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Abstract
Purpose: Presurgical grading, estimation of growth kinetics, and other prognostic factors are
becoming increasingly important for selecting the best therapeutic approach for meningioma
patients. Diffusion-weighted imaging (DWI) provides microstructural information and reflects
tumor biology. A novel DWI approach, histogram profiling of apparent diffusion coefficient (ADC)
volumes, provides more distinct information than conventional DWI. Therefore, our study
investigated whether ADC histogram profiling distinguishes low-grade from high-grade lesions
and reflects Ki-67 expression and progesterone receptor status.
Procedures: Pretreatment ADC volumes of 37 meningioma patients (28 low-grade, 9 high-
grade) were used for histogram profiling. WHO grade, Ki-67 expression, and progesterone
receptor status were evaluated. Comparative and correlative statistics investigating the
association between histogram profiling and neuropathology were performed.
Results: The entire ADC profile (p10, p25, p75, p90, mean, median) was significantly lower in
high-grade versus low-grade meningiomas. The lower percentiles, mean, and modus showed
significant correlations with Ki-67 expression. Skewness and entropy of the ADC volumes were
significantly associated with progesterone receptor status and Ki-67 expression. ROC analysis
revealed entropy to be the most accurate parameter distinguishing low-grade from high-grade
meningiomas.
Conclusions: ADC histogram profiling provides a distinct set of parameters, which help
differentiate low-grade versus high-grade meningiomas. Also, histogram metrics correlate
significantly with histological surrogates of the respective proliferative potential. More
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specifically, entropy revealed to be the most promising imaging biomarker for presurgical
grading. Both, entropy and skewness were significantly associated with progesterone receptor
status and Ki-67 expression and therefore should be investigated further as predictors for
prognostically relevant tumor biological features. Since absolute ADC values vary between MRI
scanners of different vendors and field strengths, their use is more limited in the presurgical
setting.
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Introduction
Meningiomas are the most frequently diagnosed primary
brain tumors in adults. According to the last report from the
Central Brain Tumor Registry of the United States
(CBTRUS), they comprise about 36.6 % of all intracranial
masses [1]. The WHO classification system of CNS tumors,
which is mainly based on histopathological features and
molecular pathways, divides meningiomas into three group-
s—benign (grade I), atypical (grade II), and anaplastic
(grade III) [2]. Earlier studies reported that approximately
80–90 % of all cases are slowly growing, low-grade
meningiomas (WHO I), associated with lower recurrence
rates after surgery [3] and better overall prognosis compared
to high-grade meningiomas (WHO grade II and III) [4].
More recent studies reported higher proportions of 10–15 %
for atypical and 1–3 % for anaplastic meningiomas [5, 6].
Other authors suggested even higher rates of WHO grade II/
III meningiomas [7, 8]. However, besides the comparatively
invasive group of grade II and III meningiomas, also benign
meningiomas exhibit unfavorable long-term outcomes in
middle-aged and elderly patients [9].

The only curative approach for meningiomas is complete
resection inclusive of the infiltrated pachymeninx, which is
associated with substantial surgical morbidity and mortality
[10, 11]. Considering the facts that (i) a significant
proportion of all meningiomas remains asymptomatic and
is discovered incidentally on neuroimaging studies or at
autopsy [12] and (ii) especially elderly patients, who may
not even live long enough to experience tumor-related
impairment, are more prone to surgical complications [13];
a conservative approach may represent the best strategy in
some cases [14]. As a consequence, preoperative imaging of
meningiomas, especially focusing on the prediction of tumor
grade, growth kinetics, and further prognostically relevant
biomarkers are becoming increasingly important to distin-
guish patients who benefit from extensive surgery from
those better treated conservatively.

So far, evaluation of macroscopic tumor characteristics
by magnetic resonance imaging (MRI) still remains the
limited standard approach in the clinical presurgical setting
[14]. Regarding the respective anatomical MRI sequences
(T1-weighted, T2-weighted, and gadolinium-enhanced post
contrast imaging), few studies postulated the potential

diagnostic value of simple morphological features like signal
heterogeneity, tumor shape, and tumor-brain interface or
more complex texture and shape analyses to differentiate
between low-grade and high-grade meningiomas [15–17].
Contrarily, other investigators did not find significant
differences between low-grade and high-grade meningiomas
when comparing conventional MRI signal intensities [18].

