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Differentiating angiomatous meningioma from atypical
meningioma using histogram analysis of apparent diffusion
coefficient maps
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Background: Preoperative differentiation between angiomatous meningioma (AM) and atypical
meningioma (ATM) is related to treatment planning. In this study, we explored the utility of apparent
diffusion coefficient (ADC) histogram analysis in differentiating AM and ATM, and further assess the
correlations between these parameters and the Ki-67 proliferation index.

Methods: Thirty AM and 35 ATM patients were enrolled and their clinical and conventional magnetic
resonance imaging (MRI) features were analyzed in this study. Nine ADC histogram parameters [mean,
variance, skewness, and kurtosis, as well as the 1st (ADC1), 10th (ADC10), 50th (ADC50), 90th (ADC90),
and 99th (ADC99) percentile of ADC] were selected and compared by independent #-test or Mann-Whitney
U test. Diagnostic performance analysis was performed by receiver operating characteristic (ROC) curves.
The relationship between ADC histogram parameters and the Ki-67 proliferation index was assessed by
Spearman’s correlation coefficient.

Results: AM group showed a significantly higher mean [median (interquartile range): 124.07 (22.66) vs.
112.12 (16.04), P<0.001], ADCI [107.50 (17.00) vs. 82.00 (20.33), P<0.001], ADC10 (mean # standard
deviation: 115.80+12.09 vs. 96.86+9.86, P<0.001), and ADC50 [124.00 (21.13) vs. 109.00 (15.17), P<0.001],
compared to the ATM group. Significant correlations were identified between the mean (r=-0.428, P<0.001),
ADCI (r=-0.549, P<0.001), ADC10 (r=-0.529, P<0.001), ADC50 (r=-0.483, P<0.001), and the Ki-67
proliferation index. ROC analysis showed that the best diagnostic performance was achieved by ADC1 (AUC
=0.900). Whereas, no differences were found between variance, skewness, kurtosis, ADC90, and ADC99
(P=0.067-0.787).

Conclusions: AM and ATM exhibit overlapping conventional MRI features. ADC histogram analysis,
especially ADCI, maybe a reliable quantitative imaging biomarker for differentiation between AM and ATM.
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Introduction

Meningioma, with an incidence of about 36.7%, is the
most frequent primary central nervous system (CNS)
tumor in adults and is classified into three grades and
15 subtypes according to the 2021 World Health
Organization (WHO) CNS tumor classification criteria
(1-3). As two different histological subtypes of meningioma,
there are significant differences in the biological behavior
and treatment modalities between angiomatous meningioma
(AM) and atypical meningioma (ATM) (3-6). ATM tumor
cells proliferate actively and tend to infiltrate surrounding
tissues, which is often difficult to achieve complete resection
of the tumor during the operation (7). Therefore, surgical
resection combined with radiotherapy or chemotherapy is
the most commonly used treatment modality to reduce the
high recurrence rates (8). The boundary between AM and
normal brain tissue is always easily distinguished during
the procedure, and a better prognosis can be achieved by
complete surgical resection (3). Notably, the histological
characteristics of the vascular-rich structural components
make AM a high risk of bleeding during the operation,
while the occurrence risk of intraoperative complications
can be effectively prevented or reduced by preoperative
embolization (5). Therefore, an accurate and effective
preoperative distinction of AM and ATM is of great clinical
importance for treatment decision-making and improved
prognosis.

Conventional magnetic resonance imaging (MRI)
features based on structural imaging are of limited value
in preoperative differentiation of AM and ATM, and
cannot achieve quantitative assessment of tumor biological
behavior and microstructural changes (4,9). Diffusion-
weighted imaging (DWI) is one of the most commonly used
advanced MRI techniques to assess the heterogeneity of
meningiomas, which could be a quantitative analysis using
apparent diffusion coefficient (ADC) (10-13). Histogram
analysis is an advanced medical image processing tool,
which could provide more detailed information about
tumor pathophysiology heterogeneity by analyzing the
diffusion distribution and variation of image grayscale pixel
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value (12,14). Nowadays, ADC histogram analysis is applied
widely in the field of brain tumor assessment, including
grading, identification, and prognostic evaluation of brain
tumors (11-16). Previous studies have shown that ADC
histogram analysis effectively graded, typed, and assessed
the prognosis of meningioma patients (15,16). Ki-67 is a
nuclear antigen that reflects cell proliferation activity, which
can be quantitatively assessed by the Ki-67 proliferation
index and is of great significance for evaluating the
biological behavior of tumors. Still, it can only be obtained
by invasive methods (10,12).

