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Multimodal imaging and AI in brain tumor
surgery: current tools and emerging
integration
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Brain tumors remain among themost challengingmalignancies, necessitating advances in diagnostic
accuracy and treatment precision. Integrated multimodal surgical platforms combining structural,
functional, and molecular data are transforming neuro-oncology by improving surgical planning,
intraoperative guidance, and patient monitoring. This perspective reviews current and emerging
imaging modalities including optical techniques and AI-integrated platforms, while discussing their
integration within unified clinical workflows that may advance personalized brain tumor care and
surgical outcomes.

Brain tumors represent amajor global health burden, characterized by high
morbidity and mortality despite advances in diagnosis and treatment.
According to recentGLOBOCANestimates, tumorsof the brain andcentral
nervous system (CNS) account for approximately 322,000 new cases and
248,000 deaths worldwide each year, highlighting their disproportionately
high lethality1. In adults, primary brain tumors include gliomas, menin-
giomas, and other less common pathologies, all of which demonstrate
substantial heterogeneity in phenotypic tumor behavior and associated
prognosis, as well as the potential for highly aggressive malignant forms,
many of which demonstrate a five-year relative survival of less than 35% in
population-based studies2. In parallel, brainmetastases are cumulatively the
most prevalent intracranial tumor in adults, affecting an estimated 15–40%
of patients with advanced cancers, in particular those with primary lung,
breast, or melanoma pathologies3. Brain metastases are increasing in inci-
dence, attributable in part to advances in systemic therapies, improved
surveillance, and broader access to advanced imaging4. In this context,
accurate tumor detection, characterization, treatment planning, and
response assessment remain critical challenges for contemporary neuro-
oncology. Multimodal surgical platforms integrating structural, functional,
and molecular techniques have emerged as essential tools to tackle these
challenges by synergizing data on tumor anatomy, metabolism, vascularity,
and the local CNS microenvironment, empowering precision diagnostics
and individualized therapeutic strategies.

The technologies discussed in this perspective span a spectrum of
clinical maturity, from well-established modalities such as MRI, PET,
5-aminolevulinic acid, and intraoperative ultrasound, which are supported
by robust evidence bases, to emerging translational technologies including

laser speckle contrast imaging (LSCI), hyperspectral imaging, andAI-driven
multimodal integration, which carry promising early clinical data but lim-
ited large-scale validation, to approaches that remain largely investigational,
including AI-integrated platforms capable of simultaneous intraoperative
fusion of all imaging modalities, and MR-guided focused ultrasound for
targeted disruption of the blood-brain barrier to enhance chemotherapeutic
delivery. This stratification is reflected in Table 1 and provides important
context for interpreting the evidence discussed in each section. It should also
be noted that the evidence base supporting many of these modalities is
predominantly derived from glioma surgery; applicability to meningiomas,
brain metastases, and other tumor types varies by modality and is explicitly
acknowledged where relevant.

In this perspective, we review the current applications of integrated
multimodal surgical platforms for brain tumor diagnosis and treatment.We
discuss the established clinical imaging modalities of magnetic resonance
imaging (MRI) and positron emission tomography (PET), as well as
advances in the intraoperative applications of MRI and ultrasound. We
discuss the emerging optical imaging techniques 5-aminolevulinic acid,
indocyanine green angiography, LSCI, and hyperspectral imaging. Finally,
we examine the growing role of artificial intelligence (AI) and machine
learning (ML) inmultimodal data integration and predictivemodeling. The
components of an integrated surgical intelligence framework, spanning
structural, functional, molecular, and optical data streams, a computational
integration layer enabling AI-driven fusion and real-time analysis, intrao-
perative decision support outputs, and downstream implications for post-
operative oncologic care, are discussed collectively with the goal of
illustrating how these tools interact within a unified clinical workflow.
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Brain tumor biology
Brain tumors exhibitmarkedspatial, temporal, andbiological heterogeneity,
which fundamentally limits the accuracy of diagnosis, prognosis, and
treatment response assessment5,6. This heterogeneity is evident both across
tumor types, such as glioblastoma, meningioma, and brain metastases, and
within individual lesions, where distinct cellular subclones, vascular niches,
metabolic states, and immunemicroenvironments coexist and dynamically
evolve. In glioblastoma, regional differences in cellularity, hypoxia, angio-
genesis, and molecular alterations are well-recognized contributors to
therapeutic resistance and inevitable recurrence6. Similarly, meningiomas
may demonstrate heterogeneous growth patterns, vascularity, and biolo-
gical aggressiveness that arenot reliablypredictedbyhistopathology alone7,8,
while brain metastases reflect diverse primary tumor biology and complex
interactionswith the brainmicroenvironment9.Although the currentWHO
classification emphasizes molecular features as central diagnostic criteria,
tissue sampling remains spatially limited and temporally static, highlighting
the need for complementary, non-invasive approaches capable of capturing
tumor-wide and longitudinal biological complexity10,11.

Magnetic resonance imaging (MRI) and positron
emission tomography (PET)
MRI remains the clinical backbone of brain tumor evaluation owing to its
high spatial resolution and highly granular soft-tissue characterization12.
Conventional MRI sequences are indispensable for anatomical delineation,
surgical planning, and longitudinal follow-up; however, single-modality
imaging approaches are insufficient to represent the multidimensional
nature of tumor biology. Structural MRI fails to fully characterize key

processes such as cellular proliferation, metabolism, angiogenesis,
blood–brain barrier dysfunction, hypoxia, and immune activity13. Even
advanced MRI techniques, such as diffusion-weighted imaging (DWI),
perfusion imaging, susceptibility-basedmethods, andMR spectroscopy, are
relatively nonspecific and often inadequate for clinically challenging and
commonplace scenarios such as the accurate differentiation of pseudo-
progression, radiation necrosis, or post-treatment inflammation from true
disease recurrence/progression14,15.

