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ABSTRACT

AIM: To explore the use of histogram features on noninvasive arterial spin labeling (ASL) perfusion magnetic resonance imaging
(MRI) in differentiating isocitrate dehydrogenase mutant-type (IDH-mut) from isocitrate dehydrogenase wild-type (IDH-wt) gliomas,
and lower-grade gliomas (LGGs) from glioblastomas.

MATERIAL and METHODS: This retrospective study included 131 patients who underwent ASL MRI and anatomic MRI. Cerebral
blood flow (CBF) maps were calculated, from which 10 histogram features describing the CBF distribution were extracted within the
tumor region. Correlation analysis was performed to determine the correlations between histogram features as well as tumor grades
and IDH genotypes. The independent t-test and Fisher’s exact test were used to determine differences in the extracted histogram
features, age at diagnosis, and sex in different glioma subtypes. Multivariate binary logistic regression analysis was performed, and
diagnostic performances were evaluated with the receiver operating characteristic curves.

RESULTS: CBF histogram features were significantly correlated with tumor grades and IDH genotypes. These features can effectively
differentiate LGGs from glioblastomas, and IDH-mut from IDH-wt gliomas. The area under the receiving operating characteristic
curve of the model calculated using combined CBF 30" percentile and age at diagnosis in differentiating LGGs from glioblastomas
was 0.73. Integrating age at diagnosis and CBF 10th percentile could be more effective in differentiating IDH-mut from IDH-wt
gliomas. Furthermore, the combined model had a better area under the receiving operating characteristic curve at 0.856 (sensitivity:
84.4%, specificity: 82.9%).

CONCLUSION: The histogram features on ASL were significantly correlated with tumor grade and IDH genotypes. Moreover, the
use of these features could effectively differentiate glioma subtypes. The combined application of age at diagnosis and perfusion
histogram features resulted in a more comprehensive identification of tumor subtypes. Therefore, ASL can be a noninvasive tool for
the pre-surgical evaluation of gliomas.
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B INTRODUCTION

liomas are the most common primary brain tumors
Gthat cause severe neurone dysfunction and irreversible

damage to patient health (25). Gliomas are generally
divided into four grades (I, Il, lll, and IV). Among them, grade IV
glioblastoma is the most aggressive type, with a 5-year overall
survival rate of <5% (22,35). In contrast, grade |l and Il gliomas
have a median survival of >7 years and are collectively referred
to as diffuse lower-grade gliomas (LGGs) (2). Due to their dif-
ferent molecular features, gliomas with identical tumor grades
respond differently to therapeutic schedules. Moreover, they
have different therapeutic outcomes (33,34). Integrating phe-
notypic and genotypic information for glioma management in
clinical settings can reduce relapse rate and prolong patient
survival (22). Isocitrate dehydrogenase (IDH) is an important
genetic biomarker driving glioma genesis that can distinguish
biological features in different glioma subtypes (1). IDH mu-
tant-type (IDH-mut) gliomas are more responsive to surgical
resection and have a better survival outcome from maximal
surgical resection than IDH wild-type (IDH-wt) gliomas (14).
Mutant IDH status is an indicator of enhanced chemosensi-
tivity (31), and is associated with a better post-surgical quality
of life in patients with high-grade glioma (20). Histopathologic
examinations using tumor tissue samples obtained via crani-
otomy or biopsy are the gold standards for glioma diagnosis.
However, the application of such tests may be inhibited by
several issues. First, the potential risks and complications of
craniotomy can affect patient health. Second, the diagnosis
and treatment of patients with glioma might become an issue
in failed genetic detection or pathologic examination caused
by unsatisfactory tissue sampling or unsuccessful testing. The
noninvasive identification of IDH types and glioma malignan-
cies on functional magnetic resonance imaging (MRI), which
is an alternative method, can provide important references for
clinical diagnosis. Additionally, the noninvasive identification
of IDH types and glioma malignancies can facilitate treatment
planning, and has a possible effect on the patient’s willing-
ness to accept proposed treatments. Noninvasive methods
can significantly affect clinical practices in monitoring treat-
ment effects and identifying glioma recurrence. IDH-mut gli-
omas generate a distinct metabolic profile (10) and increased
oxygen metabolism and neovascularization in gliomas (28).
Hence, quantitative perfusion parameters may provide vital
information for identifying glioma pathologic and molecular
characteristics, which can be used as a guide for providing
appropriate treatment.