To the best of our knowledge, up to now, no studies
have investigated the utility of ADC histogram analysis in
differentiating AM from ATM or testing the correlations
between these parameters and the Ki-67 proliferation index.
Thus, the goal of our study was to evaluate the diagnostic
usefulness of ADC histogram analysis in identifying the two
types of tumors, and further assess the correlations between
ADC histogram parameters and the Ki-67 proliferation
index.

Methods
Patient selection

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). This study
was approved by the Ethics Committee of Lanzhou
University Second Hospital, and individual consent for
this retrospective analysis was waived. From January 2017
to October 2022, 36 patients with AM and 49 patients
with ATM were searched by reviewing medical records in
our hospital. The inclusion criteria include: (I) a definitive
postoperative pathology; (II) available preoperative brain
MRI Images. The exclusion criteria include: (I) any
intervention performed on the lesion before the MRI scan;
(II) MRI image quality is poor and not meeting the needs
of analysis. Five patients with AM and 9 patients with ATM
were excluded due to the unavailability of ADC maps. One
patient with AM and 3 patients with AT'M was excluded due
to the poor-quality images. Two ATM patients previously
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treated were excluded. Finally, thirty patients with AM and
35 patients with AT'M were included in this study.

MRI acquisition

All scans were conducted using a 3.0 T (Siemens Verio,
Erlangen, Germany) equipped with a 32-channel phased
array coil. T1-weighted imaging (T'1WI), T2WI, DWI,
and contrast-enhanced T1WI sequences were acquired.
The parameters were as follows: for T1WI sequence,
repetition time (TR) =550 ms, echo time (TE) =11 ms, slice
thickness =5.0 mm, interslice gap =1.5 mm, field of view
(FOV) =260 mm x 260 mm, and matrix size =256x256; for
T2WI sequence, TR =2,200 ms, TE =96 ms, slice thickness
=5.0 mm, interslice gap =1.5 mm, FOV =260 mm x 260 mm,
and matrix size =256x256; for DWI sequence, TR =4,000 ms,
TE =100 ms, slice thickness =5.0 mm, interslice gap =1.5 mm,
FOV =260 mm x 260 mm, and matrix size =256x256
(b-values =0 and 1,000 s/mm?). The contrast-enhanced
T1WI sequence was acquired after the injection of the
contrast agent gadopentetate dimeglumine (Bayer Schering
Pharma AG, Berlin, Germany), with 0.1 mmol/kg at a flow
rate of 3.0 mL/s via an intravenously administered bolus
injection.

Image analysis

Conventional MRI features analysis

Two experienced neuroradiologists (radiologists 1
and 2, with 14 and 7 years of experience in diagnostic
neuroradiology, respectively), blinded to relevant clinical
and pathological information, independently reviewed
all magnetic resonance (MR) images. The conventional
MRI features, including location, lobulation, necrosis/
cystic changes, peritumoral edema, tumor brain interface,
dural tail sign, adjacent skull changes, vascular flow signal,
and enhancement pattern were assessed and recorded
(4,17). Any disputes were resolved in the consensus during
the analysis process, and the results are used in the final
analysis.

