
DIAGNOSTIC NEURORADIOLOGY

Multi-parametric qualitative and quantitative MRI assessment
as predictor of histological grading in previously
treated meningiomas

Simone Sacco1,2
& Francesco Ballati1 & Clara Gaetani1 & Pascal Lomoro3

& Lisa Maria Farina4 & Ana Bacila4 &

Sara Imparato5
& Chiara Paganelli6 & Giulia Buizza6 & Alberto Iannalfi7 & Guido Baroni6,8 & Francesca Valvo7

&

Stefano Bastianello4,9
& Lorenzo Preda1,5

Received: 3 March 2020 /Accepted: 10 June 2020
# Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract
Purpose Meningiomas are mainly benign tumors, though a considerable proportion shows aggressive behaviors histologically
consistent with atypia/anaplasia. Histopathological grading is usually assessed through invasive procedures, which is not always
feasible due to the inaccessibility of the lesion or to treatment contraindications. Therefore, we propose a multi-parametric MRI
assessment as a predictor of meningioma histopathological grading.
Methods Seventy-three patients with 74 histologically proven and previously treated meningiomas were retrospectively enrolled
(42 WHO I, 24 WHO II, 8 WHO III) and studied with MRI including T2 TSE, FLAIR, Gradient Echo, DWI, and pre- and post-
contrast T1 sequences. Lesion masks were segmented on post-contrast T1 sequences and rigidly registered to ADC maps to
extract quantitative parameters from conventional DWI and intravoxel incoherent motion model assessing tumor perfusion. Two
expert neuroradiologists assessed morphological features of meningiomas with semi-quantitative scores.
Results Univariate analysis showed different distributions (p < 0.05) of quantitative diffusion parameters (Wilcoxon rank-sum
test) and morphological features (Pearson’s chi-square; Fisher’s exact test) among meningiomas grouped in low-grade (WHO I)
and higher grade forms (WHO II/III); the only exception consisted of the tumor-brain interface. Amultivariate logistic regression,
combining all parameters showing statistical significance in the univariate analysis, allowed discrimination between the groups of
meningiomas with high sensitivity (0.968) and specificity (0.925). Heterogeneous contrast enhancement and low ADC were the
best independent predictors of atypia and anaplasia.
Conclusion Our multi-parametric MRI assessment showed high sensitivity and specificity in predicting histological grading of
meningiomas. Such an assessment may be clinically useful in characterizing lesions without histological diagnosis.

Key points
•When surgery and biopsy are not feasible, parameters obtained from both conventional and diffusion-weighted MRI can predict atypia and anaplasia

in meningiomas with high sensitivity and specificity.
• Low ADC values and heterogeneous contrast enhancement are the best predictors of higher grade meningioma
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Abbreviations
CE Contrast enhancement
HGM High-grade meningioma
LGM Low-grade meningioma
IVIM Intravoxel incoherent motion
VIBE Volumetric interpolated breath-hold examination
PTE Peritumoral edema
CapE Capsular enhancement
TBI Tumor-brain interface
AUC Area under the curve

Introduction

Meningiomas are the most frequent central nervous system
primary neoplasm in adults, accounting for 24–30% of intra-
cranial primitive tumors [1, 2]. They develop from arachnoid
meningothelial cells and usually appear as extra-axial masses,
T1 isointense/slightly hypointense, and T2 hyperintense/
isointense compared to gray matter (GM), with avid contrast
enhancement (CE) [3].

Although meningiomas are overall considered benign tu-
mors, a significant proportion of them displays more aggres-
sive biological and clinical behaviors. Twenty to 30% of me-
ningiomas are histologically classified by the WHO as atypi-
cal (WHO grade II) or anaplastic (WHO grade III). These
high-grade meningiomas (HGM), which can either arise de
novo or progress from low-grade meningiomas (LGM), show
higher mortality due to the neurologic deterioration caused by
their aggressive growth and the consequent compression of
CNS structures [1, 3, 4].

The main treatment for meningiomas is surgery, usually
performed when a lesion causes symptoms or grows signifi-
cantly over time. Nonetheless, atypical and anaplastic menin-
giomas show higher recurrence rates, ranging from 29 to 52%
and from 50 to 94%, respectively, compared to the much
lower recurrence rate of LGMs, ranging from 7 to 20% [5,
6]. Adjuvant radiotherapy is commonly necessary in the
course of HGM treatment.

