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Abstract: The aim of the study was to evaluate the relationship between tumor blood flow (TBF)
measured by the pseudo-continuous arterial spin labeling (PCASL) method and IDH1 mutation
status of gliomas as well as Ki-67 proliferative index. Methods. The study included 116 patients with
newly diagnosed gliomas of various grades. They received no chemotherapy or radiotherapy before
MRI. IDH1 status assessment was performed after tumor removal in 106 cases—48 patients were
diagnosed with wildtype gliomas (Grade 1–2—6 patients, Grade 3–4—42 patients) and 58 patients
were diagnosed with mutant forms of gliomas (Grade 1–2—28 patients, Grade 3–4—30 patients). In
64 cases out of 116 Ki-67 index was measured. Absolute and normalized tumor blood flow values
were measured on 3D PCASL maps. Results. TBF and normalized TBF (nTBF) in wildtype gliomas
were significantly higher than in IDH1-mutant gliomas (p < 0.001). ASL perfusion showed high values
of sensitivity and specificity in the differential diagnosis of gliomas with distinct IDH1 status (for TBF:
specificity 75%, sensitivity 77.6%, AUC 0.783, cutoff 80.57 mL/100 g/min, for nTBF: specificity 77.1%,
sensitivity 79.3%, AUC 0.791, cutoff 4.7). TBF and nTBF in wildtype high-grade gliomas (HGG) were
significantly higher than in mutant forms (p < 0.001). ASL perfusion showed the following values of
sensitivity and specificity in the diagnosis of mutant HGG and wildtype HGG (for TBF: specificity
83.3%, sensitivity 60%, AUC 0.719, cutoff 84.18 mL/100 g/min, for nTBF: specificity 88.1%, sensitivity
60%, AUC 0.729, cutoff 4.7). There was a significant positive correlation between tumor blood flow
and Ki-67 (for TBF Rs = 0.63, for nTBF Rs = 0.61). Conclusion. ASL perfusion may be an informative
factor in determining the IDH1 status in brain gliomas preoperative and tumor proliferative activity.

Keywords: brain gliomas; IDH1; Ki-67; ASL; PCASL

1. Introduction

Gliomas represent about 30% of primary intracranial tumors and 80% of malig-
nant brain neoplasms. Glioblastoma, one of the most devastating brain tumors, con-
stitutes around 45% of glial tumors and is known for poor survival despite treatment
advantages [1–3].

The neuropathological diagnosis of gliomas underwent significant transformation
within the last few years. The “classical” approach to glioma grading is based predom-
inantly on visual characteristics, such as cytological atypia, mitotic activity, presence of
necrosis, or microvascular proliferation [4].

The 2016 and 2021 World Health Organization Classifications of Tumors of the Central
Nervous System added crucial value to molecular and genetic tumor status [5,6].

The isocitrate dehydrogenase (IDH) genes were among the key characteristics of brain
gliomas, as they determine treatment results and prognosis in diseased patients [6,7].

Mutations in IDH1 and IDH2 genes were initially identified by exome sequencing of
colon cancer and glioblastoma cells [8,9]. Later, IDH mutations were identified in several
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other tumor types, including acute myeloid leukemia, chondrosarcoma, and intrahepatic
cholangiocarcinoma [8,10–13]. These mutations are somatically acquired and affect different
arginine residues of IDH1 (R132) and IDH2 (R172 or R140). In low-grade gliomas, IDH
mutations are believed to play an important role in early tumorigenesis and precede other
mutations [14–16].

Cells with mutations in IDH genes retain one wildtype allele and rarely lose heterozy-
gosity [17,18]. Mutations in IDH genes lead to isocitrate dehydrogenase malfunction and
abnormally high accumulation of D-2-hydroxyglutarate (D-2HG) [19].

In subsequent studies, IDH1 mutation was found to be a fundamentally important
element in the natural course of the disease, especially in patients with glioblastomas. The
median overall survival in wildtype glioblastoma patients is around 15 months, while in
patients with mutant forms of glioblastomas the median overall survival is 31 months [5].

