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Precision Neuro-Oncology: A Comprehensive Review of Molecular Diagnostics and Therapies in Glioma Care
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ABSTRACT 

	Cancer is the uncontrolled proliferation of abnormal cells that invades adjacent tissues and metastasizes in the lymphatic or bloodstream. Central Nervous System (CNS) tumors, and most notably gliomas are formidable to treat because of their aggressiveness, molecular heterogeneity, and resistance to standard therapy. Gliomas are the most prevalent primary malignant brain tumors and have a poor prognosis due to the limited choices of treatment. The 2021 World Health Organization Classification of CNS Tumors (WHO CNS5) has transformed glioma diagnosis with the inclusion of certain molecular markers like isocitrate dehydrogenase (IDH) mutations, 1p/19q co-deletion, loss of Alpha Thalassemia/Mental Retardation Syndrome X-linked (ATRX), and Tumor Protein 53 (TP53) mutations, in addition to the classic histopathological features. Next generation sequencing (NGS) has also revolutionized neuro-oncology by enabling the specific detection of genetic alterations responsible for tumor formation. NGS makes it possible to detect mutations, amplifications, and gene fusions with increased specificity, opening the door to more personalized and possibly efficacious treatment. In India, the increasing rate of CNS tumors emphasizes the imperative need for better diagnosis and treatment infrastructure. This review summarizes international and Indian trends in cancer epidemiology, developments in glioma classification, current diagnostic challenges, and the emerging roles of targeted sequencing and treatments in CNS tumor precision medicine.
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1. INTRODUCTION
1.1. Understanding Mechanism of Cancer
Cancer is a complex disease driven by genetic mutations and environmental triggers, causing uncontrolled cell growth and disruption of normal functions. [1] Normally, cells divide to replace old or damaged ones, but in cancer, genetic mutations cause cells to multiply rapidly, forming tumors that can invade nearby tissues and metastasize to distant organs via blood or lymph. If malignant, these tumors disrupt vital functions, making cancer a leading cause of death worldwide. ‘

1.2 What are CNS Tumors?
CNS tumors are abnormal growths in the brain or spinal cord, arising from glial cells, neurons, or other tissues. They are classified as primary (originating in the CNS) or secondary (metastatic from other sites), with gliomas—such as astrocytomas, glioblastomas (aggressive in adults), oligodendrogliomas—and non-glial tumors like meningiomas (often benign), medulloblastoma (common in children), and ependymomas being prevalent.

2. GLOBAL CANCER IMPACT AND MOLECULAR DRIVERS
Infections, radiation, and harmful chemicals play a major role in its onset, making cancer a serious global health concern. Each year reported new cases are about 20 million and deaths about 9.7 [2]. In India, cancer remains a major burden, with over 1.4 million new cases and nearly 910,000 deaths annually [3]. Breast, oral, cervical, and lung cancers are most common, linked to lifestyle, environment, and poor healthcare access [4]. 

[image: figure 1300]Primary brain tumors like glioblastoma are particularly challenging due to their aggressive nature. Survival beyond five years remains below 10% [5]. However, progress in molecular diagnostics and precision oncology holds promise if made widely accessible [6]. Strengthening health policy, expanding registries, and improving early detection are essential to reduce mortality and improve patient outcomes in India [7].
Fig 1. Global and Indian Cancer Cases and Deaths Annually (Ref. 2&3)

3. MOLECULAR TYPING OF CNS TUMORS
CNS tumors usually classify according to their anatomical location and histopathological characteristics. Although this framework facilitated early diagnostic categorization, it inadequately addressed the extensive heterogeneity in tumor biology and clinical behavior [8]. With the advent of molecular neuropathology, a fundamentally redefined classification to incorporate tumor-specific genetic and epigenetic alterations, enabling more precise diagnostic, prognostic, and therapeutic stratification [9].

Key molecular biomarkers have become central to glioma classification. Mutations in isocitrate dehydrogenase (IDH1/2), co-deletion of chromosomes 1p and 19q, and loss of ATRX expression frequently define distinct tumor subsets. Similarly, TP53 mutations and alterations in telomere regulation provide critical information regarding pathogenesis and disease progression [10]. These biomarkers delineate biologically distinct unresolved entities by histology alone, underscoring the importance of an integrated molecular-histological diagnostic paradigm [11].

