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Appearance of Meningiomas on Diffusion-weighted
Images. Correlating Diffusion Constants with
Histopathologic Findings

Christopher G. Filippi, Mark A. Edgar, Aziz M. Ulug, Joan C. Prowda, Linda A. Heier, and Robert D. Zimmerman

BACKGROUND AND PURPOSE: Malignant and atypical meningiomas are prone to recur-
rence and aggressive growth, which affects treatment planning and prognostication. Investi-
gators have used diffusion-weighted imaging and apparent diffusion coefficient (ADC) mapsto
compare tumor grade and cellularity with the histopathologic findings of intraaxial primary
brain neoplasms. The purpose of this study was to determine whether the signal characteristics
of meningiomas on diffusion-weighted images correlate with the average diffusion constant
(D,,) from ADC maps and histopathologic findings and whether the D,, can reliably distinguish
benign from malignant and atypical meningiomas.

METHODS: Seventeen patients (13 women and four men; average age, 55 years) with me-
ningiomas were prospectively studied using routine MR imaging and diffusion-weighted im-
aging with a single-shot gradient-echo echo-planar pulse sequence (6000/100 [TR/TE]) and b
values of 0 and 1000. Signal characteristics on routine MR and diffusion-weighted images were
compared with the histopathologic findings after resection by using World Health Organization
criteria. D,, values were calculated within the tumor mass from ADC maps before resection.

RESULTS: Four meningiomas were malignant or atypical (World Health Organization
grades Il and I11). D,, values were lower than normal brain values (average, 0.52 = 0.12 x
10-5cm?'s; range, 0.45-0.69 x 10-5cm?/s) and were hyperintense on diffusion-weighted images
and hypointense on ADC maps. Thirteen meningiomas were benign. D, values were higher
than normal brain values (average, 1.03 + 0.29 x 10-5cm?/s; range, 0.62-1.8 X 10-5cm?/s).
On diffusion-weighted images and ADC maps, most wer e isointense. Five benign meningiomas
had very high D,, values, bright signal on ADC maps, and distinct histopathologic findings,
including microcysts, necrotic infarct, and organizing intratumoral hemorrhage. The difference
in D,, values between malignant and benign meningiomas was statistically significant (P <
.00029).

CONCLUSION: Albeit a small sample size, meningiomas with low D, tended to be malignant
or highly atypical (P < .00029) whereas meningiomas with the highest D,, had increased water
content due to either a specific histologic subtype of meningioma or the presence of associated
pathologic abnormality.

Meningiomas are readily diagnosed by MR imag-
ing, and most are asymptomatic (1). Meningiomas
comprise approximately 14% to 20% of all intra-
cranial tumors (1, 2). Atypica meningiomas ac-
count for 7.2% of all meningiomas, whereas ma-
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lignant meningiomas are rare and constitute
approximately 2.4% (1). Malignant and atypical
meningiomas are more prone to recurrence and ag-
gressive growth, which increases patient morbidity
and mortality (3-7). It would be useful to distin-
guish among benign, malignant, and atypical me-
ningiomas before resection, because this would aid
in surgical and treatment planning. This distinction
between benign and malignant or atypical menin-
gioma is neither easily nor reliably accomplished
to date when assessing the imaging features of me-
ningiomas on routine MR images (1, 2, 8-16).
Diffusion-weighted MR imaging has been used
to investigate primary brain neoplasms. Correla-
tions between apparent diffusion coefficient (ADC)
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values, tumor cellularity, and tumor grade have
been made (17-22), and the use of diffusion-
weighted imaging to monitor treatment response
has been evaluated (23). Whether diffusion-weight-
ed imaging has a similar potentia role in the di-
agnosis or prognosis of non-primary brain neo-
plasms or extraaxial neoplasms is unclear. The
purpose of this study was to examine the signal
characteristics of meningiomas prospectively on
diffusion-weighted images and to correlate the D,
from the ADC maps preoperatively with the his-
topathologic findings after resection. We hypothe-
sized that the calculated diffusion constant may be
helpful in distinguishing benign from malignant
and atypical meningiomas, and we hypothesized
that the diffusion constant may be able to predict
the histopathologic results of meningiomas.

