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Abstract

Few studies have reviewed the roles of perfusion magnetic resonance (MR) imaging in the histo-
pathological examination of meningiomas. We analyzed the relationships between radiological
findings on perfusion MR imaging and pathological characteristics such as origin of the tumor,
mitotic activity, pathological subtype, and perifocal edema formation. The subjects were 21
surgical cases of meningioma preoperatively evaluated by perfusion MR imaging. A region of
interest (ROI) was set inside of the tumor, and perifocal edema of the same size, cerebral blood
volume (CBV), and cerebral blood flow (CBF) on perfusion MR and diffusion-weighted (DW)
imaging were analyzed. These radiological data were evaluated in comparison with histopatho-
logical characteristics. On perfusion MR imaging, the average ratio of CBV against the contralat-
eral side was 6.43 (1.13-20.0) and that of CBF was 7.73 (1.34-11.3). There was no significant relationship
with perfusion MR imaging data, tumor volume, or perifocal edema volume. However, the large
peritumoral edema group often had a higher CBV and CBF than the non-large peritumoral edema
group. The skull base group had a significantly higher CBV and lower signal intensity on DW
images than the non-skull base group. Signal intensity on DW images was higher in grade II or IIT
than in grade I. Perfusion MR imaging data revealed that the higher ratio of peritumoral edema
against tumor size was associated with higher blood flow and blood volume under intratumoral
circulatory conditions, and that skull base meningioma had a higher blood volume than non-skull

base meningioma.
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Introduction

Meningiomas account for 30% of primary brain
tumors.»? Several magnetic resonance (MR) imaging
techniques have been demonstrated to provide
vascular information of meningiomas that was
previously only available by conventional angiog-
raphy.Y Arterial spin labeling and regional perfusion
imaging techniques can confirm whether the vascular
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supply of a meningioma is from the external carotid
artery, the internal carotid artery, or both.*» Perfu-
sion imaging is an MR technique primarily applied
to the categorization of stroke, but it can also provide
useful information about neoplasms.*® Both diffusion
tensor imaging and perfusion MR imaging have been
reported to be useful in subtyping meningiomas
and intratumoral circulation.'®*® The micro-vessel
regions of meningiomas determined by histopathology
were found to correlate with the relative cerebral
blood volume (CBV) derived from perfusion MR
images®. However, the roles of CBV and CBF on
perfusion MR imaging and diffusion signal intensity
in evaluating preoperative histopathological and
physiological information of meningiomas have not
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been fully examined to our knowledge. We analyzed
the relationships between radiological findings on
perfusion MR imaging and pathological character-
istics such as origin of the tumor, mitotic activity,
pathological subtype, and perifocal edema formation
in meningiomas.

Materials and Methods

Patients

Inclusion criteria in this study were as follows:
surgically treated meningioma at our institute, gross
total or subtotal resection of the tumor within 10 days
after MR examination and pathological confirmation.
Meningiomas including intratumoral hemorrhage or
cystic lesions in most components were excluded.
We excluded meningiomas in which tumor invasion
into the venous sinus and venous compression was
suspected on MR images, and in which venous
compression was directly observed during surgery. In
all, 21 patients with newly diagnosed meningiomas
with peritumoral edema were enrolled between April
2015 and March 2018. This study was approved by
the Institutional Review Board of Sendai Medical
Center, Sendai, Japan. Brain tumor data were extracted
from an institutional database that includes consec-
utive patients with surgically treated meningiomas.

MR protocol

The protocol followed the methods reported by
Zhang et al.¥ MR examinations were performed using
a 1.5-Tesla clinical system (Signa; GE Medical Systems;
Milwaukee, WI, USA). Three-plane localizer, sagittal
and axial T1-weighted SE (TR/TE = 440/14 ms;
matrix, 256 X 256; section thickness, 8 mm; field of
view, 22 cm) and axial fluid-attenuated inversion
recovery (FLAIR, TR/TE = 8002/126 ms, TI = 2,000 ms)
sequences were performed before contrast injection.
Then, 15-20 mL of contrast agent (Gd-DTPA, 0.1
mmol/kg, Omniscan, GE Medical Systems) was
administered intravenously using a power injector
(Medrad, Indianola, PA, USA) at a rate of 4 mL/s,
followed by a 20-mL saline flush at the same rate.
Five seconds after starting the injection, a T2*-weighted
dynamic susceptibility perfusion series was started
using a gradient-echo echo-planar sequence with the
following parameters: TR/TE/excitations, 1800/40/1;
flip angle, 60°; bandwidth, 62.75; matrix, 128 x 128;
number of sections, 10; section thickness, 8 mm
without spacing; field of view, 22 cm; acquisition
time, 1 min 31 s. A series of 50 dynamic acquisitions
was obtained for each section. Then, post-contrast
T1-weighted sagittal and axial SE sequences were
performed using the same section positions and
parameters as in the pre-contrast series.

