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Objective: Cyclin-dependent kinase inhibitor (CDKN)2A/B homozygous deletion is a key molecular marker of isocitrate
dehydrogenase (IDH)-mutant astrocytomas in the 2021 World Health Organization. We aimed to investigate whether
qualitative and quantitative MRI parameters can predict CDKN2A/B homozygous deletion status in IDH-mutant astrocytomas.
Materials and Methods: Preoperative MRI data of 88 patients (mean age + standard deviation, 42.0 + 11.9 years; 40 females
and 48 males) with IDH-mutant astrocytomas (76 without and 12 with CDKN2A/B homozygous deletion) from two institutions
were included. A qualitative imaging assessment was performed. Mean apparent diffusion coefficient (ADC), 5th percentile of
ADC, mean normalized cerebral blood volume (nCBV), and 95th percentile of nCBV were assessed via automatic tumor segmentation.
Logistic regression was performed to determine the factors associated with CDKN2A/B homozygous deletion in all 88
patients and a subgroup of 47 patients with histological grades 3 and 4. The discrimination performance of the logistic
regression models was evaluated using the area under the receiver operating characteristic curve (AUC).

Results: In multivariable analysis of all patients, infiltrative pattern (odds ratio [OR] = 4.25, p = 0.034), maximal diameter
(OR = 1.07, p = 0.013), and 95th percentile of nCBV (OR = 1.34, p = 0.049) were independent predictors of CDKN2A/B
homozygous deletion. The AUC, accuracy, sensitivity, and specificity of the corresponding model were 0.83 (95% confidence
interval [CI], 0.72-0.91), 90.4%, 83.3%, and 75.0%, respectively. On multivariable analysis of the subgroup with histological
grades 3 and 4, infiltrative pattern (OR = 10.39, p = 0.012) and 95th percentile of nCBV (OR = 1.24, p = 0.047) were independent
predictors of CDKN2A/B homozygous deletion, with an AUC accuracy, sensitivity, and specificity of the corresponding model
of 0.76 (95% CI, 0.60-0.88), 87.8%, 80.0%, and 58.1%, respectively.

Conclusion: The presence of an infiltrative pattern, larger maximal diameter, and higher 95th percentile of the nCBV may be
useful MRI biomarkers for COKN2A/B homozygous deletion in IDH-mutant astrocytomas.
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INTRODUCTION Organization (WHO) classification of gliomas is the
advanced role of molecular diagnostics in diagnosing
One of the major changes in the 2021 World Health isocitrate dehydrogenase (IDH)-mutant astrocytomas [1]. In
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the presence of cyclin-dependent kinase inhibitor (CDKN)2A/
B homozygous deletion, IDH-mutant histological grade 2 or
3 astrocytomas are designated grade 4, even in the absence
of microvascular proliferation or necrosis [1,2]. This is
based on the fact that histologic grading criteria alone

may not stratify prognosis in IDH-mutant astrocytomas [3-
6], and CDKN2A/B homozygous deletion has been proven

to be an independent prognostic marker in all grades of
IDH-mutant astrocytomas, including IDH-mutant grade 4
astrocytomas [3,7,8].

CDKN2A is a tumor suppressor gene located on
chromosome 9p, band p21.3, which encodes the cell cycle
inhibitors p14 and p16 [9]. The p14 protein activates the
“guardian of the genome” p53, which plays an important
role in apoptosis and DNA repair [10]. The p16 protein
controls cell division by binding to cyclin-dependent
kinases, thus blocking cell cycle progression from the
G1 phase to the S phase [7]. The inactivation of tumor
suppressor genes by deletion promotes the cell cycle and
induces oncogenesis and tumor progression [11]. Currently,
young patients with histological lower-grade IDH-mutant
astrocytomas are often initially observed after gross
total resection because earlier reports have indicated an
absence of survival benefit with early radiation-based
intervention [12]. However, the aggressive phenotype
associated with CDKN2A/B homozygous deletion warrants a
different approach. Thus, non-invasive imaging predictors
of CDKN2A/B homozygous deletion status in IDH-mutant
astrocytomas may further improve clinical decision-making
by planning an aggressive surgical approach and predicting
prognosis.