M ethods

Between June 1998 and May 1999, 17 patients (13 women
and four men; average age, 55 years) with meningiomas were
prospectively studied using MR imaging and diffusion-weight-
ed imaging. All of the patients had non-focal neurologic ex-
aminations at the time of presentation. Indications for MR im-
aging included headache (3), migraine (2), transient ischemic
attack (5), change in mental status (4), and fall (1). Two pa-
tients underwent imaging as part of their routine follow-up for
previous resection of meningiomas. These two patients were
included because their initial MR examinations were per-
formed before the availability of diffusion-weighted imaging.
One of these patients had a benign meningioma, and the other
had a meningioma that was initially interpreted as benign with
atypical features.

All patients were studied using a 1.5-T whole-body MR im-
ager equipped with high-performance gradients and manufac-
turer-supplied quadrature head coil. The standard imaging pro-
tocol consisted of the following sequences: sagittal
T1-weighted (300/14), axia T1-weighted (500/12), fast spin-
echo T2-weighted (3000/84), and axia fluid-attenuated inver-
sion recovery (10002/162). After the administration of
0.1mmol/kg gadopentetate dimeglumine, contrast-enhanced
T1-weighted axia (450-500/12), and T1-weighted coronal
(600/20) images were obtained. In all sequences, the field of
view was 22 or 24 cm and the section thickness was 5 mm
with an interslice gap of 2.5 mm.

Before the contrast-enhanced imaging was performed, rou-
tine diffusion-weighted MR images were obtained using sin-
gle-shot multislice spin-echo echo-planar imaging for all pa-
tients. In the diffusion protocol, we used 10000/99 with b
values of 0 and 1000 (24). For al images, a 128 X 128 matrix
size, 5-mm section thickness with no gap, and field of view of
24 X 24 cm were used. In most studies, 30 images were ob-
tained in an acquisition time of 42 s. The pulse sequence first
obtained T2-weighted images without a diffusion-sensitizing
gradient. Subsequently, diffusion-sensitizing gradients in the
direction of the frequency-encoding, phase-encoding, and read-
out gradients were used to generate three orthogonal diffusion-
weighted echo-planar images.

The images were transferred to a workstation. An orienta-
tion-independent diffusion map (D,, = Trace/3 = [Dy, + D,y
+ D,,]/3) was calculated for each pixel from the diffusion-
weighted images. For each patient, average diffusion constants
were then calculated from regions of interest within the tumor
mass by using a voxel size of 5 mm.

Two neuroradiologists reviewed the MR and diffusion-
weighted images without any knowledge of the histopathologic
findings or the value of the calculated D,,. The signal intensity
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of the meningiomas was assessed on the short- and long-TR
images and the diffusion-weighted sequences. Signal intensity
was judged as hypointense, isointense, slightly hyperintense,
or hyperintense to cortex, and enhancement patterns were
marked as either homogeneous or heterogeneous. Typical me-
ningiomas had homogeneous signal intensity similar to that of
gray matter, intense homogeneous enhancement (no cystic/ne-
crotic/hemorrhagic foci), smooth and distinct margins, and no
evidence of brain invasion. Any discrepancies in interpretation
were resolved by consensus, and the reviewers were blinded
before the consensus review.

A neuropathologist interpreted the histopathologic findings
of the resected meningiomas and had no knowledge of the MR
findings or values of the calculated D,,. Statistical analysiswas
conducted on the data sets by using a two-tailed Student’s t
test.

Results

Seventeen patients with meningiomas were pro-
spectively studied using standard MR pulse se-
gquences and diffusion-weighted imaging with cal-
culation of the diffusion constant (D,,) within the
tumor from ADC maps. The results are summa-
rized in the Table.

In four (24%) of 17 cases, the meningiomas were
malignant (n = 1) or atypical (n = 3). These me-
ningiomas had markedly decreased diffusion con-
stants, averaging 0.53 = 0.12 X 105 cm?/s and
ranging in vaue from 0.40 to 0.69 X 105 cm?s.
In normal adult human brain tissue, the average D,
values are 0.75 = 0.007 X 105 cm?/s for white
matter and 0.76 + 0.11 X 10-5> cm?'s for gray cor-
tex (25, 26). All of these meningiomas were ex-
tremely hyperintense (“‘lightbulbs”) on the diffu-
sion-weighted images and hypointense on the
corresponding ADC maps.