ADC histogram analysis

ADC maps were automatically generated from the DWI
images by the Siemens Medical Systems workstation. With
reference to TIWI, T2WI, and contrast-enhanced T1WI,
the tumor boundaries were determined by two experienced
neuroradiologists, then a freehand region of interest
(ROI) (including the whole tumor tissue of each slice) was
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sketched on the T2WI images, and the ROIs were then
copied to the corresponding sections of ADC maps (18). An
open-source MaZda software (version 4.7, The Technical
University of Lodz, Institute of Electronics, http://www.
eletel.p.lodz.pl/mazda/) was applied to perform histogram
analysis. Finally, nine ADC histogram parameters, including
mean, variance, skewness, and kurtosis, as well as the Ist
(ADC1), 10th (ADC10), 50th (ADC50), 90th (ADC90),
and 99th (ADC99) percentile of ADC were automatically
extracted and selected (18,19).

Pathological analysis

Pathological analysis was conducted by a pathologist
(with 8 years of clinical experience), who was blinded to
ADC histogram parameter measurements. Surgical tissue
specimens were stained with hematoxylin and eosin. The
Ki-67 proliferation index was determined by the number of
positive cells labeled with the total cell count based on the
area with the strongest positive cell nucleus.

Statistical analysis

All statistical analyses were performed using MedCalc
software (Version 19.1, Mariakerke, Belgium). Interobserver
agreements of the ADC histogram parameters were
evaluated using the intraclass correlation coefficient ICC).
Categorical variables were analyzed by the chi-square test.
Continuous variables are tested for normal distribution
and expressed as mean = standard deviation (independent
t-test) or median (interquartile range) (Mann-Whitney
U test). The area under the curve (AUC), sensitivity,
specificity, accuracy, positive predictive value (PPV), and
negative predictive value (NPV) were calculated by receiver
operating characteristic (ROC) curves to conduct diagnostic
performance analysis of significant ADC histogram
parameters. The relationship between ADC histogram
parameters and the Ki-67 proliferation index was assessed
by Spearman’s correlation coefficient. Differences between
AUCs were compared using Delong’s test. A P value less
than 0.05 was considered statistical significance.

Results

Detailed demographic data of thirty AM and 35 ATM
patients with are summarised in 7able 1. The AM group
included 13 men and 17 women (mean age: 52.27=
12.21 years). The ATM group included 14 men and
21 women (mean age: 53.78+11.67 years). However, no
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Table 1 Comparison of demographic data and ADC histogram parameters between AM and ATM

Parameters AM (n=30) ATM (n=35) P value
Age (years)® 52.27+12.21 53.78+11.67 0.786
Sex (male/female), n 13/17 14/21 0.616
Mean® 124.07 (22.66) 112.12 (16.04) <0.001
Variance” 185.98 (132.01) 229.65 (198.37) 0.155
Skewness® 1.46+0.60 1.62+0.42 0.197
Kurtosis® 3.76 (3.28) 5.41 (4.02) 0.067
ADC1" 107.50 (17.00) 82.00 (20.33) <0.001
ADC10* 115.80+12.09 96.86+9.86 <0.001
ADC50° 124.00 (21.13) 109.00 (15.17) <0.001
ADC90° 134.08 (23.63) 132.17 (17.20) 0.099
ADC99° 152.50 (27.75) 155.00 (19.25) 0.787

2 data are expressed as mean = standard deviation and compared by independent t-test; °, data are expressed as median (interquartile
range) and compared by Mann-Whitney U test. AM, angiomatous meningioma; ATM, atypical meningioma; ADC, apparent diffusion

coefficient.

significant differences were observed between the two
groups in age or sex (P=0.786, P=0.616, respectively).

No significant differences were found between AM and
ATM in terms of conventional MRI signatures (P=0.128-
0.878), which were shown in Tible 2.

Excellent interobserver agreements were observed in
the mean, variance, kurtosis, and all percentile ADC (ICC
ranges, 0.767-0.985), while a moderate interobserver
agreement was obtained from skewness (ICC, 0.740). Tuble 1
and Figure I demonstrate the comparative results of the
ADC histogram parameters between the two groups of
tumors. The AM group showed a significantly higher mean,
ADCI, ADC10, and ADC50, compared to the ATM group
(all P<0.05). Nevertheless, no differences were found in
variance, skewness, kurtosis, ADC90, and ADC99 between
AM and ATM (P=0.067-0.787). Figures 2,3 show the
representative cases of AM and ATM, respectively.

