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Background: The choice of surgical treatment for meningiomas is affected by the subtype and clinical
characteristics. Therefore, an accurate preoperative diagnosis is essential. Current magnetic resonance
imaging (MRI) technology is unable to distinguish between meningioma subtypes. In the present study, we
compared and evaluated the utility of conventional MRI, magnetic resonance fingerprinting (MRF), and
diffusion-weighted imaging (DWI) in differentiating World Health Organization grade I transitional and
fibrous meningiomas from meningothelial meningiomas.

Methods: Forty-six patients with pathologically confirmed meningiomas (15 meningothelial, 18
transitional, and 13 fibrous) were enrolled in the present study. All patients underwent conventional MRI,
MRE, and DWI scans before surgery using a 3T scanner. The Jonckheere-Terpstra test was used to analyze
differences in the signal and enhancement characteristics of the three groups from T\-weighted imaging
(T1WI) and T,-weighted imaging (T2WI). To investigate the difference in quantitative T1 and T2 values
derived from MRF and apparent diffusion coefficient (ADC) values between the three groups using the
Kruskal-Wallis test, regions of interest (ROIs) were manually drawn on the parenchymal portion of the
tumors; P<0.017 was considered statistically significant after Bonferroni correction for multiple comparison.
The receiver operating characteristic (ROC) curve was used to evaluate the diagnostic performances of the
different parameters.

Results: Meningothelial meningiomas had significantly higher T1 and T2 values than transitional and
fibrous meningiomas (all P<0.017). ROC analysis results revealed that the combination of T'1 and T2 values
had the largest area under the curve (AUC). The AUC for the combination of T1 and T2 values was 0.826
between meningothelial and transitional meningiomas, and the AUC for the combination of T1 and T2
values between meningothelial and fibrous meningiomas was 0.903. No significant differences were found
in the T1 and T2 values between transitional and fibrous meningiomas. There were also no statistically
significant differences in the conventional MRI (including T1WI, T2WI, and contrast-enhanced T1WI) and
ADC values between the three meningioma subtypes (all P>0.05).

Conclusions: MRF may provide more quantitative information than either conventional MRI or DWT for
differentiating transitional and fibrous meningiomas from meningothelial meningiomas. T1 and T2 values
derived from MRF may distinguish transitional and fibrous meningiomas from meningothelial meningiomas,

and the combination of T'1 and T2 values provides the highest diagnostic efficacy.
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Introduction

Meningiomas are the second most common primary tumor
of the central nervous system (1). According to the 2016
World Health Organization (WHO) classification of tumors
of the central nervous system, meningiomas can be classified
into 3 grades and 15 pathological subtypes (2); 9 subtypes
are classified as WHO grade I, 3 subtypes are classified
as WHO grade II and 3 are classified as grade III. Most
meningiomas are WHO grade I, and the most common
histological subtypes are meningothelial, transitional, and
fibrous meningiomas. Although grade I meningiomas
are benign (3), patients with these tumors do not always
have satisfactory surgical outcomes. Meningothelial
meningiomas rarely involve intra-tumoral hemorrhage,
whereas transitional and fibrous meningiomas are prone to
hemorrhage (4). Therefore, compared with meningothelial
subtype, transitional and fibrous meningiomas are
associated with a higher bleeding risk during surgery and
a worse outcome at follow-up. The accurate diagnosis
of transitional and fibrous meningiomas before surgery
is therefore essential for selecting the most appropriate
surgical procedure.

With the continuous development of technology,
the clinical application of imaging techniques, such
as magnetic resonance imaging (MRI) and computed
tomography, has significantly improved the accuracy of
localization and the qualitative diagnosis of meningiomas.
However, conventional techniques can only reflect
the gross morphological changes of tumors. Most
subtypes of meningioma cannot be characterized by
conventional imaging, so challenges remain regarding their
differentiation before surgery (5,6). Conventional MRI,
including T,-weighted imaging (T1WI), T,-weighted
imaging (T2WI), and contrast-enhanced T1WI, has been
widely used in the preoperative diagnosis of meningiomas.
Diffusion-weighted imaging (DWI) is a technique that
relies on the movement of water molecules at the cellular
level (7). The apparent diffusion coefficient (ADC) value,
which is derived from DWI, quantifies the diffusion state of
water molecules. Different pathologies alter the movement
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of water molecules in different ways, and ADC values can
allow researchers to differentiate between pathologies,
including different tumor types (8,9). However, the ability
of conventional MRI and DWI-derived ADC values
to differentiate WHO grade I transitional and fibrous
meningiomas from meningothelial meningiomas is limited,
because of the overlap in imaging characteristics and ADC
values (10). Therefore, new MRI techniques are needed
to improve diagnostic accuracy in differentiating between
meningioma subtypes.