Nowadays, studies of preoperative radiological tumor genetic status assessment are
highly relevant. One of the possible candidate methods is arterial spin labeling (ASL)
perfusion. ASL is a method based on labeling of the blood water protons, which play the
role of an endogenous contrast agent. ASL is a totally non-invasive procedure, as it does
not require any enhancement. Mapping of the cerebral blood flow (CBF), one of the key
perfusion features, is the quantitative result of ASL. The main ASL techniques differ in the
way the radiofrequency pulse is applied and include pulsed ASL (PASL), continuous ASL
(CASL), and pseudocontinous ASL (PCASL). The latter method seems to be balanced in
quality and clinical applicability. There are some positive results concerning ASL in glioma
grading [20,21].

Nevertheless, the available literature has a limited number of studies investigating the
relationship between blood flow measured by ASL perfusion and IDH1 mutations in brain
gliomas [22–26].

Liu et al. (2018) revealed a significant difference in blood flow between Grade 2–3
gliomas with different IDH1 statuses [23]. Yamashita et al. (2015) found higher blood flow
in wildtype glioblastomas compared to mutant forms [26]. Wang et al. (2019) detected blood
flow difference only in high-grade gliomas (HGG) [25]. Brendle et al. (2018) showed higher
tumor blood flow values in wildtype astrocytomas (excluding oligodendrogliomas) than
in mutant tumors [22]. Lu et al. (2021) did not find any difference in blood flow between
IDH-mutant and wildtype tumors [24]. Across the studies the patient groups appeared to
be quite heterogenic, and the obtained results seem conflicting which motivated the current
study. These facts underline the research relevance.

The most important factor affecting the tumor course is the Ki-67 tumor tissue prolif-
erative activity index.

Ki-67 antigen is a proliferation-specific non-histone nuclear protein with a relatively
short half-life. It is expressed in G1, S, and G2 phases, and throughout the mitosis. Resting
cells (G0) and cells in the early G1 phase lack Ki-67 antigen expression. Ki-67 index is
counted as a percentage of positive nuclei. The simplicity and reliability of this method led
to its wide clinical application within various fields of oncology [27,28].

Gliomas with Ki-67 above 10% were proven to behave more aggressively and to grow
faster [29–32].

Works that studied the relationship between tumor blood flow measured by ASL per-
fusion and Ki-67 index in patients with brain gliomas showed contradictory results [33,34].

The aim of our research was to study the relationship between tumor blood flow (TBF)
measured by the PCASL method and the IDH1 status of gliomas, as well as the Ki-67 index.

2. Materials and Methods

This is a retrospective study. The following criteria were used for patient enrollment:
surgical tumor removal or biopsy in N. N. Burdenko National Medical Research Center of
Neurosurgery, preoperative ASL perfusion study, IDH1 status and/or Ki-67 assessment.
The histological diagnosis was determined according to 2016 WHO criteria [5]. The study
enrolled 116 patients (45 men and 71 women) aged 10 to 78 years (mean age 44 ± 13 years)
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with newly diagnosed supratentorial glial tumors who were examined and treated from
2012 to 2018 (Table 1). In 106 out of 116 patients, IDH1 status was studied, and in 64 out of
116 patients, the Ki-67 index was determined.

Table 1. Tumor distribution in the study group.

Histopathological Diagnosis Grade, WHO N IDH

Gangliolioma 1 2 1 wildtype/1 NOS (not otherwise specified)

Pilocytic astrocytoma 1 2 2 NOS

Diffuse astrocytoma 2 26 4 wildtype/21 mutant/1 NOS

Oligodendroglioma 2 7 7 mutant

Pleomorphic xanthoastrocytoma 2 1 1 wildtype

Anaplastic astrocytoma 3 18 5 wildtype/10 mutant/3 NOS

Anaplastic oligodendroglioma 3 14 14 mutant

Anaplastic pleomorphic
xanthoastrocytoma 3 2 2 wildtype

Glioblastoma 4 44 35 wildtype/6 mutant/3 NOS

After surgical treatment, a subsequent comparison of tumor genetic characteristics
with blood flow was performed. This subgroup included 48 patients with wildtype gliomas,
of which 6 patients were diagnosed with low-grade glioma (LGG, Grade 1–2, WHO) and
42 patients were diagnosed with HGG (Grade 3–4, WHO). In 58 patients from this subgroup,
the presence of IDH1 gene mutation was detected, of which 28 patients were diagnosed
with LGG and 30 patients were diagnosed with HGG (Table 1).