ROC analysis showed that the best diagnostic
performance was achieved by ADCI1, with the AUC,
sensitivity, specificity, accuracy, PPV, and NPV were
0.900, 94.29%, 73.33%, 84.62%, 80.50%, and 91.70%,
respectively, when using 103.00 as the optimal threshold
(Table 3 and Figure 4). However, there were no differences
in AUCs between significant ADC histogram parameters.

The AM group showed a significantly lower Ki-
67 proliferation index than that in the ATM group
(3.07%%2.31% wvs. 10.51%=5.54%, P<0.05). Significant
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correlations were identified between the mean (r=-0.428,
P<0.001), ADC1 (r=-0.549, P<0.001), ADC10 (r=-0.529,
P<0.001), ADC50 (r=-0.483, P<0.001), and the Ki-67
proliferation index (7able 4).

Discussion

In this study, we compared the differences in ADC
histogram parameters between AM and ATM, and further
assess the correlations between these parameters and the
Ki-67 proliferation index. The results suggest that some
significant ADC histogram parameters could be useful to
differentiate the two types of tumors before the operation,
and a negative correlation could be observed between these
parameters with the Ki-67 proliferation index, with ADC1
being identified as the most promising potential parameter.
To date, this is the first study to evaluate the utility of ADC
histogram analysis on the differentiation of AM and ATM.
Conventional MRI is an essential method in the
evaluation of intracranial tumors. In this present study,
no differences in conventional MRI features be detected
between AM and ATM. Previous studies have shown
that peritumor edema is an independent predictor
to distinguish meningiomas of different pathological
grades, and peritumor edema is more prone to appear in
meningioma with higher aggression (4,20). In our study,
no difference was observed in peritumor edema between
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Table 2 Comparison of conventional MRI features between AM the two types of tumor, which was probably caused by the
and ATM unique histological characteristics of AM. Histologically,
Parameters AM (n=30) ATM (n=35) P the histological features of the vascular-rich component
Location 0.786 can lead to overexpression of vascular endothelial growth
Falx or parasagittal " 19 factor WEGF), which is closely related to the occurrence
of peritumor brain edema, eventually resulting in AM
Convexity 8 10 exhibiting similar peritumoral edema to ATM (5,6).
Skull base 7 5 Moreover, the histological features of the vascular-rich
Posterior fossa 3 5 components of AM may also contribute to the overlap of
other conventional MRI features between the two types

Others 1 3 . . . _ .
of tumors, which made it challenging to distinguish them

Lobulation 0.588 (3,5,6). In addition, the number of patients included in this
Yes 16 21 study was relatively small, which can also be another vital
No 14 14 cause for the inability to distinguish between AM and ATM

based on conventional MRI features.

Necrosis/cystic changes 0-128 DWTI provides information about the tumor
Yes 9 17 microenvironments such as tumor cell density, proliferation
No 21 18 activity, and distribution by detecting the movement of

Perituroral ederma 0.878 water molecules, which can be quantitatively analyzed

by ADC values (4,10,21). It has been shown that ADC
Yes 16 18 values are more valuable in the differential diagnosis of
No 14 17 meningiomas compared to several other advanced imaging
Tumor brain interface 0.229 techniques (22). ADC histogram analysis is one of the
widely used methods in the field of brain tumor research,

Clear 23 22 . . . . .
which could provide a variety of quantitative histogram
Unclear 7 13 analysis parameters (15-18,23). In this study, AM exhibits

Dural tail sign 0.780 significantly higher mean, ADCI1, ADC10, and ADC50
Yes o4 o7 when compared with ATM, and a negative correlation can

be observed between these ADC histogram parameters
No 6 8 and the Ki-67 proliferation index. Meanwhile, each of