Magnetic resonance fingerprinting (MRF) is a novel
MRI technique that can simultaneously estimate multiple
quantitative biophysical parameters of different tissue
components (11,12). Previous studies have shown that
quantitative MRI can better detect physiological and
morphological changes, such as liver and cardiac fibrosis,
than conventional qualitative MRI (13,14). MRF addresses
the limitations of traditional MRI technology, which
cannot simultaneously separate and accurately estimate
physiological parameters of different tissues, and achieves
parallel quantitative imaging of various physiological
parameters. The entire MRF process can be divided
into three parts: data acquisition, pattern matching, and
organizational feature visualization (15). It is a simple,
fast, non-invasive quantitative MRI technique that enables
multiple organizational characteristics to be acquired
simultaneously in a single, efficient acquisition. MRF uses
random excitation flip angles and repetition times (TRs) for
data acquisition to obtain incoherent and different magnetic
resonance time courses (16). In the pattern matching
stage of the process, the unique “fingerprints” from each
voxel are matched to a set of simulated fingerprints in a
dictionary generated by the MRF sequence using the same
acquisition parameters. The magnetic resonance parameters
that produce the best match are used as definite quantity
results (17). MRF has been proved to be a valuable tool for
the characterization of pathological conditions in diseases,
such as multiple sclerosis (18), epilepsy (19), and brain
tumors (17). However, to the best of our knowledge,
MREF has not been used for the differential diagnosis of
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meningioma subtypes. In the present study, we aimed to
evaluate and compare the ability of MREF, conventional
MRI, and DWI in differentiating WHO grade I
transitional and fibrous meningiomas from meningothelial
meningiomas.

Methods
Patients

The present study was approved by the local institutional
review boards, and written informed consent was obtained
from all participants. From June 2019 to December 2019,
53 patients with suspected meningiomas (36 women
and 17 men; age range: 29-72 years, mean + standard
deviation age: 55.7+10.1 years) were enrolled in the study.
The inclusion criteria were as follows: (I) conventional
brain MRI scans and enhancements had been performed
without preoperative biopsy, radiotherapy, chemotherapy,
and other interventions or treatments; (II) postoperative
pathological results confirmed the presence of WHO grade
I meningiomas, including meningothelial, transitional, and
fibrous meningiomas, after MRI examination; and (III)
the MRI quality was adequate for further analysis. The
exclusion criteria were as follows: (I) recent cerebrovascular
diseases or cerebrovascular accidents; and (II) a previous
history of other head and neck tumors. After pathological
examination, four patients were found not to have
meningiomas, and three patients had images with severe
motion artifacts. Finally, 46 patients (age range: 31-72 years,
mean = standard deviation age: 56.0+9.6 years, 32 women
and 14 men) with pathologically confirmed meningothelial
(n=15), transitional (n=18), and fibrous meningiomas (n=13)
were included in the study.

MRI data acquisition

Before surgery, all patients underwent MRI using a 37T
MAGNETOM Skyra scanner (Siemens Healthcare,
Erlangen, Germany) equipped with a 20-channel head/neck
coil. The MRI protocol included the following sequences:
a prototype spiral fast imaging with steady-state precession
MREF sequence with the same parameters as the reference
[field of view (FOV) =256x256 mm®, matrix =256x256, slice
thickness =5 mm, flip angle variable =0-74°, TR between 12.1
and 15.0 ms, measurements =3,000, acquisition time =12 min
and 18 s, number of slices =18] and conventional MRI
sequences (slice thickness =5 mm; FOV =256x256 mm’) (12),

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

1449

including axial and sagittal TIWI [TR =250 ms, echo time
(TE) =2.46 ms], axial T2WI (TR: 5,000 ms, TE: 96 ms),
axial fluid attenuated inversion recovery (TR: 7,500 ms, TE:
81 ms; inversion recovery: 2,300 ms), and DWI sequences
(TR =4,140 ms, TE =64 ms, b value: 0 and 1,000 s/mm”?).
The gadolinium-diethylenetriamine pentaacetic acid contrast
agent (0.1 mmol/kg; Xi’an Ruixi Biological Technology Co.,
Ltd, Xi’an, China) was administered intravenously to perform
contrast-enhanced imaging; the above mentioned T1WI
scanning parameters were used.

MRI data analysis

All MRI data were analyzed using a workstation (syngo.
via; Siemens Healthcare, Germany). The MRI data were
independently analyzed by two radiologists (with 9 and
7 years of experience in diagnostic radiology, respectively),
who were blinded to the histological results. For T1WI
and T2WI, hyperintense meningiomas were defined as
those with a signal intensity that was obviously higher than
that of the surrounding gray matter; slightly hyperintense
meningiomas were defined as those with a signal intensity
that was slightly higher than that of the surrounding gray
matter; isointense meningiomas were defined as those with
a signal intensity similar to that of the surrounding gray
matter; slightly hypointense meningiomas were defined as
those with a signal intensity that was slightly lower than
that of the surrounding gray matter; and hypointense
meningiomas were defined as those with a signal intensity
that was obviously lower than that of the surrounding gray
matter. Meningioma enhancement levels were evaluated on
the contrast-enhanced T1WI images and were compared
to the cavernous sinus, which served as a reference. Mild
enhancement indicated that the degree of enhancement
was less than that in the cavernous sinus. Moderate
enhancement indicated that the degree of enhancement
was similar to that in the cavernous sinus. Significant
enhancement indicated that the degree of enhancement was
greater than that in the cavernous sinus.