MRI is the most reliable imaging modality for brain
tumor diagnosis and provides not only geographic spatial
characteristics but also information on tumor phenotypes
with qualitative and quantitative imaging features.
Qualitative imaging features can be obtained using simple
methods and have been proven to be biologically relevant
in gliomas [13]. Quantitative features include the apparent
diffusion coefficient (ADC) of diffusion-weighted imaging
(DWI), which is an index of tumor cell density and reflects
the tumor burden, whereas dynamic susceptibility contrast
(DSC) imaging allows for the measurement of cerebral blood
volume (CBV), which is a noninvasive marker for vasculature
and tumor angiogenesis [14-16]. We hypothesized that a
comprehensive evaluation of qualitative and quantitative
markers may help predict CDKN2A/B homozygous deletion
status in IDH-mutant astrocytomas.
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Therefore, this study aimed to evaluate whether
qualitative and quantitative MRI parameters can predict
CDKN2A/B homozygous deletion status in IDH-mutant
astrocytomas.

MATERIALS AND METHODS

Patient Population

This retrospective study was approved by the Institutional
Review Board (IRB No. 4-2021-1381), and the requirement
for informed consent was waived. The inclusion criteria
for our study were as follows: 1) IDH-mutant astrocytomas
confirmed by histopathology, 2) patients with known
CDKN2A/B homozygous deletion status, and 3) age > 18
years. Patients with missing MRI sequences (n = 2) were
excluded from this study. Between March 2020 and May
2022, 88 patients with pathologically diagnosed IDH-
mutant astrocytomas were included in this study: 54 from
the first institution (Severance Hospital) and 34 from
the second institution (Asan Medical Center). A patient
flowchart is shown in Figure 1.

Molecular Classification

All tissues were diagnosed according to the 2021 WHO
classification [1]. Both immunohistochemical and peptide
nucleic acid-mediated clamping polymerase chain reaction
analyses were performed to detect the IDH1 R132H
mutation [17]. In IDH1-negative cases, the IDH1/2 status
was confirmed by a peptide nucleic acid-mediated clamping
polymerized chain reaction. Fluorescent in situ hybridization
analysis was used to investigate 1p/19q codeletion [18].

In the first institution, CDKN2A/2B homozygous deletions
were inferred using a targeted Next-Generation Sequencing
(NGS) gene panel assay (Illumina TruSight Oncology 500).
From the TruSight Oncology 500 local-app pipeline (version
2), the CNV Robust Analysis For Tumors (CRAFT) copy
number variant caller calculates fold-change values for each
target region against the baseline coverages offered with
the software. Cases having less than 0.5 of fold-change
values of either CDKN2A or CDKN2B were selected for visual
assessment to ensure that the low fold-change values of
CDKN2A/2B are distinguishable from fold-change values of
adjacent target regions. Visual assessment was performed on
plots of the genome-wide copy number profile created from
fold-change values of every target region of a sample using
an in-house developed R script (Supplementary Fig. 1).

At the second institution, targeted NGS was performed
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Institution 1 (n = 56)
from 2020 to 2022
Pathologically confirmed IDH-mutant astrocytomas
e Known CDKN2A/B HD status

Institution 2 (n = 34)
from 2020 to 2022
Pathologically confirmed IDH-mutant astrocytomas
® Known CDKN2A/B HD status

Excluded (n = 2)

® Incomplete MRI sequences

\ 4
Enrolled patients (n = 54)

o Without CDKN2A/B deletion (n = 47)

e With CDKN2A/B HD deletion (n = 7)

\ 4
Enrolled patients (n = 34)

o Without CDKN2A/B deletion (n = 29)

e With CDKN2A/B HD deletion (n = 5)

Fig. 1. Patient flowchart. CDKN = cyclin-dependent kinase inhibitor, HD = homozygous deletion, IDH = isocitrate dehydrogenase

using an Illumina NextSeq 500Dx panel. CDKN2A/2B
homozygous deletions were inferred from copy number
variations in high-throughput sequencing data from
formalin-fixed cells using CNVkit12.