Of 64 patients with Ki-67 assessment, 33 patients presented with LGG and 31 with HGG.
MR exam was performed on a 3.0 T General Electric Signa HD scanner (GE Healthcare)

with an 8-channel head coil. The following pulse sequences were used: native and contrast-
enhanced T1 FSPGR BRAVO with an isotropic 1 × 1 × 1 mm voxel and a zero-gap (or axial
non-enhanced T1 with a slice thickness of 5 mm and a gap of 1 mm as well as enhanced
axial, sagittal, and coronal T1), axial T2, T2-FLAIR, DWI ASSET with a slice thickness of
5 mm and a gap of 1 mm, and 3D PCASL (pseudo-continuous arterial spin labeling).

CBF maps were obtained by processing 3D PCASL data, which were acquired with
the following parameters: 3D FSE, 8-lead helical entire brain volume scan with subsequent
reformation with a slice thickness of 4 mm; FOV 240 × 240 mm; matrix 128 × 128, ZIP
512; TR 4717 ms; TE 9.8 ms; NEX 3; post-marking delay (PLD) 1525 ms; pixel bandwidth
976.6 Hz/pixel. Scan duration was 4 min 30 s.

Postprocessing of the obtained data was performed using the ReadyView software
package (GE Healthcare). To measure blood flow in the tumor, a region of interest (ROI)
with an area of 20 mm2 ± 10 mm2 was designated in the zone with the highest CBF value
(determined on color blood flow maps). In the designated ROI, the average value of TBF
was calculated. To eliminate individual blood flow differences, we normalized TBF (nTBF)
to blood flow in the intact white matter of the contralateral hemisphere semioval center.
For this purpose, ROI with the same area (20 mm2 ± 10 mm2) as the tumor ROI was
placed—Figure 1. To obtain normalized values, the obtained TBF data were divided by the
blood flow in the semioval center (nTBF = maxTBF/CBF of the intact white matter of the
contralateral hemisphere semioval center).
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hanced T1) using the NeuroRegistration program (GE Healthcare)—Figure 2. 

 
Figure 2. MRI scans and quantitative CBF maps of anterofrontal region IDH1-wildtype glioblas-
toma. ASL perfusion showed high TBF values (247.2 mL/100 g/min). 

The measurements were carried out by 2 radiologists with 7- and 20-year experience 
(Batalov A.I., Zakharova N.E.), respectively, and the results were averaged. MRI data 

Figure 1. Blood flow measurement on parametric maps.

In the present study we focused on the the predictive value of maximum rather than
mean TBF, as we have previously showed that maximum TBF is more informativa for
glioma diagnosis than mean TBF [20].

In all cases, blood flow maps were fused with anatomical images (T2, T2-FLAIR,
enhanced T1) using the NeuroRegistration program (GE Healthcare)—Figure 2.
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Figure 2. MRI scans and quantitative CBF maps of anterofrontal region IDH1-wildtype glioblastoma.
ASL perfusion showed high TBF values (247.2 mL/100 g/min).

The measurements were carried out by 2 radiologists with 7- and 20-year experience
(Batalov A.I., Zakharova N.E.), respectively, and the results were averaged. MRI data were
anonymized, and the experts were blind to the clinical and pathological information. The
coefficient of intra-observer correlation consisted of 0.87 (0.74–0.96).
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Statistical processing was carried out in the R-project program (https://www.r-project.
org (accessed on 5 April 2022); for ROC analysis, the pROC library was used. In this
work, nonparametric methods were chosen for statistical analysis. Mann-Whitney test was
performed for pairwise group comparison. Correlation coefficients were calculated using
Spearman’s test.

