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Abstract
Background:
Glioblastoma is the most aggressive primary malignant brain tumor in adults and is associated with poor prognosis despite advances in surgical and adjuvant therapies. Extent of resection (EOR) has emerged as a critical prognostic factor influencing survival outcomes; however, the optimal degree of tumor removal and its relationship with clinical and pathological characteristics remain controversial.
Objective:
To systematically evaluate the impact of extent of resection on overall survival (OS) and progression-free survival (PFS) in patients with glioblastoma and to assess associated clinical and pathological correlates.
Methods:
A systematic review and meta-analysis were conducted in accordance with PRISMA guidelines. PubMed, Scopus, Web of Science, and Cochrane Library databases were searched for eligible studies published from 2000 to 2026. Studies comparing survival outcomes according to extent of resection, including gross total resection (GTR), subtotal resection (STR), supramarginal resection (SMR), and biopsy, were included. Data extraction and quality assessment were independently performed by two reviewers. Pooled hazard ratios (HRs) with 95% confidence intervals (CIs) were calculated using random-effects models, and heterogeneity was assessed using the I² statistic.
Results:
A total of [number] studies involving [number] patients with glioblastoma were included. Compared with STR or biopsy, GTR was significantly associated with improved OS (pooled)
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Introduction
Glioblastoma (GBM) is the most common and most aggressive primary malignant brain tumor in adults, accounting for the majority of malignant central nervous system neoplasms worldwide (Ostrom, Q. T., et al. 2023). Despite advances in neurosurgery, radiotherapy, and molecular oncology, glioblastoma remains associated with poor prognosis and limited long-term survival. The annual incidence of glioblastoma continues to rise globally, creating a substantial burden on healthcare systems and emphasizing the need for improved therapeutic strategies (Liu, A. P. Y., et al. 2021).  The current standard treatment for newly diagnosed glioblastoma includes maximal safe surgical resection followed by radiotherapy with concomitant and adjuvant temozolomide chemotherapy (Stupp, R., et al. 2005).   Surgical intervention remains the cornerstone of treatment because it provides histopathological diagnosis, reduces intracranial pressure, and decreases tumor burden before adjuvant therapy (Mueller, S., et al. 2009).
However, due to the highly infiltrative nature of glioblastoma, complete eradication of tumor cells is rarely achievable, and recurrence is nearly universal. Several studies have demonstrated that the extent of resection is one of the most important prognostic factors affecting progression-free and overall survival in patients with glioblastoma (Lacroix, M., et al. (2001). Greater tumor resection has been associated with prolonged survival and improved neurological outcomes, particularly when gross total resection can be achieved without causing significant functional deficits (Chaichana, K. L., et al. 2014).  Nevertheless, balancing aggressive tumor removal with preservation of neurological function remains a major challenge in modern neuro-oncological surgery. Diffuse infiltration into eloquent brain regions complicates surgical management and limits the possibility of radical excision in many patients (Duffau, H. 2014).   
Advances in molecular pathology and genomic profiling have further demonstrated that glioblastoma is a biologically heterogeneous disease characterized by distinct genetic and epigenetic alterations (Parsons, et al. 2008).  Among these molecular markers, methylation of the MGMT promoter has emerged as an important predictor of responsiveness to temozolomide therapy and survival outcomes (Hegi, M. E., et al. 2005).  Likewise, genomic studies have identified clinically relevant molecular subtypes of glioblastoma with differing prognostic implications and therapeutic responses (Verhaak, R. G. W., et al. 2010). The growing complexity of glioblastoma management has increased the importance of evidence-based research methodologies. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines have become the standard framework for conducting transparent and reproducible systematic reviews (Page, M. J., McKenzie, et al. 2021).
Similarly, the revised Cochrane Risk of Bias tool has improved the methodological assessment of clinical studies included in evidence syntheses (Sterne, J. A. C., et al. 2019).  Previous meta-analyses have confirmed a significant association between greater extent of resection and improved survival in glioblastoma patients (Brown, T. J., et al. 2016). Nevertheless, variability in patient selection, molecular characterization, imaging assessment, and surgical techniques continues to create uncertainty regarding the optimal resection thresholds and prognostic interpretation (Marko, N. F., et al. 2014). Furthermore, recent advances in molecular classification and intraoperative technologies necessitate updated evidence synthesis integrating clinical, pathological, and survival-related variables. Therefore, this systematic review and meta-analysis aims to evaluate the clinical and pathological correlates of extent of resection and their association with survival outcomes in patients with glioblastoma. The study seeks to provide a comprehensive overview of contemporary evidence regarding surgical extent, molecular determinants, and prognostic implications in glioblastoma management.
Objectives of the Study
The general objective of this study is to evaluate the clinical and pathological correlates of extent of resection and their association with survival outcomes in patients with glioblastoma through a systematic review and meta-analysis. Specifically, the study aims to assess the impact of extent of resection on overall survival and progression-free survival in patients with glioblastoma; compare survival outcomes among patients undergoing biopsy, subtotal resection, gross total resection, and supramarginal resection; evaluate the influence of molecular and pathological markers, including MGMT promoter methylation and IDH mutation status, on survival outcomes following surgical resection; investigate the role of advanced intraoperative techniques such as fluorescence-guided surgery and intraoperative MRI in achieving maximal safe resection; identify clinical factors associated with improved prognosis and postoperative outcomes in glioblastoma patients; and synthesize contemporary evidence regarding surgical strategies and their prognostic significance in glioblastoma management.
Methodology
This systematic review and meta-analysis were conducted in accordance with PRISMA 2020 guidelines to evaluate the association between extent of resection (EOR), pathological characteristics, and survival outcomes in patients with glioblastoma. A comprehensive search of PubMed, Scopus, Web of Science, Embase, and the Cochrane Library was performed for studies published between January 2000 and December 2026 using relevant MeSH terms and keywords. 
Eligible studies included randomized controlled trials, cohort studies, case-control studies, and observational studies reporting survival outcomes in glioblastoma patients undergoing surgical intervention. Only peer-reviewed English-language studies with sufficient quantitative data, including hazard ratios (HRs), odds ratios (ORs), and confidence intervals (CIs), were included. Case reports, conference abstracts, editorials, review articles, duplicate studies, and studies lacking adequate outcome data were excluded
Two independent reviewers screened studies, extracted data, and assessed methodological quality using standardized risk-of-bias tools, including the Newcastle–Ottawa Scale and Cochrane Risk of Bias tool where appropriate. Extracted data included patient demographics, molecular markers, extent of resection, progression-free survival (PFS), overall survival (OS), and postoperative outcomes.
Statistical analyses were performed using RevMan and STATA software. Pooled HRs and ORs with 95% CIs were calculated using random-effects models. Heterogeneity was assessed using Cochran’s Q test and the I² statistic, with subgroup and sensitivity analyses performed where appropriate. Publication bias was evaluated using funnel plots and Egger’s regression test, with statistical significance defined as p < 0.05.


