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ARTICLE INFO ABSTRACT

Keywords: Rationale and objectives: The management of tumor recurrence (TR) and radiation-induced brain
High-grade glioma injury (RIBI) poses significant challenges, necessitating the development of effective differenti-
APTw

ation strategies. In this study, we investigated the potential of amide proton transfer-weighted
(APTw) and arterial spin labeling (ASL) imaging for discriminating between TR and RIBI in pa-
tients with high-grade glioma (HGG).

Methods: A total of 64 HGG patients receiving standard treatment were enrolled in this study. The
patients were categorized based on secondary pathology or MRI follow-up results, and the de-
mographic characteristics of each group were presented. The APTw, rAPTw, cerebral blood flow
(CBF) and rCBF values were quantified. The differences in various parameters between TR and
RIBI were assessed using the independent-samples t-test. The discriminative performance of these
MRI parameters in distinguishing between the two conditions was assessed using receiver oper-
ating characteristic (ROC) curve analysis. Additionally, the Delong test was employed to further
evaluate their discriminatory ability.

Results: The APTw and CBF values of TR were significantly higher compared to RIBI (P < 0.05).
APTw MRI demonstrated superior diagnostic efficiency in distinguishing TR from RIBI (area
under the curve [AUC]: 0.864; sensitivity: 75.0 %; specificity: 81.8 %) when compared to ASL
imaging. The combined utilization of APTw and CBF value further enhanced the AUC to 0.922.
The Delong test demonstrated that the combination of APTw and ASL exhibited superior per-
formance in the identification of TR and RIBI, compared to ASL alone (P = 0.048).

Conclusion: APTw exhibited superior diagnostic efficacy compared to ASL in the evaluation of TR
and RIBIL. Furthermore, the combination of APTw and ASL exhibits greater discriminatory
capability and diagnostic performance.

ASL
Tumor recurrence
Radiation-induced brain injury

Abbreviations: APTw Amide proton transfer-weighted, ASL arterial spin labeling; HGG high-grade glioma, TR tumor recurrence; RIBI radiation-
induced brain injury, CBF cerebral blood flow; ROC receiver operating characteristic, AUC area under the curve; TMZ temozolomide chemotherapy,
MRS Magnetic Resonance Spectroscopy; Cho choline, Cr creatine.
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1. Introduction

High-grade gliomas (HGG), as prevalent primary brain tumors in adults, are characterized by their infiltrative nature and inherent
resistance to treatment, resulting in a dismal prognosis [1-3]. The standard treatment for HGG following surgical intervention entails
the integration of radiotherapy and temozolomide chemotherapy (TMZ), in conjunction with six cycles of adjuvant TMZ chemotherapy
administration [4]. Despite aggressive therapeutic interventions, TR and RIBI remain prevalent issues in various medical conditions
due to their distinct treatment strategies [5,6]. This persistent challenge often frustrates healthcare professionals and patients alike, as
it hampers the effectiveness of standard treatment protocols. TR often requires additional interventions such as surgery, chemo-
therapy, or targeted therapies to control tumor cell growth [7]. Conversely, RIBI focuses on symptom control and supportive care since
there is currently no specific treatment available to reverse the pathological changes caused by radiation. Therefore, the identification
of a robust approach to differentiate between TR and RIBI in the postoperative management of HGG has emerged as an imperative issue
that necessitates immediate resolution.

Currently, histopathological diagnosis obtained through biopsy or surgical resection remains the gold standard for diagnosing TR
or RIBI in accordance with established medical practices. However, invasive procedures carry inherent risks and may not always be
feasible, especially when dealing with lesions located in critical areas of the brain [8]. Additionally, histopathological analysis may not
always yield definitive results due to the challenge of distinguishing between tumor cells and radiation therapy-induced changes in
cases involving extensive radiation therapy [9]. The Response Assessment in Neuro-Oncology (RANO) guidelines recommend utilizing
MRI for evaluating tumor response post-therapy [10,11]. However, both TR and RIBI exhibit comparable imaging characteristics on
conventional MRI, posing challenges in distinguishing between these two conditions due to their shared features of irregular
enhancement at surgical margins and significant peritumoral edema.

