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New Software for Preoperative Diagnostics of Meningeal Tumor Histologic Types
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-OBJECTIVE: Meningeal tumors are neoplasms with
different histologic manifestations of both benign and
malignant types that determine the prognosis of tumor
recurrence and its consistency. The risk of surgical treat-
ment depends on the location, size, and consistency of the
tumor. Magnetic resonance imaging (MRI) sequences can
be used to identify the features of tumors, but these MRI
characteristics are not well understood. The present study
describes an advanced mathematical algorithm to analyze
MRI data and distinguish histologic types of meningeal
tumors before surgery.

-METHODS: Forty-eight patients underwent surgical
removal of meningeal brain tumor. All patients had preop-
erative MRI with a 1.5-T scanner. One radiologist and 2
neurosurgeons evaluated MRI histogram peaks of the
whole tumor volume using the advanced computer
algorithm.

-RESULTS: Three specialists received the following mean
value of histogram peaks: 15.99 � 0.23 (� standard error of
the mean [SEM]) for meningoteliomatous meningiomas;
21.24 � 0.3 (�SEM) for fibroplastic meningiomas; 19.0 �
0.28 (�SEM) for transitional meningiomas; 10.7 � 0.27
(�SEM) for anatypical, anaplastic meningiomas, 11.03 �
0.51 (�SEM) for primary intracranial fibrosarcomas and
25.72 � 0.29 (�SEM) for meningeal hemangiopericytomas.
A one-way analysis of variance test proved the difference
between group means: F [ 70.138, P < 0.01. The Tukey test
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and the Games-Howell test indicated that the difference
between the tumor groups was significant. Mean deviation
in agreement index between specialists was 0.98 � 0.007
(�SEM).

-CONCLUSIONS: The advanced algorithm proved high
specificity, sensitivity, and interoperator repeatability.
INTRODUCTION
eningiomas are usually benign tumors arising from
arachnoid cells surrounding the brain. According to a
Mstatistical report from the Central Brain Tumor Registry

of the United States, the most frequent histologically diagnosed
tumor is meningioma, which accounts for 35.5% of all central
nervous system tumors.1 For symptomatic meningiomas, total
surgical removal is recommended. The subtypes, consistency,
size, and location of meningiomas are the most important
factors for total tumor resection with minimal risk of
postoperative neurologic deficits.2 Fibroplastic meningiomas are
more likely to be hard-consistency tumors.3 Little et al.4

reported that high risk of cranial nerve deficits after petroclival
meningiomas surgery depended on fibrous consistency of the
tumor. Preoperative specification of meningioma subtype and
consistency may thus affect surgical strategy. In several research
studies, various magnetic resonance imaging (MRI) sequences
have been shown to be used as consistency meningioma
predictors.2,3,5,6 However, these studies do not differentiate
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meningiomas from other meningeal tumors. MRI characteristics
of benign meningiomas do not differ significantly from meningeal
hemangiopericytomas (HPCs), and primary intracranial fibrosar-
comas (PIFs) mimic atypical and anaplastic meningiomas.7-9 The
present study describes the new mathematical algorithm for pre-
operative MRI data analysis to provide objective differentiation of
histologic types of meningeal tumors and their anaplasia.

METHODS

Patient Information
The study was conducted in accordance with the ethical standards
of the 1964 Declaration of Helsinki and its later amendments. This
study was approved by the local institutional review board. All
experimental protocols in this article were approved by the ethical
committee of Novosibirsk State Medical University.
The database is made up of 48 patients with meningeal tumors.

Forty-seven patients were treated at the neurosurgery departments
of the Railway Clinical Hospital and Meshalkin Research Institute
of Circulation Pathology, Novosibirsk, Russia from 2010 to 2015.
One case (no. 4) underwent meningioma removal in another
hospital and was referred to our outpatient department.
Histologic and immunohistochemical study of tumor tissues was
performed in all cases. The 2007 World Health Organization
classification of central nervous system tumors was used.10 All
Figure 1. Axial T1-weighted magnetic resonance imaging s
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patients had MRI with a 1.5-T scanner. The trial was double-
blinded. One radiologist (specialist 1) and 2 neurosurgeons (spe-
cialists 2 and 3) estimated MRI of 48 patients with the new
computer algorithm independently without access to the patho-
logic reports.
In our series of patients with meningeal tumors, we chose all