Arterial spin labeling (ASL) perfusion MRI can quantitatively
detect cerebral blood flow (CBF) in tissues (15). ASL, which
does not require the administration of gadolinium adminis-
tration, can be an alternative option for patients who are not
qualified to undergo contrast-enhanced MRI due to possible
renal function impairment caused by gadolinium retention
(18). The quantified perfusion status of gliomas on ASL is cor-
related with histopathologic vascular density (24). Moreover,
the distinct blood supply of solid tumor portions has been
confirmed in low- and high-grade gliomas (11,24,32). Sever-
al studies have emphasized the application of CBF maps in
stratifying the genetic risk factors of glioma, such as IDH1/2
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genotypes (5,21). Due to the natural diffusive growth pattern
of gliomas, quantitative features, such as mean value, are not
comprehensive enough in describing the spatial distribution
of CBF in gliomas. However, few studies have revealed the
correlation between three-dimensional (3D) histogram fea-
tures on ASL and IDH genetic characteristics. Moreover, the
noninvasive quantified CBF value varies with age. The ratio of
gray matter-to-white matter perfusion significantly decreased
with increasing age (26). Absolute tumor blood flow is less
important in glioma grading than the ratio of tumor blood flow-
to-age-dependent mean brain perfusion (32). Therefore, age
at diagnosis should be included as a concomitant variable in
the ASL-related diagnostic test.

This retrospective study aimed to identify the diagnostic
efficacy of perfusion histogram features in differentiating
IDH genotypes and tumor malignancies. Considering that
patients with IDH-mut gliomas are generally younger than
those with IDH-wt gliomas (9,13), the accuracy of integrating
3D perfusion histogram features with patient age in identifying
glioma genetic features and pathologic characteristics was
also validated.

B MATERIAL and METHODS

The current study was approved by the Institutional Review
Board of the institution. Further, it was performed in accordance
with the basic principles of the Declaration of Helsinki (The
approved data was 12, June, 2019 with the approved number
of B2019-085-01).

In total, 131 patients who underwent MRI studies from August
2014 to August 2019 were included in this retrospective study.
The need for a written informed consent was waived. The
inclusion criteria were as follows: patients with a suspected
brain mass and those who underwent routine MRI and ASL.
The exclusion criteria were as follows: patients without
a pathologically confirmed diagnosis, those with non-
glioma lesions, and those without measurable tumor solid
portions. There were 91 patients with confirmed gliomas on
histologic examinations. Among them, 85 were included in
the IDH genotype prediction and 89 in the examination for
differentiating glioma grades. Figure 1A shows the study
flowchart.

Scanning Protocols

MRI data acquisition was completed using 3.0 T MRI scanner
(SIGNA Pioneer or Discovery 750 or Discovery 750W; GE
Healthcare, Waukesha, WI, USA) with axial acquisitions. The
scanning protocol included the following MRI sequences: T2-
weighted fast spin-echo MRI, T1-weighted fluid-attenuated
inversion recovery MRI, T2-weighted fluid-attenuated
inversion recovery MRI, and contrast-enhanced T1-weighted
MRI (T1+C) MRI. The slice thickness was 5 mm with a slice
gap of 1 mm, thereby resulting in 22-26 slices covering the
entire brain. For ASL, a pseudo-continuous pulse sequence
was applied before gadolinium administration. The detailed
parameters of ASL were as follows: field of view: 240 x 240
mm?; repetition time: 4597-5241 ms; time to echo: 10.47-
10.86 ms; matrix size: 128 x 128; post-label delay time:
1525 ms; slice thickness/slice gap: 4.0/0.0 mm; number of
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excitations: 3 (equals to average); and 512 points with 8 arms
with a total acquisition time of approximately 4.5 mins.