Considering that angiogenesis and high proliferation activity are reliable diagnostic indicators of HGG recurrence [12], APTw and
ASL imaging techniques incorporating these pathological features show promise in distinguishing TR from RIBI. APTw imaging
measures the concentration of endogenous mobile proteins, reflecting tumor cell metabolism [13,14]. The increased intensity of the
APTw signal indicates an upregulation in protein metabolism and potentially signifies tumor recurrence [15]. The association between
APTw values and the tissue proliferation index of Ki-67 has been consistently demonstrated in several studies, highlighting a close
correlation between protein metabolism and tumor aggressiveness [16-18]. Additionally, mounting evidence indicates that APTw
imaging plays a crucial role in tumor grading and monitoring treatment response. ASL, on the other hand, is a non-invasive MRI
perfusion imaging that enables assessment of capillary microcirculation within the lesion by quantifying blood flow [19-21]. Several
studies have evaluated the efficacy of PWI in differentiating radiation necrosis from tumor progression [22,23]. Recurrent brain tu-
mors exhibited significantly elevated levels of vascular expression in comparison to RIBI, as observed through histological analyses.

In this study, we hypothesized that the combination of APTw and ASL techniques could provide a more comprehensive assessment
of tumor biology in comparison to conventional MRI. Therefore, our objective was to investigate the potential of APTw and ASL
imaging for discriminating between TR and RIBI among patients with HGG.

2. Materials and methods
2.1. Subjects

This study was approved by the ethics committee of Liuzhou Workers Hospital. All individual participants signed the consent form
prior to the MR study. This study was conducted from October 2020 to December 2023. A total of 76 patients (14 males, aged 56.5 =+
14.0 years) receiving standard treatment were enrolled in this study. The primary diagnosis of HGG included anaplastic astrocytoma
(n = 31), anaplastic oligodendroglioma (n = 7), and glioblastoma (n = 38). Patients were selected based on the following criteria [1]:
histological examination confirming the presence of HGG [2]; administration of radiotherapy or chemoradiotherapy after surgical
resection [3]; observation of new or expanded enhancement lesions after treatment through APTw, ASL and Gd-enhanced T1w im-
aging examinations. Severe motion artifacts or tumors with alternative histopathologic diagnoses were excluded from the study. Final
diagnosis for all patients was confirmed by a second surgical resection or subsequent MRI examinations. Regular MRI follow-up as-
sessments were conducted every 2-3 months, with a minimum follow-up period of 6 months.

2.2. MRI protocols

MRI examinations were performed using a 3.0 T MRI system (Ingenia CX, Philips Medical Systems, Best, The Netherlands). A 32-
channel head coil was used to perform the MRI scans. The conventional MRI sequences consisted of TIWI (TR = 2000 ms, TE = 19 ms,
FOV = 24 x 24 cm, section thickness = 4 mm, NEX = 1, matrix = 256 x 256), T2WI (TR = 4000 ms, TE = 122 ms, FOV = 240 x 240
mm2, section thickness = 4 mm, NEX = 1, matrix = 256 x 256), and T2 fluid-attenuated inversion recovery (FLAIR) imaging (TR =
10,000 ms, TE = 125 ms, FOV = 240 x 240 mm2, section thickness = 4 mm, NEX = 1, matrix = 256 x 256) sequences. Prior to contrast
material administration, advanced imaging techniques including three-dimensional pCASL, and APTw imaging were performed. The
whole brain 3D pCASL sequence was performed prior to the administration of contrast medium, with the following parameters: post-
labeling delay delay = 1.5s, TR = 4.4 s, TE = 9.2 ms, acquisition matrix = 8 arms with 512 spiraling points, NEX = 3, section thickness
= 32 mm, FOV = 240 x 240 mm, bandwidth = 62.5, plane axial orientation. The ASL mapping was created by subtracting the un-
labeled image from the labeled image. 3D APTw imaging was carried out using a multiple source transmitting technology, which has
the potential to both extend the radio frequency saturation time and boost APT efficiency. 3D mDIXON TSE sequence was used. The
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acquisition parameters were: TR = 1980 ms, TE = 19 ms, FOV = 240 x 240 mm, section thickness = 4 mm, NEX = 1, matrix = 256 x
256, voxel size = 1.65 x 3.15 x 6.00 mm®. Following intravenous administration of Gadoterate meglumine at a dose of 0.2 mL/kg
body weight with a flow rate of 2 mL/s via the median cubital vein, post-contrast T1-weighted images were acquired.

