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AIM: To prospectively evaluate and compare the potential of various diffusionmetrics obtained
from mono-exponential model (MEM), bi-exponential model (BEM), and stretched exponential
model (SEM)-based diffusion-weighted imaging (DWI) in the grading of meningiomas.
MATERIAL AND METHODS: Consecutive 93 patients with histopathologically confirmed

meningiomas received DWI of multiple b-values. Apparent diffusion coefficient (ADC), pure
molecular diffusion (D), pseudo-diffusion coefficient (D*), perfusion fraction (f), water mo-
lecular diffusion heterogeneity index (alpha), and distributed diffusion coefficient (DDC) were
calculated and compared between low-grade and high-grade meningiomas. Receiver operating
characteristic and multivariable stepwise logistic regression analyses were performed to
evaluate the diagnostic performance of different parameters.
RESULTS: The mean and normalised ADC, D, f, and DDC values were significantly lower in high-

grade meningiomas than those in low-grade meningiomas (all p<0.05). The AUCs of D and DDC
weresignificantlyhigher thanthatof f in thedifferentiation (allp<0.05).Dwas theonlyvariable that
could be used to independently differentiate high-grade and low-grade meningiomas (p<0.001).
CONCLUSION: Different models of DWI, including MEM, BEM, and SEM, are useful in the

differentiating high-grade and low-grade meningiomas; however, D obtained from BEM is the
most promising diffusion parameter for predicting the grade of meningiomas.
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Figure 1 Patient flowchart.
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Introduction

Meningiomas are one of themost commonprimary brain
tumours and are classified into three grades according to
theWorld Health Organization (WHO).1 Most meningiomas
correspond to low-grade lesions (Grade I), and the
remaining are high-grade tumours (Grade II/III).1,2 Low-
grade tumours usually grow slowly and have favourable
outcomes, whereas high-grade lesions are clinically and
histologically aggressive with lower overall survival rates.3,4

In addition, low-grade meningiomas located in high-risk
intracranial areas, such as skull base, may be more suit-
able for long-term follow-up or stereotactic radiotherapy
rather than surgery.5 Thus, accurate grading is crucial to
determine therapeutic strategies and to evaluate the prog-
nosis.6 Although conventional magnetic resonance imaging
(MRI) provides several identifiable features for meningi-
omas, no specific feature has been found to be reliable in
predicting the grade of the tumor.7,8

Apparent diffusion coefficient (ADC) obtained from
diffusion-weighted imaging (DWI) with a mono-
exponential model (MEM) has been widely used to grade
meningiomas9e12; however, the values of ADC in grading
meningiomas remain controversial. One possible explana-
tion is that MEM does not consider the influence of the
microcirculation of blood in capillaries, which may lead to
inaccurate measurement of the diffusion.13 Additionally,
MEM assumes that water diffusion follows a Gaussian dis-
tribution; however, the complexity of biological tissue leads
to restricted diffusion of water molecules, which leads to a
non-Gaussian distribution.

Recently, several recent studies suggested that bi-
exponential and stretched exponential DWI models might
provide more accurate information about water dif-
fusion.14e16 The bi-exponential model (BEM) might allow
separation of simple diffusion and microvascular perfusion,
and it can provide three parameters: pure molecular diffu-
sion (D), pseudo-diffusion coefficient (D*), and perfusion
fraction (f).17,18 D represents the perfusion-free diffusion in
the coherent motion, D* describes macroscopically the
incoherent movement of blood in the microvasculature
compartment, and f denotes the fraction of the incoherent
signal that arises from the vascular compartment in each
voxel over the total incoherent signal.19 Several studies have
demonstrated that the diffusion parameters derived from
BEM might be superior to ADC in predicting the grade of a
tumour, including sinonasal, renal, and breast lesions20e22;
however, relevant studies on meningiomas are limited.10

The stretched exponential model (SEM) can give informa-
tion on the diffusion and tissue heterogeneity by measuring
the signal deviation from the mono-exponential behaviour
caused by pseudo-perfusion effects.23 Based on SEM, the
parameters of distributed diffusion coefficient (DDC) and
water diffusion heterogeneity index (alpha) can be ach-
ieved. The DDC represents the mean intravoxel diffusion
rate and thus provides a more accurate measure of tissue
diffusion. Alpha measures the average difference between
apparent water diffusion rates and thus reflects
microstructural heterogeneity. SEM has beenwidely used in
various tumours such as gliomas, nasopharyngeal carci-
nomas (NPC), prostate, and ovarian tumours.14,16,24,25

Although it was shown to be potentially valuable in
grading gliomas, the application of SEM in meningiomas is
still lacking.