patients with PIFs, HPCs, and atypical/anaplastic meningiomas.
Then we randomly added cases with benign meningiomas to
obtain sufficient numbers of patients in each group for statistical
analysis. The inclusion criteria included thin axial slice thickness
of T1-weighted images with contrast in the MRI study protocol.
MRI Study Protocol
GE Signa 1.5-T superconducting MRI (GE Healthcare, Little Chal-
font, United Kingdom) was performed using a standard head coil,
with a thickness of 5 mm and a layer distance of 1.5 mm, receiving
spin-echo T1-weighted imaging (repetition time [TR], 400e500
milliseconds; echo time [TE], 15e30 milliseconds) and fast spin-
echo T2-weighted imaging (TR, 3000e4500 milliseconds; TE,
70e120milliseconds). Gadolinium diethylenetriamine penta-acetic
acid contrast agent was adopted at a dose of 0.1 mmol/kg; injection
flow rate, 3 mL/second, and scan parameter, T1-weighted imaging
(TR, 30 milliseconds; TE, 9 milliseconds, slice thickness, 1.5 mm;
field of view, 250 mm2; matrix, 256 � 256).
hows the semiautomated computer tracing method.
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Table 1. Tumor Histology and Histogram Peaks of our Database.

Case Number Histologic Findings Histogram Peak, Specialist 1 Histogram Peak, Specialist 2 Histogram Peak, Specialist 3

1 Meningoteliomatous 17 16.7 16.7

2 Meningoteliomatous 16.6 16.3 16.5

3 Meningoteliomatous 14.7 14.8 14.5

4 Meningoteliomatous 14.8 14.4 14.7

5 Meningoteliomatous 17.5 17.1 17.4

6 Meningoteliomatous 15.8 15.6 15.6

7 Meningoteliomatous* 18.7 18.5 18.6

8 Meningoteliomatous 16.3 16 16.1

9 Meningoteliomatous 13.2 13.4 13.1

10 Meningoteliomatous 16.7 16.7 16.8

11 Meningoteliomatous 15.5 15.5 15.3

12 Meningoteliomatous 16.0 16.2 16.2

13 Fibroblastic 21.5 21.6 21.2

14 Fibroblastic 19.8 19.5 19.7

15 Fibroblastic 21.5 21.3 21.6

16 Fibroblastic 23.1 23.4 23.1

17 Fibroblastic 21 21.2 21.3

18 Fibroblastic 22.3 22 22.1

19 Fibroblastic 21 21.3 21.1

20 Fibroblastic 22.5 22.3 22.6

21 Fibroblastic 22.4 22.5 22.3

22 Fibroblastic 23.4 23.2 23.2

23* Fibroblastic 16.5 16.3 16.6

24 Fibroblastic 20 20.1 20.3

25 Transitional 21.5 21.5 21.2

26 Transitional 17 17.3 17

27 Transitional 18.2 18.1 18.1

28 Transitional 17.4 17.2 17.5

29 Transitional 19.5 19.3 19.4

30 Transitional 17.5 17.5 17.7

31 Transitional 21.6 21.5 21.3

32 Transitional 18.3 18.2 18.0

33 Transitional 20 20 19.8

34 Transitional 19.5 19.7 19.4

35 Atypical 12 11.9 11.8

36 Anaplastic 9.6 9.8 9.6

37 Anaplastic 11.2 11 11.2

38 Anaplastic 10.3 10 10.1

39 PIFS 10 10.3 10.1

Continues
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Table 1. Continued

Case Number Histologic Findings Histogram Peak, Specialist 1 Histogram Peak, Specialist 2 Histogram Peak, Specialist 3