Integrated multimodal surgical platforms provide a transformative
framework by enabling integrated assessment of tumor structure, function,
metabolism, and molecular activity across spatial and temporal scales. The
combination of anatomical MRI with functional and molecular imaging
modalities, like PET using glucose metabolism tracers, demonstrates added
value for tumor grading, delineation of biologically active tumor regions,
and differentiation of treatment-related changes from true progression16. A
key limitation of classic fludeoxyglucose-18 (FDG) PET in neuro-oncology
is the inherently high physiologic glucose uptake of normal brain tissue,
which creates substantial background signal that obscures tumor detection
and limits diagnostic specificity. This has driven a shift toward amino acid
tracers which exploit the upregulated amino acid transport characteristic of
tumor cells while producing minimal uptake in healthy brain parenchyma,
resulting in significantly improved tumor-to-background contrast16,17. In
gliomas, PET using amino acid tracers frequently identifies metabolically
active infiltrative tumor beyond contrast-enhancing regions onMRI, while
in brain metastases it improves target definition for stereotactic
radiosurgery18. In meningiomas, somatostatin receptor-based PET has
shown high sensitivity for lesion detection and treatment planning,

Table 1 | Key advantages, limitations, and clinical context of imaging modalities for neuro-oncology treatment

Modality Clinical
maturity

Primary
use case

Primary tumor
evidence

Workflow
burden

Key advantages Key limitations Complementary
Role

MRI Established Preop
planning;
postop
monitoring

All tumor types Low
(outpatient)

High spatial resolution;
excellent soft-tissue contrast;
clinical backbone

Cannot fully characterize
metabolism, hypoxia, or immune
activity; nonspecific for
pseudoprogression

Reference
standard for all
other modalities

PET Established Preop
planning;
treatment
response

Glioma (amino
acid);
meningioma
(somatostatin)

Low–Medium Adds metabolic/molecular
information; identifies infiltrative
tumor beyond MRI

Requires MRI for anatomical
context; radioisotope exposure;
high FDG background signal

ComplementsMRI
for grading and
recurrence
assessment

iMRI Established Intraoperative
guidance

Glioma High Gold standard for residual
tumor detection; compensates
for brain shift

50–80+min workflow
disruption; high cost;
infection risk

Benchmark for
intraoperative
tools

iUS Established Intraoperative
guidance

Glioma Low Real-time; portable; affordable;
no ionizing radiation

Operator-dependent; noisier
images

Cost-effective
complement
to iMRI

5-ALA Established Intraoperative
guidance

High-grade
glioma

Low Improves extent of resection;
low cost; ease of use

Primarily validated in high-grade
glioma; requires specialized
filters

Synergistic with
iMRI and iUS

ICG-VA Established Intraoperative
guidance

Glioma;
cerebrovascular

Low Real-time vascular flow
visualization; prevents
iatrogenic vascular injury

Requires exogenous contrast
agent; primarily qualitative

Complements
LSCI for perfusion
assessment

LSCI Emerging
translational

Intraoperative
guidance

Glioma;
cerebrovascular

Low–Medium Continuous label-free perfusion
monitoring; no workflow
interruption

Restricted commercial
availability; requires quantitative
modeling; limited prospective
validation

Complements
ICG-VA; candidate
for AI integration

HSI Emerging
translational

Intraoperative
guidance

Glioblastoma;
metastases

Medium High-precision tissue
differentiation; non-invasive;
label-free

Limited acquisition speed; high
inter-patient variability; limited
multicenter validation

Potential
integration with
fluorescence-
guided surgery

AI/ML Emerging
translational –
Investigational

All phases Predominantly
glioma

Variable Enablesmultimodal data fusion;
radiogenomics; automated
segmentation; outcome
prediction

Generalizability; interpretability;
regulatory barriers; workflow
integration

Cross-cutting
integrative layer

MRgFUS Investigational Adjuvant
therapy
delivery

High-grade
glioma
(early data)

High Targeted BBB disruption for
drug delivery

Limited clinical data;
infrastructure requirements

Future integration
with intraoperative
platforms
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particularly in complex skull-base disease, though the evidence base in this
tumor type is more limited compared to gliomas16,19.

Recent advances in imaging hardware, including hybrid PET/MRI
scanners, ultra-high-fieldMRI, and accelerated acquisition techniques, have
converged with rapid progress in computational analysis to create a critical
inflection point for clinical translation20. AI-driven image fusion, radiomics,
and deep learning-based multimodal integration allow the extraction of
high-dimensional imaging features that capture complex spatial patterns
and cross-modal relationships beyond human visual interpretation21,22.
These approaches enable the development of non-invasive imaging bio-
markers linked to tumor genotype, phenotype, and clinical outcomes,
advancing the paradigm of radiomics and imaging-based tumor profiling.

Intraoperative MRI (iMRI) and intraoperative
ultrasound (iUS)
Intraoperative imaging modalities have become central to maximizing safe
resection of brain tumors, particularly diffuse gliomas, by providing real-
time guidance that complements preoperative planning. Intraoperative
MRI (iMRI) allows high-resolution anatomical updates during surgery,
enabling detection of residual tumor and facilitating real-time adjustment of
resection strategies23. iMRI is widely regarded as a core strategy for opti-
mizing extent of resection in gliomas, offering precise detection of residual
tumor prior to the conclusion of surgery, as well as updated stereotaxis that
compensates directly for brain shift after initial resection24. High-field (1.5,
3T) systems provide excellent resolution for distinguishing tumor from
healthy tissue and eloquent areas, often leading to higher gross total
resection rates and improved progression-free survival in high-grade and
low-grade gliomas. However, iMRI has notable disadvantages: it causes
significant workflow disruption (typically 50–80+minutes per scan due to
patient transport, field preparation, and scanning), increases operative time
and anesthesia exposure, raises infection risk fromprolonged interruptions,
and incurs high acquisition, maintenance, and infrastructure costs, limiting
adoption outside high-volume, high-resource centers25,26.