While biopsy or excision is currently the only way to de-
finitively confirm the grading of the tumor, these procedures
are not free from risk [7, 8]. Several factors such as comorbid-
ity, accessibility of the lesion, and age of the subjects might
prevent the surgeons from performing invasive procedures,
resulting in insufficient information to evaluate the possible
need for radiotherapy and the adequate radiation dose.

Several authors have investigated the possibility of
predicting the histological grade of meningiomas through
MRI examinations. Specifically, most of the studies focused
either on a qualitative assessment of morphological features or
on a quantitative assessment of more advanced MRI tech-
niques [9–16].

The purpose of this study is to test a multi-parametric 3T
MRI assessment that includes both morphological features
and diffusion quantitative metrics as a possible predictor of
meningioma histopathological grading. Detecting atypia and
anaplasia in meningiomas with high sensitivity and specificity
might allow prognostic stratification even in cases where in-
vasive approaches are not feasible, guiding clinicians in
choosing between different radiotherapy strategies.

Material and methods

Subjects

A total of 113 subjects with meningioma referred to our center
between April 2016 and April 2019 to be evaluated for poten-
tial hadron-therapy treatment. A baseline brain 3T MRI was
performed in all subjects prior to the start of the treatment.
Forty subjects were excluded due to lack of histopathological
report (n = 29), poor quality of the MRI study (n = 9), or dif-
ficulty in identifying the residual lesion after surgical excision
(n = 2). A total of 74 meningiomas, distributed among 73 sub-
jects, were then included in the current retrospective study. All
participants signed a detailed written informed consent ap-
proved by the local ethics committee.

The average age of the subjects was 60.1 ± 14.7 years
(range from 16 to 91). Forty subjects (55%) were female and
33 (45%) were male. Out of 74 meningiomas, 31 (9 LGMs
and 22 HGMs) had already been treated with conventional
radiotherapy, which was performed at least 10 months before
baseline. The average time from treatment was 47 ± 40months
(median 36, range from 10 to 180). Out of 73 subjects, 7
underwent biopsy and 66 underwent partial excision. The av-
erage time from surgical procedures was 32 ± 44 months (me-
dian 17, range from 2 to 252). Out of 74 meningiomas, 42
(57%) were histologically confirmed to be grade I, 24 (32%)
grade II, and 8 (11%) grade III, according to the 2016 WHO
classification of CNS tumors. Patients that underwent biopsy
and excision were distributed equally among groups (P = 0.2,
chi-square test).

MRI protocol and imaging processing for quantitative
analysis

MRI studies were acquired at the same institution on the same
3T scanner (Magnetom Verio, Siemens Healthineers) with an
identical protocol that included the following sequences:

– Axial T1 turbo spin echo (TSE); voxel size 0.8 × 0.8 ×
3.0 mm, phase encoding AP, TR = 740 ms, TE = 11 ms,
flip angle (FA) 150°

– Axial T2 TSE; voxel size 0.7 × 0.5 × 3 mm, phase
encoding AP, TR = 5200 ms, TE = 100 ms, FA 150°
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– Axial T2 gradient echo (GE); voxel size 0.8 × 0.8 × 3mm,
phase encoding AP, TR = 870 ms, TE = 12 ms, FA 20°

– Axial fluid-attenuated inversion recovery (FLAIR); voxel
size 0.9 × 0.9 × 4mm, TR = 6900 ms, TE = 94 ms, TI =
2300 ms, FA 150°

– Echo-planar imaging two-dimensional (EP2D) DWI with
B values equal to 0, 50, 100, 150, 200, 400, and 1000,
from which ADC maps were derived; voxel size 1.9 ×
1.9 × 4mm, phase encoding AP, TE = 30 ms, TR =
4000 ms, FA 90°

– Axial T1 volumetric interpolated breath-hold examina-
tion (VIBE) fat saturated with 0.6-mm isotropic voxel
after injection of a gadolinium-based contrast agent
(gadoteridol 0.2 mL/kg); voxel size 0.6 × 0.6 × 0.6 mm,
TR = 5.35 ms, TE = 2.27 ms, FA 11.5°

Meningiomas were manually segmented on fat-saturated T1
VIBE in each single slide using the open-source software ITK-
SNAP (http://www.itksnap.org). Since all subjects underwent
biopsy or surgery before baseline, we observed GE sequences
in order to exclude peripheral foci of magnetic susceptibility
from segmentations. The lesion volumes were assessed as
integrals of the segmented voxels. T1 VIBE studies of each
patient were rigidly registered to their respective ADC maps,
and the computed transformation was applied to consequently
warp the segmented lesion (http://www.plastimatch.org). The
registration outputs were reviewed by 2 neuroradiologists with
10 and 8 years of experience in the field (L.M.F. and A.B.
respectively). We finally extracted, within the segmented
lesions, quantitative metrics such as median ADC values,
pure diffusion (D), pseudo-diffusion (D*), and perfusion frac-
tion ( f ), based on conventional DWI imaging and intravoxel
incoherent motion (IVIM) model [17].