Neurol Med Chir (Tokyo) 61, March, 2021

Immunohistological analyses

The MIB-1 labelling index (mean of positive
nuclei/square millimeter) was calculated by recording
the percentage of positively stained tumor cell nuclei
out of 1000 tumor nuclei. Distinct nuclear staining
was recorded as positive. Regions with the most
immunostaining (known as hot spots) were used
for calculating the labeling index. Measurement of
intratumoral microvessel density was performed to
evaluate the angiogenetic potential in meningiomas.
This was measured by assessing immunohistochem-
ical expression of CD34 in the most vascular areas
(known as hot spots), as described by Weidner.?
The area containing the maximum number of discrete
microvessels was first identified and individual
microvessels (mean of stained endothelial spaces/
square millimeter) were counted using a high-power
objective. MIB-1 index and microvessel density were
plotted compared with CBF, CBV and DW signal
density, and correlations among them were analyzed.

Data analysis

Image analysis was performed using Functool
software (ADW 4.0, GE Medical Systems) and the
analytical protocol was carried out according to the
method reported by Zhang et al.¥ A dynamic perfu-
sion technique with contrast medium demonstrating
cerebral hemodynamics by analyzing changes in
signal intensities after the administration of contrast
material was used in this study.’®'" During the first
phase of passage of the contrast agent bolus, both
the T2* relaxation time and its equivalent T2* signal
intensity decrease. The change in the relaxation rate
(AR2*) can be calculated based on the signal inten-
sity by the following equation: (Rosen): AR2* = —
In[S(t)/S0]/echo time, in which S(t) and SO are the
signal intensities at time t and baseline. The recir-
culation and T1 shortening effects caused by contrast
agent leakage can be reduced by fitting a gamma-
variate function to the measured AR2* curve. The
area under the corrected contrast agent concentra-
tion—time curve is proportional to the CBV and does
not yield an absolute measurement. Therefore, it is
necessary to express the measurement relative to a
standard reference, usually the contralateral white
matter. We refer to this as the relative CBV. The
steps to create perfusion maps were described in
detail previously by Wang et al.” The source images
were first inspected for overall image quality and
motion artifacts. A single region of interest (ROI)
was placed over the white matter of the contralateral
unaffected centrum semiovale and CBV maps were
generated to serve as a road map (Fig. 1). CBV maps
were then calculated on a pixel-by-pixel basis and
displayed as a grayscale image. However, small but
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Fig. 1 MR images showing representative intratumoral circulatory findings for CBF and CBYV, and signal intensity
on a DW image of a right-falx meningioma. The yellow outline indicates the ROI on the meningioma. CBF: cerebral
blood flow, CBV: cerebral blood volume, DW: diffusion-weighted, MR: magnetic resonance, ROI: region of interest.

important variations in CBV are not always apparent
from these maps. An alternative is to use a color
overlay displayed on the raw image in which the
abnormal CBV values are often more apparent.
Application of a threshold for the color overlay at
a CBV the same as that of the unaffected white
matter was used in this study. A color scale from
dark (minimum CBV) to white (maximum CBV) is
shown on the maps as reference. In lesions that are
located close to major vascular structures, careful
inspection of the images of different sequences
revealed vessels that needed to be avoided. At least
three circular ROIs, at least 20 mm? each, were
placed in the areas of the highest CBV of the solid
part of the tumor parenchyma and peritumoral edema,
and the maximal values were recorded (Fig. 1).
Peritumoral edema in this study was defined as high
signal on FLAIR images within a 1-cm distance from
the outer enhanced tumor margin on post-contrast
T1-weighted images. For semi-quantitative analysis,
normal white matter within the contralateral hemi-
sphere was used as the internal reference standard;
CBV values were calculated by dividing the maximal
CBV of a tumor by that of contralateral normal white
matter. Statistical analysis was performed using a
commercially available statistical software package
(SPSS, version 14.0 for Windows; SPSS, Chicago,
IL, USA). The mean CBF, CBV, and diffusion-weighted
(DW) signal intensity of each group were expressed
as the mean + standard deviation. These radiological
data were compared with the tumor volume, relative
ratio of perifocal edema, localization, and patholog-
ical malignancy.