2.3. Image analysis

3D APTw and pCASL data were analyzed on the workstation using a commercially-available software (Ingenia, Philips Medical
Systems, CX, Intellispace Portal 10.1). The ASL and APTw images were resampled through linear interpolation to match the resolution
of Gd images, followed by rigid registration through a custom MatLab program for coregistration. In this study, the confirmation of TR
or RIBI is based on the standard response assessment of RANO glioma or re-operative pathologic diagnosis. Regions of interest (ROIs)
were carefully selected in a double-blind manner by two experienced neuroradiologists, each with fifteen and twelve years of expertise.
An interclass correlation coefficient value between 0.75 and 1 indicated good agreement. Any disagreement between the two neu-
roradiologists was resolved by consensus. Six ROIs with an area of 0.50 cm? were placed in the enhanced area (EA), the peritumoral
T2WI hyperintense area (PHA) and the contralateral normal white matter (CNAWM). Additionally, the same number and size of ROIs
were overlaid on CBF and APTw imaging to calculated their average values. Each ROI had a standardized size of 20 pixels. To ensure
accuracy, any cystic, necrotic, or bleeding parts of the lesion were excluded from analysis. The APTw and CBF values for each ROI were
recorded for every patient, followed by calculation of their respective mean APTw and CBF values. Furthermore, to minimize potential
errors in measurement, we also documented relative APTw (tAPTw = APTw/APTwWCNAWM). The calculation for relative CBF (rCBF)
was the same.

2.4. Statistical analysis

The statistical analyses were performed using SPSS 27.0 software. All described results are reported as medians with ranges or 95 %
confidence intervals (CIs) for continuous variables and as frequencies or percentages for categorical variables. Prior to analysis, all
imaging parameters were assessed for normality using the D’Agostino-Pearson test. All parameters were normally distributed. The
differences in various parameters between TR and RIBI were assessed using the independent-samples t-test. The discriminative per-
formance of these MRI parameters in distinguishing between the two conditions was assessed using receiver operating characteristic
(ROC) curve analysis. Additionally, the Delong test was employed to further evaluate their discriminatory ability. The correlation
analysis of CBF, rCBF, APTw and rAPTw was also conducted. P value < 0.05 was considered statistically significant.

3. Results
3.1. Patient data, pathological and MRI follow-up results

The demographic characteristics of the 64 patients are summarized in Table 1. Twenty-nine patients were diagnosed with TR (12
males, 54.9 &+ 12.5; 17 females, aged 52.4 + 17.3), while the remaining 35 were diagnosed with RIBI (18 males, aged 49.6 + 10.5; 17
females, aged 50.2 + 11.3). Among them, there were 25 pathologically confirmed cases (23 TR and 2 RIBI) and 39 cases that were
confirmed based on follow-up examinations (6 TR and 33 RIBI). During a 6-month MRI follow-up period, 33 cases were classified as
RIBL The Gd-T1WI sequences demonstrated the size of enhanced lesions decreased or disappeared completely after RIBI follow-up. In
contrast, among the 29 cases diagnosed as TR, there was a significant increase in the size of the enhanced lesions and invasion into the
corpus callosum and lateral ventricles.