Semi-quantitative assessment of morphological
features

The two neuroradiologists (L.M.F. and A.B.) independently
reviewed the MRI studies and assessed several morphological
parameters through semi-quantitative scales validated in litera-
ture [7, 11, 12, 16–20] while blinded to the histological grading.
No significant differences were observed between the two ex-
perts’ assessments (Wilcoxon rank-sum test, p < 0.05). Each
parameter was specifically assessed and labeled as follows:

a) Location: 1 for skull base, 2 for convexity, 3 for falx
cerebri, 4 for posterior fossa.

b) T1 signal intensity (compared to GM): 1 for hypointense,
2 for isointense, 3 for hyperintense, 4 for mixed.

c) T2 signal intensity (compared to GM): 1 for hypointense,
2 for isointense, 3 for hyperintense, 4 for mixed.

d) Shape: 1 for rounded, 2 for lobulated, 3 for irregular. The
irregular subtype included both meningiomas with

infiltrating margins and extensions through the skull base
foramina as well as meningiomas not adequately classifi-
able as either rounded or lobulated.

e) Peritumoral edema (PTE): assessed on axial T2 TSE as hy-
perintense areas of the brain parenchyma contiguous to the
lesion. 0 for none, 1 for mild (< 10mm from the lesion edge)
not associated to mass effect, 2 for moderate (> 10 mm from
the lesion edge) associated with mass effect [18].

f) CE: assessed after gadolinium injection. 0 if heteroge-
neous, 1 if homogeneous.

g) Capsular enhancement (CapE): assessed after gadolinium
administration and defined as contrast enhancement of the
peripheral portions of the tumor. 0 if absent, 1 if present.

h) Tumor-brain interface (TBI): 0 if unclear boundaries, 1 if
clear boundaries.

Statistical analysis

The purpose of this study is to test a multi-parametric 3TMRI
assessment as a predictor of histopathological grading of me-
ningiomas. Specifically, we looked for differences in each
established MRI parameter between the two subgroups of
lesions: LGMs, classified as grade I by the WHO, and
HGMs, classified as either grade II or grade III by the
WHO. We chose this stratification in order to get subgroups
of lesions with similar and comparable sample sizes, specifi-
cally, 42 LGMs and 32 HGMs. Sample size for anaplastic
meningiomas (n = 8) was too small to get any statistically
significant results.

We used Matlab® 2019 to perform all the following
analyses:

– Univariate analysis of morphological parameters using
Pearson’s chi-square test for variables expressed by mul-
tiple categories, and Fisher’s exact test for categorical
variables (alpha = 5%).

– Univariate analysis of diffusion parameters using
Wilcoxon rank-sum test (alpha = 5%).

– Multivariate logistic regression considering all morpho-
logical and quantitative diffusion parameters that were
found to be statistically significant (p < 0.05) in the uni-
variate analyses. This analysis was described by sensitiv-
ity, specificity, and AUC computed from ROC curves.

Results

Univariate analysis of morphological parameters

As reported in Table 1, univariate analysis showed statistically
different distributions among LGMs and HGMs of all
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morphological parameters except for TBI. Specifically,
HGMs, compared to LGMs, were more frequently localized
at the convexity and falx cerebri and showed more often
hypointense or mixed T1 signal and hyperintense or mixed
T2 signal. HGMs, compared to LGMs, were more frequently
lobulated in shape and showed heterogeneous CE, CapE, and
mild edema of the contiguous brain more often.

Univariate quantitative analysis of diffusion
parameters

As showed in Table 2, the two groups of meningiomas
showed statistically significant differences in all diffusion pa-
rameters considered. Specifically, HGM showed lower medi-
an ADC, D, D*, and f compared to LGM.

Multivariate analysis

A multivariate logistic regression analysis was performed
using all morphological and quantitative parameters that
reached statistical significance in the univariate analysis. As

showed in Fig. 1, this model allowed discrimination between
LGMs and HGMs with an AUC of 0.978, resulting in sensi-
tivity and specificity of 0.968 and 0.925 respectively.
Specifically, the model indicated heterogeneous CE and low
ADC median values as the best independent predictors of
HGM (see Fig. 2).