In general, BEM and SEM are both non-Gaussian diffu-
sion models and can accurately characterise tumour cellu-
larity; however, BEM provides additional information on
tissue microcirculation while SEM evaluates extra tumour
properties of heterogeneity. As differentmodels of DWImay
provide information regarding different aspects of tissue
properties, it may be valuable to explore their roles in the
grading of meningiomas; however, to date, no comparison
of these three different models of DWI in the identification
of meningioma grade has been explored. The purpose of
this study was to evaluate and compare the potential of
various diffusion metrics obtained from MEM, BEM, and
SEM DWI in the grading of meningiomas.

Materials and methods

Patients

This prospective study was approved by the local ethics
and institutional review board committee and informed
consent was obtained from every patient before participa-
tion. Patients with suspected meningiomas based on im-
aging support prior to referral to neurosurgery were
recruited consecutively in a tertiary hospital from October
2014 to July 2017 (Fig 1). The inclusion criteria were as
follows: (a) patients hadmultiple-b-value DWI; (b) tumours
were histopathologically confirmed as meningiomas based
on the 2016 WHO classification of tumours of the central
nervous system1; (c) surgical resection was performed
within 10 days after the MRI examination. The exclusion
criteria were the following: (a) patients with any previous
relevant treatment; (b) MRI data presentedmotion artefacts
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(obvious images blurring or conspicuous movements
among the sections of different b-values in the same
acquisition location). A total of 123 patients received con-
ventional MRI and multiple-b-value DWI, 110 patients un-
derwent surgery in Union Hospital, and 101 patients with
meningiomas were diagnosed via histopathology. Five pa-
tients were excluded due to previous relevant treatment
(including radiotherapy, chemotherapy, or surgery), and
three patients were excluded because of excessive head
movement artefacts that significantly degraded image
quality. Finally, 93 patients were included.
Image acquisition

MRI was performed using a 3 T MRI system (Discovery
750, GE Healthcare, Milwaukee, Wis, USA) equipped with a
gradient system capable of amaximal amplitude of 50mT/m
and an eight-channel receiver head coil. Conventional non-
enhanced MRI sequences, multiple-b-value DWI, and
contrast-enhanced T1-weighted imaging were performed in
sequence. The total scandurationwas 15minutes 41 seconds.

Conventional non-enhanced MRI sequences included
axial T1-weighted fluid attenuated inversion recovery
(FLAIR) images (repetition time [TR]¼1,750 ms, echo time
[TE]¼23 ms, section thickness¼5 mm, intersection gap¼1.5
mm, field of view [FOV]¼24 cm, matrix¼320�320); axial
T2-weighted FSE images (TR¼6,488, TE¼94 ms, section
thickness¼5 mm, intersection gap¼1.5 mm,
matrix¼512�512, FOV¼24 cm); axial T2-weighted FLAIR
images (TR¼8,500, TE¼143 ms, section thickness¼5 mm,
intersection gap 1.5 mm, matrix¼288�224, FOV¼24 cm).

DWI used a spin echo (SE)-echo planar imaging (EPI)
diffusion sequence in the axial plane (TR¼5,000, TE¼84.6
ms, section thickness¼5 mm, intersection gap¼0 mm,
FOV¼24 cm, matrix¼192�192, number of sections¼30.
Twelve b-values from 0 to 3,000 s/mm2 (0, 50,100,150, 200,
300, 500, 800, 1,000, 1,500, 2,000, and 3,000 s/mm2; with
number of excitations [NEX]¼1 for b¼0e500 s/mm2, two
NEX for b¼800e1,000 s/mm2, three NEX for b¼1,500 s/
mm2, four NEX for b¼2000 s/mm2, and six NEX for b¼3000
s/mm2; varying diffusion gradient strength with constant
pulse length [32 ms] and separation [49 ms]) were used in
three orthogonal directions.

