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ARTICLE INFO ABSTRACT

Keywords: Background: To assess the feasibility of multiparametric magnetic resonance imaging in predicting
Glioblastoma tumor recurrence in nonenhancing peritumoral regions in patients with glioblastoma at baseline.
Recurrence

Methods: Fifty-eight patients with recurrent glioblastoma underwent multiparametric magnetic

;‘;ﬁgiit;gn resonance imaging, including T2-weighted fluid-attenuated inversion recovery, diffusion-
DWI weighted imaging, and dynamic susceptibility contrast perfusion-weighted imaging. Non-

DSC-PWI enhancing peritumoral regions with glioblastoma recurrence were identified by coregistering

preoperative and post-recurrent magnetic resonance images. Regions of interest were placed in
nonenhancing peritumoral regions with and without tumor recurrence to calculate the apparent
diffusion coefficient value, and relative ratios of T2-weighted fluid-attenuated inversion recovery
signal intensity, apparent diffusion coefficient, and cerebral blood volume values.
Results: Significant lower relative T2-weighted fluid-attenuated inversion recovery signal in-
tensity, apparent diffusion coefficient, and relative apparent diffusion coefficient but higher
relative cerebral blood volume values were found in the nonenhancing peritumoral regions with
tumor recurrence than without recurrence (all P < 0.05). The threshold values > 0.89 for relative
cerebral blood volume provide the optimal performance for predicting the nonenhancing peri-
tumoral regions with future tumor recurrence, with the sensitivity, specificity, and accuracy of
84.7%, 83.6%, and 85.8%, respectively. The combination of relative T2-weighted fluid-attenu-
ated inversion recovery signal intensity, apparent diffusion coefficient, and relative cerebral
blood volume can provide better predictive performance than relative cerebral blood volume (P
= 0.015).
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Conclusion: The combined use of T2-weighted fluid-attenuated inversion recovery, diffusion-
weighted imaging, and dynamic susceptibility contrast perfusion-weighted imaging can effec-
tively estimate the risk of future tumor recurrence at baseline.

List of abbreviations

GBM Glioblastoma

MRI Magnetic Resonance Imaging

ADC Apparent Diffusion Coefficient

DWI Diffusion-Weighted Imaging

FLAIR  Fluid-Attenuated Inversion Recovery

DSC-PWI Dynamic Susceptibility Contrast Perfusion-Weighted Imaging
NEPTRs Non-Enhancing Peritumoral Regions

WHO World Health Organization

IDH Isocitrate Dehydrogenase
TR Time of Repetition

TE Time of Echo

FOV Field Of View

NEX number of excitations
Gd-BOPTA Gadobenate Dimeglumine
AIF Arterial Inflow Effect

CBV Cerebral Blood Volume

CBF Cerebral Blood Flow

MTT Mean Transit Time

ROIs Regions Of Interest

ICC Intraclass Correlation Coefficient
ROC Receiver Operating Characteristic
AUC Area Under the Curve

1. Introduction

Glioblastoma (GBM) stands as the most prevalent malignant brain tumor in adults, characterized by a median survival time of
merely 18-24 months [1]. The current standard treatment for newly diagnosed GBM entails gross total surgical resection, accom-
panied by adjuvant radiotherapy alongside concomitant and adjuvant temozolomide [2,3]. Clinically, the primary objective of gross
total resection is the contrast-enhancing and high-grade portion of the tumor as indicated by magnetic resonance imaging (MRI),
which manifests a leaky blood-brain barrier [4]. However, GBM represents a diffusely infiltrating and widely spread malignant entity;
hence, the margins of the contrast-enhancing region fail to accurately delineate the true tumor margins. This limitation potentially
contributes to inevitable recurrence and treatment failure in GBM patients [5,6]. Therefore, the early identification of peritumoral
areas at risk for future GBM recurrence on preoperative MR images assumes paramount importance for enabling preemptive inter-
vention and enhancing patient prognosis [7].

