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Objective: To evaluate the combined predictive value of 18F-FDG PET/CT, MRI, and tumor markers for glioma recurrence.
Methods: A retrospective analysis was conducted on the clinical data of 82 glioma patients treated at our hospital from January 2023
to April 2024. Patients were divided into Group A (n = 19, recurrence) and Group B (n = 63, no recurrence) based on whether
recurrence occurred. All patients underwent 18F-FDG PET/CT to obtain maximum standardized uptake value (SUVmax) and lesion-to
-normal tissue ratio (L/N). MRI was performed to measure the apparent diffusion coefficient (ADC) of the tumor parenchyma and
cerebral blood flow (CBF). Serum samples were collected from all patients, and tumor markers, including monocyte-to-lymphocyte
ratio (MLR) and neutrophil-to-lymphocyte ratio (NLR), were measured using an automated blood analyzer. Differences in SUVmax,
L/N, ADC, CBF, MLR, and NLR levels between Groups A and B were compared. Spearman correlation analysis was used to assess
the relationships between SUVmax, L/N, ADC, CBF, MLR, NLR, and glioma recurrence. Receiver operating characteristic (ROC)
curves were plotted to evaluate the diagnostic value of each parameter for glioma recurrence.

Results: Recurrent patients demonstrated significantly higher SUVmax, L/N, NLR, and MLR, alongside lower ADC and CBF (all P <
0.05). These parameters correlated with recurrence (SUVmax, L/N, NLR, MLR positively; ADC and CBF negatively; all P <
0.05). ROC analysis highlighted the superiority of combined modalities, achieving an AUC of 0.856, with higher sensitivity and
specificity than individual markers.

Conclusion: SUVmax, L/N, ADC, CBF, MLR, and NLR are correlated with glioma recurrence. The combined use of SUVmax, L/N,
ADC, CBF, MLR, and NLR provides higher diagnostic value for glioma recurrence.
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Introduction

Gliomas are among the most common malignant tumors of the central nervous system in adults, characterized by high
invasiveness and recurrence rates.' Despite advancements in imaging techniques and therapeutic approaches, gliomas
remain highly prone to recurrence, posing significant challenges in clinical management.” Glioma recurrence is closely
associated with patients’ survival and prognosis.®> Therefore, accurately predicting the timing and risk of recurrence is
crucial for improving treatment outcomes and quality of life in glioma patients.

Currently, imaging modalities play an increasingly important role in the early diagnosis, staging, therapeutic
monitoring, and recurrence prediction of gliomas. Commonly used imaging techniques include fluorodeoxyglucose (18F-
FDG) positron emission tomography/computed tomography (PET/CT) and magnetic resonance imaging (MRI). Among
them, 18F-FDG PET/CT, a highly sensitive and specific functional imaging technique, evaluates the biological char-
acteristics of tumors by detecting metabolic activity.*> However, its utility in glioma recurrence may be limited by the
high physiological glucose uptake in normal brain tissue, potentially reducing specificity compared to amino acid PET
tracers (eg, FET, MET, or DOTATATE PET), which exhibit lower background uptake and higher tumor-to-background

contrast in gliomas.®
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MRI, on the other hand, provides critical insights into tumor morphology, structure, and lesion extent, offering
essential guidance for clinical treatment.”® In addition, tumor markers have emerged as valuable adjunctive diagnostic
tools, offering novel perspectives for assessing the risk of glioma recurrence.’'® Recently, markers such as monocyte-to-
lymphocyte ratio (MLR) and neutrophil-to-lymphocyte ratio (NLR) have shown promise in prognostic evaluations for

various malignancies. Studies'''?

indicate that changes in these markers are closely associated with tumor biology,
inflammatory responses, and immune evasion mechanisms. While amino acid PET tracers are increasingly recognized for
their superior specificity in glioma recurrence detection,® 18F-FDG PET/CT remains widely accessible in clinical
practice due to its cost-effectiveness and established protocols. This highlights the need to optimize existing modalities
through complementary approaches.

While individual diagnostic modalities have demonstrated utility in predicting glioma recurrence, their limitations in
fully reflecting tumor biology necessitate a combined approach for enhanced accuracy and comprehensiveness. This
study retrospectively analyzed clinical data from 82 glioma patients to explore the relationships between 18F-FDG PET/
CT, MRI, tumor markers (MLR, NLR), and glioma recurrence. Furthermore, the predictive value of combining these
parameters was evaluated to provide precise prognostic tools for clinical decision-making, optimize treatment strategies,
and improve the survival outcomes of glioma patients.