Histopathol ogic examination revealed that one of
these cases was classified as malignant or World
Health Organization (WHO) grade 11l (Fig 1, pa
tient 4). Brain invasion, multifocal areas of necro-
sis, hypercellularity, and cytologic pleomorphism
with numerous abnormal mitoses were seen. This
lesion had no atypical features on routine MR im-
ages, it had smooth, well-circumscribed borders
and intense, homogeneous enhancement. Although
this represented recurrent disease, the initial histo-
pathologic examination revealed that this menin-
gioma had typical features and was benign. Three
of these meningiomas were classified as atypical
(WHO grade 1) based on histopathologic exami-
nation. These meningiomas contained multiple foci
of tumor necrosis and the presence of a high mi-
totic rate as determined by the MIB-1 index. MIB-
1lisanuclear antigen expressed by all cycling cells,
which is a measure of cell proliferation. Most tu-
mors with an MIB-1 proliferation index greater
than 10% show malignant histopathol ogic findings,
and levels between 2% and 5% are usually atypical.
The MR imaging characteristics of these tumors
were typical of benign meningiomas, and atypical
histopathol ogic findings were not anticipated on the
basis of the MR imaging findings.
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Diffusion-weighted imaging and ADC map signal, D, values, and histopathologic analysis of meningiomas

MENINGIOMAS

Dg Tumor
Pt/Age/Sex Location Diffusion Images ADC 105 cm?/s Histopathologic Findings
Group A
1/66/F Anterior falx Hyperintense Hypointense 04 (1) Malignant (WHO grade I11)
2/48/M Clivus Hyperintense Hypointense 0.69 (1) Atypica (WHO grade Il)
3/26/F Posterior falx Hyperintense Hypointense 054 (1) Atypical
4/45/F Left parietal Hyperintense Hypointense 045 (1) Atypica
Avg. 0.52 SD 0.1273
Group B
5/48/F Anterior falx |so/hypointense |so/hyperintense 0.62 (1) Benign (WHO grade )
6/55/F Left parietal | sointense |sointense 0.80 (1) Benign
7/3UF Anterior falx Slightly hyperintense Slightly hypointense 0.82 (1) Benign
8/48/F Olfactory Hypointense Hyperintense 0.89 (1) Benign
9/49/F Right temporal | so/hyperintense |so/hyperintense 0.93 (1) Benign
10/79/F Anterior falx | sointense |sointense 0.94 (1) Benign
11/33/F Right CP angle | sointense |sointense 0.96 (1) Benign
12/44/M Left frontal | sointense |sointense 0.96 (1) Benign
13/77/F Left frontal Slightly hyperintense Slightly hypointense 1.00 (1) Benign, microcystic
14/86/M Left frontal Hypointense Hyperintense 1.07 (1) Benign, secretory
15/49/M Left sphenoid Hypointense Hyperintense 1.26 (1) Benign, central infarct
16/85/F Right sphenoid | sointense |sointense 1.32 (1) Benign, angiomatous
17/7UF Left temporal Hypointense Hyperintense 1.80 (1) Benign, intratumor necrosis

Avg. 1.03 SD 0.29

Note—P < .00029, comparing average D, of Group A (malignant/atypical meningiomas) vs Group B (benign meningiomas) by use of Student’s
two-tailed t test. Normal D,, for white matter: 0.75 = 0.007 X 10-5 cm?/s and normal Dy, for gray cortex: 0.76 = 0.11 X 10-5 cm?/s (25, 26).

Thirteen (76%) of 17 meningiomas were benign
as revealed by histopathologic examination (WHO
grade I). On average, these meningiomas had an
elevation in the diffusion constant (average, 1.03 =
0.29 X 10 5cm?/s; range, 0.62—1.80 X 10 °cm?/s)
(Fig 2, patient 9). These meningiomas were usually
isointense on the short-TR images and predomi-
nantly hyperintense on the long-TR images. One of
these benign meningiomas, which appeared densely
calcified, had a diffusion constant below that of
normal brain, overlapping the range of values ob-
served in the malignant and atypical group. The
other 12 meningiomas had diffusion constant val-
ues higher than that of normal brain, and none of
these were densely calcified.