Histopathological evidence indicates that GBM recurrence originates from residual non-enhancing infiltrative tumor cells that
intermingle with peritumoral edema, persisting even immediately after surgical resection [8,9]. Previous studies have suggested that
areas at risk for future GBM recurrence exhibit subtle variations in the apparent diffusion coefficient (ADC) values derived from
diffusion-weighted imaging (DWI) and in signal intensity within the peritumoral region on T2-weighted and fluid-attenuated inversion
recovery (FLAIR) images [10-13]. The utilization of multiparametric MRI, such as DWI and dynamic susceptibility contrast
perfusion-weighted imaging (DSC-PWI), enables discrimination between infiltrating tumor cells and surrounding vasogenic edema or
normal tissues [14,15]. However, prior studies have typically considered non-enhancing peritumoral regions (NEPTRs) in GBM as a
whole, neglecting their high heterogeneous nature. Consequently, it remains unclear whether these potentially informative MR
methods can accurately identify NEPTRs with a high risk of future GBM recurrence.

In this study, we evaluated distinct subregions of the NEPTRs in GBM individually, as proposed by Bette et al. [16], hypothesizing
that multiparametric MRI findings in NEPTR subregions would significantly differ between areas with and without future local tumor
recurrence. Accordingly, our objective was to determine whether future local tumor recurrence in NEPTR subregions could be pre-
dicted using baseline multiparametric MRI, including T2-FLAIR, DWI, and DSC-PW], in patients with GBM.
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2. Materials and methods

2.1. Patients

The retrospective study was approved by the ethics committee of our hospital, with a waiver of the requirement for patient
informed consent. A total of 557 patients with GBM who underwent gross total surgical resection from October 2009 to December 2022
at our hospital were initially selected. Inclusion criteria comprised: (a) undergoing multiparametric MR examinations, including
conventional MRI, DWI, and DSC-PWI, before any treatment; (b) post-operative MR examinations performed within 74 h or 2 weeks
after resection to confirm the absence of residual contrast-enhancing lesions; (c) definitive histopathological diagnosis of GBM ac-
cording to the World Health Organization (WHO) 2021 classification criteria; (d) follow-up MRIs demonstrating convincing evidence
of tumor recurrence according to the updated Response Assessment in Neuro-Oncology criteria [17]; and (e) receiving radiation
therapy and concurrent temozolomide treatment after gross total resection to minimize potential confounding effects from treatment
protocol heterogeneity. Exclusion criteria included [1]: indeterminate enhancement lesions, such as pseudo-progression and/or ra-
diation necrosis after treatment [2]; adjunctive or alternative chemotherapy (besides temozolomide) [3]; incomplete serial follow-up
MRI in our hospital before GBM recurrence; and [4] inadequate quality of multiparametric MR images. MRI assessments were con-
ducted by a neuroradiologist blinded to the results. Based on the criteria, cases before 2017 were excluded due to lack of isocitrate
dehydrogenase (IDH) gene testing, resulting in 289 exclusions. Additionally, 35 patients were excluded for not undergoing multi-
parametric MR examinations, 5 for incomplete MRI post-surgery, 9 for non-tumor recurrence, and 18 for inability to receive concurrent
radiotherapy and chemotherapy. Ultimately, 201 patients met the inclusion criteria. Further exclusions were made for pseudoprog-
ression or radionecrosis (12 cases), incomplete MR follow-up (114 cases), bevacizumab treatment before recurrence (14 cases), and
image quality issues (3 cases), resulting in a final inclusion of fifty-nine patients (37 men, 22 women; mean age + standard deviation:
55.23 £+ 13.21 years; age range: 31-75 years).

2.2. MR techniques

Images were acquired as part of routine clinical procedures using a 3.0 T MR imaging system (Magnetom Verio/Skyra TIM; Siemens
Healthcare, Germany) equipped with an 8-channel head matrix coil. The imaging protocols included axial T1-weighted gradient-echo
imaging (time of repetition [TR] = 250 msec; time of echo [TE] = 2.48 msec), axial T2-weighted turbo spin-echo imaging (TR = 4000
msec; TE = 96 msec), axial T2-FLAIR imaging (TR/TE, 9000/94 msec; inversion time, 2500 msec), and three orthogonal planes of
contrast-enhanced gradient-echo T1-weighted imaging (CE-T1WI TR/TE, 250/2.48 msec) following DSC-PWI sequences. The imaging
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Fig. 1. The illustration demonstrates the placement of regions of interest (ROIs) within the nonenhancing peritumoral regions, utilizing coregis-
tration techniques to align preoperative and post-surgery MR images. ROIs 1, 3, and 4 are situated within regions exhibiting future tumor recur-
rence, while ROIs 2 and 5 are positioned in regions devoid of future tumor recurrence. These placements are based on contrast-enhanced (CE)-T1WI,
T2-weighted fluid-attenuated inversion recovery (T2-FLAIR), apparent diffusion coefficient (ADC), cerebral blood volume (CBV), and follow-up
CE-T1WI.
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parameters were consistent across all sequences, with a slice thickness of 5 mm, inter-slice gap of 1 mm, and field of view (FOV) of 220
mm x 220 mm.