In contrast, iUS offers real-time, repeatable imaging that integrates
seamlessly into the surgical workflow with minimal disruption, pro-
viding immediate feedback on tumor boundaries, resection cavities, and
brain shift without requiring patient repositioning. It is portable,
affordable, and safe, with no ionizing radiation, making it more acces-
sible and cost-effective than iMRI27. While iUS images are noisier and
more operator-dependent, navigated 3D iUS fused with preoperative
MRI compensates effectively for brain shift, achieving target registration
errors below 2–3 mm and supporting dynamic updates28,29. Intrao-
perative contrast-enhanced ultrasound usingmicrobubbles has emerged
as a valuable tool for glioma surgery, providing real-time visualization of
tumor perfusion and vascularized margins beyond conventional US
imaging30.Microbubble contrast agents remain intravascular, enhancing
tissue perfusion signals and allowing identification of residual tumor
intraoperatively. Clinical studies suggest that iUSmay improve extent of
resection and help differentiate tumor from normal brain, particularly
in hypervascular regions, potentially impacting progression-free
survival31,32.

Neuronavigation systems
Neuronavigation systems integrate preoperative imaging with real-time
updates of surgical anatomy, improving localization and minimizing
damage to eloquent brain regions. The accuracy of neuronavigation systems
is increasingly enhanced by AI-based algorithms that compensate for
intraoperative brain shift33, enablingmore accurate and dynamic alignment
between preoperative imaging and the evolving intraoperative surgical field
throughout the course of resection. Awake craniotomywith direct electrical
stimulation (DES) facilitates detection of eloquent brain areas, while asleep
cortical mapping or subcortical stimulation allow for intraoperative detec-
tion of functionally critical regions. Intraoperative imaging modalities,
individually and in combination, create a synergistic framework that
enhances maximal safe resection, integrates biological and functional

information, and sets the stage for AI-assisted, multimodal, real-time sur-
gical decision-making in glioma surgery34,35.

The integration of iUS with neuronavigation systems, preoperative
MRI, and AI further enhances precision during brain tumor resection.
Commercial platforms now incorporate fusion algorithms to align iUS
volumes with MRI. AI-driven tools automate tumor segmentation, reduce
speckle artifacts, enable deformable registration, and estimate brain shift in
real time, thereby reducing operator dependency and improving con-
sistency. Multicenter validation studies using the BraTioUS dataset
demonstrate that AI-enhanced iUS can accurately delineate gliomas, with
high segmentation accuracy on internal testing and promising general-
izability across independent iUS systems36. While segmentation strategies
would benefit from further improvements in accuracy and intraoperative
implementation, evidence supports iUS-MRI-AI integration as a cost-
effective and workflow-friendly approach to intraoperative guidance, cap-
able of achieving extent-of-resection outcomes comparable to iMRI in
appropriately selected cases26.

Emerging optical imaging modalities
5-Aminolevulinic acid (5-ALA)
5-Aminolevulinic acid (5-ALA) is one of themainfluorophores used during
fluorescence-guided surgery (FGS) for intra-axial brain tumor resection.
Multiple studies have demonstrated that 5-ALA guided surgery improves
the extent of resection compared with conventional white-light micro-
surgery and is associated with improved progression-free survival in
patients with high-grade glioma37,38. Due to its relative ease of use and low
cost, 5-ALA has emerged as a cornerstone of fluorescence-guided surgery,
and its integration with complementary intraoperative modalities such as
iMRI and iUS within multimodal platforms is an active area of clinical and
technical development. The finding that 5-ALA guidance achieves results
comparable to iMRI39 highlights its value as a practical, cost-effective core
technology that,when integratedwith iMRIand iUS, canprovide synergistic
benefits beyond what either modality achieves independently.

Indocyanine green video angiography (ICG-VA) and FLOW 800/
GLOW800
Indocyanine green video angiography (ICG-VA) is an intraoperative
fluorescence imaging technique to assess vascular patency and bloodflow in
real time, particularly during neurovascular procedures40. Since its intro-
duction in 2003, ICG-VA has become ubiquitous among cerebrovascular
operations such as aneurysm clipping or AVM resection, given its out-
standing capacity for real-time visualization of arterial and venous struc-
tures and flow dynamics in the surgical field41. Leading neurosurgical
microscope manufacturers Zeiss and Leica provide microscope-integrated
software (e.g., FLOW800 andGLOW800) to perform quantitative analyses
of cerebral blood flow based on ICG-VA. Recent studies evaluating the use
of FLOW 800 or GLOW800 during brain tumor resection surgeries
demonstrated additional utility for real-time assessment of brain perfusion,
as well as avoidance of iatrogenic vascular injury42,43. Indocyanine green has
also been successfully used to localize tumormargins following a high-dose
administration 24 hours before surgery44. Growing evidence supports the
expanded use of ICG-VA and associated quantitative analyses to better
characterize brain perfusion and detect hypoperfusion or hyperperfusion
phenomena at the conclusion of tumor resection. Integration of ICG-VA
with modalities offering more continuous quantitative perfusion assess-
ment, such asLSCI, represents a complementary approach thatmay amplify
the utility of both tools45,46.