Volumes of Interest

All anatomic images were co-registered and resampled to
T1+C images via SPM (Wellcome Department of Imaging
Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm/
software/spm12/). To obtain the tumor volumes of interests
(VOIs), a deep learning-based segmentation model imple-
mented in CaPTK (http://www.cbica.upenn.edu/captk) was
used to generate VOIs based on all anatomic MRI images
with a dual pathway, depth of 11 layers, and 3D convolutional
neural network (16). Then, the segmented VOIs were manually
corrected by a neuroradiologist with 5 years of experience.
The representative regions of interest (ROIs) were displayed
by overlaying ROIs on anatomic images, as shown in Figures
2 and 3.

Data Processing and Histogram Feature Extraction

The ASL data were quantified in MATLAB R2013a (www.
mathworks.com) according to the general model (6), as
implemented in the Functool software of the GE workstation
(Advantage Workstation 4.3; GE Medical System, Waukesha,
WI, USA). The generated whole-brain CBF maps were then
normalized to a standard normal distribution (mean value:
0, standard error: 1) for histogram feature extraction. Ten
histogram features describing the distribution of CBF (5%, 10",
30", 50, 701, 90", and 95" percentiles and mean) and the
dispersion degree of CBF (standard deviation [SD], coefficient

of variation [CV]) were then calculated using MATLAB with the
in-house software. Figure 1B shows the details of histogram
features.

Histological Analysis

Tumor grades were diagnosed using the criteria proposed by
the 2021 World Health Organization classification for central
nervous system tumors (23). Identifying the IDH genotypes
of gliomas was tested via next-generation sequencing or im-
munohistochemistry. Then, the genotypes were subsequently
divided into IDH1-mut and IDH1-wt gliomas.

Statistical Analysis

To explore the correlations between perfusion histogram fea-
tures as well as tumor grades and IDH genotypes, Spearman’s
correlation analysis was performed. The differences in histo-
gram features and age at diagnosis between IDH-mut and
IDH-wt gliomas were tested using the unpaired t-test. Fur-
ther, the differences in tumor grade and gender composition
in different glioma groups were evaluated using the Fisher’s
exact test. To combine multiple covariates and to reduce the
collinearity of multiple variables, binary logistic regression
was used to establish combined models for predicting tumor
malignancies and IDH genotypes, which was implemented
with the stepwise forward regression method based on max-
imum likelihood estimation. Receiver operating characteristic
curves were utilized to evaluate the diagnostic performance
of all included variables and the obtained models. The best
cutoff value, sensitivity, and specificity were obtained by as-

@ 131 patients suspected of tumor
mass were retrospectively included.

Scanned with
anatomical

Exclusion details:

MRI and ASL ® Lymphomas (N=4);
110 patients received operations and ® Gangliomgliomas
histopathological examinations (N=3)

® Gliosises (N=2);
® Demyelination
(N=2);
® Non-gliomas (N=4);
91 histologically ® Non-tumors (N=2);
confirmed gliomas ® Cystic lesions(N=2).