DWI was conducted in the axial plane using a spin echo echo-planar sequence prior to contrast material injection. The imaging
parameters included TR/TE = 8200/102 msec, number of excitations (NEX) = 2.0, slice thickness = 5 mm, inter-slice gap = 1 mm, and
FOV = 220 x 220 mm, with a scan time of 1 min and 32 s. The b values used were 0 and 1000 s/mm?, with diffusion gradients encoded
in three orthogonal directions to generate three sets of diffusion-weighted images.

DSC-PWI was performed using a gradient-recalled T2*-weighted echo-planar imaging sequence. The imaging parameters included
TR/TE = 1000-1250/54 msec, flip angle = 35°, slice thickness = 5 mm, inter-slice gap = 1 mm, NEX = 1.0, and FOV = 220 x 220 mm.
During the first three phases, images were acquired before the injection of the contrast material to establish a precontrast baseline. For
the fourth phase, a bolus of gadobenate dimeglumine (Gd-BOPTA) at a dose of 0.1 mmol/kg of body weight and a rate of 5 mL/s was
injected intravenously using an MR-compatible power injector. Following the contrast injection, a 20.0 mL bolus of saline was
administered at the same rate. A total of 1200 images were obtained over 20 sections and 60 phases in 1 min and 36 s. Some patients
underwent dynamic contrast-enhanced MRI (DCE-MRI) before completing the DSC-PWI examination.

2.3. Image processing

Image processing was conducted using an offline Siemens syngo B19 workstation. The ADC map was automatically generated using
Siemens Dynamic ADC software. DSC-PWI data were processed using Siemens Perfusion MR software. Initially, raw images were
imported into the software, and an arterial inflow effect (AIF) map was delineated. Subsequently, the baseline and first-pass time range
of the contrast agent were defined on the AIF map. T1 correction was then applied using the Perfusion MR software. Finally, he-
modynamic parametric maps, including cerebral blood volume (CBV), cerebral blood flow (CBF), and mean transit time (MTT) maps,
were reconstructed.

Preoperative multiparametric MR images and post-recurrence TIWI images were coregistered and projected onto preoperative
T2WI images using Statistical Parametric Mapping (SPM) software based on MATLAB (Fig. 1). For the registration of ADC and DSC-
PWI maps, DWI images with b value of 0 s/mm? and the first-phase DSC-PWI images were employed as the structural phase. The
coregistered images were visually inspected and manually corrected by a neuroradiologist who was blinded to the results.

2.4. Image analysis

Following a previous study’s protocol [16], a neuroradiologist (Z.X. with 12 years of experience in brain imaging), blinded to
clinical and histopathological data, independently positioned five circular regions of interest (ROIs) in the NEPTRs on preoperative
T2-FLAIR, ADC, and CBV maps for each patient, totaling 295 ROIs. Each ROI had a mean area of 36.21 mm? (range, 30-50 mm?). Two
ROIs were located in NEPTRs with future tumor recurrence, and three in NEPTRs without recurrence, referencing post-recurrence
contrast-enhanced T1-weighted images (Fig. 1). Additionally, for each ROI, corresponding areas were measured in contralateral
unaffected white matter deemed normal on both T2-and contrast-enhanced T1-weighted images. Subsequently, relative ratios of signal
intensity of T2-FLAIR (rFLAIR), ADC (rADC), and CBV (rCBV) were calculated in NEPTR ROIs compared to contralateral unaffected
white matter to account for individual variations (Fig. 1).

To evaluate inter- and intrareader variability of ROI measurements, another neuroradiologist (X.Y. with 7 years of experience in
brain imaging) assessed multiparametric MRI in regions with and without future tumor recurrence, as well as in contralateral regions,
in ten of 70 patients at various time points.