Laser speckle contrast imaging (LSCI)
Laser speckle contrast imaging (LSCI) is emerging as a promising tool to
evaluate cerebral blood flow and tissue perfusion during neurosurgical
procedures47. Unlike ICG-VA, LSCI does not require an exogenous contrast
agent and thus enables continuous, real-time intraoperative monitoring of
blood flow dynamics48. Clinical studies have demonstrated that LSCI pro-
vides blood flow assessment capabilities comparable to ICG-VA with the
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additional advantage of repeated, non-invasive measurements without
interruption of the surgical workflow45,46. Another advantage is that LSCI
can assess tissue perfusion, enabling detection of cortical hypoperfusion and
hyperperfusion phenomena that may occur during tumor resection or
vessel manipulation. LSCI has demonstrated utility for continuous, label-
free perfusion monitoring during neurosurgical procedures, with ongoing
work focused on integration as an on-board package with commercially
available surgical microscopes and development of quantitative modeling
approaches aimed at estimating absolute blood flow. However, several
important limitations currently constrain its broader adoption.Commercial
availability remains restricted, with no widely deployed standalone surgical
system yet cleared for this indication. Accurate estimation of absolute cer-
ebral blood flow requires quantitative biophysical modeling, adding com-
putational complexity to intraoperative workflows. Prospective clinical
validation studies in large, heterogeneous patient populations remain lim-
ited, and multicenter data are needed to establish generalizability across
different surgical environments, tumor types, and patient characteristics.
These barriers notwithstanding, LSCI represents a promising approach for
continuous perfusion monitoring during brain tumor surgery, particularly
when integrated with complementary modalities such as ICG-VA.

Hyperspectral imaging (HSI)
Hyperspectral imaging (HSI) is an emerging optical technology that cap-
tures detailed spectral data across hundreds ofwavelengths, enabling precise
tissue differentiation during neurosurgical operations. In human brain
tumor surgeries, HSI addresses limitations of conventional tools like pre-
operative MRI, where stereotactic accuracy is highly susceptible to error
from brain deformation that occurs because of bone removal, tumor
resection, or tissue edema, among other factors. By analyzing reflectance or
fluorescence spectra, HSI identifies tumormargins, distinguishes infiltrative
gliomas from healthy tissue, and maps perfusion or oxygenation in real-
time. Key systems include snapshot cameras mounted on surgical micro-
scopes, operating in visible-near-infrared ranges for rapid acquisition.
Computational methods such as machine learning classifiers have
demonstrated pixel-wise tumor segmentation accuracy exceeding 99%
agreement with histopathology in certain controlled experimental settings;
however, thisfigurederives fromspecific acquisitionconditions and selected
tumor types, and performance varies substantially across different tumor
histologies, imaging systems, and patient populations, with limited pro-
spective validation in heterogeneous clinical cohorts to date49. Clinical
studies focusing primarily on glioblastoma and metastases resections have
demonstrated promising avenues forHSI deployment as a potentially high-
impact strategy for optimizing both extent-of-resection and preservation-
of-function. This is accomplished by detecting low levels of protoporphyrin
IX (PpIX) fluorescence, a naturally occurring compound that accumulates
in tumor cells and fluoresces when excited with violet-blue light50. A
foundational technical validation study by Gebhart et al.51 first applied HSI
for brain tumor demarcation using tunable filters, demonstrating that HSI
could discriminate between brain tissues51. Advantages of HSI include its
non-invasiveness and label-free operation (eliminating the need for injected
dyes or contrast agents), although challenges such as acquisition speed and
inter-patient tumor variability continue to exist.

How have AI and ML shaped brain tumor imaging
techniques and insights?
Machine learning algorithms and artificial neural networks offer new
insights into biomarker and drug discovery, radiogenomics, rapid patho-
logic evaluation, and image-based assessments of treatment response52.
Models aim to provide a deeper understanding and improvedmanagement
of neuro-oncologic disease, and imaging is a domain of particularly rapid
integration. Prior to diagnosis, AI-based tools are highly accurate in clas-
sifying brain regions extensively involved with infiltrating tumor from
adjacent, healthy, non-malignant tissue53 andmay predict tumor grade pre-
operatively54,55. The growing field of radiogenomics has the potential to
reveal key molecular signatures such as O6-methylguanine-DNA

methyltransferase (MGMT) promoter methylation status, a marker with
predictive and prognostic significance in high-grade glioma56; 1p/19q-
codeletion and isocitrate dehydrogenase (IDH) mutation status, char-
acteristics of oligodendroglioma57,58; H3K27M-mutated diffuse midline
glioma59; and other genetic aberrations that are characteristic of glio-
blastoma such as TERT promoter60, PTEN61, and TP5361 mutations. These
results are particularly valuable for surgically inaccessible or technically
challenging lesions, may guide extent-of-resection, and can complement
circulating tumor DNA testing. Complementing these AI-driven imaging
approaches, emerging intraoperative tools such as stimulated Raman
histology-based microscopy can identify tumor invasion at a histological
level beyond what MRI demonstrates62, though widespread clinical adop-
tion remains limited by its current availability at only a small number of
highly specialized centers.

Once a brain tumor diagnosis has been established and protocol-based
treatment initiated, a critical aspect of care is monitoring response to
treatment. Automated and semiautomated tumor segmentation tools63–65

substantially reduce per-MRI review time54 and quantify brain involvement
by primary and metastatic neoplasms in two-dimensional and volumetric
outputs. Building upon validated segmentation algorithms, automated
pipelines evaluate longitudinal response to therapy, which can inform
standard of care and clinical trial assessments66,67. Meanwhile, a critical area
of ongoing research is radiographic determination of radiation-induced
pseudoprogression versus true disease progression, a common and
impactful clinical challenge for many glioblastoma patients68.

