 ). Contemporary operative
lanning therefore increasingly depends on integration of both
adiographic and molecular information. 

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

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

urrent evidence supports a broader surgical planning approach
n which molecular subtype, functional preservation, tissue
cquisition, and therapeutic delivery are considered together
uring operative decision-making. 

he oncofunctional-immunotherapeutic framework proposed
ere operates across three planning dimensions. First, molecular
ubtype functions as a pre-operative planning variable: IDH
utation status, MGMT methylation, and CDKN2A/B deletion
ay inform resection targets, tissue acquisition priorities, and
djuvant sequencing. Second, the resection cavity is treated as
 therapeutic instrument for the bulk and cavity compartments:
atheter placement, cavity geometry, and steroid minimiza-
ion are operative decisions that may influence locoregional
mmunotherapy delivery. Third, functional preservation is posi-
ioned as a prerequisite for downstream therapy rather than
 secondary objective: neurological deficits that limit adjuvant
ligibility may represent a failure of surgical planning rather than
erely a complication. The clearest objection to this framework
s that it formalizes relationships that are still largely unproven,
ost of all the cavity-as-instrument dimension, which currently
ests on early-phase and preclinical data. We therefore present
t not as a validated protocol but as a hypothesis-generating
rain and Behavior, 2026
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. 
15 of 19



TABLE 7 Future clinical trial priorities. 

Priority Rationale and proposed design 

1. Molecularly stratified 
extent-of-resection trials 

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. 
2. Post-vorasidenib residual 
volume studies 

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. 
3. Neoadjuvant IDH inhibitor 
window studies 

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

subsequent resection completeness. 
4. Surgical optimization of 
CAR-T delivery 

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. 

5. Biological extent-of-resection 
metrics 

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. 
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econd, studies are needed to see whether the effect of residual
umor volume changes when patients receive vorasidenib. The
NDIGO trial only included patients who already had residual
isease, so we still do not know if planned subtotal resection
ollowed by vorasidenib yields the same result as gross total
esection. 

hird, neoadjuvant trials should test whether giving an IDH
nhibitor before surgery changes the tumor border or makes the
ater resection more complete. The safusidenib study is an early
xample of this approach. 

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

ifth, new ways to measure resection should be developed and
ested. These may include circulating tumor DNA, cerebrospinal
luid markers, or molecular testing during surgery, which could
how whether the resection is complete in a biological sense and
ot only on imaging. 

.4 Limitations 

his review has several limitations. Much of the evidence regard-
ng the extent of resection and locoregional immunotherapy
emains retrospective or early-phase in nature. Considerable
eterogeneity also exists across operative techniques, molecular
lassification systems, and patient populations. The proposed
ramework addresses mainly the tumor bulk and resection
avity and offers no solution for diffusely infiltrating disease
istant from the cavity, which is thought to contribute to recur-
6 of 19
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. 
Brain and Behavior, 2026
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urrent guidelines do not fully integrate these developments into
 unified surgical decision-making framework. This review pro-
oses a conceptual framework that combines molecular profiling,
unctional preservation, and therapeutic delivery considerations
ithin contemporary glioma surgery. 
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