Among the TR cases, it is noteworthy that there were 16 cases of local recurrence, 11 cases of distant recurrence, and 2 cases of
subarachnoid metastasis. On Gd-T1WI, the lesions exhibited invasion into various brain regions including the lateral ventricles (n =
21), corpus callosum (n = 13), basal ganglia (n = 9), brainstem (n = 3), and cerebellum (n = 4). The surgical margin lesions displayed
nodular and lump-like enhancement. In cases involving RIBI, enhanced T1-weighted images predominantly revealed the presence of
lesions within the white matter region encompassing the radiotherapy field or in close proximity to the surgical remnant, exhibiting a
characteristic geographic enhancement pattern. Furthermore, varying degrees of edema were observed surrounding both TR and RIBI
lesions.

Table 1

Clinical information.
Variable TR (N = 29) RIBI(N = 35) P
Age 54.9 +£12.5 49.6 + 10.5 0.073
No. of male patients 12 (41.4 %) 18 (51.4 %) 0.247
No. of patients who underwent a second surgery 23 (79.3 %) 2 (5.7 %) <0.001
KPS 74.62 £ 9.17 89.48 +11.58 <0.001

TR: tumor recurrence; RIBI: radiation-induced brain injury; KPS: karnofsky Performance Status.
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3.2. Results for the enhanced and peritumoral regions

Fig. 1 depicts MR images of a representative patient diagnosed with TR, demonstrating a lesion in the left temporal lobe exhibiting
significantly heterogeneous enhancement. Importantly, this enhancing lesion is characterized by remarkably high and red signal
intensities on both CBF and APTw maps.

Fig. 2 illustrates MR images of a representative patient diagnosed with RIBI, revealing a heterogeneous Gd-enhancing lesion in the
left frontal lobe. The lesions exhibited predominantly green isoperfusion on the CBF maps and scattered flaky yellow signals slightly
higher than background on the APTw maps.

The results of CBF, rCBF, APTw and rAPTw values in EA and PHA between patients with TR and RIBI are presented in Table 2 and
Fig. 3. The TR group exhibited significantly higher values of CBF (32.83 + 6.18 mL/100 g/min vs. 25.06 + 5.03 mL/100 g/min), rCBF
(2.37 £ 0.86 vs. 1.44 + 0.45), APTw (3.13 4 0.26 % vs. 2.20 £ 0.71 %), and rAPTw (1.43 & 0.46 vs. 1.13 + 0.37) in the enhanced
region compared to the RIBI group. Similarly, the lesions in the TR group showed significantly elevated APTw (2.38 + 0.63 % vs. 2.02
=+ 0.49 %) and rAPTw (1.26 + 0.36 vs. 1.02 + 0.36) values in the peritumoral area, while no significant differences were observed in
CBF and rCBF between the two groups (P = 0.983, 0.294, respectively).

The diagnostic efficacy of ASL and APTw imaging in the enhanced and peritumoral regions is compared between the TR and RIBI
groups, as depicted in Fig. 4. The ROC curve demonstrated that the APTw value exhibited the highest AUC of 0.864 (95 % CI: 0.771,
0.956) in the enhanced region for discriminating between TR and RIBI, followed by rAPTw, CBF, and rCBF values. When combined ASL
and APTw imaging, the AUC increase to 0.922. However, in the peritumoral area, CBF and rCBF showed limited sensitivity and
specificity in distinguishing between the two groups with AUCs not exceeding 0.60. On the other hand, APTw had an AUC of 0.672
with a sensitivity of 65.5 % and specificity of 65.7 %, while rAPTw had an AUC of 0.699 with a sensitivity of 71.4 % and specificity of
62.8 % (Table 3). Furthermore, Delong test demonstrated that the combined utilization of APTw and ASL imaging demonstrated a
significant enhancement in the diagnostic accuracy of TR and RIBI when compared to ASL alone (P = 0.048). However, this combined
approach did not exhibit a statistically significant difference in comparison to APTw imaging (P = 0.057).