3. Results

To study the relationship between TBF determined by pseudo-continuous ASL perfu-
sion and IDH1 status, we analyzed data from 106 patients with brain gliomas. TBF and
nTBF parameters in the wildtype glioma group were significantly higher compared to the
IDH1-mutant glioma group (p < 0.001 for TBF and nTBF).

The maximum TBF in wildtype gliomas (n = 48) was 160.05 ± 109.58 mL/100 g/min,
nTBF was 9.03 ± 6.17. The maximum TBF in the IDH1-mutant glioma group (n = 58) was
73.35 ± 70.76 mL/100 g/min, nTBF was 4.06 ± 4.14—(Figure 4).

The ROC analysis showed high values of sensitivity and specificity of ASL perfusion
in the differential diagnosis of mutant and wildtype gliomas (Table 2, Figure 3).

Table 2. ROC-analysis data comparing maximum TBF and maximum normalized nTBF in wildtype
and IDH1-mutant gliomas.

TBF nTBF

Area under the ROC Curve 0.783 (0.693–0.872) 0.791 (0.702–0.879)

Optimal Threshold 80.57 4.7

Specificity 75% (62.5–87.5) 77.1% (25–75)

Sensitivity 77.6% (65.5–87.9) 79.3% (68.9–89.7)
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High AUC values in the ROC-analysis (0.783 for TBF and 0.791 for nTBF) indicate that
ASL perfusion might be useful/informative in the differential diagnosis of gliomas with
different IDH1 status.

In the HGG subgroup, maximum TBF and normalized blood flow values were signifi-
cantly higher in wildtype gliomas compared with IDH1-mutant ones (p < 0.001).

The values of maximum TBF in high-grade IDH1-wildtype gliomas (n = 42) were
178.27 ± 104.99 mL/100 g/min, normalized values were 10.06 ± 5.91. In the subgroup of
IDH1-mutant high-grade gliomas (n = 30), the values of maximum TBF were
110.24 ± 81.90 mL/100 g/min, normalized values were 6.13 ± 4.90.
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The ROC-analysis revealed sufficient specificity and sensitivity for the differential
diagnosis of malignant gliomas with different IDH1 statuses (Table 3, Figure 5).

Table 3. ROC analysis data comparing maximum TBF and maximum normalized nTBF in groups of
malignant wildtype and IDH1-mutant gliomas.

TBF nTBF

Area under the ROC Curve 0.719 (0.595–0.842) 0.729 (0.603–0.853)

Optimal Threshold 84.18 4.7

Specificity 83.3% (71.4–95.2) 88.1% (78.5–97.6)

Sensitivity 60% (43.3–76.7) 60% (40–76.7)
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Figure 5. ROC curves. Comparison of maximum blood flow (A) and maximum normalized blood
flow (B) between groups of malignant wildtype and IDH1-mutant gliomas.

The high AUC values (0.719 for TBF and 0.729 for nTBF) suggest ASL perfusion
efficiency in the differential diagnosis of malignant gliomas with different IDH1 statuses,
which is of fundamental prognostic value in this group of patients.

In the subgroup of glioblastomas, wildtype tumors (n = 35) showed higher values of
TBF (p = 0.027) and nTBF (p = 0.022) than IDH1-mutant ones (n = 6). The maximum TBF
in wildtype glioblastomas was 187.02 ± 106.03 mL/100 g/min, normalized blood flow
was 10.58 ± 6.11. The maximum TBF in the group of IDH1-mutant glioblastomas was
95.35 ± 74.96 mL/100 g/min, the normalized blood flow was 4.95 ± 3.53. ROC analysis
data are presented in Table 4.

Table 4. ROC-analysis data comparing maximum TBF and maximum nTBF in groups of wildtype
and IDH1-mutant glioblastomas.