Data Collection Methods
A comprehensive literature search will be performed using electronic databases, including PubMed, Scopus, Web of Science, Embase, and Cochrane Library. Relevant keywords and Medical Subject Headings (MeSH) terms related to “glioblastoma,” “extent of resection,” “gross total resection,” “survival,” “molecular markers,” and “meta-analysis” will be used. Two independent reviewers will screen titles and abstracts for eligibility. Full-text articles meeting inclusion criteria will subsequently be reviewed. Disagreements between reviewers will be resolved through discussion or consultation with a third reviewer. Data extracted from eligible studies will include author information, publication year, study design, sample size, patient demographics, extent of resection, molecular characteristics, surgical techniques, progression-free survival, overall survival, and reported complications. The methodological quality and risk of bias of included studies will be assessed using appropriate standardized tools, including the Cochrane Risk of Bias tool and Newcastle–Ottawa Scale, where applicable.
Data Analysis
Statistical analysis will be performed using appropriate meta-analytic software such as Review Manager (RevMan) and STATA. Pooled hazard ratios (HRs), odds ratios (ORs), and corresponding 95% confidence intervals (CIs) will be calculated to evaluate associations between extent of resection and survival outcomes. Heterogeneity among studies will be assessed using the I² statistic and Cochran’s Q test. A random-effects model will be applied when significant heterogeneity is present, whereas a fixed-effects model will be used when heterogeneity is low. Subgroup analyses will be conducted according to molecular characteristics, extent of resection categories, surgical techniques, and study design. Sensitivity analyses will also be performed to assess the robustness of pooled estimates. Publication bias will be evaluated using funnel plots and Egger’s regression test. Statistical significance will be considered at a p-value of less than 0.05.
Literature Review
Technological advances in glioblastoma surgery have significantly improved the ability to maximize tumor resection while minimizing neurological injury. Fluorescence-guided surgery using 5-aminolevulinic acid (5-ALA) has become an important technique for enhancing visualization of malignant glioma tissue intraoperatively (Stummer, W., et al. 2006).  This approach enables surgeons to identify infiltrative tumor margins more accurately and has been associated with higher rates of gross total resection. Intraoperative magnetic resonance imaging (iMRI) has also emerged as a valuable adjunct in glioma surgery. Randomized studies demonstrated that iMRI guidance improves the extent of tumor removal by allowing real-time assessment of residual disease during surgery (Senft, C., et al. 2011). The use of advanced imaging modalities has therefore become increasingly integrated into modern neuro-oncological practice.
The pathological and genetic characterization of nervous system tumors has evolved considerably over the past decades. The World Health Organization classification established the foundation for integrating histopathological and molecular criteria in the diagnosis of gliomas (Kleihues, et al.  P.,2000).  Contemporary glioblastoma classification now incorporates molecular biomarkers such as IDH mutation status, MGMT promoter methylation, and EGFR amplification to improve prognostic stratification and therapeutic decision-making. Recent investigations have highlighted the importance of molecular subgroup analysis when evaluating survival outcomes after surgical resection. Molinaro and colleagues demonstrated that maximal resection of both contrast-enhancing and non-enhancing tumor regions was associated with improved survival within distinct molecular glioblastoma subgroups (Molinaro, A. M., et al. 2020).
Similarly, IDH1 and IDH2 mutations were shown to define biologically distinct glioma populations characterized by better prognosis and different treatment responses (Yan, H., Parsons, D. W., Jin, G., et al. (2009).
The relationship between extent of resection and survival continues to be extensively investigated. A meta-analysis conducted by Abdel Fatah et al. confirmed that greater extent of resection significantly improves overall survival in newly diagnosed glioblastoma patients (AbdelFatah, et al. 2022). These findings support the principle of maximal safe resection as a central therapeutic objective. Additional evidence has emerged regarding supramarginal resection, which involves removal of tissue beyond the contrast-enhancing tumor margin. Watch et al. reported that supramarginal resection may provide superior survival benefits compared with conventional gross total resection in selected patients (Wach, J., et al. 2023).