Prognostication remains an elusive component of brain tumor care in
clinical practice. Predicting response of brain metastases to stereotactic
radiosurgery represented early efforts69, and there is ongoing interest in
survival prediction across clinically and molecularly variable tumors70.
Emerging connectomics researchwithdiffusionMRIhas demonstrated that
glioblastoma disrupts white matter connectivity far beyond the visible
tumor margins. The extent of structural disruptions is associated with
shorter survival and represents a potential target for precise treatment,
reinforcing the need for integrated multimodal platforms capable of cap-
turing tumor-related changes beyond conventional imaging71. These
insights, supplementing molecular features of the tumor, may help neuro-
oncologists understanddiseaseprocesses andcommunicatemore effectively
with patients.

Despite these advances, significant barriers limit the clinical translation
of AI tools in neuro-oncology.Most publishedmodels have been developed
and validated on single-institution datasets, raising important concerns
about generalizability across centers, imaging platforms, and patient
populations. Domain shift, the degradation in model performance when
applied to data from different acquisition protocols or scanner types,
remains a pervasive andunderappreciated challenge.Dataset bias, including
underrepresentation of diverse patient populations and tumor subtypes,
further constrains the applicability of published results. Model interpret-
ability is a central concern for clinical adoption: black-box algorithms
operating onhigh-dimensional imaging data are difficult to audit, explain to
clinicians, or defend in medico-legal contexts. Reproducibility of radiomics
and deep learning results across independent cohorts has been inconsistent.
Regulatory approval pathways for AI-based diagnostic and prognostic tools
remain evolving and vary substantially across jurisdictions, creating
uncertainty for developers and health systems alike. Finally, seamless inte-
gration of AI tools into intraoperative workflows, where latency, interface
design, and cognitive load are critical, has received comparatively little
attention and represents amajor practical barrier to real-world deployment.
Addressing these challenges will be essential for AI to fulfill its role as the
integrative layer of unified multimodal surgical platforms.

The future of integrated multimodal surgical platforms
for brain tumors
The principle of complementarity that underlies integrated multimodal
platforms is best illustrated through the perioperativemanagement of high-
grade glioma. Preoperatively, structural MRI defines tumor anatomy and

https://doi.org/10.1038/s44385-026-00105-6 Perspective

npj Biomedical Innovations | (2026) 3:49 4

www.nature.com/npjbiomedinnov


informs surgical planning, while amino acid PET delineates metabolically
active infiltrative regions beyond the contrast-enhancing core, together
establishing resection boundaries that neither modality could define alone.
Intraoperatively, iUS provides real-time anatomical updates that compen-
sate for progressive brain shift, while 5-ALA fluorescence identifies residual
tumor at resection margins that white-light microscopy cannot reliably
detect. Concurrently, LSCI enables continuous perfusion monitoring to
identify hypoperfusion or inadvertent vascular compromise, a capability
that ICG-VA, as a single-timepoint contrast injection, cannot provide. AI-
driven segmentation algorithms operating on fused intraoperative data
streams synthesize these spatial and functional inputs to generate decision
support at thepoint of care. Postoperatively, advancedMRI sequences assess
extent of resection and monitor for early recurrence, while AI-based long-
itudinal analysis of serial imaging supports both standard-of-care response
assessment and clinical trial endpoints. In each phase of this workflow, each
modality directly addresses a specific limitation of the preceding one—a
relationship of functional complementarity, rather than redundancy, that
constitutes the defining rationale for integrated multimodal platforms.

Building on the complementary roles described above, the trajec-
tory of multimodal surgical platforms points toward systems in which
structural, functional,molecular, and optical data are continuously fused
and interpreted in real time at the point of care. AI will serve as the
integrative layer enabling this synthesis, automating segmentation,
compensating for brain shift, detecting residual tumor, and flagging
perfusion compromise simultaneously. Beyond intraoperative guidance,
these platforms are expected to generate longitudinal data that inform
postoperative therapy selection and treatment response assessment.
Achieving this will require progress across hardware miniaturization,
computational latency reduction, multicenter dataset development, and
regulatory frameworks adapted to intraoperative AI, challenges that are
active areas of development across the field.

The potential of these platforms extends beyond intraoperative gui-
dance to adjuvant therapy delivery. MR-guided focused ultrasound
(MRgFUS) with microbubbles exemplifies this convergence, enabling
transient, targeted disruption of the blood-brain barrier to enhance pene-
tration of chemotherapeutic agents such as temozolomide into infiltrative
tumor regions. A landmark multicenter phase 1/2 trial demonstrated the
safety and feasibility of this approach in high-grade glioma, with survival
outcomes substantially outperforming historical controls72, and
neuronavigation-guided FUS has since shown safety in pediatric diffuse
midline gliomas73. These early results suggest that integrated surgical plat-
forms may ultimately support not only the resection itself but the perio-
perative oncologic strategy as a whole, connecting preoperative planning,
intraoperative guidance, and adjuvant therapy optimization within a single,
coherent framework of care.
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Received: 1 March 2026; Accepted: 28 July 2026;

References
1. Bray, F. et al. Global cancer statistics 2022: GLOBOCAN estimates of

incidence andmortalityworldwide for 36 cancers in 185 countries.CA
Cancer J. Clin. 74, 229–263 (2024).

2. Price, M. et al. CBTRUS statistical report: primary brain and other
central nervous system tumors diagnosed in the United States in
2018-2022. Neuro Oncol. 27, iv1–iv66 (2025).

3. Gomez, D. et al. Incidence of brain metastasis according to patient
race and primary cancer origin: a systematic review. J. Neurooncol.
169, 457–467 (2024).

4. Mitchell, D. K. et al. Brain metastases: An update on the multi-
disciplinary approach of clinical management. Neurochirurgie 68,
69–85 (2022).