MRI Protocol

The preoperative MRI sequences included T1-weighted,
T2-weighted, fluid-attenuated inversion recovery (FLAIR),
and three-dimensional post-contrast T1-weighted images,
as well as DWI and DSC images. Imaging was performed
using 3T MRI scanners (Achieva or Ingenia, Philips Medical
Systems). Details of the MRI protocols from the two
institutions are provided in the Supplementary Material.

Preprocessing of DSC

A dedicated software (NordicICE; NordicNeuroLab) was
used to process DSC images. According to the leakage
correction method, leakage was estimated from the
deviation of each voxel from a non-leakage reference tissue
response curve [19]. Whole-brain relative CBV was also
calculated. Normalization of the relative CBV (nCBV) was
automatically performed using the mean value of the blood
volume values outside the tumor without any intervention
by the observers. Co-registration between the postcontrast
T1-weighted (T1C) images and parametric maps from the
DSC was performed automatically [20,21].

Conventional Imaging Analyses

For each patient, conventional imaging parameters,
including the tumor location (frontal, temporal, insular,
parietal, occipital, brainstem, and corpus callosum),
cortical and corpus callosum involvement, ependymal
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extension, pial invasion, T2-FLAIR mismatch, the proportion
of enhancing tumor > 33%, marked/avid enhancement,
presence of a cyst, the proportion of necrosis > 5%, and
infiltrative tumor, were assessed (Supplementary Table 1)
[22,23]. Visual assessment was performed separately by two
neuroradiologists (with 17 and 10 years of experience). In
a rare case of ambiguity, a senior neuroradiologist (with 29
years of experience) was consulted.

Automatic Segmentation Process and Quantitative
Analyses

Automatic segmentation was performed by applying
the HD-GLIO brain tumor segmentation tool, which is an
autosegmentation tool developed from a multi-institutional
dataset [24,25], with a reported Dice coefficient of 0.95
in our previous dataset [26]. T1, T2, and FLAIR images
were co-registered with T1C images. The total tumor
(enhancing + non-enhancing hyperintense tumor) masks on
the FLAIR images were used for further analysis. Enhancing
or non-enhancing tumor masks were not separately analyzed
because of the lack of a contrast-enhancing area in a
portion of the patients.

The regions of interest (ROIs) were then transferred to
the co-registered DWI and perfusion maps. The maximum
diameter and volume were calculated from the ROIs. The
mean value and 5th percentile values of ADC and the mean
and 95th percentile values of nCBV were also calculated for
the ROIs according to previous reports [27,28].

Statistical Analysis

The clinical and imaging characteristics were compared
according to CDKN2A/B homozygous deletion status using
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the Chi-square test or Fisher's test for categorical variables
and the independent samples t test or Mann-Whitney

U test for continuous variables, according to normality.
Interobserver agreement in the qualitative and quantitative
imaging evaluations was calculated using Cohen’s kappa
index.

Among the clinical, conventional, and quantitative
imaging parameters, significant variables were selected
using univariable logistic regression. Variables of interest
in the univariable analysis (p < 0.05) were included in the
multivariable models using backward elimination according
to the likelihood ratio with a variable selection criterion of
p < 0.05. Variance inflation factor (VIF) was used to detect
multicollinearity between variables, and all variables showed
a VIF of less than 10. Receiver operating characteristic (ROC)
curve analysis was performed to evaluate the discrimination
performance of the corresponding logistic regression model,
including the area under the curve (AUC). Youden's index
was used to determine the cutoff for calculating accuracy,
sensitivity, and specificity. Subgroup analysis was performed
for histological grades 3 and 4 IDH-mutant astrocytomas
due to the lack of patients with CDKN2A/B homozygous
deletion in histological grade 2 IDH-mutant astrocytomas.

Statistical analyses were performed using the R software
(version 3.3.1). Statistical significance was set at p < 0.05.
Since our study was exploratory, no adjustment for multiple
tests was performed.