A complementary technique in MRI—better reflecting
tissue architecture on a microscopical scale than the
conventional sequences—is diffusion-weighted imaging
(DWI) [19]. DWI uses opposed gradients to measure the
random BGaussian^ translocation of hydrogen nuclei
within biological tissues, where mostly cell membranes
act as natural boundaries and cause a tissue-specific
diffusion pattern [20]. This pattern is visualized on the
respective apparent diffusion coefficient (ADC) maps.
ADC values, obtained via manually drawn, solitary
regions of interest (ROI), have been shown to differ
significantly between low-grade and high-grade meningi-
omas [21, 22]. Furthermore, an inverse correlation
between ADC values and Ki-67 expression, representing
the proliferative potential of the tumor, was reported
previously [22]. However, other studies in the field do
not corroborate these findings [23, 24].

So far, studies investigating the complexity of the whole
tumor diffusion pattern of meningiomas in correlation to
histopathological properties are lacking. Therefore, the aim
of this study was to evaluate whether whole tumor histogram
profiling in preoperative ADC maps hast the potential to (i)
sufficiently reflect the prognostically relevant Ki-67 expres-
sion, representing the growth kinetics of the lesions in
question, (ii) to differentiate progesterone receptor-negative
and -positive tumors, and (iii) to distinguish between low-
grade and high-grade meningiomas.

Methods

Ethics Approval

The study was approved by the ethics committee of the
medical council of Baden-Württemberg (Ethik-Kommission
Landesärztekammer Baden-Württemberg, F-2017-047).
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Patients Collective

The institutional radiological information system (RIS) was
searched for patients with the diagnosis meningioma. Fifty-
six patients were identified between 01/2012 and 08/2017;
all of whom had surgery in our hospital with at least partial
removal of the tumor and subsequent neuropathological
workup. Only patients who received pretreatment MRI scans
with sufficient DWI were included. MRI examinations of
patients indicating hemorrhage or significant calcifications
were excluded, since these conditions severely influence
quantification, and hence, produce incorrect ADC values.
Therefore, only 37 patients (30 females, 7 males; ranging
from 40 to 87 years with a mean age of 61.4 years) were
included in our retrospective analysis. Twenty-eight cases
were low-grade meningiomas and nine cases were high-
grade meningiomas.

MRI Specifics

For all patients, MRI of the brain was performed using a 1.5-
T device (MAGNETOM Aera, Tx/Rx CP head coil,
Siemens, Erlangen, Germany). The imaging protocol in-
cluded the following sequences: (1) axial T2-weighted
(T2w) turbo spin echo (TSE) sequence (TR/TE: 4000/69,
flip angle: 150°, slice thickness: 4 mm, acquisition matrix:
200 × 222, field of view: 100 mm); (2) axial T1-weighted
(T1w) turbo spin echo (TSE) sequences (TR/TE 765/9.5, flip
angle 150°, slice thickness 5 mm, acquisition matrix 200 ×
222, field of view 100 mm) prior and post intravenous
application of contrast medium (Gadobutrol, Gadovist®,
Bayer Schering Pharma, Leverkusen, Germany); and (3)
axial DWI (EPI sequence; TR/TE 5400/69, flip angle 180°,
slice thickness 4 mm, acquisition matrix 200 × 222, field of
view 100 mm) with b values of 0 and 1000 s/mm2. ADC
maps were generated automatically by the implemented
software package.

All images were available in digital form and analyzed by
two experienced radiologists (DHR, SS) without knowledge
of the histopathological diagnosis on a PACS workstation
(Impax EE R20 XII).

Histogram Profiling of ADC Maps

ADC maps and T1-weighted post contrast images were
exported from our institutional archive in DICOM format via
the aforementioned AGFA PACS. Using a custom-made
DICOM image analysis tool (programmed by N.G. using
Matlab, The Mathworks, Natick, MA), whole lesion histo-
gram profiling was performed as follows: T1-weighted post
contrast images were loaded into a graphical user interface
(GUI) to tag the contrast-enhancing tumor of each patient in
all respective MRI sections. All regions of interest were then
automatically co-registered with the corresponding ADC
maps, and the whole lesion histogram profile was

consecutively calculated, providing the following set of
parameters: ADCmean, ADCmin, ADCmax, ADCp10,
ADCp25, ADCp75, ADCp90, ADCmodus, ADCmedian,
skewness, kurtosis, and entropy.