IDH genotypes of 86 gliomas 89 gliomas with 2016
identified by NGS or IHC WHO tumor grades
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Figure 1: Patient selection flowchart. Note: ASL: arterial spin labeling; NGS: next-generation sequencing; IHC: immunohistochemistry;
IDH: isocitrate dehydrogenase. The other four tumor types included meningioma, medulloblastoma, gliosarcoma, and metastatic tumor.
In the two nontumor included cases, the patients presented with an epidermoid cyst and a post-treatment effect. There were no
measurable tumor solids in two cases i.e., one patient had a small tumor, and the other had an excessively bleeding tumor. In IDH
genotype prediction, five gliomas without the IDH testing were excluded. While differentiating glioma malignancies, one glioma with an
uncertain tumor grade and one pilocytic astrocytoma (grade 1) were excluded. The detailed distribution of tumor grades in isocitrate
dehydrogenase wild-type and isocitrate dehydrogenase mutant-type gliomas is listed in the color bar map.
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Figure 2: Representative case of isocitrate dehydrogenase mutant and lower-grade gliomas. A 28-year-old woman was diagnosed
with diffuse astrocytoma (grade ll), The right frontal lesion with long T2 and T1 showed no evident enhancement with a sharply defined
boundary. A representative region of interest was overlaid on fluid-attenuated inversion recovery MRI. Compared with the contralateral
normal brain, the lesion had a relatively low perfusion with a laterally distributed perfusion histogram.
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40 60 80 100 120 140 160 180 200
CBF vaue

Figure 3: Representative case of isocitrate dehydrogenase wild-type and grade IV gliomas. A 63-year-old woman with glioblastoma
(grade V). The lesion with a heterogeneous signal of iso- or hyper-intensity on T2-weighted imaging was surrounded by edematous
tissues. Necrosis was clearly observed with a peripheral ring or patchy enhancement. A representative region of interest was overlaid on
contrast-enhanced T1-weighted MRI. Increased perfusion can be observed with a relatively higher central value of the histogram map.
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sessing the area under the receiving operating characteristic
curve (AUC) based on the maximum Youden index. All statis-
tical analyses were performed using the Statistical Package
for the Social Sciences software (version 18.0; IBM, Armonk,
NY, USA). A two-tailed p-value of <0.05 was considered sta-
tistically significant. For multiple comparison corrections, the
Bonferroni-corrected p-value was set at 0.0025 (0.05/20).

B RESULTS
Demographic Information and Pathologic Results

There were no significant differences in IDH identification in
terms of sex (p=0.204; Table I). However, patients with IDH-
mut gliomas were significantly younger than those with IDH-
wt gliomas (p<0.0001; Table I). Further, patients with LGGs
were significantly younger than those with glioblastomas
(42.46 + 13.19 vs. 49.18 + 14.41 years, p=0.009). Moreover,
the tumor grades according to IDH genotypes significantly
differed (p<0.0001; Table ). Patients with LGG were more
likely to present with IDH-mt gliomas, and IDH-wt gliomas
were often observed in patients with glioblastomas. Figure 1A
depicts the detailed composition of tumor grades in different
IDH genotypes.

Correlation and Difference Analyses between ASL
Histogram Features as Well as Tumor Grades and IDH
Genotypes

Figures 2 and 3 show the representative cases on the CBF
map and histogram distribution in IDH-mut gliomas/LGGs
and IDH-wt gliomas/glioblastoma. Features describing the
CBF distribution characters correlated closer than features
quantifying CBF dispersion degree. The 5", 10®, 30", 50,
and 70" percentiles and mean were significantly correlated
with tumor grades (R=0.35-0.36, p<0.0025). The 90" and
95" percentiles, SD, and CV were significantly correlated with
tumor grades (p<0.05, and R: 0.31-0.21). The 5", 10™, 30",
50", and 70" percentiles, mean, and CV were significantly

Bonferroni-corrected p-value: 0.0025 and absolute R: 0.31-
0.41). Only the 90" percentile had a p-value of <0.05 (R =
0.26). Further, there were no significant correlations between
the 95" percentile and SD as well as the IDH genotypes (R:
0.23-0.19.