RESULTS

Patient Characteristics

This study included a total of 88 patients (mean age +
standard deviation, 42.0 + 11.9 years; 40 females and
48 males); 76 (86.4%) without CDKN2A/B homozygous
deletion, and 12 (13.6%) with CDKN2A/B homozygous
deletion. Forty-one (46.6%) patients had histological
grade 2, 23 (26.1%) patients were histological grade 3,
and 24 (27.3%) patients were histological grade 4. Fifty-
eight (65.9%) patients underwent gross total resection, 27
(30.7%) patients underwent subtotal or partial resection,
and three (3.4%) patients underwent biopsy.

Interobserver Agreement for Qualitative Imaging
Analyses

The interobserver agreement between the two
neuroradiologists for qualitative imaging parameters was
excellent (x range, 0.820-0.948) (Supplementary Table 2).
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Clinical and Imaging Parameters for Predicting
CDKN2A/B Homozygous Deletion Status in All IDH-Mutant
Astrocytomas

IDH-mutant astrocytomas with CDKN2A/B homozygous
deletion showed significantly different proportions of
histological grade compared to those without CDKN2A/B
homozygous deletion (proportions of grade 2, 3, and 4; 0%,
25.0%, and 75.0% in patients with CDKN2A/B homozygous
deletion; 54.0%, 26.3%, and 19.7% in patients without
CDKN2A/B homozygous deletion, p < 0.001). IDH-mutant
astrocytomas with CDKN2A/B homozygous deletion showed
larger proportions of corpus callosum involvement (50.0%
vs. 9.2%, p < 0.001), ependymal extension (66.7% vs.
17.1%, p < 0.001), enhancing tumor > 33% (83.3% vs.
22.4%, p < 0.001), marked/avid enhancement (75.0% vs.
26.3%, p = 0.001), necrosis > 5% (50.0% vs. 13.2%, p =
0.002), infiltrative pattern (41.7% vs. 6.6%, p = 0.002),
maximal diameter (8.12 cm vs. 5.70 cm, p = 0.005),
volume (115.87 cm?® vs. 56.58 cm?, p = 0.001), and 95th
percentile of nCBV (7.71 vs. 5.51, p = 0.007) than those of
IDH-mutant astrocytomas without CDKN2A/B homozygous
deletion. There were no significant differences in other
clinical and imaging parameters (Table 1).

Table 2 shows results from the univariable and
multivariable analyses. On univariable analysis, corpus
callosum involvement (odds ratio [OR] = 9.86, p =
0.001), ependymal extension (OR = 9.69, p = 0.001), the
proportion of enhancing tumor > 33% (OR = 17.35, p =
0.001), marked/avid enhancement (OR = 17.35 p = 0.001),
the proportion of necrosis > 5% (OR = 6.60, p = 0.005),
infiltrative pattern (OR = 10.14, p = 0.002), maximal
diameter (OR = 1.06, p = 0.004), volume (OR = 1.02, p =
0.003), and 95th percentile of nCBV (OR = 1.27, p = 0.012)
were predictors of CDKN2A/B homozygous deletion. On
multivariable analysis, infiltrative pattern (OR = 4.25, p =
0.034), maximal diameter (OR = 1.07, p = 0.013), and 95th
percentile of nCBV (OR = 1.34, p = 0.049) were independent
predictors of CDKN2A/B homozygous deletion. The AUC,
accuracy, sensitivity, and specificity of the multivariable
model were 0.83 (95% [CI] 0.72-0.91), 90.4%, 83.3%, and
75.0%, respectively. Representative cases of IDH-mutant
astrocytomas without and with CDKN2A/B homozygous
deletion status are presented in Figures 2 and 3. ROC curves
of the multivariable model are shown in Figure 4A.
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Clinical and Imaging Parameters for Predicting CDKN2A/B homozygous deletion showed larger proportions
CDKN2A/B Homozygous Deletion Status in the of corpus callosum involvement (50.0% vs. 14.3%, p =
Subgroup with Histological Grades 3 and 4 IDH-Mutant 0.012), ependymal extension (66.7% vs. 3.14%, p = 0.032),
Astrocytoma enhancing tumor > 33% (83.3% vs. 48.6%, p = 0.036),