Table 1 Univariate analysis of morphological parameters

Morphological parameter Overall cohort (%) LGM (%) HGM (%) Chi-square/Fisher’s P value

Location Skull base 59.5 78.6 34.5 Different distribution among groups.
P value < 0.0005Convexity 15 2.4 31.2

Cerebral falx 17.5 9.5 28.2

Posterior fossa 8 9.5 6.1

T1 signal intensity Isointense 47.3 95 65.6 Different distribution among groups.
P value < 0.005Hyperintense 32.5 5 6.2

Hypointense 6.7 0 22

Mixed 13.5 0 6.2%

T2 signal intensity Isointense 82.4 64.3 25 Different distribution among groups.
P value < 0.01Hyperintense 5.5 23.8 43.7

Hypointense 9.5 4.8 9.4

Mixed 2.6 7.1 21.9

Shape Lobulated 40.5 26.2 59.4 Different distribution among groups.
P value < 0.05Rounded 21.7 26.2 15.6

Irregular 37.8 47.6 25

PTE* Absent 79.7 93 62.5 Different distribution among groups.
P value < 0.005Mild 18.9 4.7 37.5

Moderate with mass effect 1.4 2.3 0

T1 contrast enhancement Homogeneous 74.3 92.9 50 Different distribution among groups,
P value < 0.00005Heterogeneous 25.7 7.1 50

CapE^ Present 41.9 21.4 68.7 Different distribution among groups.
P value < 0.0005Not present 58.1 78.6 31.3

TBI° Clear 66.2 73.8 56.2 Not significant different distribution
among groups. P value = 0.14Unclear 33.8 26.2 43.8

Univariate analysis of morphological parameters using Pearson’s chi-square test for variables expressed bymultiple categories and Fisher’s exact test for
categorical variable (alpha = 5%)

All morphological parameters considered showed statistically different distributions among the two groups of meningiomas except for TBI

*PTE: peritumoral edema; ^CapE: capsular enhancement; °TBI: tumor-brain interface

Table 2 Univariate analysis of diffusion parameters

LGM (WHO
grade = I)

HGM (WHO
grade > I)

P value

ADC 10−6 mm2/s 894 779 0.040

D 10−6 mm2/s 797 703 0.039

D* 10−6 mm2/s 114 84 0.030

f % 14.7 12.4 0.035

Univariate analysis of diffusion parameters usingWilcoxon rank-sum test
(alpha = 5%)

All diffusion parameters considered were found to be statistically differ-
ent among the two groups of meningiomas
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Discussion

The purpose of this study is to test a multi-parametric 3TMRI
assessment as a predictor of meningioma histopathological
grading. We built a systematic model to distinguish LGMs
(WHO grade I) from HGMs (WHO grade II and III) using
morphological parameters as well as quantitative diffusion
assessment. We examined 74 meningiomas assessing, with
semi-quantitative scores, tumor location, T1 and T2 signal
intensity, shape, PTE, CE, CapE, and TBI. ADC median
values derived from conventional DWI and D, D*, and f de-
rived from the IVIM model were quantitatively assessed.

Univariate analysis showed statistically significant differ-
ent distributions ofMRI features among LGMs and HGMs for
each quantitative and morphological parameter analyzed, with
the only exception of TBI. All results have been successively
integrated in a multivariate logistic regression analysis, which
allowed discrimination between LGMs and HGMs with sen-
sitivity and specificity of 0.968 and 0.925 respectively (AUC
0.978; R2 = 0.78) (see Fig. 1). Specifically, the model indicat-
ed heterogeneous CE and low ADC median values to be the
best independent predictors of atypia and anaplasia in menin-
giomas (see Fig. 2).

The results showing the association between a homoge-
neous CE pattern and LGMs as well as the association be-
tween a heterogeneous pattern and HGMs are in line with
literature. A heterogeneous CE pattern is thought to be con-
nected with a greater intra-tumoral heterogeneity, which can
be detected in atypical and anaplastic meningiomas, charac-
terized by a faster growth rate and consequently a possibly
larger necrotic component [9, 13, 15, 19].

The finding suggesting that LGMs have higher ADC me-
dian values compared to the atypical and anaplastic form is
also supported by literature. In particular, since the diffusivity
of water molecules in biological tissues depends on the rela-
tionship between extra-cellular and intra-cellular spaces, it is
much more likely that HGMs, characterized by a greater mi-
totic rate, smaller cells, and higher nuclear-cytoplasmic ratio,
show lower ADC values compared to LGMs [13, 16, 20, 21].