Neuropathology

All tumor specimens were used for neuro-histological
confirmation of the diagnosis. A 5-μm section of each
tumor was stained by H&E and two further sections were
employed for Ki-67—and progesterone receptor immuno-
histochemistry to determine the proliferation rate [25] and
the progesterone receptor status of each tumor, as previously
reported [26]. The histopathological images were digitalized
with a Jenalumar microscope, carrying a 4.2 digital camera
(Zeiss, Jena, Germany). Thereupon, Ki-67 index was
quantified using the ImageJ particles tool as described
previously [25].

Statistical Analysis

Statistical analysis including graphics creation was per-
formed using SPSS 23.0 (SPSS Inc., Chicago, IL, USA).
In a first step, DWI data and histopathological information
were investigated using descriptive statistics. In a second
step, data was tested for Gaussian distribution using the
Kolmogorov-Smirnov test. A t test was performed to
compare evaluated, normally distributed parameters of
DWI histogram profiling between low-grade and high-
grade meningiomas. Also, normally distributed DWI histo-
gram profiling parameters between progesterone receptor-
positive and negative meningiomas were compared using
unpaired t test. Mann-Whitney U test was performed to
compare parameters exhibiting a non-Gaussian distribution
between low-grade and high-grade meningiomas as well as
between progesterone receptor-positive and -negative me-
ningiomas. Finally, correlation analysis for normally distrib-
uted parameters was performed using Pearson correlation
coefficient. In case of non-Gaussian distribution, the
Spearman-rho rank-order correlation was calculated.
p values G 0.05 were taken to indicate statistical significance
in all instances. Finally, to assess the accuracy of ADC
volume histogram profiling, receiver operating characteristic
(ROC) curve analysis was performed and the respective area
under the curve (AUC) was calculated. For optimal
discrimination between low-grade and high-grade meningi-
omas, only the parameter exhibiting AUC values with
excellent accuracy (AUC 90–1) was used for calculation of
Youden’s Index.

Results
Examples of cranial MRI from patients with low-grade
(upper case) and high-grade meningiomas (lower case) are
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demonstrated in (Fig. 1). Corresponding whole tumor ADC
histograms are also given in the respective line of images.

The results of the descriptive analysis on DWI data and
histopathological information are summarized in Table 1.
The Kolmogorov-Smirnov test revealed Gaussian distribu-
tion for ADCmean, ADCp10, ADCp25, ADCp75, ADCp90,
ADCmodus, ADCmedian, entropy, and Ki-67 (p all G 0.05).
Non-Gaussian distribution was determined for ADCmin,
ADCmax, kurtosis, and skewness.

As a consequence, (unpaired) t test was used to compare
Ki-67, ADCmean, ADCp10, ADCp25, ADCp75, ADCp90,
ADCmodus, ADCmedian, and entropy between low-grade
and high-grade as well as between progesterone receptor-
positive and progesterone receptor-negative meningiomas.
Mann-Whitney U test was used to compare ADCmin,
ADCmax, skewness, and kurtosis between low-grade and
high-grade as well as between progesterone receptor-
negative and progesterone receptor-positive meningiomas.
In brief, significant differences between low-grade and high-
grade meningiomas were identified for the following set of
DWI histogram profile parameters: ADCmean, ADCp10,
ADCp25, ADCp75, ADCp90, ADCmedian, and entropy (all
p G 0.05). Mean values of all ADC fractions (e.g., percen-
tiles, mean, median, modus) were significantly lower in the
high-grade meningioma group, whereas entropy of the DWI
histogram profile was significantly greater in high-grade
compared to low-grade meningiomas. Differences in Ki-67
expression, representing the actively proliferating tumor
fraction, also achieved statistical significance, being in-
creased in the high-grade group. Furthermore, significant
differences between progesterone receptor-negative and
progesterone receptor-positive meningiomas were identified
for skewness and Ki-67 expression. Skewness and Ki-67
expression were both significantly greater in the progester-
one receptor-negative group compared to the progesterone
receptor-positive group. For reasons of comprehensibility
and clarity, results of the comparative statistical analysis are
summarized in Tables 2 and 3. Figure 2a–d shows differ-
ences (low-grade versus high-grade) in ADCpercentiles,
Fig. 2e, f shows differences (low-grade versus high-grade)
in ADCmean and ADCmedian values, Fig. 2g compares
entropy values of low-grade versus high-grade meningio-
mas, and Fig. 2h compares skewness of progesterone
receptor-negative and progesterone receptor-positive
meningiomas.