The volume of perifocal edema was calculated
according to the method reported by Sheehan et al.'?
The volume was defined as the high-signal intensity

on T2-weighted images reflecting the peritumoral
area subtracted from the volume of the enhanced
area on T1-weighted images. The large peritumoral
edema group comprised patients with a volume of
peritumoral edema larger than that of the tumor
itself. The non-large peritumoral edema group
comprised patients with a volume of peritumoral
edema less than that of the tumor itself. The ratio
was calculated as the ROI data from the tumor side
against that from the contralateral side according to
the method by Zikou et al.'®¥ The differences between
the two groups were compared using the Student’s
t-test. A p value less than 0.05 was considered
significant. Pearson’s product-moment correlation
coefficient was used to measure association because
most of the data had a normal distribution and the
r value was calculated as the correlation coefficient.
Two-tailed p values were calculated and those greater
than 0.05 were considered insignificant.

Results

Clinical characteristics

The subjects were 21 patients (7 men and 14
women) and the average age was 58.7 (32—85 years
old). Clinical characteristics are shown in Table 1.
The WHO grades were grade I in 17, grade II in 3,
and grade IIT in 1. Pathological findings were menin-
gothelial in eight, transitional in six, atypical in
three, fibrous in two patients, microcystic in one,
and anaplastic in one patient. The origin of tumors
was the skull base in 11 and others in 10. Among
tumors of skull base origin, five originated in the
sphenoidal ridge, three in petrous bone, two in the
middle fossa, and one in the olfactory groove. For
the others, seven originated in the convexity, one
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Table 1 Clinical characteristics of 21 cases of meningioma

Cases 21 (7 men, 14 women)
Age Ave. 58.5 y.0. (32—85)
WHO grade
1 17
I 3
11T 1
Subtype
Meningothelial 8
Transitional 6
Fibrous 2
Microcystic 1
Atypical 3
Anaplastic 1
Origin
Skull base 11
Non-skull base 10
Tumor volume (cm?) 48.4 (4.2-131)
Perifocal edema volume (cm?) 35 (2.0-147)

Ave.; average, y.0.; years old

in the falx, one in the parasagittal area, and one in
the intraventricle area.

MR imaging findings

The tumor volume was 4.2—-131 cm® (average was
48.4 cm?®) and the volume of perifocal edema was
2-147 cm?® (35 cm?) (Table 1). On perfusion MR
imaging, the average ratio of CBV against the contra-
lateral side was 6.43 (1.13-20.0), that of CBF was
7.73 (1.34-28.3) and signal intensity on DW images
was 1.27 (0.80-2.74). There was no significant
difference in CBF, CBV, or DW signal intensity
among histological types.

Immunohistochemical analyses demonstrated the
average MIB-1 index to be 5.4 and average microvessel
density to be 58.9 microvessels/square millimeter.
The MIB-1 index had no significant relationship
with CBF, CBV, or DW signal intensity. There was
no significant difference in MIB-1index among peri-
tumoral edema or origin of the tumor. Microvessel
density was not significantly correlated with CBF
or DW signal density. There was no significant
difference in microvessel density among peritumoral
edema or origin of the tumor. Microvessel density
was significantly correlated with CBV (r = 0.61, p =
0.03) (Fig. 2).