40 PIFS 13.1 12.9 13

41 PIFS 10.3 10.5 10.1

42 HPC 28 27.8 28

43 HPC 26.5 26.6 26.4

44 HPC 24.2 24.3 24.4

45 HPC 25.5 25.3 25.5

46 HPC 24.8 24.8 24.9

47 HPC 25.3 25.4 25.2

*Unusual histogram peak for this tumor type. In case 7, histogram peak corresponds to transitional subtype meningeoma. In case 23, histogram peak corresponds to meningoteliomatous
subtype meningeoma.
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Computer Algorithm and Statistical Analysis
The images produced by MRI scanners are usually gray, with an
intensity in the range of 0e255. In our study, we generated a
histogram of the whole tumor volume to detect maximum MRI
intensity signal. The complete tumor volume was determined by
the semiautomatic segmentation method. A specialist defined the
enhancing portion of the tumor by manually delineating it with
Figure 2. Box and whisker chart showing histogram peak
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the trackball in an image (Figure 1, green line). Then, our computer
algorithm generated the whole volume of tumor. Before
mathematical calculation, the pixel intensity in the tumor area
was normalized to the average color of the intact brain tissue
(coefficient 1) in the opposite hemisphere, with no regard to a
specific location including both white and gray matter of the
brain, in the area of about 6 cm2 (Figure 1, blue line). To create
s (y axis) and histologic meningeal tumors (x axis).

ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.02.084

www.sciencedirect.com/science/journal/18788750
http://dx.doi.org/10.1016/j.wneu.2016.02.084


Figure 3. Preoperative imaging, histopathologic analysis, and histogram plot of the patient with meningotheliomatous
subtype meningioma. (A) T1-weighted sequence shows contrast-enhanced mass in the occipital lobe. (B)
Postoperative high-power (original magnification �40) hematoxylin-eosin-stained micrograph. (C) Histogram plot (peak,
16.5).
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the computer algorithm, we also used coefficient 2, which was
calculated taking into account the average color of the brain
tissue from our database of 48 patients with meningeal tumors.
Therefore, we could compare respondents’ MRI data. Histogram
peaks were then correlated with histologic types of tumors. This
analysis was semi-automatic. Three specialists loaded DICOM
(Digital Imaging and Communications in Medicine) files of
postcontrast T1-weighted axial MRI sequences of the brain into
the computer program. Then, they chose the target area and intact
brain tissue region. The program automatically generated a
histogram. The peak values were recorded in a report document.
Thereafter, patients were distributed into groups according to the
histologic type of tumor (Table 1). Interrater agreement Cohen k
coefficient among histogram peaks and histologic tumor types
was estimated.
Quantitative variables were expressed as mean values (� stan-

dard error of the mean [SEM]). The groups were tested for
homogeneity of variants. Then one-way analysis of variance was
performed to examine the interaction between the groups.
Because we had more than 2 groups, it was important to
WORLD NEUROSURGERY 90: 123-132, JUNE 2016
determine whether they differ from each another. To compare
mean values between groups, we used post hoc tests such as the
Tukey test and the Games-Howell test. To compare the interop-
erator reliability of algorithm results, we used the following
agreement index (AI):

AI ¼ 1� HP1� HP2
ðHP1þ HP2Þ=2

where HP1 is the histogram peak received by the first operator
and HP2 is the histogram peak received by the second
operator. The results that were obtained by 3 different
operators were compared in pairs (1e2, 2e3, 3e1 operators,
respectively).11 Statistical significance was set at a probability
value less than 0.05.
RESULTS

The histologic types among the 48 studied meningeal tumors are
as follows (Table 1): 34 patients had the benign histologic
subtypes (grade I): 12 patients had meningotheliomatous
www.WORLDNEUROSURGERY.org 127
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Figure 4. Preoperative imaging, histopathologic analysis, and histogram plot of the patient with anaplastic subtype of
meningioma. (A) T1-weighted sequence shows contrast-enhanced quadrigeminal cistern tumor. (B) Postoperative
high-power (original magnification �40) hematoxylin-eosin-stained micrograph. (C) Histogram plot (peak, 12.0).
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subtypes, 12 fibroblastic subtypes, and 10 transitional subtypes.
One patient had atypical (grade II), 3 patients had anaplastic
(grade III), and 1 patient had rhabdoid (grade III) meningioma
subtypes, respectively. Six patients had meningeal HPC, and 3
had PIFs. Three specialists received the following mean value of
histogram peaks: 15.99 � 0.23 (�SEM) for meningotheliomatous
meningiomas; 21.24 � 0.3 (�SEM) for fibroblastic
meningiomas; 19.0 � 0.28 (�SEM) for transitional
meningiomas; 10.7 � 0.27 (�SEM) for atypical/anaplastic/
rhabdoid meningiomas, 11.03 � 0.51 (�SEM) for PIFs and 25.72
� 0.29 (�SEM) for HPC (Table 1, Figure 2).
The Levene test showed homogeneity of variants between the