The CBF and rCBF exhibited a significant positive correlation with APTw and rAPTw (R = 0.49, R = 0.27, R = 0.37 and R = 0.45) in
the enhanced area, respectively (Fig. 5). However, no linear relationship was observed between the parameters in the peritumoral
region.

4. Discussion

Advanced MRI imaging markers, particularly those indicative of tumor angiogenesis and protein metabolism, hold promise in
evaluating treatment response among postoperative patients with HGG. In this study, we investigated the value of 3D pCASL and APTw
techniques in differentiating between TR and RIBI among a cohort of HGG patients who underwent standard therapeutic interventions.
The findings revealed that APTw exhibited superior diagnostic efficacy compared to ASL in the evaluation of postoperative recurrence
and radiation-induced damage. Moreover, the combined utilization of APTw and ASL imaging improved diagnostic accuracy in dis-
tinguishing TR from RIBI when compared to using ASL alone. Importantly, it has been observed that lesions located in the PHA may
also exhibit a degree of heterogeneity in comparison to those found within EA, indicating significant variations in tumor microen-
vironments within these regions.

The observation of morphological characteristics resembling Swiss cheese or soap bubble enhancement, as previously reported in
several studies, indicates treatment-related effects [24-26]. Nevertheless, a substantial increase in lesion volume exceeding 25 %,
especially when affecting vital cerebral structures like the ependyma or corpus callosum, provides strong evidence for tumor

Fig. 1. The findings were observed in a 58-year-old patient with typical TR. The multiparametric MR images, including T2WI (a), Gd-enhanced
T1WI (b), CBF (c), and APTw (d) maps, demonstrate a lesion in the left temporal lobe with significantly heterogeneous enhancement. Impor-
tantly, this enhancing lesion is characterized by remarkably high and red signal intensities on both CBF and APTw maps. The EA, PHA, and CNWMA
were divided into six equal-sized ROIs. These ROIs were then overlaid onto the CBF and APTw maps to calculate the mean CBF and APTw values for
each region. The average CBF values in TR lesion of the left temporal lobe were as follows: 58.64 mL/100 g/min for EA, 27.93 mL/100 g/min for
PHA, and 24.75 mL/100 g/min for CNWMA. The average APTw values in TR lesion were as follows: 4.08 % for EA, 2.63 % for PHA, and 1.64 %
for CNWMA.
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Fig. 2. The findings were observed in a 57-year-old patient with typical RIBI. Multi-parameter MR images, including T2WI (a), Gd-enhanced T1WI
(b), CBF (c), and APTw (d), revealed heterogeneous enhanced lesions in the left frontal lobe. The lesions exhibited predominantly green isoperfusion
on the CBF maps and scattered flaky yellow signals slightly higher than background on the APTw maps. The EA, PHA, and CNWMA were divided
into six equal-sized ROIs. These ROIs were then overlaid onto the CBF and APTw maps to calculate the mean CBF and APTw values for each region.
The average CBF values in RIBI lesion were as follows: 32.06 mL/100 g/min for EA, 16.28 mL/100 g/min for PHA, and 15.47 mL/100 g/min for
CNWMA. The average APTw values in RIBI lesion were as follows: 2.83 % for EA, 2.23 % for PHA, and 1.81 % for CNWMA.