5. Martinez Lozada, P. S., Pozo Neira, J. & Leon-Rojas, J. E. From tumor
to network: functional connectome heterogeneity and alterations in
brain tumors-a multimodal neuroimaging narrative review. Cancers
17, 2174 (2025).

6. Garcia-Montano, L. A. et al. Dissecting intra-tumor heterogeneity in
the glioblastoma microenvironment using fluorescence-guided
multiple sampling.Mol. Cancer Res. 21, 755–767 (2023).

7. Wang, J. Z. et al. Meningioma: international consortium on
meningiomas consensus reviewon scientific advances and treatment
paradigms for clinicians, researchers, and patients. Neuro Oncol. 26,
1742–1780 (2024).

8. Lucas, C. H. et al. Spatial genomic, biochemical, and cellular
mechanisms drive meningioma heterogeneity and evolution. Nat.
Genet. 56, 1121–1133 (2023).

9. Valiente, M. et al. The evolving landscape of brainmetastasis: volume
II. Trends Cancer 12, 116–146 (2026).

10. Louis, D. N. et al. The 2021WHOclassification of tumors of the central
nervous system: a summary. Neuro Oncol. 23, 1231–1251 (2021).

11. Wen, P. Y. et al. Glioblastoma in adults: a society for neuro-oncology
(SNO) and European Society of Neuro-Oncology (EANO) consensus
reviewon currentmanagement and future directions.NeuroOncol27,
2751–2788 (2025).

12. Patel, D. D., Leslie, S. W. & Shetty, M. In Appropriate Magnetic
Resonance Imaging Ordering (StatPearls, 2025).

13. Sabeghi, P. et al. Advances in neuro-oncological imaging: an update
on diagnostic approach to brain tumors. Cancers 16, 576 (2024).

14. Pope, W. B. & Brandal, G. Conventional and advanced magnetic
resonance imaging inpatientswith high-gradeglioma.Q. J.Nucl.Med
Mol. Imaging 62, 239–253 (2018).

15. Ellingson, B. M., Wen, P. Y. & Cloughesy, T. F. Modified criteria for
radiographic response assessment in glioblastoma clinical trials.
Neurotherapeutics 14, 307–320 (2017).

16. Albert, N. L. et al. Response assessment in Neuro-Oncology working
group and European Association for Neuro-Oncology
recommendations for the clinical use of PET imaging in gliomas.
Neuro Oncol. 18, 1199–1208 (2016).

17. Prather,K.Y. et al. A systematic reviewof aminoacidPET in assessing
treatment response to temozolomide in glioma. Neurooncol. Adv. 4,
vdac008 (2022).

18. Verger, A. et al. Joint EANM/EANO/RANO/SNMMI practice guideline/
procedure standard for PET imaging of brainmetastases: version 1.0.
Eur. J. Nucl. Med Mol. Imaging 52, 1822–1839 (2025).

19. Galldiks, N., Law, I., Pope, W. B., Arbizu, J. & Langen, K. J. The use of
amino acid PET and conventional MRI for monitoring of brain tumor
therapy. Neuroimage Clin. 13, 386–394 (2017).

20. Alanazi, M. M. F. & Alhebs, M. A. Advancements in hybrid imaging
techniques: Enhancing diagnostic accuracy with PET/MRI and PET/
CT. Int. J. Health Sci. 8, 1800–1811 (2024).

21. Doan, L. M. T. et al. Bridging modalities with AI: a review of AI
advances in multimodal biomedical imaging. Commun. Eng. 5, 30
(2026).

22. Christodoulou, R. C. et al. Artificial intelligence in glioma diagnosis: a
narrative review of radiomics and deep learning for tumor
classification and molecular profiling across positron emission
tomography and magnetic resonance imaging. Eng 6, 262 (2025).

23. Senft, C. et al. Intraoperative MRI guidance and extent of resection in
glioma surgery: a randomised, controlled trial. Lancet Oncol. 12,
997–1003 (2011).

24. Bastos, D. C. A. et al. Challenges and opportunities of intraoperative
3D ultrasound with neuronavigation in relation to intraoperative MRI.
Front. Oncol. 11, 656519 (2021).

25. Bunyaratavej, K., Siwanuwatn, R., Tuchinda, L. & Wangsawatwong,
P. Impact of intraoperative magnetic resonance imaging (i-MRI) on
surgeon decision making and clinical outcomes in cranial tumor
surgery. Asian J. Neurosurg. 17, 218–226 (2022).

https://doi.org/10.1038/s44385-026-00105-6 Perspective

npj Biomedical Innovations | (2026) 3:49 5

www.nature.com/npjbiomedinnov


26. Mosteiro, A. et al. Is intraoperative ultrasound more efficient than
magnetic resonance in neurosurgical oncology? An exploratory cost-
effectiveness analysis. Front. Oncol. 12, 1016264 (2022).

27. Dixon, L., Lim, A., Grech-Sollars, M., Nandi, D. & Camp, S.
Intraoperative ultrasound in brain tumor surgery: a review and
implementation guide. Neurosurg. Rev. 45, 2503–2515 (2022).

28. Ganau, M., Ligarotti, G. K. & Apostolopoulos, V. Real-time
intraoperative ultrasound in brain surgery: neuronavigation and use of
contrast-enhanced image fusion. Quant. Imaging Med Surg. 9,
350–358 (2019).

29. Moiyadi, A. V. et al. Clinical validation of intraoperative ultrasound-
based automated rigid image fusion to update neuronavigation using
preoperative MRI. Oper. Neurosurg. 29, 639–650 (2025).

30. Prada, F. et al. Intraoperative contrast-enhanced ultrasound for brain
tumor surgery. Neurosurgery 74, 542–552 (2014).