Five of these benign meningiomas had distinct
histopathologic features. All of these meningiomas
had the highest elevations in the diffusion constant
(average 1.29 = 0.22 X 10-5cm?/s), ranging in val-
ues from 1.07 to 1.8 X 10-5cm?/s (Fig 3, patient
14). These meningiomas tend to be hypointense on
diffusion-weighted images and hyperintense on
ADC maps. Histopathologic analysis revealed that
three of these meningiomas represented a benign
subtype of meningioma with unique features. One
of these meningiomas had undergone microcystic
change, a feature of the histologic subtype called
the microcystic meningioma. Another meningioma
was classified as a secretory meningioma, which is
another distinct subtype characterized by marked
edema in the surrounding brain parenchyma. The
third subtype was an angiomatous meningioma.

The other two meningiomas with elevated dif-
fusion constants had distinctive histopathologic
features. One contained a large central area of in-
farctlike necrosis. The other meningioma had or-
ganizing intratumoral hemorrhage with cystic de-
generation. Albeit a small sample size, the
difference in the diffusion constant of benign and
malignant meningiomas was statistically significant
(P < .00029) using a Student’s two-tailed t test.

Discussion

Diffusion-weighted MR imaging has been eval-
uated as a diagnostic tool in cases of primary brain
neoplasms. Tumor cellularity and tumor grade have
been correlated with ADC values (the diffusion
constant) from ADC maps (17-22). Primary brain
neoplasms with higher cellularity or higher grades
typically have lower ADC values or average dif-
fusion constants when compared with normal brain
tissue (17-22). Furthermore, the diffusion constant
(D) correlates with specific histopathologic fea
tures of high-grade gliomas. Cystic or necrotic por-
tions of these tumors are associated with the highest
D, vaues (17). The ability of diffusion-weighted
imaging to distinguish between peritumoral edema
and unenhancing tumor reliably remains controver-
sia (17, 22). Some groups have had success using
ADC vaues to distinguish unenhancing tumor
from peritumoral edema when the abnormality was
located in white matter aligned parallel to the dif-
fusion-weighted gradient. Other groups have been
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Fic 1. Images of patient (patient 4 in the
Table) with a malignant meningioma
(WHO grade llI).

A, Axial T1-weighted image (500/12/1)
shows a well-marginated, recurrent ex-
traaxial mass in the parietal convexity.

B, Axial fast spin-echo T2-weighted im-
age (3000/84/1) of this recurrent meningi-
oma appearing isointense to cortex.

C, Axial fast fluid-attenuated inversion
recovery image (10002/162/1) shows
isointense mass with smooth borders at
resection site and no evidence of brain
invasion.

D, Contrast-enhanced spin-echo T1-
weighted image (450/12/1) shows smooth,
homogeneous enhancement and dural en-
hancement typical of meningiomas.

E, Diffusion-weighted image (10000/99/
1) of the recurrent meningioma, which is
hyperintense (lightbulb).

F, Meningioma is hypointense on the
ADC map, and the D,, was extremely low
(0.45 X 10-° cm?/s).
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attempting to correlate D,, values from ADC maps
on diffusion-weighted images with the response of
primary neoplasms to treatment (23).

Because meningiomas are commonly occurring
benign tumors that constitute approximately 20%
of al intracranial tumors (1, 2) and are easily di-
agnosed using routine MR imaging, we chose to
examine the signal characteristics of meningiomas
on diffusion-weighted images prospectively and to
correlate the D, values from ADC maps preoper-
atively with histopathologic findings after resec-
tion. Furthermore, malignant and atypical menin-
giomas, although relatively uncommon and
accounting for approximately 7.2% and 2.4% of all
meningiomas, respectively (1, 2), are associated
with less favorable clinical outcomes because they

are more prone to recurrence and aggressive
growth (4—7). To date, investigators have been un-
successful when attempting to predict the histologic
or physical characteristics of meningiomas preop-
eratively, and there is no reliable way to distinguish
benign from atypical or malignant meningiomas on
routine MR images (1, 2, 8-16). Having the ability
to distinguish benign from atypical or malignant
meningiomas accurately would provide useful di-
agnostic information to aid in surgical and treat-
ment planning and prognostication.