A contrast-enhanced three-dimensional (3D) axial T1-
weighted fast spoiled gradient echo (FSPGR) was served as
anatomical reference for DWI (TR¼8.2, TE¼3.2 ms, section
thickness¼1 mm, matrix¼256�256, FOV¼24 cm, inversion
time [TI]¼450 ms, flip angle¼12�). Post-contrast images
were performed after administration of intravenous contrast
material (0.1 mmol/kg, gadopentetate dimeglumine, Bayer
Schering, Berlin, Germany) at a speed of 2 ml/s.
Image processing

The DWI data were obtained and transferred to a work-
station (Advantage Workstation 4.6; GE Medical Systems)
for processing. Parameter maps were generated by the
MADC program in the Functool software for each model.
The mono-exponential model was calculated using the
equation

SðbÞ=S0 ¼ exp ð � b� ADCÞ
where S(b) is the mean signal intensity with diffusion
gradient b, and S0 is the mean signal intensity without
diffusion gradient.26 In this study, two ADC metrics
(ADC0,1000 and ADCall) were derived from the mono-
exponential model. The difference between the ADC0,1000
and ADCall is that ADC0,1000 is calculated by only two b-
values (0,1000 s/mm2) while the ADCall is calculated by all
12 b-values.

The BEM was calculated using the equation

SðbÞ=S0 ¼ ½ f � exp ð � b� D*Þ� þ ½ð1 � f Þ � exp ð � b

� DÞ�
where D is the pure molecular diffusion. D* is the pseudo
diffusion coefficient, f is the microvascular volume fraction
representing the fraction of diffusion linked to
microcirculation.13

The SEM was calculated using the equation

SðbÞ=S0 ¼ exp½ � ðb� DDCÞalpha�
where DDC is the distributed diffusion coefficient reflecting
the mean intravoxel diffusion rate, and alpha corresponds
to intravoxel water diffusion heterogeneity ranging be-
tween 0 and 1.23

For MEM, data were fitted using the least square fit for
linear fitting and for the BEM and SEM, data were fitted
using the LevenbergeMarquardt fit for nonlinear
fitting.14,21 The quantitative measurement of parameter
maps was performed on ImageJ (version 1.50i; US NIH). A
semi-automatic ROI setting method was performed, in line
with former studies.9,27 On contrast-enhanced T1-
weighted imaging, an ROI was drawn to include the
entire enhancing lesion on the largest section of a tumour.
Regions of visual cyst, necrosis, haemorrhage, and calcifi-
cations were carefully avoided with reference to conven-
tional MRI. Each ROI was semi-automatically delineated by
using the wand tool in ImageJ and copied to parameter
maps for analyses. A visual check of the positioning of the
ROI on the parametric maps was further performed.
Similarly, an ROI of normal appearing white matter
(NAWM) was created in the contralateral centrum semi-
ovale in accordance with former studies.9,28 If a tumour
was located on the midline, the ROI was set in the
centrum semiovale of both hemispheres, and the mean
value was used. Afterwards, mean diffusion values
(ADC0,1000, ADCall, D, D*, f, DDC, alpha) in the tumours
were normalised to the corresponding values in the
contralateral NAWM to reduce inter-subject variation.
Besides, the tumour size was also measured and defined
as the maximum area on contrast-enhanced T1-weighted
imaging. Each image was analysed independently by two
blinded neuroradiologists (with 6 and 10 years’ experi-
ence), and the average values of two readers were used for
analysis.



Table 1
Clinical information and magnetic resonance imaging metrics for low-grade
(LGM) and high-grade meningiomas (HGM).

LGM HGM p-Value

n 78 15
Age 53.49�9.8 58.87�14.28 0.107a

Sex (% male) 19 (24.36%) 3 (20%) 0.974b

Tumour size (mm2) 1024.14�738.13 993.32�437.31 0.612a

Ki-67 LI 2.9�2.2 10.40�6.86 <0.001a

Data are presented as mean � standard deviation or percentages, n (%).
Ki-67 LI: Ki-67 labelling index.

a Comparisons were performed by ManneWhitney U-test.
b Comparisons were performed by c2 test.