[image: ]The WHO Classification of Tumors of the CNS, 5th Edition (CNS5, 2021) represents a paradigm shift by mandating molecular parameters as diagnostic criteria for adult-type diffuse gliomas. Per CNS5, these tumors categorize into three molecularly discrete entities: (i) astrocytoma, IDH-mutant (grades 2–4), (ii) oligodendroglioma, IDH-mutant, 1p/19q-codeleted (grades 2–3), and (iii) glioblastoma, IDH-wildtype (grade 4) [12]. This framework enhances prognostic accuracy and facilitates therapeutic tailoring based on molecular determinants of tumor biology [13].
Fig 2. WHO CNS5 Classification of Gliomas by Grade and Type
In contrast, pediatric-type gliomas segregate into separate diagnostic categories, as they exhibit unique oncogenic drivers distinct from adult gliomas. For example, pilocytic astrocytoma, a circumscribed pediatric glioma, typically demonstrates favorable prognosis and is frequently associated with MAPK pathway alterations such as KIAA1549-BRAF fusions [14]. This biologic distinction highlights the inadequacy of histomorphology alone and emphasizes the necessity of molecular diagnostics across age groups [15].

Integration of histological assessment with comprehensive molecular profiling not only enables precise diagnosis but also paves the way for individualized treatment strategies founded on precision oncology [16]. As targeted therapies directed at IDH mutations, BRAF alterations, and other actionable molecular events continue to emerge, patient-specific therapeutic regimens will increasingly replace conventional, non-discriminatory treatment approaches [17]. Furthermore, molecular stratification has profound implications for clinical trial design by ensuring patient enrollment aligned with biologically relevant subgroups, thereby improving trial efficacy and reducing unnecessary therapeutic toxicity [18].

Looking ahead, the advancement of real-time genomic, transcriptomic, and epigenetics sequencing technologies promises further refinement in both classification and therapeutic decision-making, enabling a dynamic and adaptive model of care in neuro-oncology [19]. Collectively, these developments confirm that the integration of molecular and histological frameworks is transforming the field, ushering in an era of personalized neuro-oncology with the ultimate goal of improving patient survival and quality of life [20].

4. PRIMARY MALIGNANT BRAIN TUMORS: GLOBAL AND INDIAN TRENDS 
Primary brain cancers are an escalating global health issue, with recent studies indicating over 320,000 new cases and more than 250,000 deaths annually worldwide [21]. Gliomas, which are malignancies arising from glial cells, account for a significant proportion of these, responsible for nearly 200,000 new cases and about 150,000 deaths each year [22]. Glioblastoma stands out as the most aggressive glioma subtype, characterized by rapid progression and a marked resistance to therapy [23]. In the Indian context, annual brain tumor incidence estimates at 30,000–35,000, with approximately 8,000 being gliomas, reflecting both increased awareness and better diagnostic capabilities [24].

A major challenge in India and other low-resource settings is the prevalence of late-stage diagnosis, often stemming from vague, non-specific symptoms and restricted access to advanced neuroimaging—issues that are even more acute in rural regions [25]. Public awareness deficits further contribute to delayed treatment and lower survival rates, as patients often seek care when symptoms deteriorate [26]. Epidemiological patterns reveal that gliomas are more frequent in males, while meningiomas predominate in females, likely influenced by hormonal and genetic factors [27]. Pediatric brain tumors display a different landscape, with pilocytic astrocytoma being among the most prevalent low-grade gliomas, notably associated with a favorable prognosis [28]. 
Personalized therapy, rooted in both molecular and demographic profiles, is revolutionizing neuro-oncology by providing tailored management and improved clinical outcomes [29]. Integrating region-specific epidemiological data into Indian healthcare policy is essential for optimizing resource allocation and bridging gaps in neuro-oncology care [30]. Enhanced early detection, specialized care, and heightened awareness are critical steps toward reducing the burden and improving survival in brain tumor patients [31]


5. GLIOMAS: PROGNOSIS AND LIMITATIONS IN THERAPY  
The infiltrative nature of GBM presents a formidable challenge to surgical management. Unlike circumscribed tumors, GBMs diffusely invade adjacent brain parenchyma, rendering complete resection unattainable and resulting in residual microscopic disease and inevitable recurrence [35]. Moreover, the blood-brain barrier (BBB) severely limits delivery of chemotherapeutic agents, necessitating high systemic doses that increase off-target toxicity without ensuring adequate tumor control [36].