In subgroup analysis, IDH-mutant astrocytomas with infiltrative pattern (41.7% vs. 11.4%, p = 0.022), maximal

Table 1. Comparison of Clinical, Pathological, and Imaging Parameters according to the CDKN2A/B Homozygous Deletion Status in
IDH-Mutant Astrocytomas

Without CDKN2A/B With CDKN2A/B p
Homozygous Deletion (n = 76) Homozygous Deletion (n = 12)
Institution 0.817
Institution 1 47 (61.8) 7 (58.3)
Institution 2 29 (38.2) 5 (41.7)
Age, years 41.9 + 11.9 42.3 +12.6 0.931
Sex, female 35 (46.1) 5 (41.7) 0.777
Histological grade < 0.001
Grade 2 41 (54.0) 0 (0)
Grade 3 20 (26.3) 3 (25.0)
Grade 4 15 (19.7) 9 (75.0)
Extent of resection 0.565
Gross total resection 51 (67.1) 7 (58.3)
Subtotal or partial resection 22 (28.9) 5 (41.7)
Biopsy 3(3.9) 0 (0)
MRI features
Location 0.434
Frontal 42 (55.3) 9 (75.0)
Temporal 11 (14.5) 2 (16.7)
Insular 15 (19.7) 1(8.3)
Parietal 8 (10.5) 0 (0)
Occipital 0 (0) 0 (0)
Brainstem 0 (0) 0 (0)
Corpus callosum 0 (0) 0 (0)
Cortical involvement 72 (94.7) 11 (91.7) 0.669
Corpus callosum involvement 7 (9.2) 6 (50.0) < 0.001
Ependymal extension 13 (17.1) 8 (66.7) < 0.001
Pial invasion 0 (0) 1(8.3) 0.011
T2-FLAIR mismatch 31 (40.8) 2 (16.7) 0.109
Proportion of enhancing tumor > 33% 17 (22.4) 10 (83.3) < 0.001
Marked/avid enhancement 20 (26.3) 9 (75.0) 0.001
Presence of cyst 18 (23.7) 2 (16.7) 0.590
Proportion of necrosis > 5% 10 (13.2) 6 (50.0) 0.002
Infiltrative pattern 5 (6.6) 5 (41.7) < 0.001
Maximal diameter, cm 5.70 £ 2.05 8.12 + 1.88 0.005
Volume, cm’ 56.58 + 51.85 115.87 + 67.50 0.001
Mean ADC, x 10° mm?/s 1.29 + 0.22 1.10 + 0.14 0.416
ADC 5th percentile, x 10° mm?/s 0.86 + 0.14 0.84 + 0.07 0.442
Mean nCBV 1.72 + 0.70 2.16 £ 1.26 0.056
nCBV 95th percentile 5.51 + 2.14 7.71 + 4.94 0.007

Data are either mean + standard deviation or number with percentage in parentheses. *Calculated from chi-square test or Fisher’

test for categorical variables, and independent ¢ test or Mann-Whitney U-test for continuous variables according to normality. ADC =
apparent diffusion coefficient, CDKN = cyclin-dependent kinase inhibitor, FLAIR = fluid-attenuated inversion recovery, IDH = isocitrate
dehydrogenase, nCBV = normalized cerebral blood volume
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Table 2. Logistic Regression Analysis for Clinical and Imaging Predictors of CDKN2A/B Homozygous Deletion Status in IDH-Mutant

Astrocytomas in the Entire Patients

Age*
Sex (female vs. male)t
MRI features
Frontal location (present vs. absent)!
Cortical involvement (present vs. absent)!
Corpus callosum involvement (present vs. absent)!
Ependymal extension (present vs. absent)!
Pial invasion (present vs. absent)!
T2-FLAIR mismatch (present vs. absent)!
Proportion of enhancing tumor > 33% (present vs. absent)!
Marked/avid enhancement (present vs. absent)!
Presence of cyst (present vs. absent)!
Proportion of necrosis > 5% (present vs. absent)!
Infiltrative pattern (present vs. absent)!
Maximal diameter (cm)*
Volume (cm?®)*
Mean ADC (x 10® mm?®/s)*
ADC 5th percentile (x 10° mm?/s)*
Mean nCBV*
nCBV 95th percentile*