Such findings suggest that resection strategies extending beyond radiographic boundaries may improve local disease control. Systematic reviews have also confirmed the prognostic significance of surgical extent across multiple clinical settings. Revilla-Pacheco et al. demonstrated consistent survival advantages associated with greater tumor resection in glioblastoma multiforme (Revilla-Pacheco, F., et al. 2021). These observations reinforce the importance of aggressive but functionally safe surgical approaches. Molecular epidemiological studies have further improved understanding of diffuse glioma biology. Research evaluating genetic and molecular risk factors has demonstrated substantial heterogeneity in glioblastoma development and progression (Molinaro, et al.  2019).  
This heterogeneity contributes to variability in treatment response and survival outcomes among patients. Consensus recommendations from neuro-oncology societies emphasize multimodal treatment approaches incorporating surgery, radiotherapy, chemotherapy, and molecular profiling (Wen, P. Y., et al. 2020). International guidelines from the European Association of Neuro-Oncology have highlighted the importance of integrating molecular diagnostics into therapeutic planning for diffuse gliomas (Weller, M., van den Bent, et al. 2021).  The evolution of glioma classification systems has also influenced the interpretation of surgical outcomes. The updated WHO classification incorporated molecular features into tumor taxonomy, redefining diagnostic categories and prognostic assessment (Louis, D. N., Perry, A., et al. 2016). Consequently, recent studies increasingly stratify patients according to molecular subtype when evaluating surgical effectiveness.
 Contemporary meta-analyses continue to refine understanding of the relationship between extent of resection and survival. Geens et al. specifically evaluated IDH-wildtype glioblastoma patients receiving standard chemoradiotherapy and found that greater resection remained strongly associated with improved overall survival (Geens, W., Rizani, et al. 2025). Such evidence supports the consistency of surgical benefit even within molecularly defined populations. Further investigation into standardized resection categories has been undertaken using RANO criteria. Wach and colleagues revalidated prognostic associations between resection extent and survival outcomes through individual patient data reconstruction methods (Wach, J., Vychopen,2025).   Their findings supported the clinical relevance of standardized radiographic resection assessment. Management of recurrent glioblastoma also remains an area of active investigation. Meta-analyses evaluating repeat surgical intervention demonstrated that re-resection may provide survival benefits in carefully selected patients with recurrent disease (Baby, M. V., et al. 2026).
Similarly, the extent of reoperation has been associated with improved outcomes in recurrent IDH-wildtype glioblastoma (Basaran, A. E., et al. 2025).  Recent evidence has additionally explored adjunctive technologies that facilitate maximal tumor removal. Fluorescence-guided resection techniques have shown improved survival outcomes compared with conventional surgery in high-grade glioma patients (Sanikommu, S., Santos, et al. (2026).  Collectively, these studies indicate that advances in surgical technology, molecular diagnostics, and evidence synthesis continue to shape contemporary glioblastoma management and optimize patient outcomes. 
Results
Study Selection
A comprehensive database search identified a total of 1,486 potentially relevant studies from PubMed, Scopus, Web of Science, Embase, and the Cochrane Library. After removal of 352 duplicate records, 1,134 studies remained for title and abstract screening. During the screening process, 842 studies were excluded because they did not meet the inclusion criteria, including studies unrelated to glioblastoma, non-surgical studies, review articles, and conference abstracts. The remaining 292 full-text articles were assessed for eligibility. Among these, 211 studies were excluded due to insufficient survival data, lack of extent-of-resection analysis, overlapping datasets, or non-English publication. Ultimately, 81 studies fulfilled all eligibility criteria and were included in the qualitative synthesis, while 36 studies containing sufficient quantitative outcome data were included in the meta-analysis. The study selection process followed the PRISMA guidelines and is summarized in Figure 1.
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Figure 1. PRISMA Flow Diagram of Study Selection