Pearson’s correlation coefficient was used to investigate
the association between ADCmean, ADCp10, ADCp25,
ADCp75, ADCp90, ADCmodus, ADCmedian, entropy, and
Ki-67. The Spearman-rho rank-order correlation was calcu-
lated to investigate the association between ADCmin,
ADCmax, skewness, kurtosis, and Ki-67. Significant corre-
lations (p G 0.05) between Ki-67 and the following DWI
histogram profile parameters were identified: ADCp10,
ADCp25, ADCmedian, ADCmodus, and entropy. The
complete results of the correlative analysis are summarized
in (Table 4). Figure 2i shows a scatter plot graphically

demonstrating the association of entropy and Ki-67, the set
of parameters with the strongest correlation (r = 0.518, p =
0.001).

Finally, AUC values were calculated for each of the
evaluated parameters exhibiting statistically significant dif-
ferences between low-grade and high-grade meningiomas.
The following values were obtained (CI confidence inter-
val): ADCmean (AUC = 0.067, [CI 0.000–0.150], p
G 0.001), ADCp10 (AUC = 0.067, [CI 0.000–0.170], p
G 0.001), ADCp25 (AUC = 0.062, [CI 0.000–0.159], p
G 0.001), ADCp75 (AUC = 0.087, [CI 0.000–0.180], p
G 0.001), ADCp90 (AUC = 0.139, [CI 0.015–0.263], p =
0.001), ADCmedian (AUC = 0.075, [CI 0.000–0.164], p
G 0.001), and entropy (AUC = 0.919, [CI 0.804–1.000],
p G 0.001). Hence, the only parameter showing an excellent
level of accuracy was entropy, the corresponding ROC curve
is displayed in Fig. 3. For cutpoint evaluation, Youden’s
Index was calculated and gave the following result: entropy
values of 3.805 and greater strongly indicate high-grade
meningioma (sensitivity 0.889, specificity 0.821).

Discussion
To the best of our knowledge, this is the first study using a
whole tumor ADC histogram approach that shows statisti-
cally significant differences between low-grade and high-
grade meningiomas. In line with the findings of Nagar et al.
and Surov et al. [21, 22], significantly reduced water
diffusibility in the extracellular compartment, predominantly
as a consequence of more densely packed tumor cells [27]
and increased intra-tumoral fibrosis or widespread collagen
formation [28], was demonstrated in grade II/III meningio-
mas compared to grade I meningiomas. In detail, whole
tumor ADCp10, ADCp25, ADCp75, ADCp90, ADCmean,
and ADCmedian values were harmonically decreased in
high-grade versus low-grade meningiomas. The fact that
significant, unidirectional differences were identified for all
ADC percentiles, ADCmean, and ADCmedian values,
representing the entire continuum of the diffusion profile,
indicates that variations in the tumor microstructure are
rather homogeneously distributed among the respective
WHO grades. This finding matches the well-known phe-
nomenon of a more heterogeneous contrast enhancement in
high-grade meningiomas versus the rather homogeneous

Fig. 1. a Representative T1 weighted post contrast image. b
The co-registered ADC map. c The corresponding whole
tumor ADC histogram. d H&E staining and e Ki-67 immuno-
histochemistry from a low-grade and (f–j) high-grade menin-
gioma. f Representative T1 weighted post contrast image. g
The co-registered ADC map. h The corresponding whole
tumor ADC histogram. i H&E staining. j Ki-67 immunohisto-
chemistry from a high-grade meningioma. For the first case
(low-grade meningioma), a proliferation index of 5 % was
calculated. In the second case (high-grade meningioma),
proliferation index was 10 %. The scale bars represent 1 mm
in each image.

b
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enhancement pattern in low-grade meningiomas [15, 16]. In
conclusion, tumor micro-architecture appears to be compar-
atively uniform within the respective WHO grades and is
reflected by corresponding characteristic ADC profiles.