GBM also establishes an immunosuppressive tumor microenvironment (TME), recruiting regulatory T cells and tumor-associated macrophages that inhibit cytotoxic immune responses, diminishing immunotherapy efficacy [39]. Current immunotherapeutic modalities, though promising, face resistance rooted in TME complexity and tumor heterogeneity [40].

6. NEXT-GENERATION SEQUENCING PRECISION MEDICINE IN CANCER
Next-generation sequencing (NGS) has transformed molecular oncology by allowing the simultaneous assessment of diverse genetic alterations, including single nucleotide variants (SNVs), insertions-deletions (in-dels), copy number variations (CNVs), and gene fusions [41] . Unlike traditional single-gene assays, NGS can generate comprehensive genomic profiles from limited tissue samples, making it particularly advantageous in clinical practice [42]. Importantly, it is compatible with formalin-fixed paraffin-embedded (FFPE) tissues, the most widely available material in diagnostic pathology, thereby expanding its clinical applicability [43]. The ability to multiplex multiple targets in a single assay minimizes both time and tissue consumption while reducing overall costs, rendering NGS an essential tool for precision treatment planning.

In the context of gliomas, NGS facilitates the detection of clinically relevant alterations that carry prognostic and therapeutic significance [44]. Among the most frequently analyzed markers are mutations in IDH1/2, BRAF V600E, TERT promoter alterations, and EGFR amplification—all of which aid in tumor stratification and potential therapeutic targeting [45]. Moreover, NGS can identify the 1p/19q co-deletion, critical for the diagnosis of oligodendrogliomas, as well as uncommon but actionable events such as FGFR-TACC fusions [46]. Beyond single alterations, the integrative capacity of NGS enables classification of gliomas into distinct molecular subgroups, thereby advancing precision oncology frameworks [47]. By relying on genomic signatures rather than histopathology alone, therapeutic strategies can be precisely tailored to tumor-specific molecular profiles [48]. The incorporation of NGS into standard neuro-oncology workflows has markedly enhanced diagnostic precision and broadened avenues for targeted interventions [49].

[image: ]Looking ahead, innovations in sequencing chemistry and bioinformatics are expected to yield faster, more cost-effective and scalable platforms [50]. Parallel advances in liquid biopsy approaches will enable minimally invasive, real-time monitoring of tumor evolution [51]. With decreasing costs and improved analytic pipelines, NGS is poised to become an indispensable component of glioma management, driving the next era of personalized neuro-oncology [52].
Fig 3. Workflow of NGS and Variant Detection

6.1 Molecular Targeted Therapy: Mechanisms and Clinical Use
Targeted therapy represents a cornerstone of modern precision oncology, offering a rational approach to cancer treatment by selectively acting on molecular aberrations that govern tumor initiation, proliferation, and survival [53]. Unlike conventional chemotherapeutics that indiscriminately damage dividing cells, this strategy exploits tumor-specific vulnerabilities, thereby improving efficacy while minimizing systemic toxicity [54].

In gliomas, comprehensive genomic profiling has revealed a spectrum of established and emerging molecular targets with diagnostic, prognostic, and therapeutic significance. Frequently altered genes include IDH1/2, TERT promoter, EGFR (including EGFRvIII), BRAF V600E, and 1p/19q co-deletion, which are central to glioma classification and therapy selection [55]. Additional recurrent alterations involve TP53, ATRX, PTEN, PIK3CA, NF1, and RB1, contributing to cell-cycle dysregulation and resistance mechanisms [56]. Rare but clinically actionable events include FGFR1–3 mutations/fusions, NTRK1–3 fusions, MET amplification or exon 14 skipping, PDGFRA mutations, and CDK4/6 amplifications [57]. Other reported genes, such as H3F3A (H3 K27M, G34R/V) in pediatric high-grade gliomas, MYC, AKT1, NOTCH1, and chromatin modifiers (e.g., ARID1A, SMARCB1), further expand the therapeutic landscape [58]. This broad genetic heterogeneity underscores the role of NGS-based profiling in guiding targeted interventions.