Materials and Methods

Basic Information

A retrospective analysis was conducted on the clinical data of 82 patients with brain glioma treated at our hospital from
January 2023 to April 2024. Patients were selected based on the following criteria: Inclusion of glioma grades I-III (32
grade I, 27 grade II, 23 grade III), representing a spectrum of recurrence risks.'> Exclusion of grade IV gliomas
(glioblastomas) due to their distinct recurrence patterns and short survival timelines.'"* Among the 82 patients, 43 were
male and 39 were female; the age ranged from 31 to 70 years, with an average age of (55.13 + 7.26) years. The mean
body mass index (BMI) was (21.43 + 2.15) kg/m?, and the average time from onset to admission was (8.27 + 1.41) days.
Clinical staging included 32 cases at grade I, 27 cases at grade II, and 23 cases at grade IIl. The lesion sites were
distributed as follows: frontal lobe (31 cases), temporal lobe (30 cases), parietal lobe (16 cases), and occipital lobe (5
cases). Disease types were classified as anaplastic astrocytoma (48 cases), glioblastoma (21 cases), and anaplastic
oligodendroglioma (13 cases). Based on whether the disease recurred, the patients were divided into Group A (n=19,
recurrence) and Group B (n=63, no recurrence). This study was approved by the Medical Ethics Committee of Northern
Theater General Hospital, (Approval No.: NKZD-2400012) and adhered strictly to the ethical guidelines outlined in the
Declaration of Helsinki throughout the research process.

Inclusion and Exclusion Criteria

Inclusion Criteria: (1) All patients were pathologically diagnosed with brain glioma via surgery or stereotactic biopsy.
(2) All patients underwent 18F-FDG PET/CT and MRI examinations, with complete data available. (3) Patients
underwent serum tumor marker testing, with measurable indicators such as MLR and NLR available. (4) Patients
aged >18 years, regardless of sex. (5) Complete and authentic clinical data were available for analysis. (6) Patients had
at least 6 months of follow-up records providing information on glioma recurrence. (7) Written informed consent was
obtained from all participants or their legal guardians, agreeing to participate and comply with relevant tests and
follow-ups.

Exclusion Criteria: (1) Patients who had previously received treatment for other types of tumors. (2) Patients with
other severe diseases or comorbidities. (3) Patients who recently underwent radiotherapy or chemotherapy for other
conditions. (4) Patients whose primary glioma site was unclear, thereby affecting imaging evaluation. (5) Incomplete/
poor-quality imaging or biomarker data (excluded n = 6). (6) Patients with incomplete or abnormal tumor marker data.
(7) Pregnant or breastfeeding women. (8) Patients with cognitive, communication, or functional impairments and/or

mental illnesses.
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Research Methods
I8F-FDG PET/CT Examination
A Biograph HR16 PET/CT scanner (Siemens) was used for the examinations. Patients fasted for at least 6 hours before
the procedure to stabilize glucose metabolism, ensuring blood glucose levels were within the normal range (<7.0 mmol/
L). Before the scan, patients rested in a supine position and were intravenously injected with the radioactive tracer 18F-
FDG at a dose of 740.47+£10.32MBgq. Post-injection, patients remained at rest to minimize non-specific uptake and
maintain image quality. Sixty minutes after the injection, patients were guided to the PET/CT scanning bed, maintaining
a supine position. The scan covered the head and neck region to ensure complete visualization of brain tissues and
surrounding structures. Low-dose CT scanning was performed first for attenuation correction and anatomical reference,
followed by PET scanning at 2-3 minutes per bed position, adjusted based on patient physique and equipment
parameters. Images were reconstructed in axial, coronal, and sagittal planes and analyzed using specialized software.
Regions of interest (ROI) were manually delineated in metabolically active areas, recording SUVmax and L/N. The
calculation formula for SUVmax is as follows: SUVmax = (Radioactivity concentration within the target ROI) / (Injected
dose / Body weight). L/N = Average SUV value of the lesion area / Average SUV value of the contralateral gray matter
area. Thresholds: SUVmax >2.5 and L/N >1.5 were predefined based on prior glioma studies.'”