TBF nTBF

Area under the ROC Curve 0.782 (0.55–1) 0.792 (0.57–1)

Optimal Threshold 80.57 4.6

Specificity 88.9% (77.8–97.2) 88.9% (77.8–97.2)

Sensitivity 66.7% (33.3–100) 66.7% (33.3–100)

To study the relationship between the Ki-67 proliferative activity index and TBF, we
analyzed ASL data in 65 patients with gliomas of various grades. We found significant
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correlations between TBF, as well as nTBF, and the Ki-67 index: the Spearman correlation
coefficient for the maximum values of TBF was 0.63 (p < 0.001), 95% confidence interval
ranged from 0.47 to 0.75. For normalized values, the correlation coefficient was 0.61
(p < 0.001), 95% confidence interval ranged from 0.42 to 0.74. In subgroup analysis (by
grade or IDH1-status), no significant correlation between TBF and Ki-67 was detected
(Figures 6 and 7).
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Thus, we could conclude that the higher the maximum TBF is, the more aggressive
growth tumor demonstrates.

4. Discussion

Our study revealed significant difference in blood flow measured by the PCASL
method in groups of gliomas with different IDH1 statuses. At the same time, wildtype
gliomas showed higher TBF values compared to mutant tumors in the analysis of all
glioma grades (Grade 1–4), HGG (Grade 3–4), and glioblastomas (Grade 4). ROC analy-
sis demonstrated this technique to be efficient in the diagnosis of wildtype and mutant
gliomas. IDH-mutant tumors tend to have downregulated hypoxia-dependent signaling
and especially vasculo- and angiogenesis, which results in lower perfusion [35].

We also found a significant correlation between TBF and the Ki-67 index, which
could be explained by the fact that both tumor cell proliferation and neoangiogenesis are
hypoxia-dependent processes [36].

In the available literature, there are few studies investigating the relationship between
blood flow measured by ASL perfusion and IDH1 mutation in brain gliomas.

Liu et al. (2018) used PCASL technology in 56 patients [23]. However, only 15 patients
with Grade 2–3 gliomas (8 IDH1-mutant and 7 with wildtype) were selected for subsequent
analysis of blood flow in the subgroups of mutant and wildtype gliomas. In 25 glioblastoma
patients included in this study, only wildtype gliomas were diagnosed. Due to a small
number of patients and large heterogeneity of tumor IDH1 status, the authors did not
compare blood flow in the wildtype and IDH1-mutant malignant gliomas. A comparison
of blood flow in groups of Grade 2–3 gliomas with different IDH1 statuses revealed that
wildtype gliomas had higher rates of TBF (p = 0.029) and nTBF (p = 0.065). ROC analysis
was not performed due to a small sample of patients. The larger sample size in our study
allowed us to detect high TBF values in wildtype gliomas in the analysis of HGG and
glioblastomas regardless of grades.

Yamashita et al. (2015) analyzed blood flow and genetic status in 66 patients with
glioblastomas using pulsed PASL technology (55 with wildtype gliomas and 11 with
IDH1 mutation), while the perfusion study was performed only in 43 patients (34 in
patients with wildtype glioblastomas and 9 with mutant forms of glioblastomas) [26]. The
study also included patients with recurrent tumors in the study group (1 patient with
wildtype glioblastoma, 6 patients with mutant forms of glioblastoma). The maximum and
normalized tumor blood flow in the group of wildtype glioblastomas was significantly
higher compared to the mutant forms (p < 0.05). The ROC analysis revealed the high
sensitivity and specificity of this technique in the differential diagnosis of glioblastomas
with different IDH1 statuses. AUC values were 0.850 for TBF and 0.873 for nTBF. Threshold
values were 70.0 mL/100 g/min for TBF and 1.55 for nTBF. Since the PASL technology was
used, and normalization of blood flow in the gray matter of the contralateral hemisphere
was carried out, we were unable to compare the data obtained in the study with our
results. The disadvantage of the reviewed work is the inclusion of patients with recurrent
glioblastomas in the study group. Previous surgery, chemotherapy, or radiotherapy can
lead to a decrease in neoangiogenesis and the appearance of artifacts from hemoglobin
breakdown products, which in turn leads to a decrease in blood flow. Half of the patients
with mutant glioblastomas in this study received prior treatment, which could have affected
the results of the measurements, e.g., reducing TBF rates, predominantly in the IDH1-
mutant glioblastoma group. Our research enrolled patients with brain gliomas who had
been treatment-naïve prior to MRI.