Table 2
Comparision of ASL and APTw parameters in EA and PHA between TR and RIBI.
Region Variable TR (N = 29) RIBI(N = 35) Diff (95 % CI) t 14
EA CBF (mL/100 g/min) 32.83 + 6.18 25.06 + 5.03 7.77 (4.97, 10.57) 5.543 <0.001
rCBF 2.37 £ 0.86 1.44 + 0.45 0.93 (0.59, 1.26) 5.547 <0.001
APTwW (%) 3.13 £0.26 2.20 £0.71 0.83 (0.57, 1.10) 6.201 <0.001
rAPTw 1.43 + 0.46 1.13 £ 0.37 0.31 (0.10, 0.52) 2.970 0.004
PHA CBF (mL/100 g/min) 26.14 + 4.18 26.17 + 7.77 —0.03 (-3.25, 3.18) 0.021 0.983
rCBF 1.19 £ 0.51 1.32 +0.49 —0.13 (-0.38, 0.12) 1.059 0.294
APTwW (%) 2.38 £ 0.63 2.02 £ 0.49 0.36 (0.08, 0.64) 2.536 0.014
rAPTw 1.26 + 0.36 1.02 + 0.36 0.24 (0.06, 0.42) 2.671 0.010

TR: tumor recurrence; RIBI: radiation-induced brain injury; CI: confidence interval; CI: confidence interval.

recurrence [27,28]. The determination can be made by comparing consecutive MRI scans during follow-up or histopathology obtained
from subsequent surgical procedures. In this study, RIBI lesions demonstrated a reduction in size or complete disappearance of
enhanced lesions during the follow-up period. Conversely, the enhanced lesions observed in 29 cases diagnosed as TR demonstrated a
significant increase in volume, particularly infiltrating various structures such as the corpus callosum and lateral ventricles, which is
consistent with previous findings. Although routine MRI provides evidence of morphological changes to distinguish between the two,
its validity may be compromised by the challenges associated with subjective image interpretation. Furthermore, prolonged follow-up
periods occasionally result in missed treatment opportunities for patients.

The application of APTw or ASL imaging has been employed to differentiate between TR and RIBI in glioma patients, exhibiting
promising potential. Recent studies have produced comparable preliminary findings. One study encompassed 30 cases of gliomas, and
the results revealed that both ASL and APTw imaging hold promise in differentiating between treatment response and TR, the AUCs
were 0.90 and 0.87 for rCBF and APTw, respectively [29]. In another study involving 43 patients with post-treatment gliomas who
underwent both APTw and MET-PET imaging, the results demonstrated that APTw exhibited superior diagnostic performance, as
indicated by an AUC of 0.88 [30]. Furthermore, Park et al. demonstrated that the utilization of APTw imaging as an imaging biomarker
could potentially enhance the discriminative capability between recurrent gliomas and treatment-induced changes [31]. Zhang et al.
found that integration of diffusion and perfusion MRI techniques enhanced the predictive capability of the radiomics model for glioma
patients [32]. Another recent study confirmed significantly higher CBF values in glioma recurrence patients compared to those with
pseudo-progression [33]. Our findings further support these results and indicate that the APTw and ASL could be used as effective
imaging biomarkers to identify TR and RIBI in HGG patients. Importantly, APTw demonstrated superior diagnostic accuracy compared
to ASL imaging in discriminating TR from RIBI, with AUC values of 0.838 and 0.864 for ASL and APTw.

Furthermore, our results revealed that the integration of APTw and ASL imaging techniques has been found to significantly enhance
the accuracy of diagnostic assessments. Combining these two modalities enables earlier detection and characterization of subtle
changes in tissue composition or blood flow dynamics. Therefore, the integration of these two techniques enables a more precise
assessment of tumor microenvironment, thereby enhancing the differentiation between TR and RIBI. From a pathogenic point of view,
the greater APTw signal intensity in TR could be due to heightened levels of mobile proteins and peptides, which are associated with
increased cellularity and cellular proliferation [34,35]. The altered perfusion patterns on ASL in TR are caused by angiogenesis-related
aberrant blood flow patterns and increased microvascular density [33]. Conversely, in radiation damage, tissue necrosis and vascular
damage brought on by radiation therapy result in a reduction in cellular metabolism and perfusion [36,37]. APTw and CBF levels that
are both elevated suggest that glioma recurrence may be possible. On the other hand, radiation damage is present when both the CBF
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Fig. 3. Comparisons of parameters in the EA and PHA between TR and RIBIL.
EA: enhanced area; PHA: peritumoral T2WI hyperintense area; TR: tumor recurrence; RIBL: radiation-induced brain injury.

and APTw levels fall at the same time. This information is essential for choosing the right course of treatment since radiation necrosis
can be treated conservatively or with anti-inflammatory drugs, whereas glioma recurrence may require more surgery or
chemotherapy.