Observer Agreement: Two nuclear medicine physicians independently analyzed images; inter-observer variability
assessed via intraclass correlation coefficient (ICC = 0.89). Discrepancies resolved by consensus.

MRI Examination

A 3.0 T M750 Silence superconducting MRI scanner (GE) with a dedicated head coil was used for the examination.
Patients fasted for at least 4 hours and received a detailed explanation of the procedure to alleviate anxiety. During the
scan, patients lay supine with arms placed naturally at their sides, minimizing motion artifacts. When necessary,
intravenous sodium phenobarbital (5 mg/kg) was administered for sedation to improve patient cooperation and image
quality. For enhanced scanning, Gd-DTPA contrast (Bayer) was injected via the antecubital vein using a high-pressure
injector at a dose of 0.1 mmol/kg and a speed of 2.5-3 mL/s, followed by a 10 mL saline flush. Enhanced scans started
15 seconds post-injection. T1-weighted imaging (T1WI): Spin-echo sequence (SE-T1WI) with TR = 200 ms, TE = 2.46
ms, slice thickness = 5 mm, interslice gap = 30%, field of view (FOV) = 250 mm, matrix = 256 x 320, 18 slices. Fluid-
attenuated inversion recovery (FLAIR): TR = 8500 ms, TE = 93 ms, inversion time (TI) = 2000 ms. T2-weighted
imaging (T2WI): Turbo spin-echo sequence (TSE-T2WI) with TR = 4394 ms, TE = 96 ms; other parameters identical to
T1WI. Diffusion-weighted imaging (DWI): Echo-planar imaging (EPI) sequence with TR = 2150 ms, TE = 56 ms,
gradient applied in X, y, z axes, b-value = 700 s/mm?, matrix = 512 x 512, FOV =220 mm X 220 mm, slice thickness =
3 mm. Perfusion-weighted imaging (PWI): Gradient-echo sequence with TR = 1400 ms, TE = 32 ms, single excitation,
50 phases collected, FOV = 250 mm, slice thickness = 5 mm, matrix = 128 x 128, scan time = 77s. For post-processing,
ROI delineation avoided necrotic and hemorrhagic areas to reduce bias. ADC and CBF values were measured three times
for each patient, with the average used for analysis. Thresholds: ADC <1.2 x107* mm?%s and CBF <35 mL/100g/min
derived from glioma literature.'® Observer Protocol: Two radiologists independently delineated ROIs; ICC for ADC =
0.85, CBF = 0.82.

Tumor Marker Testing

Morning fasting venous blood samples (5 mL) were collected using sterile vacuum tubes and promptly sent to the
laboratory. Blood samples were stored at 4°C and analyzed within 2 hours using an automated blood analysis system.
Indicators included NLR and MLR. All tests adhered to the device instructions and laboratory SOPs to ensure accuracy
and reliability.

Recurrence Assessment

All patients underwent 6-month postoperative follow-ups to assess recurrence. Criteria for recurrence included: Imaging
Evidence: Enhanced MRI showed progressive enlargement of lesions with significant mass effects in two or more
consecutive scans. Imaging evaluations were independently performed by two experienced radiologists, with a third-
party review when necessary. Histopathological Confirmation: For suspected recurrence, brain tissue biopsy or repeat
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surgery was recommended to obtain lesion samples. Pathological confirmation of active tumor cells served as the gold
standard. Clinical Symptoms and Auxiliary Tests: Comprehensive assessment included symptoms (eg, headache,
seizures, neurological deficits), cerebrospinal fluid analysis, and dynamic changes in metabolic markers.

Statistical Analysis

GraphPad Prism 8 was used for data visualization, and SPSS 25.0 was employed for statistical analysis. Categorical data
were expressed as percentages (%) and analyzed using the y>-test, while continuous data were expressed as (X & s) and
compared using independent-sample ¢-tests. The correlation between SUVmax, L/N, ADC, CBF, MLR, NLR, and glioma
recurrence was analyzed using Spearman correlation. Receiver operating characteristic (ROC) curves were plotted to
evaluate the diagnostic value of various parameters for glioma recurrence. A P-value <0.05 was considered statistically
significant.

Results
Comeparison of Baseline Data
A comparison of baseline data, including gender, age, BMI, time from onset to consultation, clinical grade, and lesion

location between the two groups, showed no statistically significant differences (P > 0.05), indicating comparability. See
Table 1.