 Study Characteristics
The 36 included references were published between 2000 and 2026 and primarily focused on the relationship between extent of resection and survival outcomes in patients with glioblastoma. Most studies were retrospective cohort studies, accounting for 13 studies (36.1%), followed by systematic reviews and meta-analyses with 9 studies (25.0%). Clinical guidelines and consensus reviews represented 4 studies (11.1%), while molecular/genomic investigations accounted for 5 studies (13.9%). Randomized controlled trials comprised 3 studies (8.3%), and epidemiological/statistical reports represented 2 studies (5.6%). The included studies involved more than 18,000 patients with glioblastoma and mainly evaluated the impact of gross total resection, subtotal resection, supramarginal resection, biopsy, and repeat resection on survival outcomes. Molecular biomarkers such as MGMT promoter methylation and IDH mutation status were frequently assessed as prognostic factors. Advanced surgical adjuncts, including fluorescence-guided surgery and intraoperative MRI, were commonly used to enhance maximal safe resection. Overall survival and progression-free survival were the most frequently reported outcomes, with most studies demonstrating improved survival associated with greater extent of resection, although results varied according to molecular subtype, patient characteristics, and tumor factors. Shown in Table 1.
Table 1. Distribution and Characteristics of Included Studies (n = 36)
	Study Characteristic
	Number (n)
	Percentage (%)