In this small series, most of the meningiomas (n
= 13) had benign results of their histopathologic
examinations. According to the WHO classification
of meningiomas, those meningiomas with low risk
of recurrence and aggressive growth are classified
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as WHO grade | (4). The grade | classification in-
cludes the most common types of meningioma (fi-
brous or fibroblastic, transitional or mixed, and
meningothelial) and the following benign subtypes:
psammomatous, angiomatous, microcystic, secre-
tory, lymphoplasmacyte-rich, and metaplastic (4).
The appearance of these 13 meningiomas on the
diffusion-weighted images was variable. There
were nearly equal numbers of meningiomas ap-
pearing hypointense, isointense, or hyperintense on
the diffusion-weighted sequences and on the ADC
maps. Furthermore, it is difficult to draw firm con-
clusions regarding any relationship between the ap-
pearances of these lesions on routine MR images
and on diffusion-weighted images. In all cases, the
meningiomas were isointense on the short-TR im-
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Fic 2. Images of a patient (patient 9 in the
Table) with a benign meningioma (WHO
grade ).

A, Axial T1-weighted image of right tem-
poral meningioma with “pseudocapsule”
sign.

B, Axial fast spin-echo T2-weighted im-
age shows that the mass is slightly hyper-
intense to cortex.

C, Fast fluid-attenuated inversion recov-
ery image shows mass to be hyperintense
to cortex.

D, Contrast-enhanced T1-weighted
image shows intense, homogeneous
enhancement.

E, Mass is predominantly isointense/
slightly hyperintense on the diffusion-
weighted image.

F, On the ADC map, the mass appears
isointense/hyperintense to cortex, with a
diffusion constant value (0.93 X 105 cm?
s) that is slightly elevated compared with
normal brain parenchyma.

ages, most appeared isointense to hyperintense on
the long-TR images, and al enhanced homoge-
neously, as expected.

All except one of these benign meningiomas in
our series had elevated diffusion constants com-
pared with normal brain. Of note is that one me-
ningioma showed a marked decrease in the diffu-
sion constant. This meningioma exhibited benign
but distinct histopathologic results. This particular
meningioma was a psammomatous meningioma,
which was completely densely calcified, as readily
seen on MR images and CT scans. These menin-
giomas with abundant psammoma bodies form ir-
regular calcified and occasionally ossified masses
(4). The decreased diffusion constant may relate to
the paramagnetic properties of calcium. It is rea-
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Fic 3. Images of a patient (patient 14 in
the Table) with a benign meningioma, dis-
tinct histopathologic subtype.

A, Axial T1-weighted image shows left
frontal extraaxial mass with smooth mar-
gins and pseudocapsule sign.

B, Fast spin-echo T2-weighted image of
the mass is isointense to cortex, with areas
of hypointensity.

C, Fast fluid-attenuated inversion recov-
ery image shows that the mass is isoin-
tense to cortex.

D, Homogeneous enhancement and
“dural tail” are seen on the contrast-en-
hanced axial T1-weighted image.

E, Diffusion-weighted image shows that
the meningioma is hypointense.

F, On the ADC map, the lesion is pre-
dominantly hyperintense, with areas of
isointensity. The diffusion constant of this
meningioma was elevated (1.07 X 10-°
cm?/s). This is greater than a 25% eleva-
tion compared with normal brain parenchy-
ma. Histopathologic analysis revealed that
this represented a secretory meningioma,
which produces brain parenchymal edema
(seen best by the fast fluid-attenuated in-
version recovery) and which has promi-
nent pericytic proliferations.
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sonable to postulate that a densely calcified mass
would create a cellular environment in which the
presence of this mineral would change the normal
tranglational movement of water molecules across
membranes.

In this study, it seems that the calculation of the
diffusion constant from the isotropic diffusion map
(ADC map) may reliably predict some histopatho-
logic findings. For example, al five benign menin-
giomas with the highest elevations in the diffusion
constant (D,, > 1.0 X 10-> cm?(g) had distinct
histopathologic features. One was a microcystic
meningioma, which is rich in intracellular fluid and
frankly cystic (27—30). Another meningioma was
a secretory meningioma, which produces marked
edema out of proportion to tumor size, which may

be related to the prominent pericytic proliferations
often seen in this tumor type (27, 28, 31-33). There
was an angiomatous meningioma, which is a dis-
tinct subtype that shows numerous blood vessels on
the background of a typical meningioma (4). The
other two meningiomas with this markedly elevated
diffusion constant had unique features not normally
seen in meningiomas, including one with a central
infarction and one with organizing intratumoral
hemorrhage and cystic degeneration. High-grade
gliomas with cystic or necrotic portions had similar
elevations in the diffusion constant (17). We hy-
pothesize that all of these meningiomas showed hy-
pointensity on the diffusion-weighted sequences
and corresponding elevations in the diffusion con-
stant because of the presence of increased amounts
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of fluid within these lesions. The presence of the
increased fluid may allow for freer movement of
water molecules or less restriction to water diffu-
sion, much in the same way that CSF diffuses free-
ly without restriction and appears markedly hy-
pointense on the diffusion-weighted MR sequences.