Compared with patients with IDH-mut gliomas and LGGs,
those with IDH-wt gliomas and glioblastomas had a relatively
higher perfusion status. Patients with IDH-wt gliomas and
glioblastomas had a significantly greater 5", 10%, 30", 50",

IDH-mut vs IDH-wt

50 10" 30th 50" 70" Mean 90" 95" sStd cV
@ Histogram features

LGG-IDH-mut vs HGG-IDH-mut

O LGG-IDH-mut
31 = HGG-IDH-mut .
..
27 R S g

70" Mean 90" 95" Std cCV

5" 10" 30th 50"
Histogram features

LGGs vs Glioblastomas

correlated with the IDH genotypes (p-value less than the B Glioblastomas |_|
*1 = Lees .
Table I: Demographical Information and Histological I e B
Characteristics 2 o
1 T
Characters IDH-wt IDH-mut  p-value oy
F 18 21
Gender 0.20 5" 10" 30th 50" 70" Mean 90" 95" std cv
M 27 20 .
@ Histogram features
Age 52.09 + 15.10 37.68 + 9.01 <0.0001
| 1 0 Figure 4: Difference analysis of CBF histogram features in low-
I 5 18 grade gliomas versus glioblastomas and isocitrate dehydroge-
Tumor Grades™ <0.0001 nase wild-type versus isocitrate dehydrogenase mutant-type
(n=85) 1 8 gliomas. A) CBF histogram features in low-grade gliomas versus
v 33 9 glioblastomas. B) CBF histogram features in isocitrate dehydro-

The differences of gender composition and tumor grades in IDH-wt
and IDH-mut were tested with Fisher’s exact test, and the difference of
age was tested with independent T-test. *: one patient was excluded
for uncertain tumor grade. P-value less than 0.05 is regarded as
significant difference.
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genase mutant-type versus isocitrate dehydrogenase wild-type
gliomas. The three asterisks (***) represent a p-value of <0.001.
The double asterisks (**) represent a p-value of >0.01 and <0.001.
A single asterisk (*) represents a p-value of <0.05, and features
without an asterisk represent no significant differences in glioma
subtypes. CBF: cerebral blood flow.



70", and 90™ percentiles and mean than those with IDH-mut
gliomas and LGGs (Figure 4). Moreover, patients with IDH-wt
gliomas had a significantly lower CV than those with IDH-mut
gliomas, and there were no significant differences in terms
of the 95" percentile and SD (Figure 4). Glioblastomas had a
significantly higher 95" percentile than LGGs. However, the
SD and CV did not significantly differ between glioblastomas
and LGGs (Figure 4).

Diagnostic Performances of ASL Histogram Features in
Differentiating IDH Genotypes From Glioma

The AUCs of histogram features in differentiating LGGs from
glioblastomas varied from 0.61 to 0.67, and the features com-
monly had an AUC of 0.67 (Table Il). Generally, the AUCs of
histogram features derived from perfusion parameters in dif-
ferentiating IDH-mut from IDH-wt gliomas were approximately
0.7. The 5" percentile had the best diagnostic performance in
differentiating IDH-wt from IDH-mut gliomas, with an AUC of
0.744 (sensitivity: 70.5%, specificity: 73.2%). Table Il shows
the detailed AUCs, sensitivity, and specificity for diagnostic
assessments.

Combined Perfusion Histogram Features and Non-
Radiographic Information in Differentiating Glioma
Subtypes

In differentiating LGGs from glioblastomas, the AUC,
sensitivity, and specificity of age at diagnosis were 0.672%,
47.7%, and 87.0%, respectively. The combined application
of ASL histogram features and age at diagnosis had a better
AUC at 0.73, with a sensitivity and specificity of 70.5% and
71.1%, respectively (Figure 5). The combined model can be
expressed as follows: the probability of glioblastoma = 2.078
x CBF 30" percentile + 0.037 x age - 2.89. In differentiating
IDH-mut from IDH-wt gliomas, age at diagnosis exhibited
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diagnostic performances with an AUC of 0.782, sensitivity
of 63.6%, and specificity of 87.8%. The combined model
including age at diagnosis and CBF 10" percentile can be
expressed as follows: Y (the probability of IDH type) = -7.605
x CBF 10" percentile —-0.093 x age + 5.538. The combined
model could be more effective in differentiating IDH-wt and
IDH-mut gliomas with an AUC of 0.86 and an improved
sensitivity and specificity of 84.4% and 82.9%, respectively
(Figure 5).