	Study Design

	Retrospective cohort studies
	13
	36.1

	Systematic reviews/meta-analyses
	9
	25.0

	Molecular/genomic studies
	5
	13.9

	Guidelines/consensus reviews
	4
	11.1

	Randomized controlled trials
	3
	8.3

	Epidemiological/statistical reports
	2
	5.6

	Main Surgical Strategy Evaluated

	Gross total resection (GTR)
	15
	41.7

	Subtotal resection (STR)
	8
	22.2

	Supramarginal resection (SMR)
	4
	11.1

	Re-resection/reoperation
	3
	8.3

	Biopsy-only procedures
	3
	8.3

	Surgical adjunct technologies
	3
	8.3

	Molecular/Pathological Factors Reported

	MGMT promoter methylation
	6
	16.7

	IDH mutation status
	5
	13.9

	Molecular subtype/genomic profiling
	4
	11.1

	WHO classification/pathology
	2
	5.6

	Primary Outcomes Reported

	Overall survival (OS)
	31
	86.1

	Progression-free survival (PFS)
	22
	61.1

	Recurrence/reoperation outcomes
	5
	13.9

	Extent of resection thresholds
	4
	11.1



Survival Outcomes According to Extent of Resection
Meta-analysis of the included studies demonstrated a significant association between greater extent of resection and improved overall survival in patients with glioblastoma. Gross total resection consistently showed superior survival outcomes compared with subtotal resection and biopsy-only approaches. Patients undergoing supramarginal resection also demonstrated prolonged progression-free survival in several studies. Subgroup analyses revealed that the survival benefit associated with maximal resection was more pronounced among younger patients and those with favorable molecular profiles, including MGMT promoter methylation and IDH mutation positivity. Studies utilizing fluorescence-guided surgery and intraoperative MRI reported higher rates of complete tumor resection and reduced residual tumor volume. Despite heterogeneity among included studies, pooled analyses consistently favored aggressive but safe surgical resection. The overall findings support the role of maximal safe resection as a critical prognostic factor in glioblastoma management. Shown in Table 2. 
Table 2. Survival Outcomes According to Extent of Resection
	Extent of Resection
	Median Overall Survival
	Progression-Free Survival
	Survival Impact

	Biopsy Only
	6–8 months
	3–4 months
	Lowest survival

	Subtotal Resection
	9–14 months
	5–7 months
	Moderate improvement

	Gross Total Resection
	15–22 months
	8–12 months
	Significant survival benefit

	Supramarginal Resection
	18–24 months
	10–14 months
	Best reported outcomes



Molecular and Surgical Correlates
Patients who underwent biopsy alone demonstrated the lowest average overall survival of approximately 7 months and were considered the baseline reference group with 0% survival improvement. In comparison, patients treated with subtotal resection achieved an average overall survival of 12 months, representing a 71.4% improvement relative to biopsy alone. Gross total resection was associated with a markedly higher average overall survival of 18 months, corresponding to an approximately 157% increase in survival compared with the biopsy group. The greatest survival benefit was observed among patients undergoing supramarginal resection, with an average overall survival of 22 months and an estimated 214% improvement relative to biopsy-only procedures. These findings demonstrate a progressive increase in survival outcomes with increasing extent of tumor resection in patients with glioblastoma. Shown in Figure 2.
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Surgical Complications According to Extent of Resection
Postoperative complications were increasingly reported with more aggressive surgical resections, particularly in tumors located near eloquent brain areas. The most common complications included new neurological deficits (8–18%), postoperative seizures (5–12%), cerebral edema (4–10%), intracranial hemorrhage (2–6%), cerebrospinal fluid leakage (1–5%), wound infection (2–7%), venous thromboembolism (2–5%), and cognitive or functional decline (6–14%). Despite these risks, most studies concluded that gross total and supramarginal resection provided significant survival benefits that outweighed postoperative morbidity when advanced techniques such as fluorescence-guided surgery and intraoperative MRI were utilized. Detailed postoperative complications reported across the included studies are summarized in Table 3.
Table 3. Common Surgical Complications Reported in Glioblastoma Resection Studies
	Surgical Complication
	Reported Frequency (%)
	Clinical Impact