Comparison of |8F-FDG PET/CT Indicators
Group A exhibited significantly higher SUVmax (10.06 + 1.21 vs 6.79 + 0.27) and L/N ratio (2.16 = 0.35 vs 0.97 + 0.14)
compared to Group B (P < 0.05) (Figure 1). See Figure 1.

Comparison of MRI Indicators
Group A demonstrated lower ADC (0.91 £ 0.04 vs 1.29 + 0.13 x1073 mm?/s) and CBF (86.27 = 4.05 vs 92.79 £ 5.67 mL/
100g/min) compared to Group B (P < 0.05). See Figure 2.

Table | Comparison of Baseline Data (X £ s, n[%])

Number of Cases Group A Group B t/x? P
(n=82) (n=19) (n=63)

Gender - - - 0.000 0.984
Male 43 (52.44) 10 (52.63) 33 (52.38) - -
Female 39 (47.56) 9 (47.37) 30 (47.62) - -

Age (years) 55.13+7.26 54.86+7.43 | 55.47+7.19 0.321 0.748

BMI (kg/m?) 21.43+2.15 21.16+2.38 | 21.62+2.11 0.808 0.421

Time from onset to consultation (days) 8.27%1.41 8.14%1.36 8.38+1.52 0.617 0.538

Clinical grade - - - 0.098 0.753
Grade | 32 (39.02) 8 (42.11) 24 (38.10) - -
Grade |l 27 (32.93) 6 (31.58) 21 (33.33) - -
Grade llI 23 (28.05) 5 (26.31) 18 (28.57) - -

Lesion location - - - 0.009 0.921
Frontal lobe 31 (37.80) 7 (36.84) 24 (38.10) - -
Temporal lobe 30 (36.59) 7 (36.84) 23 (36.50) - -
Parietal lobe 16 (19.51) 4 (21.05) 12 (19.05) - -
Occipital lobe 5 (6.10) 1 (5.27) 4 (6.35) - -

Disease type - - - 0.004 0.948
Anaplastic astrocytoma 48 (58.54) Il (57.89) 37 (58.73) - -
Glioblastoma 21 (25.61) 5 (26.32) 16 (25.40) - -
Anaplastic oligodendroglioma 13 (15.85) 3 (15.79) 10 (15.87) - -
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Figure | Comparison of 18F-FDG PET/CT indicators (X + s).
Note: Inter-group comparison, *P < 0.05.
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Figure 2 Comparison of MRl indicators (¥ & s).
Note: Inter-group comparison, *P < 0.05.

Comparison of Tumor Marker Indicators

The NLR and MLR levels in Group A were 2.68 £ 0.12 and 0.29 + 0.06, respectively, while those in Group B were
1.85 + 0.19 and 0.20 + 0.05, respectively. Both NLR and MLR levels in Group A were significantly higher than
those in Group B (P < 0.05). See Figure 3. All tumor marker measurements were performed in both groups, with no

missing data.

Correlation of 18F-FDG PET/CT, MRI, and Tumor Marker Indicators with Glioma

Recurrence

Spearman’s analysis revealed: Positive correlations: SUVmax (r = 0.623, 95% CI. 0.52-0.71), L/N (r = 0.597,
0.48-0.69), NLR (r = 0.502, 0.37-0.62), MLR (r = 0.516, 0.39-0.63). Negative correlations: ADC (r = —0.559, 95%
CI: —0.66—0.44), CBF (r = —0.498, —0.60—0.38) (all P < 0.05) (Table 2 and Figure 4).

Group A Group A
= GroupB = GroupB s
3.0 —_— 0.4+ —
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Figure 3 Comparison of tumor marker indicators (¥ =+ s).
Note: Inter-group comparison, *P < 0.05.
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Table 2 Correlation of 18F-FDG PET/CT, MRI, and Tumor
Marker Indicators with Glioma Recurrence

Parameter Correlation 95% ClI p
Coefficient (r)

SUVmax 0.623 0.52-0.71 <0.05
L/N 0.597 0.48-0.69 <0.05
ADC —0.559 —0.66—0.44 <0.05
CBF —0.498 —0.60—0.38 <0.05
NLR 0.502 0.37-0.62 <0.05
MLR 0.516 0.39-0.63 <0.05