2.5. Statistical analysis

All parameters are presented as means + standard deviation (SD). The inter- and intrareader reproducibility for all measurements
was assessed using the intraclass correlation coefficient (ICC), with an ICC greater than 0.75 considered indicative of good agreement.
Student’s t-test was employed to compare rFLAIR, ADC, rADC, and rCBV values in the NEPTRs of GBM with and without future tumor
recurrence. Receiver operating characteristic (ROC) curve analysis and logistic regression analysis were conducted to determine the
diagnostic accuracy and optimal cutoff value of rFLAIR, ADC, rADC, rCBV, and their combined use for differentiating NEPTRs with
future tumor recurrence from those without. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV),
accuracy, and area under the curve (AUC) based on the optimal thresholds were calculated. The chosen cutoff values were those that

Table 1

Comparisons of rFLAIR, ADC, rADC, and rCBV values between the NEPTRs with and without future GBM recurrence (mean =+ SD).
Parameters NEPTRs with future tumor recurrence NEPTRs without future tumor recurrence P value
rFLAIR 1.74 £ 0.24 1.82 £ 0.21 0.002
ADC (x10~® mm?/s) 1.29 £ 0.27 0.64 + 0.22 <0.001
rADC 1.87 £ 0.46 2.29 £0.43 <0.001
rCBV 1.16 +£ 0.34 0.64 + 0.22 <0.001

Note: NEPTRs, nonenhancing peritumoral regions; rFALIR, relative signal intensity of T2-weighted fluid-attenuated inversion recovery; ADC,
apparent diffusion coefficient; rADC, relative apparent diffusion coefficient; rCBV, relative cerebral blood volume.
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provided the optimal balance between sensitivity and specificity. Additionally, AUC comparisons for different quantitative variables
were made using the Z-test. Statistical analysis was performed using Microsoft Excel 2013 (Microsoft, Redmond, Washington) and
MedcCalc statistical software (version 15.2.2, Ostend, Belgium), with P values less than 0.05 considered statistically significant.

3. Results

Strong intrareader agreements were achieved between two neuroradiologists for the measurements of rFLAIR, ADC, rADC, and
rCBV values, with ICCs of 0.92, 0.95, and 0.92, respectively. Additionally, excellent interreader agreements were observed for different
time points within one neuroradiologist for the measurement of the above parameters, with ICCs of 0.95, 0.96, and 0.94, respectively.

The rFLAIR, ADC, rADC, and rCBV values calculated in the NEPTRs of GBM with and without future tumor recurrence are sum-
marized in Table 1. We observed that the rFLAIR value of the NEPTRs with future tumor recurrence was significantly lower than that of
the NEPTRs without future tumor recurrence (P = 0.002). Both ADC and rADC values were significantly lower in the NEPTRs with
future tumor recurrence compared to those without future tumor recurrence (both P < 0.001). Furthermore, the rCBV value of the
NEPTRs with future tumor recurrence was significantly higher than that of the NEPTRs without future tumor recurrence (P < 0.001).
Representative images are presented in Fig. 2.

The results of the ROC curve analysis for the individual use of rFLAIR, ADC, rADC, and rCBV values are presented in Table 2 and
Fig. 3. Logistic regression analysis was employed to evaluate the combined performance of these parameters in differentiating the
NEPTRs of GBM with future tumor recurrence from those without future tumor recurrence. As shown in Table 2 and Fig. 4, the
combination of “rCBV + ADC” and “rCBV + ADC + rFLAIR” yielded comparable AUCs (P = 0.934), which were higher than those of the
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Fig. 2. Glioblastoma with future tumor recurrence in a 57-year-old man on preoperative and post-surgery MR images. ROIs 1 show areas with
future tumor recurrence and ROIs 2 show areas without future tumor recurrence. The relative signal intensity of T2-weighted fluid-attenuated
inversion recovery (rFLAIR), apparent diffusion coefficient (ADC), relative ADC, and relative cerebral blood volume (rCBV) measured from ROIs 1
and 2 are as follows: 2.12, 1.43 x 10~3 mm?/s, 2.07, and 1.82, respectively, for ROI 1; 2.25, 1.57 x 102 mm?/s, 2.28, and 0.76, respectively, for
ROI 2. Note: CE-T1WI: contrast-enhanced (CE)-T1WI; T2-FLAIR: T2-weighted fluid-attenuated inversion recovery; ADC: apparent diffusion coef-
ficient; CBV: cerebral blood volume.
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Table 2

Predictive performance of single parameters (rFALIR, ADC, rADC and rCBV) and combined parameters (ADC + rFLAIR, rCBV + rFLAIR, rCBV + ADC,
rCBV + ADC + rFLAIR) for identifying the NEPTRs with future tumor recurrence from those without tumor recurrence using receiver operating
characteristic curve analysis and logistic regression analysis.