Table 2
Inter-observer variability in measurements of meningiomas.

Region Metrics Intra-class correlation coefficient
(95% CI for interobserver)

The solid region
of the tumour

ADC0,1000 0.978 (0.962e0.989)
ADCall 0.997 (0.995e0.998)
D 0.995 (0.991e0.997)
D* 0.970 (0.951e0.981)
f 0.895 (0.832e0.934)
DDC 0.995 (0.992e0.997)
alpha 0.939 (0.903e0.962)

NAWM ADC0,1000 0.946 (0.914e0.960)
ADCall 0.970 (0.953e0.981)
D 0.966 (0.946e0.979)
D* 0.874 (0.799e0.921)
f 0.916 (0.865e0.947)
DDC 0.973 (0.958e0.983)
alpha 0.940 (0.905e0.963)

CI, confidence interval; NAWM, normal-appearing white matter; ADC,
apparent diffusion coefficient; D, pure molecular diffusion, D*, pseudo-
diffusion coefficient; f, perfusion fraction; alpha, water molecular diffusion
heterogeneity index; DDC, distributed diffusion coefficient, ADC0,1000, ADC
calculated using only two b-values (0,1000 s/mm2); ADCall, ADC calculated
using all 12 b-values.
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In addition, the mean signal-to-noise ratios (SNRs) in the
lesions and NAWM for b¼3,000 s/mm2 images were
calculated to be 56.2e197.8 and 70.7e224, respectively.29

Thus, the SNR was large enough to ensure proper depic-
tion of the signal.

Statistical analysis

SPSS software (Version 19.0, IBM, Armonk, NY, USA) and
MedCalc software (https://www.medcalc.org/, version
11.4.2.0) were used for statistical analyses. The inter-reader
reliability for parameter measurements was assessed using
an intra-class correlation coefficient (ICC) with 95% confi-
dence intervals (CI). The KolmogoroveSmirnov test was
performed to analyse the normal distribution of all metrics.
The demographic data and diffusion metrics were
compared between high-grade and low-grade meningi-
omas with c2 test for categorical variables, independent-
sample t-tests for normally distributed continuous vari-
ables, or ManneWhitney U-tests for other continuous var-
iables. Receiver operating characteristic curves were
performed to determine the best diagnostic accuracy of
mean and normalised diffusion parameters in the grading of
meningiomas. The area under the curve (AUC), Youden in-
dex, sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV) of each parameter were
calculated. A multivariable stepwise logistic regression
analysis of diffusion parameters was performed to deter-
mine the best predictors for gradingmeningiomas. p-Values
<0.05 were considered significant for all the tests.

Results

A total of 93 patients, including 78 patients with low-
grade meningiomas and 15 patients with high-grade me-
ningiomas, were enrolled in this study. All patients received
total resection, which was confirmed via postsurgical MRI.
The subtypes of low-grade meningiomas included menin-
gothelial meningiomas (n¼23), fibrous meningiomas
(n¼22), transitional meningiomas (n¼25), angiomatous
meningiomas (n¼6), secretorymeningiomas (n¼2), atypical
meningiomas (n¼13), and anaplastic meningiomas (n¼2).
Of these patients, 22 were males and 71 were females. The
age of patients ranged from 19 to 79 years old, with a mean
age of 54.4 years. The demographics of low-grade and high-
grade meningiomas are summarised in Table 1.

As shown in Table 2, good inter-reader agreements were
achieved in the measurement of diffusion parameters.
Representative cases of low-grade and high-grade menin-
gioma are shown in Figs 2 and 3, respectively. Table 3 and
Fig 4 show the quantitative comparison of differences in
diffusion parameters between the two meningioma groups.
The mean and normalised ADC, D, f, and DDC values were
significantly lower in high-grade meningiomas than those
in low-grade meningiomas (p<0.05). There was no signifi-
cant difference in themean and normalised values of D* and
alpha between the two groups (p>0.05).