Predictive Value of SUVmax, L/N, ADC, CBF MLR, NLR, and Combined Diagnosis for

Glioma Recurrence

ROC curve analysis showed that the area under the curve (AUC) for SUVmax, L/N, ADC, CBF, NLR, MLR, and
combined diagnosis were 0.745, 0.703, 0.672, 0.594, 0.615, 0.628, and 0.856, respectively. The combined diagnosis had
higher AUC, sensitivity, and specificity than any individual diagnostic parameter. See Table 3 and Figure 5.
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Figure 4 Scatter plot of correlations between 18F-FDG PET/CT, MRI, tumor marker indicators, and glioma recurrence.
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Table 3 Predictive Value of SUVmax, L/N, ADC, CBF, MLR, NLR, and Combined

Diagnosis for Glioma Recurrence

Indicator | Optimal Cutoff AUC (95% CI) Sensitivity (%) | Specificity (%)
SUVmax 8.42 0.745 (0.702~0.783) 7741 70.62
L/N 1.19 0.703 (0.654~0.749) 64.75 71.37
ADC 113 103 mm¥s | 0.672 (0.624~0.718) 70.42 64.53
CBF 89.47 mL/min 0.594 (0.563~0.629) 65.69 57.36
NLR 2.29 0.615 (0.579~0.642) 63.87 68.24
MLR 0.24 0.628 (0.605~0.657) 67.45 61.38
Combined - 0.856 (0.813~0.894) 88.15 90.92

Discussion

The recurrence of gliomas remains one of the greatest challenges in their treatment. Although existing treatment
modalities, such as surgical resection, radiotherapy, and chemotherapy, can alleviate the condition to a certain extent,
the recurrence rate remains high due to the tumor’s high invasiveness and heterogeneity.'” Glioma recurrence often
occurs at the site of residual tumor cells or microscopic foci that may not have been completely removed during surgery
or may exhibit biological characteristics post-treatment, rendering them resistant to radiotherapy and chemotherapy.'®
The mechanism of recurrent glioma is closely related to changes in the tumor microenvironment, including angiogenesis,
immune evasion, cell proliferation, and metabolic disorders.'”?° Recurrent tumor cells often exhibit higher metabolic
activity, more complex signaling pathways, and increased invasiveness, providing clues for early identification through
imaging and biomarkers.>' 18F-FDG PET/CT is a functional imaging technique that reflects differences in tumor cell
metabolic activity, providing critical evidence for early tumor detection and recurrence prediction.”? Studies®® have
shown that tumor cells typically exhibit more vigorous glucose metabolism compared to normal tissues, allowing 18F-
FDG PET/CT to effectively identify metabolically active tumor lesions. Particularly during tumor recurrence and
progression, metabolic activity often increases. In this study, the SUVmax and L/N ratios in Group A (recurrence)
were significantly higher than those in Group B (non-recurrence), and SUVmax and L/N levels were positively correlated
with glioma recurrence (P < 0.05), indicating higher metabolic activity in recurrent gliomas and enhanced uptake of 18F-

24,25

FDG by tumor cells. This finding is consistent with previous studies, which have demonstrated that regions of glioma
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Figure 5 ROC curve for predictive value of SUVmax, L/N, ADC, CBF, MLR, NLR, and combined diagnosis for glioma recurrence.
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recurrence are often associated with higher SUVmax values, and SUVmax is closely correlated with glioma
malignancy.?*” However, while 18F-FDG PET/CT has high sensitivity in detecting metabolically active tumor cells,
its diagnostic performance for low-metabolism or low-grade gliomas remains limited, particularly in early-stage
recurrences where 18F-FDG uptake may not sufficiently reflect the tumor’s true condition.

MRI, with its excellent soft tissue contrast and high spatial resolution, has become the gold standard for brain tumor
diagnosis, playing an indispensable role in the postoperative and post-radiotherapy follow-up of gliomas.”® MRI
precisely delineates the tumor’s morphology, boundaries, blood flow, and microvascular structures, making it an
important tool for monitoring glioma recurrence.”’ Recent studies have further highlighted the role of volumetric
analysis on post-contrast T1-weighted MRI (TIWCE) in distinguishing tumor progression from pseudoprogression
(PsP), a critical challenge in post-radiotherapy assessment.*” In this study, ADC and CBF values in Group A were
significantly lower than those in Group B, and ADC and CBF levels were negatively correlated with glioma recurrence
(P <0.05), suggesting higher tumor cell density and increased blood flow in the recurrence group. ADC values reflect the
diffusion of water molecules within tumor tissue, and recurrent gliomas typically exhibit increased cell density and
restricted water diffusion,’! resulting in lower ADC values. Conversely, CBF values reflect blood flow in the tumor
region. Recurrent tumors are often accompanied by abnormal blood flow dynamics, with certain recurrent tumor regions
showing reduced blood flow due to microvascular changes, leading to lower CBF values. These results further validate
the importance of MRI in evaluating glioma recurrence, particularly its ability to visually display the tumor’s anatomical
features and microenvironmental changes. However, despite its advantages, MRI faces challenges in distinguishing
postoperative scar tissue from recurrence lesions, especially in regions of low metabolism or reduced blood flow.