TV AUC Sen Spe PPV NPV Acc
rFLAIR 1.68 0.599 75.7 44.9 52.7 77 63.1
ADC 1.41 0.798 76.8 72 64.5 82.5 73.9
rADC 2.01 0.756 74 66.9 59.6 79.2 69.5
rCBV 0.89 0.898 84.7 83.6 80.6 89.5 85.8
ADC + rFLAIR - 0.798 76.8 72 64.5 82.5 73.9
rCBV + rFLAIR - 0.903 85.3 83.9 78.3 89.8 84.7
rCBV + ADC - 0.918 85.3 86.4 80.8 90 86.1
rCBV + ADC + rFLAIR - 0.918 83.6 89 83.9 89.3 87.2

Note: NEPTRs, nonenhancing peritumoral regions; rFALIR, relative signal intensity of T2-weighted fluid-attenuated inversion recovery; ADC,
apparent diffusion coefficient; rADC, relative apparent diffusion coefficient; rCBV, relative cerebral blood volume; TV, threshold value; AUC, area
under the curve; Sen, sensitivity; Spe, specificity; PPV, positive predictive value; NPV, negative predictive value; Acc, accuracy.
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Fig. 3. Receiver operating characteristic curves of rFLAIR, ADC, rADC, and rCBV for identifying the nonenhancing peritumoral regions with future
tumor recurrence from those without tumor recurrence. Note: rFLAIR: relative signal intensity of T2-weighted fluid-attenuated inversion recovery,
ADC: apparent diffusion coefficient, rADC: relative ADC, rCBV: relative cerebral blood volume.
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Fig. 4. Receiver operating characteristic curves of combined parameters, including “ADC + rFLAIR”, “rCBV + rFLAIR”, “rCBV + ADC”, and “rCBV
+ ADC + rFLAIR”, for identifying the nonenhancing peritumoral regions with future tumor recurrence from those without tumor recurrence. Note:
rFLAIR: relative signal intensity of T2-weighted fluid-attenuated inversion recovery, ADC: apparent diffusion coefficient, rADC: relative ADC, rCBV:
relative cerebral blood volume.

“ADC + rFLAIR” and “ADC + rCBV” models, as well as the most efficient single parameter, rCBV (all P < 0.05).

4. Discussion

In our study, we employed diagnostic parameters obtained from T2-FLAIR, DWI, and DSC-PWI to distinguish between NEPTRs of
GBM with and without future tumor recurrence. Our results demonstrated that NEPTRs of GBM with future tumor recurrence dis-
played lower rFLAIR, ADC, and rADC values, but higher rCBV values. Furthermore, these parameters were effective in predicting
NEPTRs at risk of future tumor recurrence at the baseline examination.

T2-FLAIR imaging, an essential component of brain MRI protocols, is highly sensitive to changes in water concentration and is thus
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commonly used to assess the extent of non-enhancing tumor and edema [18]. Typically, clinical evaluation of the peritumoral
T2-FLAIR high-signal-intensity region is limited to volumetric abnormalities [17]. Few studies have specifically investigated early
changes in signal intensity on T2-FLAIR at baseline [11,13]. In a seminal study by Pope et al. [11], the signal intensity of microscopic
GBM was slightly lower than that of pure edema on T2-FLAIR. Chang et al. [13] further demonstrated that decreased T2-FLAIR signal
intensity was directly associated with the likelihood of tumor recurrence, emphasizing the predictive value of T2-FLAIR for future
tumor recurrence in the NEPTRs of GBM. In our current study, we observed a significant decrease in rFLAIR in the NEPTRs with future
tumor recurrence compared to those without, consistent with prior reports [11,13]. The reduction in T2-FLAIR signal intensity is
believed to be inversely correlated with tumor cellularity [13], suggesting increased cell density in NEPTRs with future tumor
recurrence due to infiltration by GBM tumor cells [19,20]. Therefore, our findings, in conjunction with previous research [11,13],
suggest that a new signal increase on follow-up T2-FLAIR after gross total surgical resection may indicate progression of GBM
infiltration.