31. Shi, J. et al. Applicationofmultiparametric intraoperativeultrasound in
glioma surgery. Biomed. Res. Int. 2021, 6651726 (2021).

32. Tao, A. Y. et al. Application of intraoperative contrast-enhanced
ultrasound in the resection of brain tumors. Curr. Med. Sci. 42,
169–176 (2022).

33. Tariciotti, L. et al. Artificial intelligence-enhanced intraoperative
neurosurgical workflow: current knowledge and future perspectives.
J. Neurosurg. Sci. 66, 139–150 (2022).

34. Sanai, N. & Berger, M. S. Operative techniques for gliomas and the
value of extent of resection. Neurotherapeutics 6, 478–486 (2009).

35. You, H. & Qiao, H. Intraoperative neuromonitoring during resection of
gliomas involving eloquent areas. Front. Neurol. 12, 658680 (2021).

36. Cepeda, S. et al. Deep learning-based glioma segmentation of 2D
intraoperative ultrasound images: a multicenter study using the brain
tumor intraoperative ultrasound database (BraTioUS). Cancers 17,
315 (2025).

37. Stummer, W. et al. Fluorescence-guided surgery with
5-aminolevulinic acid for resection ofmalignant glioma: a randomised
controlledmulticentre phase III trial. Lancet Oncol. 7, 392–401 (2006).

38. Gandhi, S. et al. Survival outcomes among patients with high-grade
glioma treated with 5-aminolevulinic acid-guided surgery: a
systematic review and meta-analysis. Front. Oncol. 9, 620 (2019).

39. Roder, C. et al. Intraoperative MRI-guided resection is not superior to
5-aminolevulinic acid guidance in newly diagnosed glioblastoma: a
prospective controlled multicenter clinical trial. J. Clin. Oncol. 41,
5512–5523 (2023).

40. Raabe, A., Beck, J., Gerlach, R., Zimmermann, M. & Seifert, V. Near-
infrared indocyanine green video angiography: a new method for
intraoperative assessment of vascular flow. Neurosurgery 52,
132–139 (2003).

41. Raabe, A. et al. Prospective evaluation of surgical microscope-
integrated intraoperative near-infrared indocyanine green
videoangiography during aneurysm surgery. J. Neurosurg. 103,
982–989 (2005).

42. Acerbi, F. et al. The role of indocyanine green videoangiography with
FLOW 800 analysis for the surgical management of central nervous
system tumors: an update. Neurosurg. Focus 44, E6 (2018).

43. Sun, Y. et al. Utility of indocyanine green videoangiography with
FLOW 800 analysis in brain tumour resection as a venous protection
technique. BMC Surg. 22, 126 (2022).

44. Lee, J. Y. et al. Intraoperative Near-Infrared Optical Imaging Can
Localize Gadolinium-Enhancing Gliomas During Surgery.
Neurosurgery 79, 856–871 (2016).

45. Goldberg, J. et al. Intraoperative laser speckle contrast imaging to
assess vessel flow in neurosurgery: a pilot study. Neurosurgery 94,
983–992 (2023).

46. Hecht, N.,Woitzik, J., Konig, S., Horn, P. & Vajkoczy, P. Laser speckle
imaging allows real-time intraoperative blood flow assessment during
neurosurgical procedures. J. Cereb. Blood Flow. Metab. 33,
1000–1007 (2013).

47. Dunn, A. K., Bolay, H., Moskowitz, M. A. & Boas, D. A. Dynamic
imaging of cerebral blood flow using laser speckle. J. Cereb. Blood
Flow. Metab. 21, 195–201 (2001).

48. Miller, D. R., Ashour, R., Sullender, C. T. & Dunn, A. K. Continuous
blood flow visualization with laser speckle contrast imaging during
neurovascular surgery. Neurophotonics 9, 021908 (2022).

49. Kotwal, A. et al. Hyperspectral imaging in neurosurgery: a review of
systems, computational methods, and clinical applications. J.
Biomed. Opt. 30, 023512 (2025).

50. Stummer, W. et al. Technical principles for protoporphyrin-IX-
fluorescence guided microsurgical resection of malignant glioma
tissue. Acta Neurochir. 140, 995–1000 (1998).

51. Gebhart, S. C., Thompson, R. C. & Mahadevan-Jansen, A. Liquid-
crystal tunable filter spectral imaging for brain tumor demarcation.
Appl. Opt. 46, 1896–1910 (2007).

52. Voigtlaender, S. et al. Value of artificial intelligence in neuro-oncology.
Lancet Digit. Health 8, 100876 (2025).

53. Mathivanan, S. K. et al. Employing deep learning and transfer learning
for accurate brain tumor detection. Sci. Rep. 14, 7232 (2024).

54. Zhuge, Y. et al. Automated glioma grading on conventional MRI
images using deep convolutional neural networks.Med. Phys. 47,
3044–3053 (2020).

55. Yin,S.,Ming, J.,Chen,H., Sun,Y.&Jiang,C. Integratingdeep learning
and radiomics for preoperative glioma grading usingmulti-centerMRI
data. Sci. Rep. 15, 36756 (2025).

56. Qureshi, S. A. et al. Radiogenomic classification for MGMT promoter
methylation status using multi-omics fused feature space for least
invasive diagnosis through mpMRI scans. Sci. Rep. 13, 3291 (2023).

57. Decuyper, M., Bonte, S., Deblaere, K. & VanHolen, R. AutomatedMRI
based pipeline for segmentation and prediction of grade, IDH
mutation and 1p19q co-deletion in glioma. Comput. Med. Imaging
Graph 88, 101831 (2021).