B DISCUSSION

This retrospective study aimed to evaluate significant correla-
tions between noninvasive perfusion histogram features and
IDH genotypes as well as tumor grades. CBF histogram fea-
tures revealed the distinct distribution of the tumor blood sup-
ply among glioma subtypes. Furthermore, they can effectively
differentiate IDH-mut from IDH-wt gliomas, and LGGs from
glioblastomas. The models using both age at diagnosis and
CBF histogram features have a higher accuracy in identifying
glioma IDH genotypes and tumor malignancies.

Our results also showed that perfusion-weighted histogram
features extracted from three-dimensional VOIs were signifi-
cantly correlated with glioma IDH genotypes and glioma ma-
lignancies. Moreover, they can efficiently distinguish different
glioma subtypes. Genetic types and pathologic grades have
a great impact on glioma vascularization. From a genetic as-
pect, IDH-mut gliomas have significantly low neovascular-
ization (19). In contrast, IDH-wt gliomas have a specific an-
giogenic gene expression signature (39). Inhibitors targeting
the IDH pathway have reduced angiogenesis and contribute
to vascular normalization (12). With increasing tumor grade,
tumor cell proliferation is more rapid and requires more blood
supply accompanying microcirculatory changes during tumor

Table lI: The Diagnostic Performances of Histogram Features In Differentiating LGGs vs Glioblastomas, and IDH-mut vs IDH-wt

IDH-mut vs IDH-wt

LGGs vs Glioblastomas

Features
AUC Sen. (%) Spec. (%) AUC Sen. (%) Spec. (%)

5th 0.74 70.5 73.2 0.67 56.8 73.34
10t 0.74 70.5 73.2 0.67 54.5 75.6
30t 0.71 52.3 82.9 0.67 50.0 82.2
50t 0.70 59.1 75.6 0.67 31.8 97.8
Mean 0.69 68.2 63.4 0.67 65.9 64.4
70t 0.69 68.2 65.9 0.67 65.9 60.0
oot 0.65 77.3 51.2 0.64 81.8 46.7
95t 0.63 73.3 53.6 0.65 88.6 46.7
Std 0.61 84.4 43.9 0.64 88.6 48.9
cv 0.69 82.9 55.6 0.61 82.2 47.7
Combined model 0.86 84.4 82.9 0.73 70.5 711

AUC: Area under the curve, Cl: Confidence interval, Sen.: Sensitivity, Spec.: Specificity, CV: Coefficient of variation, IDH-mut: Isocitrate
dehydrogenase mutant-type, IDH-wt: Isocitrate dehydrogenase wild-type, LGGs: Low grade gliomas.
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Figure 5: Receiver operating characteristic curve of combined models for differentiating lower-grade gliomas from glioblastomas and
isocitrate dehydrogenase mutant-type from isocitrate dehydrogenase wild-type gliomas. The combined model of CBF 30" percentiles
and age at diagnosis improved the area under the curve to 0.73 in differentiating low-grade gliomas and glioblastomas with the following
equation: the probability of glioblastoma = 2.078 x CBF_30" percentile + 0.037 x age - 2.89. The combined model included age at
diagnosis and perfusion histogram features (CBF_10t" percentile) with the following expression: the probability of isocitrate dehydrogenase
type = -7.605 x CBF_10" percentile — 0.093 x age + 5.538. Evident improvement in differentiating isocitrate dehydrogenase genotypes
was achieved, with an area under the curve of 0.86. CBF: cerebral blood flow.

growth (8,29). Hence, evaluating glioma subtypes with non-
invasive perfusion-weighted MRI could yield profound out-
comes, which are consistent with our results.