Univariable Multivariable
OR (95% CI) P OR (95% CI) P
1.00 (0.95-1.06) 0.930
0.84 (0.24-2.87) 0.777
1.62 (0.45-5.84) 0.462
0.61 (0.06-5.98) 0.672
9.86 (2.50-38.91) 0.001 - -
9.69 (2.54-37.04) 0.001 - -
- NA
0.29 (0.06-1.42) 0.126
17.35 (3.46-86.92) 0.001 - -
8.40 (2.07-34.16)  0.003 - -
0.64 (0.13-3.22) 0.592
6.60 (1.78-24.52) 0.005 - -
10.14 (2.35-43.79) 0.002 4.25 (1.47-37.85) 0.034
1.06 (1.10-1.11) 0.004 1.07 (1.02-1.14) 0.013
1.02 (1.00-1.05) 0.003 - -
1.00 (1.00-1.00) 0.726
1.00 (1.00-1.01) 0.739
1.96 (0.89-4.29) 0.095
1.27 (1.02-1.59) 0.012 1.34 (1.00-1.79) 0.049

*For continuous variables, an increase by 1 considered when calculating ORs and 95% CIs, "For categorical variables with categories in
parentheses, the former was compared with the latter (the reference) to calculate ORs and 95% CIs. ADC = apparent diffusion coefficient,

CDKN = cyclin-dependent kinase inhibitor, CI = confidence interval,

FLAIR = fluid-attenuated inversion recovery, IDH = isocitrate

dehydrogenase, NA = not available (due to complete separation), nCBV = normalized cerebral blood volume, OR = odds ratio

diameter (8.12 cm vs. 6.13 cm, p = 0.028), and 95th
percentile of nCBV (7.71 vs. 5.60, p = 0.030) than those of
IDH-mutant astrocytomas without CDKN2A/B homozygous
deletion. There were no significant differences in other
clinical and imaging parameters (Supplementary Table 3).
Supplementary Table 4 shows the results of univariable
and multivariable analyses. In univariable analysis, corpus
callosum involvement (OR = 6.00, p = 0.017), ependymal
extension (OR = 4.36, p = 0.039), the proportion of
enhancing tumor > 33% (OR = 5.29, p = 0.049), infiltrative
pattern (OR = 5.54, p = 0.030), maximal diameter (OR =
1.04, p = 0.039), and 95th percentile of nCBV (OR = 1.24,
p = 0.037) were predictors of CDKN2A/B homozygous
deletion. On multivariable analysis, the infiltrative pattern
(OR =10.39, p = 0.012) and 95th percentile of nCBV (OR =
1.24, p = 0.047) were independent predictors of CDKN2A/
B homozygous deletion. The AUC, accuracy, sensitivity, and
specificity of the multivariable model were 0.76 (95% CI
0.60-0.88), 87.8%, 80.0%, and 58.1%, respectively. The ROC
curves of the multivariable model are shown in Figure 4B.

138

DISCUSSION

In our study, the presence of an infiltrative pattern,
larger maximal diameter, and higher 95th percentile of nCBV
independently predicted CDKN2A/B homozygous deletion
status, with an AUC of 0.83. In the subgroup analysis of
histological grades 3 and 4 IDH-mutant astrocytomas, a
similar result was observed; the presence of an infiltrative
pattern and higher 95th percentile of nCBV independently
predicted CDKN2A/B homozygous deletion status, with
an AUC of 0.74. It is crucial to understand the imaging
characteristics of this newly included entity in the
2021 WHO classification, as the presence of CDKN2A/B
homozygous deletion is associated with poor prognosis in
IDH-mutant astrocytomas of all grades [4,8,29]. Moreover,
the predictive effect of CDKN2A/B homozygous deletion
on therapeutic outcomes will likely be explored in future
studies. Therefore, preoperative information on CDKN2A/
B homozygous deletion status may be useful for guiding
treatment decisions and predicting prognosis.
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Fig. 2. Representative case of a 40-year-old male, histological grade 3 IDH-mutant astrocytoma without CDKN2A/B HD.

