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Introduction

Maximal safe resection remains the cornerstone 
of glioblastoma management, as the extent of tumor 
removal is closely associated with patient survival and 
neurological preservation. However, the infiltrative 
nature of glioblastoma, indistinct tumor margins, and 
considerable interpatient heterogeneity continue to 
challenge accurate preoperative planning and surgical 
decision-making [1- 3]. Recent advances in artificial 
intelligence (AI), particularly deep learning–based image 
segmentation, are transforming glioblastoma surgical 
planning. Automated segmentation algorithms can 
accurately delineate tumor subregions while reducing the 
time and interobserver variability associated with manual 
contouring [4, 5]. Beyond image analysis, AI-driven tumor 
segmentation is emerging as a valuable decision-support 
tool for neuronavigation, resection planning, and 
personalized surgical strategies. Nevertheless, challenges 
including limited generalizability, variability in MRI 
protocols, and insufficient clinical validation remain 
significant barriers to routine implementation [6, 7]. In this 
editorial, we discuss the evolving role of AI-driven tumor 
segmentation in glioblastoma surgical planning and the 
key challenges that must be addressed for its successful 
clinical integration.

Enhancing Preoperative Planning
Manual segmentation of tumors has always been 

done through the process of manual delineation of the 
tumor by neuroradiologists and neurosurgeons, which 
is a very time-consuming and variable process [8]. 
The emergence of deep learning–based segmentation 
models has substantially improved the efficiency 
and consistency of this task [9]. Currently available 
algorithms can automatically segment enhancing tumor, 
non-enhancing tumor, necrotic core and peritumoral 
edema in multimodal MRI scans, with a performance 
close to that of expert-level annotations. However, apart 
from making the process of tumor segmentation more 
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efficient, deep learning-based tumor segmentation models 
have added another advantage by providing clinically 
meaningful information for pre-operative planning 
through segmentation of tumors in three dimensions 
and calculation of tumor burden [10]. Through accurate 
depiction of the location of the tumor in relation to 
surrounding structures, neurosurgeons can predict the 
level of complexity of surgery and plan the optimal 
trajectory. Thus, AI-based segmentation is becoming an 
integral part of precision neurosurgery [11].

Current Challenges
Despite remarkable progress, several barriers continue 

to limit the routine clinical adoption of AI-driven tumor 
segmentation in glioblastoma surgery. One of the major 
concerns is the limited generalizability of existing models, 
as many algorithms are developed and validated using 
highly curated datasets that may not adequately represent 
the diversity of real-world clinical practice [12]. Variations 
in MRI acquisition protocols, scanner vendors, imaging 
quality, and patient populations can substantially affect 
model performance when deployed across different 
institutions. Another important challenge is the infiltrative 
nature of glioblastoma itself. Although deep learning 
models have achieved impressive accuracy in segmenting 
contrast-enhancing tumor regions, accurately delineating 
infiltrative tumor margins remains considerably more 
difficult. Furthermore, the lack of model explainability 
and prospective multicenter validation continues to 
hinder clinician confidence and regulatory approval 
[13, 14]. Future AI systems should therefore prioritize 
transparency, robustness, and seamless integration into 
existing neurosurgical workflows, ensuring that automated 
segmentation serves as a reliable decision-support tool 
rather than a replacement for clinical expertise.

Future Directions
The next generation of AI-driven tumor segmentation 
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is expected to extend well beyond automated lesion 
delineation. Future developments will likely integrate 
multimodal MRI, functional imaging, radiomics, and 
molecular biomarkers to provide a more comprehensive 
characterization of glioblastoma. Such advances may 
enable individualized surgical planning by identifying 
tumor infiltration patterns, estimating the extent of 
safe resection, and predicting the risk of postoperative 
neurological deficits. Emerging technologies, including 
foundation models and real-time intraoperative AI 
applications, also hold considerable promise for enhancing 
surgical precision [15]. However, successful clinical 
translation will require close collaboration among 
neurosurgeons, neuroradiologists, AI researchers, and 
regulatory authorities to ensure that these technologies 
are accurate, transparent, and clinically reliable. Rather 
than replacing surgical expertise, AI should be viewed as a 
collaborative partner that augments clinical judgment and 
supports safer, more personalized neurosurgical care [16].

In conclusion, as AI continues to mature, tumor 
segmentation is poised to become an indispensable 
component of glioblastoma surgical planning rather than 
an optional imaging adjunct. Realizing this potential, 
however, will require rigorous clinical validation, 
standardized evaluation frameworks, and seamless 
integration into routine neurosurgical workflows. 
By translating technological advances into clinically 
actionable insights, AI-driven segmentation has the 
potential to redefine preoperative planning and establish 
a new standard for precision neurosurgical care.

Keywords
Glioblastoma, Artificial Intelligence, Tumor 

Segmentation, Surgical Planning, Deep Learning, 
Magnetic Resonance Imaging.

Funding and Ethical Approval
This study is part of research project No. 99288, 

approved by Sabzevar University of Medical Sciences 
under Ethics Code IR.MUMS.MEDICAL.REC.1399.711 
and  IRCT20210215050367N1.