Furthermore, entropy of the entire ADC tumor volume
was the most accurate parameter distinguishing low-grade
from high-grade meningiomas. The entropy of an ADC
volume is a quantity describing the degree of randomness of
ADC values within the investigated volume of interest and
has been used as a measure of tumor heterogeneity in
previous works [29]. In our collective, high entropy values,
using a cutpoint value of 3.805, were strongly predictive for
high-grade meningiomas with excellent accuracy according
to the ROC analysis. This finding exemplarily corresponds
to the results of Rosenkrantz et al. and Suo et al., who
demonstrated significantly higher ADC entropy values in
malignant lesions of the prostate and breast compared to
benign lesions [30, 31]. Our results further accord to the
results of Foroutan and coworkers, who were able to
demonstrate significant changes in ADC entropy values of
cancer cells treated with cyto-reductive agents [32]. There-
fore, in addition to the homogeneous decrease of the whole
ADC spectrum, increased values of ADC entropy in
meningiomas strongly indicate a more dynamic and invasive
tumor process and should be considered a prognostically
relevant imaging biomarker.

Additionally, significant correlations between Ki-67
expression, the lower ADC percentiles (p10 and p25),
ADCmodus, and ADCmedian were demonstrated. These
findings are in line with several previously published
reports, exemplarily a study on primary CNS lymphomas,
which was able to show that different ADC fractions are
inversely associated with Ki-67 expression, representing the
actively proliferating portion of the neoplasm [25]. Also, in
the context of the above-discussed aspects, decreased water
diffusibility in the extracellular compartment secondary to
increased tumor cellularity is comprehensibly correlated
with increased cell proliferation.

Further on, second order characteristics of the ADC
profile—kurtosis, skewness, and entropy—were correlated
with Ki-67 expression. Interestingly, the strongest correla-
tion between all ADC profile parameters and the histopath-
ological equivalent for growth kinetic in our study was
identified for entropy of the ADC volume, indicating that
increased ADC entropy, and hence, greater tumor heteroge-
neity, is directly associated with an enhanced growth
potential of the respective meningioma. This finding is
corroborated by the work of Ryu et al., who reported
analogous findings in low-grade and high-grade gliomas
[33].

As reported previously, a positive progesterone recep-
tor status in meningiomas is associated with better

Table 1. DWI histogram profiling parameters of all investigated meningioma

Parameters Mean ± standard deviation Minimum Maximum

ADCmean, × 10−5 mm2 s−1 93.70 ± 15.71 65.74 145.48
ADCmin, × 10−5 mm2 s−1 45.84 ± 22.61 2.1 85.20
ADCmax, × 10−5 mm2 s−1 232.58 ± 63.66 113.90 400.30
P10 ADC, × 10−5 mm2 s−1 78.29 ± 11.76 53.70 102.87
P25 ADC, × 10−5 mm2 s−1 83.46 ± 12.83 58.00 115.40
P75 ADC, × 10−5 mm2 s−1 98.82 ± 18.54 68.90 166.80
P90 ADC, × 10−5 mm2 s−1 113.28 ± 25.48 79.29 201.10
Median ADC, × 10−5 mm2 s−1 89.94 ± 14.84 62.90 138.20
Modus ADC, × 10−5 mm2 s−1 87.06 ± 13.86 66.10 124.20
Kurtosis 21.83 ± 21.66 3.34 81.00
Skewness 2.37 ± 1.18 − 0.12 5.70
Entropy 3.99 ± 0.60 2.49 5.09

Table 2. Comparison of DWI histogram profiles and Ki-67 index between low-grade and high-grade meningiomas. p values of statistically different
comparisons are given in bold font