In the study of N. Wang et al. (2019) TBF was assessed by PCASL in 52 patients with
gliomas of various grades (Grade 1–1 (IDH−), Grade 2–15 (13 IDH+/2 IDH−), Grade 3–13
(9 IDH+/2 IDH−/2 NOS), Grade 4–24 (3 IDH+/21 IDH−). The authors measured mean
TBF (the volume of interest included entire tumor without necrotic and cystic areas) and
maximum TBF (small size ROI in the region of greatest perfusion) [17]. The maximum TBF
in gliomas with different IDH1 status did not differ significantly. The mean TBF in wildtype
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gliomas was significantly higher than in mutant forms. Analysis of high-grade gliomas
with different IDH1 statuses found significant differences in blood flow. We analyzed the
maximum TBF and identified significant differences in the TBF in gliomas with different
IDH1 statuses in Grade 1–4, Grade 3–4, and Grade 4 glioma groups.

Lu et al. (2021) did not find significant difference in blood flow between groups of
gliomas with different IDH1 statuses [24]. The authors used the PCASL technology; ROI
included the entire T2 FLAIR hyperintense zone.

In a study conducted by Brendle et al. (2018) the authors used PASL technology to
measure blood flow in 40 patients with gliomas of different grades (22 with LGG and 18
with HGG) [22]. ROI included the entire solid part of the tumor without areas of necrosis
and cystic elements. Blood flow in wildtype astrocytomas (excluding oligodendrogliomas)
was significantly higher than in mutant forms of astrocytomas (p = 0.0066).

The relationship between TBF and Ki-67 index in patients with brain gliomas was
studied only in several works. H. Fudaba et al. (2014) used PASL technology in 32 pa-
tients with gliomas of different grades [33]. The authors did not reveal any relationships
between blood flow and the Ki-67 index. Kang et al. (2020) used PCASL technology in
27 patients with cerebral gliomas, but also did not reveal any relationship between these
parameters [37].

Zeng et al. (2017) studied blood flow in 58 patients with brain gliomas with the PCASL
method [34]. When data from all gliomas included in the analysis, regardless of the grade,
was analyzed, no correlation was found. At the same time, the authors revealed a weak
positive correlation between blood flow and Ki-67 in the group of gliomas with a low index
of tumor proliferative activity and a more pronounced negative relationship in the group
of gliomas with high proliferative activity.

In our study, all patients had only newly diagnosed tumors. Our results show that the
blood flow in malignant wildtype gliomas (Grade 3–4) is significantly higher than in mutant
tumors, and the identified blood flow threshold values could be easily introduced everyday
practice. We also found that the blood flow in wildtype glioblastomas was significantly
higher than in mutant forms.

We showed a high positive correlation between blood flow and Ki-67. Our data allow
us to detect gliomas with possibly aggressive growth at the preoperative stage and thus to
plan the timing of surgical intervention (urgent/elective) and patient consulting.

The limitation of our work is the heterogeneity of study groups: a small number of
wildtype gliomas among Grade 2–3 tumors and a small number of mutant forms among
Grade 4 gliomas.

In future studies, the prognostic value of TBF may be increased when ASL perfusion
is used together with other MRI methods. The most probable combination is proton MR
spectroscopy with D-2-hydroxyglutarate peak assessment. However, the latter method is
technically more complicated, as it requires more refined MR scanner adjustment.