We defined the large peritumoral edema group
and the non-large peritumoral edema group to
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examine the relationship between MR imaging data
and peritumoral edema. The large peritumoral edema
group comprised those with a volume of peritumoral
edema larger than that of the tumor itself (edema >
tumor) (Fig. 3). The non-large peritumoral edema
group comprised those with a volume of peritumoral
edema less than that of the tumor itself (edema <
tumor) (Fig. 3). The large peritumoral edema group
had a higher CBF and CBV, and lower DW signal
intensity. The average CBF was 16.2 in the large
peritumoral edema group and 12.2 in the non-large
peritumoral group (p <0.05) (Fig. 3). The average
CBV was 7.5 in the large peritumoral group and 4.3
in the non-large peritumoral group (p <0.05) (Fig. 2).
The average signal intensity on DW images was 1.03
in the large peritumoral group and 1.29 in the
non-large peritumoral group (p = 0.09) (Fig. 3).
We defined the skull base group and non-skull
base group to assess tumor location. There was a
significant difference in CBV and DW signal inten-
sity between the two groups. Cerebral blood flow
(CBF) had no significant relationship with tumor
location (5.4 in the skull base group and 4.9 in the
non-skull base group) (p = 0.12). The skull base
group had a significantly higher CBV (7.6 in the
skull base group and 4.2 in the non-skull base
group) (p <0.05) and lower signal intensity on DW
images than the non-skull base group (1.17 in the
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CD34-positive cells (counts/mm?)

Fig. 2 Representative photograph showing immuno-
histological findings of CD34-positive cells in meningo-
thelial-type meningioma (x400) (A) Microvessel density
was measured by assessing immunohistochemical
expression of CD34 in the most vascular areas (mean
of stained endothelial spaces/square millimeter). Graph
showed correlation between average CBV (ratio) (longi-
tudinal axis) and the number of CD34-positive cells
(counts/millimeter) (horizontal axis). Microvessel density
was significantly correlated with the average cerebral
CBV (r = 0.61, p = 0.03) (B). CBV: cerebral blood volume

skull base group and 1.39 in the non-skull base
group) (p <0.05) (Fig. 4).

WHO grades and perfusion MR imaging data were
evaluated. There was no significant difference in
CBV or CBF between WHO grade I and grade II or
III (CBV: 1.35 in grade I and 1.57 in grade II or III
[p = 0.18], CBF: 1.22 in grade I and 1.59 in grade
II or III [p = 0.09]). However, the average signal
intensity on DW images was 1.52 in grade II or III
and 1.19 in grade I (p <0.05) (Fig. 4).

Discussion

Dynamic contrast-enhanced perfusion MR imaging
studies demonstrated that relative CBV maps and
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Fig. 3 Semi-quantitative analysis of the relationship
between perfusion and DW MR images and peritumoral
edema. The large peritumoral edema group comprised
those with a volume of peritumoral edema larger than
that of the tumor itself (edema > tumor). The non-large
peritumoral edema group comprised those with a
volume of peritumoral edema less than that of the
tumor itself (edema < tumor). The average CBF ratio
was higher in the edema > tumor group (16.2) than in
the edema < tumor group (12.2) (p <0.05) (A). The
average CBV ratio was larger in the edema > tumor
group (7.5) than in the edema < tumor group (4.3)
(p <0.05) (B). The average signal intensity on DW
images was lower in the edema > tumor group (1.03)
than in the edema > tumor group (1.29) (p <0.05) (C).
Each median value was described under average value
in italic typeface. CBF: cerebral blood flow; CBV: cere-
bral blood volume; DW: diffusion-weighted; MR: magnetic
resonance
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Fig. 4 Semi-quantitative analysis of the relationship
between perfusion and DW MR images and tumor origin.
Tumor origin was classified into two groups: originating
from the skull base and non-skull base. The skull base
group had a significantly higher CBV (7.6 in the skull
base group and 4.2 in the non-skull base group) (p <
0.05) (A) and lower signal intensity on DW images than
the non-skull base group (1.17 in the skull base group
and 1.39 in the non-skull base group) (p <0.05) (B).
Based on the WHO classification and perfusion MR
imaging data, there was no significant difference in CBV
or CBF (data not shown). However, the average signal
intensity on DW images was 1.52 in grade II or III and
1.19 in grade I (p <0.05) (C). Each median value was
described under average value in italic typeface. DW:
diffusion-weighted; MR: magnetic resonance
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CBF maps can be used to grade gliomas, differentiate
brain tumor types, and distinguish tumors from
non-neoplastic lesions.'* % There have been several
reports of preoperative MR imaging regarding the
histopathological findings of meningiomas.?*'” On
conventional MR images of meningiomas, if the
tumor is composed primarily of fibrous or transitional
elements, it is significantly hypo-intense on T2-weighted
MR images.'”*¥ On the other hand, if the tumor is
composed primarily of syncytial or angioblastic
elements, it is significantly hyper-intense on T2-weighted
MR images. Thus, hyper-intensity on T2-weighted
images is associated with meningothelial, malignant,
and angiomatous meningiomas, whereas hypo-
intensity on T2-weighted images is associated with
fibroblastic and transitional meningiomas.!”:!¥