Current management of gliomas involves maximal resection, radiotherapy, and temozolomide, enhanced by Tumor Treating Fields [59]. However, integration of targeted agents—such as IDH inhibitors, BRAF/MEK inhibitors, FGFR and TRK inhibitors, CDK4/6 inhibitors, and anti-angiogenic therapies—offers new avenues for precision therapy. The union of molecular diagnostics with evolving therapeutics continues to transform glioma care, paving the way toward individualized treatment and improved patient outcomes [60].

6.2 Targeted Vs. Whole Genome Sequencing In Gliomas
Targeted sequencing has emerged as a central tool in clinical oncology, offering a focused alternative to whole-genome sequencing (WGS). By restricting analysis to specific genomic regions relevant to disease, it achieves lower costs, reduced computational demands, and simplified interpretation compared to comprehensive approaches [61]. The concentrated design also allows for deeper sequencing coverage, ensuring the reliable detection of low-frequency variants and sub clonal mutations that are particularly important in heterogeneous tumors such as gliomas. This capacity supports monitoring of tumor evolution and the identification of resistance mechanisms critical for personalizing therapy.  

In glioblastoma multiforme (GBM) and other gliomas, targeted sequencing provides practical advantages beyond mutation detection. Smaller datasets produce faster turnaround times, enabling clinicians to deliver timely diagnoses and treatment recommendations [62]. The reduced data load also minimizes storage requirements and makes the technology adaptable in resource-limited clinical environments. This is especially valuable for neuro-oncology, where rapid clinical decisions strongly influence patient outcomes. Furthermore, standardized targeted panels enhance reproducibility across laboratories, facilitating consistent diagnostic application in routine practice [63].  

Nevertheless, its narrow focus may overlook unexpected or rare genomic alterations captured by WGS. Despite this limitation, targeted sequencing remains a highly effective and clinically relevant approach in glioma care. Future strategies may combine targeted methods with broader sequencing to balance depth, cost-efficiency, and comprehensive profiling, advancing precision neuro-oncology [64].


6.3 Precision Medicine in Neuro-Oncology
Glioma therapy is undergoing rapid transformation as advances in molecular biology redefine approaches to diagnosis, monitoring, and treatment [65]. Increasingly, therapeutic decisions are being informed by comprehensive molecular profiling, which enables clinicians to align interventions with the underlying biology of the tumor rather than relying on histopathology alone [66]. Contemporary strategies include targeted therapies, immunotherapies, blood–brain barrier (BBB)-permeable small molecules, and innovative drug delivery systems such as nanoparticles, convection-enhanced delivery, and focused ultrasound [67]. These approaches aim to overcome intrinsic therapy resistance and the challenges imposed by the restrictive BBB microenvironment, which has long hindered effective drug penetration into gliomas [68].  

The integration of multi-omics platforms-including genomics, epigenomics, transcriptomics, proteomics, and metabolomics-represents a paradigm shift in glioma research and clinical care [69]. By capturing dynamic tumor heterogeneity, multi-omics facilitates improved biomarker discovery, more accurate prognostic modeling, and greater precision in predicting therapy response [70]. This systems-level understanding helps design combination therapies that simultaneously target multiple oncogenic vulnerabilities [71].  

Another key innovation is the clinical translation of liquid biopsy approaches, which employ circulating tumor DNA (cfDNA), RNA, and extracellular vesicles to non-invasively monitor tumor evolution [72]. These tools enable early detection of relapse, real-time tracking of treatment resistance, and adaptive therapy adjustments without repeated surgical or invasive procedures [73]. Importantly, liquid biopsy has the potential to capture spatial heterogeneity across different tumor regions, an inherent limitation of tissue-based testing [74].  