The results of the receiver operating characteristic curves
for mean and normalised diffusion parameters in grading
meningiomas are summarised in Table 4 and Fig 5. D
exhibited the maximal AUC for differentiating high-grade
meningiomas from low-grade meningiomas. ADCall and
DDC had lower values, followed by ADC0,1000 and f. As
shown in Table 5, the AUCs of mean and normalised D,
ADCall, and DDC were significantly higher than those of
ADC0,1000 and f in differentiating between high-grade me-
ningiomas and low-grade meningiomas (p<0.05). In addi-
tion, multivariable stepwise logistic regression analysis
showed that the normalised D was the most significant
variable, with a parameter estimate of 11.86 and a standard
error of 3.01 (p<0.001).
Discussion

DWI has received much attraction in the evaluation
of intra-tumoural pathological patterns, including
cellularity, microcirculation, and intra-tumoural hetero-
geneity.30 MEM, BEM, and SEM are different exponential
models based on multi-b values DWI. In this study,
MEM, BEN, and SEM DWI were used to characterise the
biological behaviour of meningiomas. The present

https://www.medcalc.org/


Figure 2 Low-grade meningioma in a 54-year-old woman. A mass was located in left cerebral convexity, demonstrating iso-intensity on T2-
weighted imaging (a), and homogeneous enhancement on contrast-enhanced T1-weighted imaging (b). Compared with normal-appearing
grey matter, the lesion shows isointensity on the ADC0,1000 (c), ADCall (d), D (e), D* (f), f (g), DDC (h), and alpha (i) maps.
Haematoxylineeosin staining (j) confirmed the mass as a fibrous meningioma (magnification, �100).
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results demonstrated that the differentiation of low-
grade and high-grade meningiomas is feasible by
different models of DWI. Moreover, D and DDC generally
Figure 3 High-grade meningioma in a 44-year-old woman. A mass was l
T2-weighted imaging (a), and homogeneous enhancement on contras
appearing grey matter, the lesion shows hypointensity on the ADC0,1

intensity on the D* (f) map and isointensity on the alpha (i) map. Haem
ningioma (magnification, �100).
performed better than f. In addition, D was the strongest
independent predictor associated with the grade of
meningiomas.
ocated in the right cerebral convexity, demonstrating isointensity on
t-enhanced T1-weighted imaging (b). Compared with the normal-
000 (c), ADCall (d), D (e), f (g) and DDC (h) maps, slightly hyper-
atoxylineeosin staining (j) confirmed the mass as an atypical me-



Table 3
Comparison of mean and normalised diffusion metric values between low-grade and high-grade meningiomas.

Values ADC0,1000 ADCall D D* f DDC alpha

Mean values
Low-grade meningiomas 0.85�0.16 0.69�0.10 0.55�0.06 4.74�2.20 0.27�0.06 0.82�0.19 0.76�0.07
High-grade meningiomas 0.77�0.10 0.59�0.05 0.47�0.05 5.28�2.29 0.23�0.03 0.64�0.08 0.73�0.13
p-Value <0.008b <0.001a <0.001b 0.329b 0.030b <0.001b 0.336a

Normalised values
Low-grade meningiomas 1.12�0.25 1.20�0.17 1.25�0.16 1.71�0.80 0.94�0.21 1.26�0.30 0.98�0.09
High-grade meningiomas 1.02�0.18 1.00�0.08 1.03�0.12 1.91�0.83 0.79�0.11 0.95�0.11 0.94�0.17
p-Value <0.021b <0.001a <0.001b 0.347b 0.004b <0.001b 0.360a

Data are presented as mean�standard deviation. ADC0,1000, ADCall, D, D*, and DDC are in units of�10�3 mm2/sec. See Table 2 for definitions of abbreviations.
a Comparisons were performed by independent samples t-test.
b Comparisons were performed by ManneWhitney U-test.