A-E. On (A) axial precontrast T1, (B) FLAIR, and (C) T1C images, a T2 hyperintense tumor of the right frontal lobe shows no evidence of corpus
callosum involvement or ependymal extension. The proportion of enhancing tumors is less than 5% with minimal/mild enhancement. The tumor
shows an expansive pattern (size of precontrast T1 abnormality approximates the size of FLAIR abnormality) with a maximal diameter of 2.40
cm. (D) The nCBV map shows the mean and 95th rCBV of 0.32 and 2.30, respectively. (E) The copy number variation profile shows an absence
of CDKN2A/B HD. CDKN = cyclin-dependent kinase inhibitor, FLAIR = fluid-attenuated inversion recovery, HD = homozygous deletion, IDH =
isocitrate dehydrogenase, nCBV = normalized cerebral blood volume, rCBV = relative cerebral blood volume, T1 = T1-weighted, T1C = postcontrast

T1-weighted

Several earlier imaging studies, including both grade 4
IDH-mutant astrocytomas and IDH-wildtype glioblastomas
(both classified as glioblastomas according to 2016 WHO
classification), explored imaging findings associated
with CDKN2A/B homozygous deletion [13,30,31], with
conflicting results. One study showed that there was no
difference in conventional imaging findings in grade 4
astrocytomas (including both IDH-mutant astrocytomas
and IDH-wildtype glioblastomas) according to CDKN2A/

B homozygous deletion status [13], whereas other studies
have shown that aggressive conventional imaging features
(such as necrosis or thickness of enhancing margin) were
more frequent in the presence of CDKN2A/B homozygous
deletions [30,31]. However, most tumors with CDKN2A/B
homozygous deletion in previous studies were IDH-wildtype

kjronline.org https://doi.org/10.3348/kjr.2022.0732

glioblastomas [31], and only a few conventional imaging
parameters were evaluated in earlier studies. Currently,
there are limited imaging reports reflecting the updated
molecular markers in 2021 WHO classification; only a few
recent studies have reported qualitative or quantitative
imaging findings according to molecular markers in IDH-
wild-type astrocytomas [14,32,33], whereas there is a lack
of previous imaging studies based on molecular markers in
IDH-mutant astrocytomas.

Although IDH-mutant astrocytomas are well known for
their well-defined borders on MRI compared to those of
IDH-wild-type astrocytomas [34], a substantial portion
of IDH-mutant astrocytomas has also been reported to
have an infiltrative pattern [22]. CDKN2A/B homozygous
deletion alters inhibitory function in the cell cycle of
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Fig. 3. Representative case of a 32-year-old male, histological grade 3 IDH-mutant astrocytoma with CDKN2A/B homozygous

deletion.

A-E. On (A) axial precontrast T1, (B) FLAIR, and (C) T1C images, the right frontoparietal lobe T2 hyperintense tumor shows corpus callosum

involvement and ependymal extension. The proportion of enhancing tumors is more than 5% with marked/avid enhancement. The tumor shows
an infiltrative pattern (size of precontrast T1 abnormality much smaller than the size of FLAIR abnormality) with a maximal diameter of 8.70 cm.
(D) The nCBV map shows the mean and 95th rCBV of 2.42 and 7.79, respectively. (E) The copy number variation profile shows the presence of
CDKN2A/B homozygous deletion. FLAIR = fluid-attenuated inversion recovery, IDH = isocitrate dehydrogenase, nCBV = normalized cerebral blood

volume, rCBV = relative cerebral blood volume, T1 = T1-weighted, T1C = postcontrast T1-weighted