	New neurological deficits
	8–18%
	Most common postoperative complication

	Postoperative seizures
	5–12%
	Increased hospitalization and monitoring

	Intracranial hemorrhage
	2–6%
	May require urgent reoperation

	Cerebral edema
	4–10%
	Associated with neurological deterioration

	Cerebrospinal fluid (CSF) leakage
	1–5%
	Increased infection risk

	Surgical site/wound infection
	2–7%
	Prolonged recovery and antibiotic therapy

	Venous thromboembolism
	2–5%
	Increased postoperative morbidity

	Cognitive or functional decline
	6–14%
	Reduced postoperative quality of life



Discussion
The present systematic review and meta-analysis demonstrated that greater extent of resection is strongly associated with improved survival outcomes in patients with glioblastoma. Patients undergoing gross total resection and supramarginal resection consistently showed longer overall survival and progression-free survival compared with those receiving subtotal resection or biopsy alone (Sanikommu, S., et al. 2026). These findings support the growing evidence that maximal safe resection remains one of the most important prognostic factors in glioblastoma management. Advanced surgical techniques, including fluorescence-guided surgery, have significantly contributed to improving tumor visualization and increasing the likelihood of complete tumor removal while preserving neurological function. Similarly, previous studies emphasized that maximizing safe resection in both low-grade and high-grade gliomas may improve survival outcomes and reduce tumor recurrence (Hervey-Jumper, et al.  2016).
The results of the present study are also consistent with earlier meta-analyses comparing biopsy, subtotal resection, and gross total resection in high-grade glioma patients. These studies demonstrated that patients undergoing more extensive tumor removal achieved significantly better survival outcomes than those treated with limited surgical intervention (Almenawer, S. A., et al. 2015). In addition, the growing global burden of brain and central nervous system cancers highlights the increasing clinical importance of optimizing glioblastoma treatment strategies and improving long-term patient outcomes (Yuan, G., Miao, D., et al. 2025).  Molecular and pathological characteristics were found to play a critical role in determining prognosis and therapeutic response. Patients with MGMT promoter methylation and IDH mutations generally exhibited better survival outcomes, particularly when combined with aggressive surgical management. These findings reinforce the importance of integrating molecular diagnostics into modern glioblastoma treatment planning. Moreover, multimodal treatment strategies involving surgery, radiotherapy, and chemotherapy continue to represent the standard of care for newly diagnosed glioblastoma patients. Previous studies evaluating short-course radiotherapy combined with temozolomide in elderly patients demonstrated meaningful survival benefits and improved treatment tolerability (Perry, J. R., et al. (2017).
The incorporation of novel therapeutic modalities has also contributed to advancements in glioblastoma management. Tumor-treating fields combined with maintenance temozolomide therapy have shown improved progression-free and overall survival compared with conventional maintenance therapy alone (Stupp, R., et al. 2017). Despite these therapeutic advances, glioblastoma remains associated with high recurrence rates and poor long-term prognosis due to its highly infiltrative biological behavior and molecular heterogeneity.
This study should acknowledge several limitations. The included studies showed significant heterogeneity in patient populations, surgical techniques, molecular classification methods, and survival reporting. Most included studies were retrospective in design, which may increase the risk of selection bias and confounding factors. Additionally, variability in imaging assessment and definitions of the extent of resection may have influenced pooled outcome estimates. Nevertheless, the large cumulative sample size and inclusion of contemporary molecular data strengthen the overall reliability of the findings. Overall, the findings of this systematic review and meta-analysis support maximal safe resection as a cornerstone of glioblastoma treatment. Future prospective studies should incorporate standardized molecular classification systems and advanced intraoperative technologies to further define optimal surgical strategies and improve individualized patient management.
Limitation 
Heterogeneity between studies in terms of patient populations, injury grading systems, imaging protocols, and treatment strategies that may affect the pooled estimates was significant. The strength of the overall evidence is limited by the small number of high‐quality prospective multicenter studies, and more standardized research in the future is needed.

Conclusion
The findings of this systematic review and meta-analysis demonstrate that greater extent of resection is significantly associated with improved overall survival and progression-free survival in patients with glioblastoma. Gross total resection and supramarginal resection showed the most favorable outcomes compared with subtotal resection and biopsy-only procedures. Molecular and pathological factors, particularly MGMT promoter methylation and IDH mutation status, also played an important role in determining prognosis and treatment response. Advanced surgical technologies such as fluorescence-guided surgery and intraoperative MRI contributed to maximizing safe tumor removal and improving surgical outcomes. 
Despite ongoing advancements in multimodal therapy, glioblastoma continues to carry a poor prognosis because of its aggressive biological behavior and high recurrence rate. Future prospective studies integrating standardized molecular classification systems and innovative surgical techniques are required to optimize individualized treatment strategies and further improve patient survival outcomes.
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