Despite these advances, significant barriers remain before precision neuro-oncology can be universally implemented [75]. Major challenges include the need for robust healthcare infrastructure, standardized diagnostic pipelines, and equitable access to advanced sequencing technologies, and strong policy frameworks to integrate biomarker-driven care into health systems [76]. These limitations are especially evident in low- and middle-income settings, where lack of resources and expertise restrict access to emerging therapies. Addressing such disparities requires coordinated investment in diagnostic infrastructure, clinician training, and global research collaborations [77].  

Looking ahead, future progress in glioma therapy will depend on the translation of molecular insights into routine clinical practice, ensuring that discoveries in sequencing, drug development, and biomarker research directly benefit patients [78]. Universal access to molecular diagnostics and advanced therapies will require targeted investments in healthcare policy, evidence-based clinical guidelines, and multidisciplinary training [79]. Ultimately, precision medicine in gliomas holds the potential to shift neuro-oncology toward a new era defined by personalized, adaptive, and more effective treatments, improving both survival and quality of life [80].  

7. DISCUSSION
Glioma treatment being re-defined by rapid advances in molecular oncology, particularly with the integration of (NGS) into diagnostic and therapeutic workflows. Once managed primarily through histopathology, gliomas are now stratified according to their genetic and epigenetic landscapes, reshaping both diagnostic categories and clinical management [81]. The 2021 WHO CNS5 classification epitomizes this transformation by formally embedding molecular parameters—IDH1/2 mutation status, 1p/19q co-deletion, ATRX inactivation, and TP53 mutations—into histological frameworks [82]. This integration marks a departure from morphology-driven classification toward molecularly precise systems that allow clinicians to design therapies aligned with tumor-specific biology. Despite these advances, glioblastoma (GBM) remains the most lethal glioma subtype due to its molecular complexity, high recurrence rates, and resistance to nearly all therapeutic modalities.

NGS-based molecular profiling reveals a diverse genomic architecture central to glioma initiation, maintenance, and therapeutic resistance. IDH1/2 mutations segregate gliomas into biologically and prognostically distinct classes, with IDH-mutant tumors exhibiting longer survival compared to IDH-wild type [83]. TERT promoter mutations—prevalent in GBM and oligodendrogliomas—are associated with aggressive biology. MGMT promoter methylation provides a predictive biomarker of responsiveness to temozolomide (TMZ), guiding chemotherapy decisions. ATRX loss and TP53 mutations are hallmarks of astrocytomas, whereas 1p/19q co-deletion characterizes oligodendrogliomas, which exhibit favorable prognosis and sensitivity to PCV (procarbazine, lomustine, and vincristine) plus radiotherapy [84].

Other recurrent GBM-associated alterations include EGFR amplification, EGFRvIII rearrangements, PTEN loss, PIK3CA mutations, RB1 inactivation, and CDKN2A/B deletion. These events converge upon growth factor signaling and cell-cycle regulation, underlining the multifaceted resistance mechanisms that sustain GBM despite aggressive treatment [85].

Beyond these established biomarkers, broad NGS panels capture rare but therapeutically actionable events. BRAF V600E mutations, enriched in Pilocytic astrocytomas and present in subsets of diffuse low-grade gliomas and GBM, are targetable with BRAF and MEK inhibitors, yielding durable clinical responses in pediatric and adult populations. FGFR-TACC fusions, although rare in GBM, promote constitutive FGFR activation and are sensitive to FGFR inhibitors under investigation. Similarly, NTRK fusions in pediatric gliomas are highly actionable with TRK inhibitors, offering dramatic responses [86]. Additional targets include MET amplification and exon 14 skipping events, PDGFRA mutations or amplifications, CDK4/6 amplifications, and H3F3A mutations (K27M, G34R/V), which define pediatric and adolescent high-grade gliomas. These findings underscore not only the genetic heterogeneity of gliomas but also the utility of NGS for comprehensive, panel-based profiling to inform clinical trial eligibility and targeted therapy use [87].