Most of the other differences in morphological parameters
between the two subgroups detected in our study were also
supported by previous studies. Specifically, PTE is known to
be more frequent in HGM than in LGM. PTE in meningiomas
is caused by a disruption of physiological barriers, such as
arachnoid cell layer and CSF, separating the tumor and the
brain. This can be due to vascular and non-vascular causes, the
former being seen as a result of ischemia in the contiguous
parenchyma compressed by large masses, while the latter is
usually due to direct infiltration by tumoral cells [13, 14, 22,
23]. Other studies, however, highlighted that PTE may be
caused by a higher expression of aquaporin-4, a membrane
protein crucial for water transport and fluid balance, rather
than being a direct expression of the tumor grade [24, 25].
These latter studies focused mainly on LGMs; further studies
are therefore needed to confirm these suggestions.

Irregular shape and falx cerebri/convexity location are also
known to be more frequent in HGMs [14, 20]. Regarding the
location, in particular, the majority of literature agrees with the
higher prevalence of LGM at the skull base compared to falx
cerebri or convexity [13, 14, 22, 26, 27]. This might be con-
nected to different genetic and molecular mechanisms that
contribute to the tumor development. Specific mutations

Fig. 1 a ROC curve and the corresponding AUC of the multivariate
logistic regression considering all morphological and quantitative
diffusion parameters that showed statistical significance in the
univariate analysis. AUC is equal to 0.978, resulting in sensitivity and

specificity of 0.968 and 0.925 respectively. R2 is equal to 0.78. b Model
output probabilities showing different distributions of model output
between the two groups of meningioma. The optimal threshold for the
model is equal to 0.275
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may be associated with LGMs located in the skull base, sim-
ilarly to how NF-2 mutation is associated with HGM located
in the cranium convexity [26, 28].

Regarding signal intensity in T1- and T2-weighted se-
quences, our data show that HGMs were characterized by
higher T2 and lower T1 signal overall compared to LGMs.
The finding of higher T2 signal in atypical and anaplastic me-
ningioma is already reported in literature and may be connected
with the presence of cystic and necrotic areas, which are far
more common in tumors with faster growth rates [20, 27]. Our
study also shows an association between low T1 signal inten-
sity and atypia/anaplasia; this finding may also be explained by
the possible presence of cystic areas and overall consistency of
the tumor, though we have not found previous studies in liter-
ature that confirm this specific association. However, Hower
et al. (2011) reported that tumors characterized by a softer con-
sistency appear T1 hypointense more often than the ones char-
acterized by a firm consistency [29].

Results regarding other morphological parameters
showed more contrasting findings compared to previous

studies. For example, our results that show an association
between CapE and HGMs is in contrast with a recent
study that indicates CapE to be more frequent within
LGMs [9]. This latter observation is thought to be con-
nected with a chronic reaction that produces a more ex-
tensive external fibrous layer in tumors characterized by a
slower growth rate. However, several other studies did not
detect any difference in the presence of CapE between the
three subgroups of meningiomas [22, 23], and at least two
of these found CapE to be more frequent in HGM [13,
30], which is consistent with our findings.

The presence of a clear or unclear TBI in our study was not
associated with LGM or HGM in either univariate or multi-
variate analysis. This is in contrast with a previous study by
Lin et al. (2014) which suggests that a peritumoral ring with
hypointense T1 signal and hyperintense T2 signal might indi-
cate the presence of a physiological barrier between the brain
and tumor [13]. Although a less clear TBI may be read as a
disruption of this physiological barrier, this imaging finding
was not associated with invasive brain growth in a

Fig. 2 Panels a and b respectively
show ADC map and contrast-
enhanced VIBE of a higher grade
meningioma (HGM) histological-
ly classified as WHO grade III:
the mass shows low values in the
ADC map (lower than the con-
tiguous brain parenchyma; ADC
median value = 658 × 10−6 mm2/
s). CE is heterogeneous. Panels c
and d respectively show ADC
map and contrast-enhanced VIBE
of a low-grade meningioma
(LGM) histologically classified as
WHO grade I: the mass shows
moderately low values in the
ADC map (higher than the con-
tiguous brain parenchyma; ADC
median values = 930 × 10−6 mm2/
s). CE is homogeneous
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microscopic histological analysis performed on a cohort of
more than 600 subjects with meningiomas [27].