groups (P > 0.05). One-way analysis of variance test proved the
difference between group means (F ¼ 70.138; P < 0.01). The
Tukey test and the Games-Howell test indicated that the difference
between the tumor groups was significant. However, malignant
(grade II-III) meningioma had a similar PIF histogram peak level
(Tukey I-J ¼ 0.36, P ¼ 1).
Using the computer algorithm, there was no difference in the

opinion of experts on the tumor types. ThemeanAIwas 0.98� 0.007
(�SEM). Maximal variances in the histogram peak values were 0.4
with 100% consensus in histologic type and subtype of tumors.
128 www.SCIENCEDIRECT.com WORLD NEU
Algorithm sensitivity to 4 groups of meningeal tumors, 1)
meningotheliomatous, 2) fibroblastic subtypes meningioma, 3)
atypical/anaplastic meningioma together with PIFs, and 4) HPC,
was 94.59%. Cohen k coefficient was 0.926 (weighted k ¼ 0.95;
standard error, 0.032). The histogram peak of transition subtype
meningiomas shifted towards either the meningotheliomatous or
fibroblastic subtype depending on component predominance.
Both the sensitivity and specificity difference between HPC and
benign meningioma was 100%, and also among PIFs, HPC, and
meningioma.

Case Series
Case 1. Histogram peak of meningotheliomatous subtype of me-
ningioma (Figure 3).
Case 2. Histogram peak of an anaplastic subtype of meningioma

(Figure 4).
Case 3. Histogram peak of hemangiopericytomas (Figure 5).
Case 4. Tumor histogram plot shift at 5 years after surgery

(Figure 6).
According to the surgical report from another hospital, the

patient underwent tumor devascularization and partial removal.
We analyzed 2 MRI images: the first, before surgery; the
ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.02.084
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Figure 5. Preoperative imaging, histopathologic analysis, and histogram plot of the patient with cerebellopontine angle
hemangiopericytomas. (A) T1-weighted sequence shows contrast-enhanced tumor adjacent to the brain stem.
(B) Postoperative high-power (original magnification �40) hematoxylin-eosin-stained micrograph. (C) Histogram plot
(peak, 26.8).
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second, 5 years later. Histologic analysis demonstrated menin-
gotheliomatous subtype meningioma and coincided with the
preoperative results of our software evaluation. Five years later,
the patient did not have any neurologic deterioration and the
tumor showed no growth at the time of MRI. There were no
indications for reoperation. Five years later, the surgery
tumor histogram plot shifted to fibroblastic meningioma
subtypes.
DISCUSSION

The current multimodal approach in meningioma treatment
includes surgery, radiosurgery, and embolization. Preoperative
embolization decreases operative blood loss and softens the
tumor.12-15 A new promising therapeutic approach in meningi-
oma treatment is definitive embolization for those patients who
are not in good surgical condition, old or who have surgically
inaccessible tumors.2,16-18 These studies show good tumor con-
trol without surgery. Hemorrhagic, ischemic complications, and
misdiagnosis based on imaging analysis are potential risks
for this procedure. Atypical and anaplastic subtypes of
WORLD NEUROSURGERY 90: 123-132, JUNE 2016
meningiomas, pathologic vessels with a thin wall, and previous
hemorrhage are predictors of high risk of periprocedural hem-
orrhagic complications.19 Tumor consistency, histologic types,
location, and size are the main factors for preoperative
planning and surgical outcome. Tumors of solid consistency
and location at the skull base comprising the circle of Willis
vessels and cranial nerves are the most difficult for surgical
removal.4,20,21 Therefore, preoperative tumor type assessment
is essential to choose the treatment option and improve the
outcome in patients with meningeal tumors.
Tumor intensity signal of MRI sequences with T1, T2, fluid-

attenuated inversion recovery, and proton density imaging
can provide information about consistency of intracranial me-
ningiomas. It has recently been reported that hyperintensity
signal on T2-weighted imaging defines more vascular menin-
giomas with soft consistency. They are often of the angioblastic
subtype. However, hypointense tumors on T2-weighted imaging
tend to be denser and are of fibroblastic or transitional
subtypes.22