Traditionally, glioma genomic analysis has relied on solid tumor biopsies, which allow high-resolution NGS-based characterization of alterations across driver pathways. However, repeated tissue access is invasive and limited by sampling bias, as single biopsies may fail to capture the full genetic heterogeneity of gliomas [87]. Emerging liquid biopsy platforms—measuring ctDNA, RNA, and extracellular vesicles in blood or cerebrospinal fluid—complement tissue analyses. Liquid biopsy enables longitudinal, minimally invasive monitoring of tumor evolution, real-time detection of resistance mutations, and earlier prediction of recurrence than standard imaging. This approach is especially valuable in GBM, where dynamic adaptations under therapy drive resistance. By integrating both solid-tissue and liquid biopsy NGS data, clinicians gain complementary insights into static baseline profiles and evolving tumor clones during treatment [88].

Molecular stratification is increasingly translating into therapeutic and survival benefits. In oligodendrogliomas harboring combined IDH mutation and 1p/19q co-deletion, PCV plus radiotherapy achieves substantial extensions in overall survival compared to radiotherapy alone [89]. Similarly, IDH inhibitors (ivosidenib, vorasidenib) are emerging as options for IDH-mutant gliomas, showing improved progression-free survival in early-phase studies. In pediatric Pilocytic astrocytomas, BRAF/MEK inhibitors have resulted in sustained disease control, representing one of the clearest success stories of targeted therapy in gliomas [90].

In GBM, targeted progress is more modest but evolving. Bevacizumab, as an anti-VEGF therapy, remains significant for symptomatic palliation though without OS benefit. Novel approaches, including EGFR-targeted agents, FGFR inhibitors, NTRK inhibitors, and CDK4/6 blockade, are in clinical trials, alongside immunotherapies (checkpoint inhibitors, vaccines) and advanced drug delivery techniques such as nanoparticles and focused ultrasound to bypass the BBB [91]. Early integration of these modalities may gradually improve outcomes in a tumor type long regarded as intractable [92].

Despite measurable advances, gliomas continue to pose formidable challenges. Intratumoral heterogeneity undermines durable targeted therapy responses, while adaptive resistance mechanisms quickly limit efficacy. Furthermore, healthcare disparities restrict access to NGS-based diagnostics and novel therapies, especially in low-resource settings [93]. Equitable integration of molecular neuro-oncology demands infrastructure investment, clinician training, and policy frameworks that enable global accessibility [93].


9. CONCLUSION
Glioma therapy is being reshaped by  NGS, which enables detection of both common and rare genomic alterations guiding precision medicine. Established markers—IDH1/2 mutations, 1p/19q co-deletion, ATRX loss, TP53 mutations, TERT promoter alterations, EGFR amplification, and MGMT methylation—underpin current classification and therapeutic stratification. Beyond these, NGS identifies rare but actionable events including BRAF V600E, FGFR-TACC fusions, NTRK fusions, MET amplification or exon 14 skipping, PDGFRA mutations, and CDK4/6 amplifications, as well as histone variants like H3F3A (K27M, G34R/V) in pediatric gliomas [94]. These alterations are increasingly targetable with novel inhibitors, improving survival and enabling biomarker-driven clinical trials. Thus, NGS-directed targeted therapies are redefining glioma management toward personalized care.

8. FUTURE DIRECTIONS
The future of glioma care lies in uniting multi-omics methodologies (genomics, epigenomics, proteomics, metabolomics) with systems-level computational biology and machine learning. This integration will refine biomarker discovery, enhance prediction of therapeutic response, and support adaptive, iterative treatment planning. By moving from static, histology-based frameworks to dynamic, molecularly adaptive care pathways, glioma management stands to evolve into a truly personalized discipline.

Ultimately, success will depend not only on innovation but also on compassionate implementation—ensuring that new diagnostics and therapies are delivered equitably across populations. By aligning molecular discovery with global access, glioma science may transform from theoretical precision to practical survival benefit, offering extended life expectancy and improved quality of life for patients with GBM, astrocytomas, Pilocytic astrocytomas, and oligodendrogliomas alike .
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