58. Zhu, Z. et al. OMT and tensor SVD-based deep learning model for
segmentation andpredictinggeneticmarkers of glioma: Amulticenter
study. Proc. Natl. Acad. Sci. USA 122, e2500004122 (2025).

59. Tam,L. T. et al.MRI-based radiomics for prognosis of pediatric diffuse
intrinsic pontine glioma: an international study. Neurooncol. Adv. 3,
vdab042 (2021).

60. Zhang, H. et al. Multiparametric MRI-based fusion radiomics for
predicting telomerase reverse transcriptase (TERT) promoter
mutationsandprogression-freesurvival in glioblastoma: amulticentre
study. Neuroradiology 66, 81–92 (2024).

61. Fathi Kazerooni, A. et al. The radiogenomic and spatiogenomic
landscapes of glioblastoma and their relationship to oncogenic
drivers. Commun. Med. 5, 55 (2025).

62. Kondepudi, A. et al. Foundationmodels for fast, label-freedetectionof
glioma infiltration. Nature 637, 439–445 (2025).

63. Gao, P. et al. Development and validation of a deep learningmodel for
brain tumor diagnosis and classification using magnetic resonance
imaging. JAMA Netw. Open 5, e2225608 (2022).

64. Lakshmi, K. et al. Explainable artificial intelligence with UNet based
segmentation and Bayesian machine learning for classification of
brain tumors using MRI images. Sci. Rep. 15, 690 (2025).

65. Lv, C. et al. BrainTumNet: multi-task deep learning framework for
brain tumor segmentation and classification using adaptive masked
transformers. Front. Oncol. 15, 1585891 (2025).

66. Choi, C. et al. Prospective longitudinal analysis of 2-hydroxyglutarate
magnetic resonance spectroscopy identifies broad clinical utility for
the management of patients with IDH-mutant glioma. J. Clin. Oncol.
34, 4030–4039 (2016).

67. Kickingereder, P. et al. Automated quantitative tumour response
assessment ofMRI in neuro-oncologywith artificial neural networks: a
multicentre, retrospective study. Lancet Oncol. 20, 728–740 (2019).

68. Akbari, H. et al. Histopathology-validated machine learning
radiographic biomarker for noninvasive discrimination between true

https://doi.org/10.1038/s44385-026-00105-6 Perspective

npj Biomedical Innovations | (2026) 3:49 6

www.nature.com/npjbiomedinnov


progression and pseudo-progression in glioblastoma. Cancer 126,
2625–2636 (2020).

69. Cha, Y. J. et al. Prediction of response to stereotactic radiosurgery for
brain metastases using convolutional neural networks. Anticancer
Res. 38, 5437–5445 (2018).

70. Lee, J. et al. GlioSurv: interpretable transformer for multimodal,
individualized survival prediction in diffuse glioma. NPJ Digit. Med. 8,
660 (2025).

71. Wei, Y. et al. Structural connectome quantifies tumour invasion and
predicts survival in glioblastoma patients. Brain 146, 1714–1727
(2023).

72. Woodworth, G. F. et al. Microbubble-enhanced transcranial focused
ultrasound with temozolomide for patients with high-grade glioma
(BT008NA): a multicentre, open-label, phase 1/2 trial. Lancet Oncol.
26, 1651–1664 (2025).

73. Wu, C. C. et al. Blood-brain barrier opening with neuronavigation-
guided focused ultrasound in pediatric patients with diffuse midline
glioma. Sci. Transl. Med. 17, eadq6645 (2025).

Acknowledgements
This work was supported in part by the American Cancer Society
Institutional Research Grant (ACS-IRG; ACS-IRG-23-1143225-04-IRG)
awarded to the OU Health Stephenson Cancer Center at the University of
Oklahoma Health Campus.

Author contributions
D.P.C. and D.R.M.: concept design. D.P.C., T.A.N., and D.R.M.: writing first
draft.All authors (D.P.C., T.A.N.,C.S.G., J.B.,D.R.M.) providedcritical review
and commentary of revised drafts and read and approved the final
manuscript.

Competing interests
Co-author Thomas A. Nelson serves on the advisory boards for Grai Med,
Inc, and Wellytics, Inc. Co-author David R. Miller declares intellectual
property rights in the area of laser speckle contrast imaging, including a

provisional patent application (Application No. 63/921,815, filed November
20, 2025; title:Method forPredictingComplicationsRelated toBloodFlowor
Tissue Perfusion During Surgery; applicant: University of Oklahoma; inven-
tor: DavidR.Miller; status: pending), and holds stock in, serves on the board
ofdirectors, and consults forDynamicLight. Theother authorsdonot have a
competing interest.

Additional information
Correspondence and requests for materials should be addressed to
David R. Miller.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’snoteSpringerNature remainsneutralwith regard to jurisdictional
claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material. You
do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to thematerial. If material
is not included in thearticle’sCreativeCommons licenceandyour intended
use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-
nc-nd/4.0/.

© The Author(s) 2026

https://doi.org/10.1038/s44385-026-00105-6 Perspective

npj Biomedical Innovations | (2026) 3:49 7

http://www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.nature.com/npjbiomedinnov

	Multimodal imaging and AI in brain tumor surgery: current tools and emerging integration
	Brain tumor biology
	Magnetic resonance imaging (MRI) and positron emission tomography (PET)
	Intraoperative MRI (iMRI) and intraoperative ultrasound (iUS)
	Neuronavigation systems
	Emerging optical imaging modalities
	5-Aminolevulinic acid (5-ALA)
	Indocyanine green video angiography (ICG-VA) and FLOW 800/GLOW800
	Laser speckle contrast imaging (LSCI)
	Hyperspectral imaging (HSI)

	How have AI and ML shaped brain tumor imaging techniques and insights?
	The future of integrated multimodal surgical platforms for brain tumors
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