Adjacent skull changes 0.229 these parameters was effective in distinguishing between
Yes 7 13 the two histological types of tumors. This may be caused
No 03 o9 by the different biological behaviors and histological

structure differences between AM and ATM. ATM tumor

Vascular flow signal 0.816 cells proliferate actively, increasing the number and the
Yes 18 20 density of cells, the dense arrangement of tumor cells
No 12 15 restricts the movement of water molecules and ultimately

leads to a decrease in ADC values (11,16,24,25). Moreover,

Enhancement pattern 0.878

the tumor cell arrangement becomes sparse due to the
Inhomogeneous 14 7 vascular-rich component inside the AM, which may
Homogeneous 16 18 further increase the difference between ADC values in the

AM, angiomatous meningioma; ATM, atypical meningioma; MR, two histological types of tumors (3,5,26). Gihr et al. (15)

magnetic resonance imaging. used ADC histogram analysis to identify high-grade
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Figure 1 Violin plots show comparisons of the ADC histogram parameters between AM and ATM. ADC, apparent diffusion coefficient;

AM, angiomatous meningioma; ATM, atypical meningioma.

meningiomas from low-grade meningiomas, and the results
showed that there were significant differences in ADC
histogram parameters between high-grade and low-grade
meningiomas, with negative correlation observed between
lower-level percentile of ADC and the Ki-67 proliferation
index, which was in accordance with the findings of the
current study. Ki-67 proliferation index is a pathological
marker for quantitative assessment of cell proliferation
activity, and tumors with high cell proliferation activity tend
to exhibit high expression levels of the Ki-67 proliferation
index (7,19). ADC values are imaging markers that reflect
the proliferative activity of tumor cells, and a decrease
in ADC values represents an increase in the proliferative
activity of tumor cells (24,27). A negative correlation was

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

observed between them, further suggesting that ADC
values are reliable imaging biomarkers for preoperative
quantitative assessment of tumor heterogeneity. However,
Ota et 4l. reported that the ADCmean could not provide an
effective evaluation of grade 1 and grade 2 meningiomas,
which is inconsistent with our study results (28). This might
be related to the different research methods of the study.
Histogram analysis based on the whole tumor provides
a comprehensive assessment of tumor heterogeneity and
the quantitative parameters obtained to assess tumor
heterogeneity are more accurate and objective. Of note,
the relatively small sample size of the study may be also an
influential factor in the results.

Meanwhile, this study also found that ADCI not only
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Figure 2 A 39-year-old female with an AM. (A,B) Axial TIWI and T2WI show an inhomogeneous dural lesion, predominantly

hyperintense, on the right lateral occipital region. There is perilesional edema. (C) Contrast-enhanced T1WI shows marked enhancement.

(D) The lesion shows an uneven signal on the ADC map. (E) ADC map with manually drawn ROI covering the lesion. (F) Corresponding

histogram of the ROI. (G) Immunohistochemical staining reveals the tumor cells were diffusely distributed, with ovoid nuclei and

interspersed with a large number of thick-walled blood vessels in the form of branching buds and antlers (HE, x100). AM, angiomatous

meningioma; T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; ADC, apparent diffusion coefficient; ROI, regions of interest;

HE, hematoxylin and eosin; MinLum, minimum pixel value; MaxLum, maximum pixel value.

had the strongest correlation with the Ki-67 proliferation
index, but also was the best ADC histogram parameter for
differentiating AM and ATM, with AUC being 0.900. A
possible explanation is that the lower-level percentile of
ADC provides a more accurate and objective assessment of
tumor heterogeneity since they represent the most active
regions of cell proliferation in tumor tissue (29,30). In this
study, no difference was observed between ADC90 and
ADC99, which may further indicate that the lower-level
percentile of ADC is more helpful in the differentiation
between AM and ATM. Xue et al. (19) evaluated the
relationship between ADC histogram parameters and the
Ki-67 proliferation index of pituitary macroadenomas
and found that ADCI1 had the strongest correlation with
the expression status of pituitary macroadenoma Ki-67