The value of differentiating the tumor core from the peritumoral edema region has been investigated [38-41]. Within the enhanced
region, significantly higher CBF and APTw values were observed in the TR groups compared to the RIBI groups that the peritumoral
edema of RIBI may be related to vasogenic edema, while the peritumoral edema of glioma may be related to the invasion of tumor cells,
thus confirming previous findings. Importantly, a significant positive correlation between CBF and APTw (R = 0.49, P < 0.001) was
found in the enhanced area (R = 0.49, P < 0.001). Furthermore, notable differences in APTw values between these groups were also
observed within the peritumoral edema region, while there was no statistically significant difference in CBF values. This suggests that
APTw imaging may exhibit greater sensitivity to changes in the tumor microenvironment compared to ASL imaging. One potential
explanation for the notable disparity in APTw values may stem from the earlier and more pronounced cellular proliferation relative to
angiogenesis, or the heightened sensitivity of APTw imaging compared to ASL imaging in capturing alterations within the tumor
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Table 3
ROC analysis results were obtained based on APTw, rAPTw, CBF, and rCBF values in the EA and PHA of TR and RIBIL.
Region Parameter AUC Cut-off 95 % CI Sensitivity Specificity P
EA CBF 0.838 29.5 0.733-0.943 0.828 0.8 <0.001
rCBF 0.822 1.75 0.716-0.928 0.724 0.8 <0.001
APTw 0.864 2.75 0.771-0.956 1 0.714 <0.001
rAPTw 0.709 2.15 0.580-0.855 0.828 0.629 0.003
PHA CBF 0.506 19.5 0.360-0.653 0.628 0.415 0.930
rCBF 0.588 1.15 0.272-0.552 0.517 0.673 0.230
APTw 0.672 2.35 0.591-0.864 0.655 0.657 0.003
rAPTw 0.699 1.55 0.149-0.401 0.714 0.628 0.002

EA: enhanced area; PHA: peritumoral T2WI hyperintense area; TR: tumor recurrence; RIBI: radiation-induced brain injury; CI: confidence interval.

microenvironment. The rapid proliferation of glioma cells is well-established, leading to an increased cell density within the peritu-
moral edema region [42]. The increased cell density suggests higher levels of movable proteins and peptides, which may lead to more
prominent APTw signaling.

There are several limitations in our study that warrant acknowledgment. Firstly, the small sample size may restrict the general-
izability of our findings. A larger sample size would yield more robust results and facilitate subgroup analysis to explore potential
confounding factors. Additionally, the irregular morphology of TR and RIBI presents challenges for quantitative analysis of the entire
tumor, thereby restricting us to obtaining only an average value from the largest plane. This approach may introduce bias and
compromise result accuracy. In future studies, investigating alternative methods such as histogram analysis or radiomics-based ap-
proaches will contribute to a deeper understanding of the tumor microenvironment.

In conclusion, APTw imaging may exhibit superiority over ASL imaging in distinguishing between TR and RIBI among patients with
HGG. The integration of ASL and APTw techniques has significantly enhanced our ability to accurately diagnose these conditions,
providing valuable insights into tumor recurrence and treatment response.

Ethical Approval

All procedures conducted in studies involving human participants adhered to the ethical standards set by the ethics committee of
Liuzhou Workers Hospital (Approval number: KY2021085).

Informed consent

Informed consent was obtained from all individual partici-pants included in the study and consented to have these images
published.
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