5. Conclusions

Wildtype gliomas show significantly higher ASL-TBF values compared to mutant
forms (among Grade 1–4 tumors). Subgroup analysis of HGG (Grade 3–4) and glioblas-
tomas (Grade 4) with different IDH1 statuses also demonstrated that wildtype gliomas from
these subgroups had higher TBF values. The obtained results allow predicting potentially
more aggressive wildtype gliomas at the preoperative stage. We also found a significant
positive correlation between ASL-TBF and Ki-67 proliferative index.
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21. Soldozy, S.; Galindo, J.; Snyder, H.; Ali, Y.; Norat, P.; Yağmurlu, K.; Sokolowski, J.D.; Sharifi, K.; Tvrdik, P.; Park, M.S.; et al.
Clinical utility of arterial spin labeling imaging in disorders of the nervous system. Neurosurg. Focus 2019, 47, E5. [CrossRef]
[PubMed]

22. Brendle, C.; Hempel, J.M.; Schittenhelm, J.; Skardelly, M.; Tabatabai, G.; Bender, B.; Ernemann, U.; Klose, U. Glioma grading and
determination of IDH mutation status and ATRX loss by DCE and ASL perfusion. Clin. Neuroradiol. 2018, 28, 421–428. [CrossRef]
[PubMed]

23. Liu, T.; Cheng, G.; Kang, X.; Xi, Y.; Zhu, Y.; Wang, K.; Sun, C.; Ye, J.; Li, P.; Yin, H. Noninvasively evaluating the grading and
IDH1 mutation status of diffuse gliomas by three-dimensional pseudo-continuous arterial spin labeling and diffusion-weighted
imaging. Neuroradiology 2018, 60, 693–702. [CrossRef]

24. Lu, D.; Li, Y.; Lu, H.; Pillai, J.J. Histogram-based analysis of cerebral blood flow using arterial spin labeling MRI in de novo brain
gliomas: Relationship to histopathologic grade and molecular markers. Neuroradiology 2021, 63, 751–760. [CrossRef] [PubMed]

25. Wang, N.; Xie, S.Y.; Liu, H.M.; Chen, G.Q.; Zhang, W.D. Arterial spin labeling for glioma grade discrimination: Correlations with
IDH1 genotype and 1p/19q status. Transl. Oncol. 2019, 12, 749–756. [CrossRef] [PubMed]

26. Yamashita, K.; Hiwatashi, A. MR imaging-based analysis of glioblastoma multiforme: Estimation of IDH1 mutation status. Am. J.
Neuroradiol. 2016, 37, 58–65. [CrossRef] [PubMed]

27. Ahmed, S.T.; Ahmed, A.M.; Musa, D.H.; Sulayvani, F.K.; Al-Khyatt, M.; Pity, I.S. Proliferative index (Ki67) for prediction in breast
duct carcinomas. Asian Pac. J. Cancer Prev. 2018, 19, 955–959. [CrossRef]

28. Hoos, A.; Stojadinovic, A.; Mastorides, S.; Urist, M.J.; Polsky, D.; Di Como, C.J.; Brennan, M.F.; Cordon-Cardo, C. High Ki-67
proliferative index predicts disease specific survival in patients with high-risk soft tissue sarcomas. Cancer 2001, 92, 869–874.
[CrossRef]

29. Bouvier-Labit, C.; Chinot, O.; Ochi, C.; Gambarelli, D.; Dufour, H.; Figarella-Branger, D. Prognostic significance of Ki67, p53
and epidermal growth factor receptor immunostaining in human glioblastomas. Neuropathol. Appl. Neurobiol. 1998, 24, 381–388.
[CrossRef]

30. Jaros, E.; Perry, R.H.; Adam, L.; Kelly, P.J.; Crawford, P.J.; Kalbag, R.M.; Mendelow, A.D.; Sengupta, R.P.; Pearson, A.D. Prognostic
implications of p53 protein, epidermal growth factor receptor, and Ki-67 labelling in brain tumours. Br. J. Cancer 1992, 66, 373–385.
[CrossRef]

31. Karamitopoulou, E.; Perentes, E.; Diamantis, I.; Maraziotis, T. Ki-67 immunoreactivity in human central nervous system tumors:
A study with MIB 1 monoclonal antibody on archival material. Acta Neuropathol. 1994, 87, 47–54. [CrossRef] [PubMed]