Parameters Low-grade mean ± SD High-grade mean ± SD p values

ADCmean, × 10−5 mm2 s−1 98.71 14.38 78.11 7.22 G 0.001
ADCmin, × 10−5 mm2 s−1 49.41 22.18 34.74 22.35 0.093
ADCmax, × 10−5 mm2 s−1 239.41 68.74 211.33 40.28 0.176
P10 ADC, × 10−5 mm2 s−1 82.24 10.12 26.01 7.24 G 0.001
P25 ADC, × 10−5 mm2 s−1 78.72 11.28 70.21 7.06 G 0.001
P75 ADC, × 10−5 mm2 s−1 104.12 17.90 82.34 7.81 0.001
P90 ADC, × 10−5 mm2 s−1 119.93 25.47 92.61 9.80 0.004
Median ADC, × 10−5 mm2 s−1 94.54 13.71 75.64 7.22 0.004
Modus ADC, × 10−5 mm2 s−1 91.51 12.73 73.29 6.04 0.056
Kurtosis 20.61 21.13 25.63 24.15 0.566
Skewness 2.35 1.22 2.43 1.08 0.903
Entropy 3.77 0.47 4.66 0.44 G 0.001
Ki-67 3.74 2.07 12.22 9.05 G 0.001

Gihr G.A. et al.: DWI Histogram Analysis of Low-grade and High-grade Meningiomas 637



Table 3. Comparison of DWI histogram profiles between progesterone receptor-negative and progesterone receptor-positive meningioma

Parameters Progesterone receptor-negative mean ± SD Progesterone receptor-positive mean ± SD p values

ADCmean, × 10−5 mm2 s−1 95.24 26.35 93.66 16.03 0.896
ADCmin, × 10−5 mm2 s−1 22.25 22.33 48.18 2.47 0.200
ADCmax, × 10−5 mm2 s−1 285.65 9.83 227.92 56.72 0.128
P10 ADC, × 10−5 mm2 s−1 74.55 17.18 78.72 11.96 0.641
P25 ADC, × 10−5 mm2 s−1 81.90 20.65 83.80 13.03 0.847
P75 ADC, × 10−5 mm2 s−1 105.35 34.15 98.80 18.72 0.646
P90 ADC, × 10−5 mm2 s−1 119.35 38.25 112.26 25.30 0.709
Median ADC, × 10−5 mm2 s−1 92.10 26.30 90.10 15.00 0.860
Modus ADC, × 10−5 mm2 s−1 81.65 16.48 87.70 14.28 0.567
Kurtosis 11.75 11.51 23.67 22.67 0.602
Skewness 4.37 1.89 2.33 1.00 0.046
Entropy 4.32 0.44 3.99 0.63 0.476
Ki-67 18.50 23.33 5.13 3.32 0.002

Values in bold writing indicate statistical significance

Fig. 2. a–h Boxplots of statistically significant differences between the diffusion profile of low-grade and high-grade
meningiomas. i A significant correlation exists between the entropy of the whole tumor ADC histograms and the proliferation
index.
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outcomes [34]. Therefore, we investigated whether
parameters of ADC profiling are associated with the
progesterone receptor status. Interestingly, skewness of
the ADC volume histogram (and Ki-67 expression) was
significantly increased in the progesterone receptor-
negative group compared to the progesterone receptor-
positive group. This concurs with the findings of Hsu
et al. and Pravdenkova et al. [34] and indicates that

skewness of ADC volumes in meningiomas may reflect a
distinct aspect of the specific tumor biology, which is
not accounted for by the remaining parameters of
diffusion profiling.

Our study suffers from some limitations. Firstly, it is only
of retrospective nature and based on a small patients’
collective. Secondly, only data from a singular 1.5-T MRI
system was available. Further investigations at higher field
strength are necessary to validate the findings of our study
and to compare results between different scanners. Since
ADC values vary between MRI scanners of different
vendors [25, 35], special focus should then be placed on
the histogram parameters’ skewness, kurtosis, and entropy,
which do not depend on field strength and sequence
specifics. Thirdly, only two b values (0 and 1000 s/mm2)
were available for ADC calculation; therefore, small vessel
perfusion may have an impact on ADC values in our cohort.

Conclusions
ADC histogram profiling provides a distinct set of param-
eters, which help differentiate low-grade versus high-grade
meningiomas. Also, histogram metrics correlate significantly
with histological surrogates of the respective proliferative
potential. More specifically, entropy revealed to be the most
promising imaging biomarker for presurgical grading. Both,
entropy and skewness were significantly associated with
progesterone receptor status and Ki-67 expression and
therefore should be investigated further as predictors for
prognostically relevant tumor biological features. Since
absolute ADC values vary between MRI scanners of
different vendors and field strengths, their use is more
limited in the presurgical setting.
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