In this current study, we assessed tumor perfusion through
the use of IVIM. Among IVIM parameters, the D coefficient
was shown to be higher in LGM compared to HGM. This
finding, already reported in literature [11], is likely to be con-
nected with the fact that the D coefficient is usually lower in
tissues with higher cellularity. The D* coefficient, which re-
flects molecular motion in the context of microcirculation,
was also shown to be higher in LGMs compared to HGMs.
This last result is in contradiction with another study which
observed higherD* values in atypical meningiomas compared
to WHO grade I meningioma [11]. Curiously, however, the
same work confirms our own data regarding f values, which
describe the volume fraction of intravoxel incoherent signals
coming from the vascular component, which were shown to
be higher in LGM compared to atypical meningiomas [11].
Additionally, a more recent study that focused mainly on dif-
ferences between LGMs and atypical meningiomas showed
no D* differences between the two subgroups [12].

Regarding the use of other MRI techniques to potentially
assess meningioma perfusion, susceptibility contrast-
enhanced (DSC) showed limited utility. The PTE of anaplastic
meningiomas showed a significantly elevated relative cerebral
blood volume compared to the PTE of benign meningiomas
[31], whereas no significant difference in perfusion was de-
tectable between different grades of meningiomas [31, 32].
Dynamic contrast-enhanced (DCE) perfusion is technically
more complex than DSC, as the relationship between T1 sig-
nal intensity and contrast agent concentration is non-linear; its
oncological applications are mainly focused outside of the
brain [33]. Interestingly, the assessment of tumor blood flow
with the arterial spin labelling technique found that WHO
grade I meningiomas presented homogeneous hyperperfusion
patterns, whereas atypical and anaplastic forms showed re-
spectively heterogeneous hyperperfusion and no substantial
hyperperfusion pattern [34]. This finding, already reported in
literature [13], suggests that the correlation between tumor
grade and vascularization in meningiomas may not be positive
[34], consistently with our results.

The current study has several limitations. In contrast to
most of the recent studies, our work focused on previously
treated meningiomas. Biopsy or partial surgical excision
was performed in all the subjects before baseline.
Additionally, 31 subjects underwent conventional radio-
therapy, which was completed at least 10 months before
baseline. Radiotherapy might induce changes within tis-
sues such as intralesional scarring, which might affect both
CE and quantitative diffusion metrics. Nonetheless, it
should be noted that the parts of tumors that were segment-
ed and analyzed tended to increase in size following the
abovementioned therapies as a result of ineffective treat-
ments. While the presence of hemosiderin caused by

previous treatments may have affected ADC values, we
believe that the use of GE sequences as guides in avoiding
areas of lower signal minimized the issue. Additionally, no
different distribution of surgical procedures was detectable
among groups.

While focusing on previously treated tumors may be seen
as a limit in the imaging-based assessment of the histological
grade of meningiomas, we believe it also represents one of the
major strengths of this study. Our finding that ADC values
and CE heterogeneity can still discern HGMs from LGMs
with high sensitivity and specificity, even after treatments
and even in recurring forms, can be easily generalized to a
wider range of clinical situations compared to studies focusing
exclusively on treatment-naïve meningiomas.

Finally, recent evidences concerning the potential develop-
ment of histological heterogeneity within meningiomas make
our model even more clinically relevant. A multi-site biopsy
approach showed that genetic anomalies indicative of atypia
can be heterogeneously detectable in distinct areas within the
same tumor [35]. A multi-parametric MRI assessment might
therefore be helpful in several clinical scenarios.

A pre-surgical MRI might guide surgeons in performing
biopsies specifically in regions showing low ADC values
and heterogeneous CE in order to histologically evaluate
the specific area most likely to show histological features
compatible with a higher grade. Similarly, a pre-
radiotherapy assessment might be used to plan treatments
focusing specifically on areas that show MRI features con-
sistent with atypia and anaplasia which might be demand
higher radiation doses.

Conclusion

In this study, we showed that a multi-parametric 3T MRI
assessment including conventional morphological features as
well as diffusion quantitative metrics can suggest atypia and
anaplasia in meningiomas with a high sensitivity and specific-
ity. Specifically, low values of ADC and heterogeneous CE
are the best predictors of HGMs. Such an assessment repre-
sents a useful clinical tool capable of:

a) Characterizing lesions localized in surgically inaccessible
areas, as well as lesions in patients unsuitable for invasive
procedures, compensating for the lack of information re-
garding the possible need for radiotherapy.

b) Tailoring biopsies, as well as radiotherapy treatments, on
a case-by-case basis.
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