References

1. Ballestín A, Armocida D, Ribecco V, Seano G. Peritumoral brain 
zone in glioblastoma: biological, clinical and mechanical 
features. Frontiers in Immunology. 2024;15:1347877. https://
doi.org/10.3389/fimmu.2024.1347877

2. Geens W, Rizani G, Del Gaudio N, Buyck F, Van Gestel F, 
Bruneau M, Neyns B, Duerinck J. Extent of resection and 
its association with overall survival in newly diagnosed 
IDH wildtype glioblastoma treated with concomitant 
radiochemotherapy: a systematic review and meta-analysis. 
Brain & Spine. 2025;5:105867. https://doi.org/10.1016/j.
bas.2025.105867

3. Wach J, Vychopen M, Güresir E. Prognostic revalidation of 
RANO categories for extent of resection in glioblastoma: 
a reconstruction of individual patient data. Journal of 
Neuro-Oncology. 2025 05;172(3):515-525. https://doi.
org/10.1007/s11060-025-04950-0

4. Sanker V, Venkatesan A, Salma A, Sp A, Li Z, Heesen P, Park 
C, et al. Artificial intelligence models in the surgical planning 

of low-grade gliomas: a systematic review. Frontiers in 
Oncology. 2026 01 15;15:1672289. https://doi.org/10.3389/
fonc.2025.1672289

5. Shahram MA, Azimian H, Abbasi B, Ganji Z, Khadem-Reza 
ZK, Khakshour E, Zare H. Automated glioblastoma patient 
classification using hypoxia levels measured through 
magnetic resonance images. BMC neuroscience. 2024 05 
25;25(1):26. https://doi.org/10.1186/s12868-024-00871-2

6. Bonada M, Rossi LF, Carone G, Panico F, Cofano F, Fiaschi P, 
Garbossa D, et al. Deep Learning for MRI Segmentation and 
Molecular Subtyping in Glioblastoma: Critical Aspects from 
an Emerging Field. Biomedicines. 2024 08 16;12(8):1878. 
https://doi.org/10.3390/biomedicines12081878

7. Robatjazi M, Musavi F, Ghorbani A, Alizadeh NS. Artificial 
Intelligence in Cancer Management: Promise, Pragmatism, 
and Preparedness. Asian Pacific Journal of Cancer Care. 
2026 05 02;11(3):325-327. https://doi.org/10.31557/
apjcc.2026.11.3.325-327

8. Visser M, Müller DMJ, Duijn RJM, Smits M, Verburg N, 
Hendriks EJ, Nabuurs RJA, et al. Inter-rater agreement in 
glioma segmentations on longitudinal MRI. NeuroImage. 
Clinical. 2019;22:101727. https://doi.org/10.1016/j.
nicl.2019.101727

9. Kazerooni AF, Khalili N, Liu X, Haldar D, Jiang 
Z, Anwar SM, Albrecht J, et al. The Brain Tumor 
Segmentation (BraTS) Challenge 2023: Focus on Pediatrics 
(CBTN-CONNECT-DIPGR-ASNR-MICCAI BraTS-PEDs). 
2024 05 23.

10. Kofler F, Berger C, Waldmannstetter D, Lipkova J, Ezhov I, 
Tetteh G, Kirschke J, et al. BraTS Toolkit: Translating BraTS 
Brain Tumor Segmentation Algorithms Into Clinical and 
Scientific Practice. Frontiers in Neuroscience. 2020;14:125. 
https://doi.org/10.3389/fnins.2020.00125

11. Helland RH, Ferles A, Pedersen A, Kommers I, Ardon H, 
Barkhof F, Bello L, et al. Segmentation of glioblastomas 
in early post-operative multi-modal MRI with deep neural 
networks. Scientific Reports. 2023 Nov 02;13(1):18897. 
https://doi.org/10.1038/s41598-023-45456-x

12. Tran AT, Zeevi T, Payabvash S. Strategies to Improve 
the Robustness and Generalizability of Deep Learning 
Segmentation and Classification in Neuroimaging. 
BioMedInformatics. 2025 04 14;5(2):20. https://doi.
org/10.3390/biomedinformatics5020020

13. Billot B, Greve DN, Puonti O, Thielscher A, Van Leemput 
K, Fischl B, Dalca AV, Iglesias JE. SynthSeg: Segmentation 
of brain MRI scans of any contrast and resolution without 
retraining. Medical Image Analysis. 2023 05;86:102789. 
https://doi.org/10.1016/j.media.2023.102789

14. Meyer MI, De La Rosa E, Pedrosa De Barros N, Paolella 
R, Van Leemput K, Sima DM. A Contrast Augmentation 
Approach to Improve Multi-Scanner Generalization in MRI. 
Frontiers in Neuroscience. 2021 08 31;15:708196. https://
doi.org/10.3389/fnins.2021.708196

15. Hao M, Yan J, Wang X, Tan Y, Zhang H, Yang G. Survival 
prediction in gliomas based on MRI radiomics combined 
with clinical factors and molecular biomarkers. PeerJ. 2025 
08 20;13:e19906. https://doi.org/10.7717/peerj.19906

16. Khalighi S, Reddy K, Midya A, Pandav KB, Madabhushi A, 
Abedalthagafi M. Artificial intelligence in neuro-oncology: 
advances and challenges in brain tumor diagnosis, prognosis, 
and precision treatment. npj Precision Oncology. 2024 03 
29;8(1):80. https://doi.org/10.1038/s41698-024-00575-0

This work is licensed under a Creative Commons Attribution-Non 
Commercial 4.0 International License.