ASL can be used for the noninvasive quantification of in vivo
tissue perfusion without the need for gadolinium administra-
tion and can serve as a state-of-the-art cerebral angiographic
measurement technique for research and clinical studies (15).
As detected using ASL in our study, malignant gliomas with
highly invasive behaviors commonly manifest with high per-
fusion status, which is in accordance with a previous study
(38). Several studies have focused on the application of ASL
in grading gliomas (36). Nevertheless, no related research has
reported its usage in differentiating LGGs from glioblastomas,
which was emphasized in our study. Several studies have
investigated the application of ASL in differentiating glioma
gene signatures (5,21,37). Our study showed the high per-
fusion status of solid tumor portions within IDH-wt gliomas,
and this result was in accordance with that of previous reports
(5,21,37). With a relatively larger data sample of patients with
glioma (27), our results might be more persuasive. With 3D
histogram analysis, the interspace distributions of ASL can be
more accurately described by histogram features than mean
values from a single slice (5), thereby allowing a more com-
prehensive comparison of perfusion status in IDH-wt and IDH-
mut gliomas.

The combined predictive models obtained in our study have
used patient age and achieved better AUCs in predicting high-
er invasive glioma types. Further, age at diagnosis was sig-
nificantly correlated with IDH genetic phenotypes and tumor
grades in our study, which is also similar to that of previous
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studies (4,9). Compared with younger patients, older patients
commonly present with IDH-wt gliomas, and they have a
poor survival (9). Elderly patients frequently develop IDH-wt
gliomas and glioblastomas (9,13,35). However, previous stud-
ies have identified age-associated reductions in CBF (7,26),
which indicates that age can be a confounding factor in iden-
tifying tumor perfusion status. The integration of patient age
with radiographic features is important for noninvasive pre-
diction toward higher stratification factors (32). With the im-
plementation of logistic regression analysis to overcome the
multicollinearity of variables, predictive models using com-
bined age at diagnosis and ASL histogram features have been
established with a better identification accuracy in our study.
The appropriate treatment strategies for gliomas include ra-
dio- and chemo-sensitivity options, and radiation dosage
planning is based on an accurate diagnosis of histopathologic
grades and genetic molecular features (30). Considering the
effect of IDH genotypes on lymphocyte infiltration and PD-L1
expression status (3) and possible effects on the development
of treatment strategies (17), the model with combined features
for predicting IDH genotypes might provide vital information
for glioma immunotherapy.

The current study had several limitations. First, although ASL
images have been co-registered to anatomic MRI, the mis-
matched thickness of perfusion and T1+C MRI might cause
potential bias due to interpolation. Second, 3D ASL histogram
features were calculated from whole solid tumor parts. Mean-
while, the pathologic examination of genetic characteristics
and tumor grades was performed using stained tissue spec-
imens. The mismatch between MRI measurement and tissue



samples might introduce potential selection bias. Third, the
stratification of glioma risk factors (grades and IDH types) was
based on the VOlIs identified on T1+C post-contrast images.
ASL does not require the administration of gadolinium. Thus,
similar results could have been obtained using ASL features
from tumor regions outlined by noncontrast-enhanced MRI,
rather than T1+C MRI.

B CONCLUSION

Noninvasive ASL histogram features were significantly
correlated with glioma IDH genotypes and tumor malignancies,
and they could effectively differentiate various glioma subtypes.
Both age at diagnosis and perfusion-weighted histogram
features could effectively differentiate IDH-wt from IDH-mut
gliomas. However, the combined models could facilitate a
more comprehensive evaluation of glioma invasiveness and
lead to a higher identification accuracy. Hence, ASL is a useful
noninvasive assessment tool for gliomas before surgical
intervention.
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