Figure 4 Comparisons of the normalised diffusion metrics between
high-grade and low-grade meningiomas. Error bars¼standard de-
viations across subjects. *p<0.05. LGM, low-grade meningiomas;
HGM, high-grade meningiomas.
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In the current study, ADC values derived fromMEMwere
significantly lower in high-grade meningiomas. These are
because ADC reflects the overall diffusion level and corre-
lates with the cellular density of tumour tissue. Compared
to the benign meningiomas, malignant tumour cells
Table 4
Receiver operating characteristic curve results of diffusion metrics for differentia

Values AUC Cut-off value Sensitivity

Mean values
ADC0,1000 0.718 0.787 65.38
ADCall 0.842 0.632 74.36
D 0.880 0.522 71.79
f 0.678 0.245 57.69
DDC 0.832 0.74 57.69
Normalised values
ADC0,1000 0.689 0.986 78.21
ADCall 0.869 1.047 82.05
D 0.885 1.181 75.64
f 0.737 0.808 69.23
DDC 0.854 1.044 74.36

ADC0,1000, ADCall, D, and DDC are in units of�10�3 mm2/sec.
AUC, area under the curve; PPV, positive predictive value; NPV, negative predict
manifested as increased cellular density, reduced extracel-
lular space, and higher nuclear/cytoplasmic ratio, which
would lead to the decrease of ADC.31 Recent research also
revealed that the MEN can help to grade meningiomas.9,11

According to Gihr et al., ADC values of high-grading me-
ningiomas were lower than those of low-grading menin-
giomas, which is consistent with the present results.11

Similarly, Lin et al. found significantly lower ADC values in
high-grade meningiomas than those in low-grade menin-
giomas.9 In this study, a cut-off normalised ADC value of
1.047 has been identified in grading meningiomas, which is
in good agreement with the value reported by Lin et al.9;
however, some other studies also reported that ADC failed
to evaluate the grade of meningiomas.10,32 The contradic-
tory findings between the current study and former
research may be attributed to differences in enrolment bias
and parameter settings. Moreover, in the current study, the
ADC value calculated by fitting all 12 b-values had a higher
diagnostic performance than that of the ADC value only
calculated by two b-values. This is in concordance with the
suggestion that MEM based on multiple b-values could
avoid the selection bias of different b-values and achieve
more reliable measurements.33

According to thepresent results, using theBEMDWI, theD
values of high-grade meningiomas were remarkably lower
than that of low-grade meningiomas, which was in line with
a previous study.10 BEM can separate the diffusion and
perfusion component from overall diffusion
ting low-grade from high-grade meningiomas.

Specificity Youden’s index PPV NPV

80.00 45.38 94.4 30.8
80.00 54.36 95.1 37.5
93.33 65.13 98.2 38.9
80.00 37.69 93.7 26.7
100.00 57.69 100.0 31.2

66.67 44.87 92.4 37.0
80.00 62.05 95.5 46.2
93.33 68.97 98.3 42.4
80.00 49.23 94.7 33.3
86.67 61.03 96.7 39.4

ive value. See Table 2 for definitions of abbreviations.



Figure 5 ROC curves for the mean and normalised diffusion metrics in distinguishing high-grade from low-grade meningiomas.

Table 5
p-Values from comparisons of areas under the curves among diffusion metrics for differentiating low-grade from high-grade meningiomas.

Mean values ADC0,1000 ADCall D f Normalised values ADC0,1000 ADCall D f

ADCall 0.012a . . . ADCall 0.004a . . .

D 0.004a 0.071 . . D 0.018a 0.609 . .

f 0.493 0.004a 0.004a . F 0.337 0.003a 0.015a .