32. Zeng, A.; Hu, Q.; Liu, Y.; Wang, Z.; Cui, X.; Li, R.; Yan, W.; You, Y. IDH1/2 mutation status combined with Ki-67 labeling index
defines distinct prognostic groups in glioma. Oncotarget 2015, 6, 30232–30238. [CrossRef] [PubMed]

33. Fudaba, H.; Shimomura, T.; Abe, T.; Matsuta, H.; Momii, Y.; Sugita, K.; Ooba, H.; Kamida, T.; Hikawa, T.; Fujiki, M. Comparison
of multiple parameters obtained on 3T pulsed arterial spin-labeling, diffusion tensor imaging, and MRS and the Ki-67 labeling
index in evaluating glioma grading. AJNR Am. J. Neuroradiol. 2014, 35, 2091–2098. [CrossRef] [PubMed]

34. Zeng, Q.; Jiang, B. 3D pseudocontinuous arterial spin-labeling MR imaging in the preoperative evaluation of gliomas. Am. J.
Neuroradiol. 2017, 38, 1876–1883. [CrossRef] [PubMed]

35. Kickingereder, P.; Sahm, F.; Radbruch, A.; Wick, W.; Heiland, S.; Deimling, A.; Bendszus, M.; Wiestler, B. IDH mutation status is
associated with a distinct hypoxia/angiogenesis transcriptome signature which is non-invasively predictable with rCBV imaging
in human glioma. Sci. Rep. 2015, 5, 16238. [CrossRef]

36. Price, S.J.; Green, H.A.; Dean, A.F.; Joseph, J.; Hutchinson, P.J.; Gillard, J.H. Correlation of MR relative cerebral blood volume
measurements with cellular density and proliferation in high-grade gliomas: An image-guided biopsy study. AJNR Am. J.
Neuroradiol. 2011, 32, 501–506. [CrossRef]

37. Kang, X.-W.; Xi, Y.-B.; Liu, T.-T.; Wang, N.; Zhu, Y.-Q.; Wang, X.-R.; Guo, F. Grading of glioma: Combined diagnostic value of
amide proton transfer weighted, arterial spin labeling and diffusion weighted magnetic resonance imaging. BMC Med. Imaging
2020, 20, 50. [CrossRef]

http://doi.org/10.1038/s41598-022-05992-4
http://doi.org/10.3171/2019.9.FOCUS19567
http://www.ncbi.nlm.nih.gov/pubmed/31786550
http://doi.org/10.1007/s00062-017-0590-z
http://www.ncbi.nlm.nih.gov/pubmed/28488024
http://doi.org/10.1007/s00234-018-2021-5
http://doi.org/10.1007/s00234-020-02625-3
http://www.ncbi.nlm.nih.gov/pubmed/33392733
http://doi.org/10.1016/j.tranon.2019.02.013
http://www.ncbi.nlm.nih.gov/pubmed/30878893
http://doi.org/10.3174/ajnr.A4491
http://www.ncbi.nlm.nih.gov/pubmed/26405082
http://doi.org/10.22034/apjcp.2018.19.4.955
http://doi.org/10.1002/1097-0142(20010815)92:4&lt;869::AID-CNCR1395&gt;3.0.CO;2-U
http://doi.org/10.1046/j.1365-2990.1998.00137.x
http://doi.org/10.1038/bjc.1992.273
http://doi.org/10.1007/BF00386253
http://www.ncbi.nlm.nih.gov/pubmed/7511316
http://doi.org/10.18632/oncotarget.4920
http://www.ncbi.nlm.nih.gov/pubmed/26338964
http://doi.org/10.3174/ajnr.A4018
http://www.ncbi.nlm.nih.gov/pubmed/24994829
http://doi.org/10.3174/ajnr.A5299
http://www.ncbi.nlm.nih.gov/pubmed/28729293
http://doi.org/10.1038/srep16238
http://doi.org/10.3174/ajnr.A2312
http://doi.org/10.1186/s12880-020-00450-x

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