On perfusion MR images of different meningiomas,
Kimura et al. evaluated the regional CBV using
continuous arterial spin labeling and dynamic
susceptibility contrast perfusion MR imaging methods
in a small group of patients.” They demonstrated
that the CBV was largest in the angiomatous menin-
giomas, lowest in the fibrous-type meningiomas, and
ranged from low to moderately high in meningothe-
lial meningiomas.® The mean CBV of angiomatous
meningiomas was significantly different from that
of the other two subtypes.” Zhang et al.? reported
a relationship between the pathological subtype and
perfusion MR imaging findings of 37 meningiomas
focusing on peritumoral edema. The maximal CBV
in the tumoral parenchyma and peritumoral edema
of each tumor was measured. The mean CBV in the
tumoral parenchyma of angiomatous meningiomas
and that in the peritumoral edema of anaplastic
meningiomas were significantly different (p <0.05)
from those of the other types of meningiomas.

To our knowledge, the following are novel findings
in the present study: First, meningiomas with large
perifocal edema often had a higher CBF and CBV.
Second, meningiomas originating from the skull
base often had a higher CBV and lower signal
intensity on DW images. Third, WHO grade II or
III meningiomas often had a higher signal intensity
on DW images. Fourth, meningiomas with high
microvessel density had a higher CBV. In our study,
we set the ROI in the tumor parenchyma and
compared the data with the contralateral white
matter according to the method reported by Zhang
et al.¥ The large peritumoral edema group was
defined as those with a larger hyper-intense volume
than the tumor volume on T2-weighted images. The
extent of tumor volume did not affect the CBV, CBF,
or DW signal intensity, but large peritumoral edema
caused a higher CBF and CBV. This suggests higher
vascularity inside of the tumors, which may increase
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the permeability of the parenchymal blood barrier
and transportation of water. Progression of perifocal
edema is caused by numerous mechanisms. Further
studies with perfusion MR findings may help predict
the future progression of perifocal edema. The origin
of the tumor was evaluated as skull base or non-skull
base in our study. Meningiomas originating from
the skull base had a lower signal intensity on DW
images, suggesting lower cellular intensity. Microvessel
density was focused on as a factor of microcircu-
latory status of the meningioma and was correlated
only with the intratumoral CBV. Microvessel forma-
tion is considered a factor for formation of the
intratumoral vascular bed. Perifocal edema formation
and tumor location may be mutually involved in
intratumoral vascular bed formation with circulatory
factors such as arterial blood supply, venous circu-
lation, and tumor cellular density.

Mansouri et al.’® reported a correlation between
cellular growth and the localization of meningiomas,
with significantly lower cellular growth in the skull
base meningiomas. Our DW signal intensity data
may reflect the cellular growth of skull base menin-
giomas. Similar to the correlation of DW signal
intensity with WHO grades, higher-grade tumors
exhibited higher signal intensity on DW images.
Higher intratumoral blood volume may reflect
hyper-vascularity and development of a vascular
bed such as angiomatous meningiomas.?” On the
other hand, high blood flow inside of meningiomas
may cause a larger amount of venous drainage and
arterial venous shunts, resulting in higher perme-
ability and higher peri-tumoral edema formation.
The precise mechanism of high tumoral blood flow
was unable to be examined in this study. The retro-
spective nature, manual setting of ROIs, and the
small number of subjects in our study were limita-
tions. Another limitation was the evaluation of
edema formation caused by venous compression in
this study. We excluded patients in which tumor
invasion into the venous sinus and venous compres-
sion caused by the tumor were observed on MR
images or during surgery. However, destruction of
venous circulation in small veins surrounding the
tumor may not be fully excluded.

Preoperative perfusion MR images of meningiomas
may provide useful information to predict peritu-
moral edema formation, tumor growth, and cellular
malignancy transformation in the future. Further
prospective studies may be required.

Conclusion

Perfusion MR imaging revealed that a higher ratio
of peritumoral edema to tumor size reflects higher

blood flow and blood volume under intratumoral
circulatory conditions, and that skull base menin-
giomas have a higher blood volume than non-skull
base meningiomas. Our study may provide useful
information to predict peritumoral edema formation,
tumor growth, and cellular malignancy in the future.
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