tumor cells and contributes to uncontrolled tumor cell
proliferation and increased tumorigenic burden [35]. This
aggressive biological behavior may explain the infiltrative
pattern of IDH-mutant astrocytomas with CDKN2A/B
homozygous deletion in our study, which corresponds to
previous pathology reports [36,37]. The infiltrative pattern
on imaging has also been suggested to be correlated with
more aggressive molecular phenotypes in either lower-
grade gliomas or IDH-wild-type astrocytomas [22,33].
Earlier pathology studies in gliomas have shown that
CDKN2A/B homozygous deletion is also associated with
high proliferative indices [38,39], which may explain the
larger maximal diameter in IDH-mutant astrocytomas with
CDKN2A/B homozygous deletion. The higher 95th percentile
of nCBV in IDH-mutant astrocytomas with CDKN2A/
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B may reflect increased angiogenesis due to CDKN2A/B
homozygous deletion. The CDKN2A/B genetic locus encodes
tumor suppressors that mediate anti-angiogenic effects
in gliomas [40]. CDKN2A/B prevents tumor growth by
limiting the supply of nutrients and oxygen to cancer cells
and by inhibiting tumor-induced neovascularization [41].
CDKN2A/B homozygous deletion may lead to disinhibition
of neovascularization. Conversely, ADC values did not
reach statistical significance according to CDKN2A/B
homozygous deletion status, although there was a trend of
lower mean and 5th percentile of ADC values in IDH-mutant
astrocytomas with CDKN2A/B, which warrants validation
with a larger dataset.

In our study, subgroup analysis of histological grades 3
and 4 IDH-mutant astrocytomas was performed because of
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Fig. 4. Receiver operating characteristic curves of the multivariable models to predict the CDOKN2A/B homozygous deletion status
in (A) the entire patients and (B) a subgroup of patients with histological grades 3 and 4 IDH-mutant astrocytoma. AUC = area
under the curve, CDKN = cyclin-dependent kinase inhibitor, IDH = isocitrate dehydrogenase

the lack of patients with CDKN2A/B homozygous deletions
in histological grade 2 IDH-mutant astrocytomas. The data
imbalance of CDKN2A/B is inevitable among histological
grades in IDH-mutant astrocytomas; the reported frequencies
of CDKN2A/B homozygous deletions range from 0%-12% in
histological grade 2, 6%-20% in histological grade 3, and
16%-34% in histological grade 4 [4,8,29], which shows
a similar distribution to our dataset. A similar result was
observed in subgroup analyses, suggesting that the presence
of CDKN2A/B homozygous deletion shows an aggressive
pathological phenotype, even in higher histological
grades. To exclude the possibility that the imaging features
were affected by the histological grade, we performed a
multicenter study to include as many patients as possible.
Nonetheless, future studies with larger datasets are required.
Although the 2021 WHO classification of gliomas does
not include neuroimaging features, previous research has
suggested that neuroimaging may have a complementary
role in identifying the molecular status of adult-type
diffuse gliomas. In a previous study, the 1p/19q co-
deletion status in IDH-mutant gliomas determined by
chromosomal microarray analysis disagreed with the initial
fluorescence in situ hybridization result and agreed with
the consensus neuroradiologist prediction [42], which
shows the additional role of MRI. Although the gold
standard for copy number variant detection in CDKN2A/B is
multiplex ligation-dependent probe amplification and array
comparative genomic hybridization [43,44], these methods

kjronline.org https://doi.org/10.3348/kjr.2022.0732

are time-consuming and costly, and NGS is more commonly
used for diagnosis. As there is a small but significant rate
of discordance in the methods for COKN2A/B homozygous
deletion testing [43], neuroimaging findings may assist in
the diagnosis of discordant cases.

Our study had several limitations. First, it was
retrospective and had a relatively small dataset. However,
to the best of our knowledge, this is the largest multicenter
dataset that includes both diffusion and perfusion
parameters in IDH-mutant astrocytomas with a known
CDKN2A/B homozygous deletion status. Second, prognostic
markers were not analyzed because patients with IDH-
mutant astrocytomas have relatively longer survival and
require a longer follow-up period [45].

In conclusion, the presence of an infiltrative pattern,
larger maximal diameter, and higher 95th percentile of
the nCBV may be useful MRI biomarkers for COKN2A/B
homozygous deletion in IDH-mutant astrocytomas.
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