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

proliferation index. Another study also demonstrated that
the low-level percentile ADC shows the best differential
diagnostic performance in discriminating intracranial
solitary fibrous tumor/hemangiopericytoma from ATM (30).
Given these similar results, a lower-level percentile of ADC
perhaps is more recommended for the evaluation of brain
tumors when performing ADC histogram analysis.
Variance, skewness, and kurtosis are also significant
indicators of the quantitative assessment of tumor
heterogeneity and play a vital role in the comprehensive
evaluation of brain tumors (31-33). Higher values for
variance, skewness, and kurtosis represent greater tumor
complexity and heterogeneity. Bohara ez /. (31) found
a significant difference in the variance between high-
grade meningiomas and low-grade meningiomas, which
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Figure 3 A 65-year-old male with an ATM. (A,B) Axial TIWT and T2WI show an isointense homogeneous, well-defined dural lesion on the
right frontal region. There is perilesional edema and right uncal herniation. (C) Contrast-enhanced T1WI shows marked enhancement. (D)
The lesion shows a slightly low signal on the ADC map. (E) ADC map with manually drawn ROI covering the lesion. (F) Corresponding

histogram of the ROI. (G) Immunohistochemistry staining shows spindle-shaped tumor cells in a bundle-like woven arrangement, easily

seen nuclear anomalies, and obvious nuclear division (HE, x100). ATM, atypical meningioma; T1WI, T1-weighted imaging; T2WI, T2-

weighted imaging; ADC, apparent diffusion coefficient; ROI, regions of interest; HE, hematoxylin and eosin; MinLum, minimum pixel

value; MaxLum, maximum pixel value.

Table 3 Diagnostic performance of ADC histogram parameters in differentiating AM and ATM

Parameters AUC (95% Cl) Cutt-off value Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)
Mean 0.814 (0.698, 0.900) 119.65 80.00 70.00 75.38 75.70 75.00
ADCAH 0.900 (0.801, 0.961) 103.00 94.29 73.33 84.62 80.50 91.70
ADC10 0.896 (0.795, 0.958) 99.00 71.43 96.67 83.08 96.20 74.40
ADC50 0.868 (0.761, 0.939) 114.00 71.43 90.00 80.00 89.30 73.00

AM, angiomatous meningioma; ATM, atypical meningioma; ADC, apparent diffusion coefficient; AUC, area under the receiver operating
characteristic curve; Cl, confidence intervals; PPV, positive predictive value; NPV, negative predictive value.

can effectively differentiate between them. Another study
reported that both skewness and kurtosis are effective
imaging biomarkers for the assessment of early treatment
response of glioblastoma (33). Numerically, the variance,
skewness, and kurtosis of AT'M are greater than those of AM
in this study, but there was no statistical significance among
these parameters, which may be related to the relatively

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

small sample size. However, to some extent, the differences
in the values of these parameters can also indicate that the
heterogeneity of AT'M is significantly higher.

There are a few limitations in the present study. First,
this was a single-center retrospective study with a small
patient cohort. Second, manually plotting the ROI for
ADC histogram analysis is relatively time-consuming in
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Figure 4 ROC curves for ADC histogram parameters in the
differentiation of AM and ATM. ADC, apparent diffusion coefficient;
AM, angiomatous meningioma; ATM, atypical meningioma; AUC,

area under the curve; ROC, receiver operating characteristic.

Table 4 Correlation between ADC histogram parameters and the
Ki-67 proliferation index

Ki-67 proliferation index

Parameters

r P
Mean -0.428 <0.001
ADC1 -0.549 <0.001
ADC10 -0.529 <0.001
ADC50 -0.483 <0.001

ADC, apparent diffusion coefficient; r, Spearman’s correlation
coefficient.

daily clinical practice. Therefore, future research should
be conducted by expanding the sample size and uniting
multiple clinical centers. In parallel, the new image
automatic segmentation method should also be adopted.

Conclusions

In conclusion, our study illustrated that conventional MRI
features between AM and ATM overlap. ADC histogram
analysis may be a reliable method for preoperative of
the two types of tumor, with the ADC1 being the most
promising quantitative imaging biomarker, which can
contribute to the formulation of individual treatment plans
for patients.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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