The ADC value derived from DWI reflects the mobility of free water molecules within tissue and has been demonstrated to correlate
with tumor cellularity [21]. ADC values are now widely used in tumor characterization, grading, and prognostication [22]. Several
studies have suggested that ADC values in the peritumoral region may be useful for detecting neoplastic cell infiltration [23-26]. In our
study, we observed that ADC and rADC values in the NEPTRs with future tumor recurrence were significantly lower than those in
NEPTRs without recurrence, consistent with previous findings [13]. In that study, Chang et al. [13] analyzed ADC maps at the voxel
level and noted that the extent of signal intensity decrease on ADC maps was directly proportional to the likelihood of tumor
recurrence. In addition to increased cellularity, which also results in hyperintensity on T2-FLAIR imaging, active tumor proliferation
by infiltrated tumor cells may be another factor contributing to the decrease in ADC values, significantly contributing to future local
tumor recurrence in NEPTRs. Overall, our study suggests that a low ADC value in NEPTRs, indicative of tumor infiltration, may serve as
a potential marker for predicting future tumor recurrence.

rCBV obtained from DSC-PWI is a valuable parameter for characterizing regional microvasculature and hemodynamics in brain
tumors [27-29]. Previous studies have demonstrated the utility of rCBV in differentiating pseudo-progression and radiation necrosis
from progression, as well as predicting treatment effects in gliomas [30-38]. However, to our knowledge, no previous study has
utilized rCBV to predict NEPTRs at risk of future local tumor recurrence. Our study revealed that the rCBV value in NEPTRs with future
tumor recurrence was significantly higher than in those without recurrence. Histopathologically, residual GBM tumor cells infiltrate
slowly along existing vascular networks, disrupting endothelial tight junctions and facilitating leakage of gadolinium-based contrast
agents through the blood-brain barrier [19,20]. Consequently, contrast agent leakage accumulates in the interstitial space, leading to
an increase in rCBV value. Therefore, our findings suggest that preoperatively assessing rCBV values in NEPTRs may assist in early
identification of regions at high risk of future local recurrence in patients with GBM.

Furthermore, all parameters, namely rFLAIR, ADC, rADC, and rCBV, demonstrated utility in predicting NEPTRs with future tumor
recurrence compared to those without recurrence. Notably, according to ROC analyses, the sensitivity, specificity, and accuracy levels
were significantly higher for perfusion parameters (rCBV accuracy, 85.8%) than for fluid-sensitive (rFLAIR accuracy, 63.1%) and
diffusion parameters (ADC accuracy, 73.9%; rADC accuracy, 69.5%). Moreover, the combination of these promising diagnostic pa-
rameters collectively outperformed the individual use of rFLAIR, ADC, rADC, and rCBV in predicting NEPTRs with future tumor
recurrence. Specifically, the “rCBV + ADC + rFLAIR” model exhibited the best predictive performance with an AUC of 0.918 and an
accuracy of 87.2%. Thus, our study suggests that the combined utilization of multiparametric MRI, including T2-FLAIR, DWI, and DSC-
PWI, can comprehensively provide physiopathologic information, potentially improving the characterization of subtle GBM tumor cell
infiltration and predicting potential tumor recurrence at baseline.

Our study has several limitations. Firstly, the diagnosis of tumor recurrence in most cases was based on follow-up MRI images,
lacking histopathological confirmation. Secondly, the absorption of the postoperative surgical cavity, along with the formation of
surrounding scars and glial hyperplasia, may lead to some mismatches when registering post-recurrence images with preoperative
multiparametric MRI images. To mitigate this, we employed ROI measurements in this study to minimize the impact of such incon-
sistent registration. Thirdly, enhanced lesions appearing 2 weeks after surgery may be attributed to the surgery itself, subacute infarcts,
or residual tumor. In such cases, the combination of preoperative MRI images, DWI, and DSC-PWI can more accurately determine
tumor changes. Finally, due to registration consistency and relatively small sample size, more advanced analysis methods such as
radiomics and deep learning were not utilized in our study but should be considered in future investigations.

In conclusion, our study highlights the utility of T2-FLAIR, DWI, and DSC-PWI measurements in NEPTRs for early prediction of
regions at risk of future tumor recurrence in patients with GBM. Specifically, higher rCBV emerges as a particularly effective parameter
for predicting NEPTRs with future tumor recurrence. Furthermore, the combination of rFLAIR, ADC, and rCBV improves predictive
performance, offering valuable insights into the likelihood of tumor recurrence at baseline.
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