DDC 0.047a 0.627 0.030a 0.009a DDC 0.016a 0.358 0.282 0.015a

ap<0.05.
See Table 2 for definitions of abbreviations.
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measurements.18 D presents the perfusion-free diffusion and
reflects the true diffusion coefficient. Therefore, D may be
more helpful than ADC in grading meningioma. After ana-
lysing the D-values by ROC curve, a mean D-value of 0.522
mm2/s and a normalised D-value of 1.181 were able to grade
meningiomas with high AUC areas (0.880 and 0.885). These
results were consistent with a previous study, suggesting
that D is a reliable diagnostic marker.10 In the present study,
the D* value of high-grade meningiomas was slightly higher
than that of low-grade meningiomas, but the difference was
not significant. According to previous studies, D* is a
perfusion-related parameter reflecting the capillary blood
velocity.18 The present findings suggest that D* is not the
main influencing factor of ADC as ADC of high-grade me-
ningiomaswas still significantly lower than that of low-grade
meningiomas as discussed above. Besides, several studies
had reportedD*might not be a reliable parameter because of
its weak repeatability.34,35 In the current study, the f-values
of high-grade meningiomas were significantly lower than
those of low-grade meningiomas. As the f-values correlate
with the fractional volume of capillary blood flowing and
blood vessel density, the lower f-values suggest decreased
micro-perfusion within high-grade meningiomas.36 Simi-
larly, Lu et al. also reported that atypical meningiomas
exhibited lower f-values than benign meningiomas10; how-
ever, one previous study reported that the estimate of f
derived from BEM diffusion showed a poor measurement
reproducibility.37 Thus, conventional perfusion measure-
ment techniques, such as DSC-MRI and ASL, may be more
suitable for grading meningiomas.
According to the present results, DDC derived from
SEM showed similar results to ADC and D, with lower
estimates for high-grade meningiomas compared with
low-grade meningiomas. SEM is another non-MEM that
can provide information on diffusion and heterogeneity
in tumours.23 Although it was shown to be successful in
tissue characterisation of various neoplasm, there is no
study using SEM in grading meningiomas. DDC is
considered as the weighted sum over the continuous
distribution of ADCs that represent the multi-exponential
decay properties.38 In the current study, the lower DDC
values in high-grade meningiomas were in line with the
pathological characteristics of aggressive tumours, which
usually demonstrated increased mitotic activity, necrosis,
nuclear atypia, and small cells with increased intracel-
lular complex protein molecules and nucleus to cyto-
plasm ratio.39 In addition, the alpha values obtained from
SEM showed no significant difference between high-
grade and low-grade meningiomas in the present study.
Alpha is regarded as a reflection of the microstructural
heterogeneity of the tumour. Former research indicated
that alpha could be used in evaluating the grade of gli-
omas and differentiated degree of nasopharyngeal can-
cer14,24; however, consistent with the current study, Lin
et al. did not find a difference between poorly differen-
tiated and well/moderately differentiated uterine cervical
carcinomas.40 The heterogeneity of alpha among studies
suggests that the value of alpha varied among different
types of tumours, and further larger cohort studies are
needed.
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Parameters derived fromMEM,BEM, and SEMcanprovide
diversified information. To the authors’ knowledge, this is
the first study to compare diffusion parameters derived from
three different exponential models in gradingmeningiomas.
Although various parameters showed statistically significant
differences between low-grade and high-grade meningi-
omas, D and DDC had significantly better diagnostic perfor-
mances than f in the differentiation. Moreover, D was the
most significant parameter in meningioma grading. This
might be explained by the fact that D is the pure molecular
diffusion coefficient, thus it can avoid the bias of microcir-
culation contributions and represent the cellularity of tu-
moursmore precisely.17 Hence, D obtained fromBEMmay be
amore appropriate diffusionmetric for assessing the gradeof
meningiomas; however, BEM diffusion needs relatively long
acquisition and analyse times. Recently, some researchers
have suggested that the imaging sequence could be abbre-
viated to as few as three b-values.41,42 Thus, an optimised
diffusion protocol may benefit the clinical practice for
grading meningiomas in the future.

This study still has several limitations. Firstly, the sample
size of high-grade meningiomas was relatively small; a
larger and multicentre study population may further verify
the present findings. Secondly, the number of b-values in
the low spectrum was relatively small, but the b-values
(<200 s/mm2) used in this study have been proven to be
useful for the evaluation of gliomas, sinonasal malignancies,
and cervical cancers.14,20,43 Thirdly, the association of
diffusion parameters with pathological characteristics was
not performed in this study. Detailed histological parame-
ters, such as the cell density and nuclear to cytoplasmic
ratio, should be explored in the future. Fourthly, the ROIs
were drawn on a single section instead of the entire tu-
mours, which might not reflect the characterisation of the
whole tumours. Therefore, 3D ROIs should be measured in
future studies.

In conclusion, different models of DWI, including MEM,
BEM, and SEM, are useful in the differentiation between
high-grade and low-grade meningiomas. Moreover, D and
DDC have significantly better diagnostic performances than
f. In addition, D obtained from BEM is the most promising
diffusion parameter for predicting the grade of
meningiomas.
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