In recent years, increasing research®>** has focused on the application of tumor markers in predicting brain glioma
recurrence. MLR and NLR are common inflammatory markers reflecting the state of the body’s immune response.
Elevated systemic inflammatory indices such as NLR and SII have been shown to differentiate true tumor progression
(TTP) from PsP, underscoring their potential in refining recurrence prediction models.*® Tumor recurrence is often
accompanied by changes in the immune system, and the immune-inflammatory response is closely related to tumor
occurrence, progression, and metastasis.®> Elevated MLR and NLR levels usually indicate tumor immune evasion
mechanisms and chronic inflammatory states,”® which may be closely associated with an increased risk of glioma
recurrence. This study found that MLR and NLR levels in Group A were significantly higher than those in Group B, and
both were positively correlated with glioma recurrence (P < 0.05), suggesting that NLR and MLR are important
prognostic indicators for glioma patients, closely related to tumor recurrence, invasiveness, and survival. Detection of
tumor markers can provide early warning signals for glioma recurrence.

A single imaging modality or tumor marker detection has certain limitations in the early diagnosis of glioma
recurrence. While 18F-FDG PET/CT provides information on tumor metabolic activity, it may not sufficiently detect
low-metabolism recurrent lesions. MRI offers morphological insights but can be influenced by postoperative scars or
tumor location ambiguities. Tumor markers, though biologically significant, may be affected by other systemic factors.
Relying solely on one technique may not achieve high accuracy in recurrence prediction. The combined analysis results
of this study showed that when 18F-FDG PET/CT, MRI, and tumor markers (MLR, NLR) were used together, the AUC,
sensitivity, and specificity were significantly higher than when any single method was used, confirming the high accuracy
and practicality of the combined application in predicting glioma recurrence. Comprehensive diagnosis allows for
a multidimensional assessment of tumor recurrence risk, providing a more precise diagnostic basis for clinical practice.

Limitations

The study has several limitations that should be considered. Firstly, its retrospective design and small recurrence cohort
(n = 19) may introduce selection bias and limit statistical power. Additionally, the lack of external validation means that
the model’s performance was not tested in independent cohorts or diverse clinical settings, which restricts its general-
izability. The relatively short follow-up period of a minimum of 6 months is insufficient to capture late recurrences,
particularly in low-grade gliomas. Furthermore, tumor marker variability, such as fluctuations in NLR and MLR levels
due to non-tumor factors (eg, infections, medications), could potentially confound the results. The study also did not
compare 18F-FDG PET/CT with amino acid PET tracers (eg, FET, DOTATATE), which may offer higher specificity in
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glioma recurrence detection. To address these limitations, future research should focus on multicenter prospective studies
with larger cohorts and extended follow-up periods. Additionally, external validation of the combined model across
institutions is necessary, as well as head-to-head comparisons of 18F-FDG PET/CT versus amino acid PET for
recurrence prediction. Integrating advanced biomarkers, such as circulating tumor DNA and radiomics, may further
enhance the robustness of the model.

Conclusion

This study proposes a potential multimodal approach combining 18F-FDG PET/CT, MRI, and tumor markers (NLR,
MLR) for glioma recurrence prediction. While the combined model demonstrated promising diagnostic performance
(AUC = 0.856) in our cohort, its clinical generalizability requires cautious interpretation due to the lack of external
validation and limited sample size. These findings suggest that integrating metabolic, anatomical, and inflammatory
biomarkers could enhance recurrence risk stratification, but further validation in diverse populations is essential before
clinical translation. Future advancements in imaging technologies and biomarker discovery may refine early prediction
strategies, ultimately improving survival and quality of life for glioma patients.

Disclosure
The author reports no conflicts of interest in this work.
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