Different meningioma subtypes have different tissue architec-
tures and water molecule diffusion. These characteristics can be
www.WORLDNEUROSURGERY.org 129
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Figure 6. (A) Preoperative imaging patient with meningotheliomatous
subtype meningioma of petroclival area (2010, tumor volume ¼ 9 cm3).
T1-weighted sequence shows contrasteenhanced mass. (B) Histogram
plot (peak, 15), meningotheliomatous subtype meningioma. (C) Follow-up

imaging after partial tumor resection (2015, tumor volume ¼ 6.5 cm3).
T1-weighted sequence shows contrast-enhanced mass. (D) Histogram plot
(peak, 23), fibroblastic subtype meningioma.
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detected by more advanced MRI sequences, such as diffusion-
weighted imaging, diffusion tensor imaging with mean diffu-
sivity maps and fractional anisotropy (FA) maps. An isointense
signal on mean diffusivity maps and a hyperintense signal on FA
maps are associated with a hard meningioma. However, calcified
meningiomas have a low FA value and a hypointense signal,
which are usually associated with a soft meningioma.3 Diffusion
tensor imaging shows that intratumoral microscopic water
motion in atypical meningiomas is less organized than in
classic meningiomas.23 Both atypical and fibroblastic
meningiomas demonstrate significantly higher mean FA values
compared with other meningiomas. However, it does not allow
differentiation of fibroblastic meningiomas from other benign
types of tumor.24

New software has recently been created for automated pro-
cessing of MRI images. Jeny et al.25 have developed their software
130 www.SCIENCEDIRECT.com WORLD NEU
for digital removal of the scalp images and brain tissue
classification (grey and white matter) on MRI, which has been
successfully achieved without any brain atlas. This software is
based on histogram plotting and analysis. In the present study,
we have demonstrated that the advanced mathematical
algorithm can automatically generate a histogram from a tumor
area on MRI. This allows prediction of the histologic types of
meningeal tumors with high accuracy before surgery.
The sensitivity to 4 groups of meningeal tumors
(meningotheliomatous, fibroblastic subtypes of meningioma,
atypical/anaplastic meningioma together with PIFs, and HPC) is
high.
Another trend in advanced scientific assessment of the brain

tumor consistency is magnetic resonance elastography (MRE).
MRE is a noninvasive technique that quantitatively determines the
stiffness of tissue.26 Murphy et al.27 in the study of 12
ROSURGERY, http://dx.doi.org/10.1016/j.wneu.2016.02.084
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meningiomas demonstrate that tumor stiffness evaluation made
preoperatively with MRE and surgical assessment are similar.
Nevertheless, this technology is limited by relatively low
resolution, which restricts its use for small tumors.
It is important not only to distinguish histologic subtypes of

meningiomas preoperatively but also to differentiate benign me-
ningiomas from HPCs and sarcomas. However, it is difficult to do
so from radiologic data.28 In 15 cases of HPC, Liu et al.8 show that
the value of the minimum apparent diffusion coefficient is
different for HPC and meningioma, with 88.9% sensitivity and
82.4% specificity. On the other hand, Liu et al.29 in 38 patients
come to the conclusion that there is no significant difference of
minimum apparent diffusion coefficient values between
angiomatous meningioma and HPC. Our proposed algorithm
can easily distinguish malignant meningeal tumors from benign
subtypes with both high sensitivity and specificity.
In a case of partially removed tumor, our software demonstrates

that meningioma subjected to devascularization at operation can
WORLD NEUROSURGERY 90: 123-132, JUNE 2016
demonstrate histogram peak shift to another histologic tumor sub-
type after surgery. It has been reported that meningotheliomatous,
fibroblastic, and transitional meningiomas form a histologic con-
tinuum. Therefore, the criteria for diagnosing these subtypes are
often subjective and clear distinction is not always feasible.30 We
wonder whether induced ischemia at surgery or endovascular
embolization can cause a transition from one to the other
subtypes of meningiomas and inhibit tumor growth. It can explain
the curative effect of endovascular meningioma embolization in
some patients.
CONCLUSIONS

The advanced automatic mathematical algorithm has proved to be an
efficient program interface for preoperative tumor type verification.
This algorithm demonstrates high repeatability, reproducibility,
specificity, andsensitivity. Further study iswarranted recruiting a larger
number of patients and different types of high-field MRI scanners.
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