In this small series, there were four meningiomas
that were malignant or atypical. Three were clas-
sified as atypica (WHO grade Il), and one was
classified as malignant (WHO grade 111). Accord-
ing to WHO criteria, atypical meningiomas must
have increased mitotic activity or three or more of
the following: small cells with high nucleus to cy-
toplasmic ratio, prominent nucleoli, uninterrupted
patternless or sheetlike growth, and foci of ‘‘ spon-
taneous” or ‘‘geographic necrosis’ (4). Increased
mitotic activity has been defined as four or more
mitoses per 10 high-power fields (4). To be clas-
sified as a malignant meningioma, the meningioma
must exhibit features of frank malignancy. Such
features include malignant cytology (eg, having an
appearance similar to sarcoma, carcinoma, or mel-
anoma) and a high mitotic index, which is defined
as 20 or more mitoses per high-powered field (4).

All of the malignant or atypical meningiomas in
this series had markedly increased signal on dif-
fusion-weighted images, hypointense signal on the
ADC maps, and extremely low diffusion constants
indicative of marked restriction to water diffusion.
All of these meningiomas had imaging character-
istics suggestive of benign disease, which included
homogeneous signal intensity similar to that of
gray matter, intense homogeneous enhancement (no
cystic/necrotic/hemorrhagic foci), smooth and dis-
tinct margins, and no evidence of brain invasion.
Atypical or malignant histopathologic results were
not anticipated on the basis of routine MR imaging.

It seems that the histopathologic findings of
these atypical and malignant meningiomas corre-
lated well with their appearance on diffusion-
weighted images and the value of the calculated
diffusion constant. These meningiomas showed hy-
percellularity, multifocal areas of necrosis, brain in-
vasion, numerous abnormal mitoses, or cytologic
pleomorphism. There are several possible expla-
nations for this observed correlation. One factor is
that malignant and atypical meningiomas have less
extracellular water and space, which reduces the
ADC vaue. This observation is expected if one
considers that primary brain neoplasms, which
have been treated, show an increase in extracellular
water and space due to cell lysis (less viable and
less cellular tumor), and this results in an increase
in the diffusion constant (23). Furthermore, the his-
topathologic features that are unique to atypical and
malignant meningiomas create a complex, local en-
vironment that imposes restrictions on the normal
diffusion of water molecules within these lesions.
These meningiomas have higher nuclear-to-cyto-
plasmic ratios and more prominent nucleoli, and
this increased amount of intracellular, complex pro-
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tein molecules likely restricts the free tranglation of
intracellular water.

Conclusion

Albeit a small sample size, atypical and malig-
nant meningiomas tend to be markedly hyperin-
tense on diffusion-weighted MR images and exhibit
marked decreases in the diffusion constant (D) or
ADC values when compared with normal brain pa-
renchyma. Although benign meningiomas have a
variable appearance on diffusion-weighted images,
they tend to have higher D, values compared with
normal brain, with the exception of densely calci-
fied or psammomatous meningiomas, which may
have a low D,. Benign meningiomas with the
highest D,, seem to have increased water content
because of either a specific histologic subtype of
meningioma or distinct histopathologic features.
Furthermore, the average D,, values of malignant
and atypical meningiomas were significantly lower
compared with benign meningiomas (P < .00029).

It seems that the quantification of the diffusion
constant may reliably predict the histopathologic
features of meningiomas before resection. Because
atypica and malignant meningiomas are more
prone to recurrence and aggressive growth, diffu-
sion-weighted MR imaging with calculation of the
diffusion constant should be performed when me-
ningiomas are detected because this may provide
useful diagnostic information for presurgical plan-
ning, treatment, and prognostication.
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