The ADC map was calculated from DWI. The
quantitative T'1 and T2 maps were generated by matching
the measured MRF signal time course to the dictionary.
Because the tumor features and contours were clearly
displayed by contrast-enhanced T1WI, the regions of
interest (ROIs) were manually drawn on the solid tumor
components of the contrast-enhanced image using the
Siemens syngo.via application, and the areas of hemorrhage
and necrosis were excluded. The ROIs drawn on the
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Figure 1 Histograms of quantitative values for three meningioma subtypes. (A) Histogram of T1 values of three different subtypes of
meningioma and the contralateral normal brain tissue. There were statistically significant differences in T'1 values between meningothelial
and transitional or fibrous meningiomas. T1 values between meningioma and contralateral normal brain tissue were statistically different in
the three subtypes. (B) Histogram of T2 values of three different subtypes of meningioma and the contralateral normal brain tissue. There
were statistically significant differences in T2 values between meningothelial and transitional or fibrous meningiomas. T2 values between
meningioma and contralateral normal brain tissue were statistically different in the three subtypes. (C) Histogram of apparent diffusion
coefficient (ADC) values of three different subtypes of meningioma and the contralateral normal brain tissue. No statistically significant

differences were found in ADC values between the three subtypes. ADC values between meningioma and contralateral normal brain tissue

were statistically different in the three subtypes. *Statistical difference between two groups.

enhancement images were then copied to the quantitative
T1, T2, and ADC maps to extract tumor characteristics.
The T1, T2, and ADC values of normal brain tissue were
also included for analysis. Normal brain tissue values were
derived from the ROI on the contralateral side, which
had a similar volume and location to the tumor ROI. The
mean value of each ROI was used for the statistical analysis
for each quantitative parameter. All analysis results were
reviewed by an expert with extensive experience in the
radiological diagnosis of central nervous system diseases.

Statistical analyses

The differences in TIWI and T2WI signal and
enhancement characteristics between different subtypes of
meningiomas were analyzed using the Jonckheere-Terpstra
test. The Kruskal-Wallis test was used to evaluate the
differences in the T'1, T2, and ADC values of normal brain
tissue and tumor tissue between the transitional, fibrous,
and meningothelial subtypes. After Bonferroni correction
for multiple comparisons, P<0.017 was considered to show
statistical significance. The Two-Related Samples test was
used to calculate the difference in T'1, T2, and ADC values
between meningioma and the contralateral normal tissue
of the three different tumor subtypes. Receiver operating
characteristic (ROC) curve analysis was conducted, and
the areas under the ROC curves (AUCs) were calculated
between statistically significant groups to evaluate the
efficacy of T1 and T2 values in differentiating between
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different subtypes of meningiomas. The diagnostic
sensitivity and specificity of the values were calculated, and
thresholds were selected to maximize the Youden index.
If two or more quantitative parameters were found to be
statistically significant, binary logistic regression analysis
was used to combine significant parameters to obtain
a combined variable. A ROC analysis was performed
to evaluate the different diagnostic performances of
the combined variables between different subtypes of
meningiomas. All statistical analyses were analyzed using

SPSS version 18.0 (SPSS, Chicago, IL, USA).

Results

The T1 values (mean + standard deviation) for
meningothelial, transitional, and fibrous meningiomas were
1,661+222, 1,491+91, and 1,485+78 ms, respectively. The
T2 values (mean + standard deviation) for meningothelial,
transitional, and fibrous meningiomas were 87+40,
69+15, and 65+9 ms, respectively. As shown in Figure 1,
the meningothelial meningiomas had significantly higher
T1 (P=0.002 and P=0.002, respectively; significant after
Bonferroni correction) and T2 values (P=0.002 and P=0.001,
respectively; significant after Bonferroni correction) than
transitional and fibrous meningiomas. No statistically
significant difference was found in T1 and T2 values
between transitional and fibrous meningiomas (P=0.936 and
P=0.617, respectively). The ADC values of meningothelial,
transitional, and fibrous meningiomas were (0.89+0.20)x107,
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Table 1 T,-weighted imaging signal characteristics of different meningioma subtypes
Pathological pattern Hypointense  Slightly hypointense Isointense  Slightly hyperintense ~ Hyperintense ~ Summation
Meningothelial meningiomas 2 2 10 1 0 15
Transitional meningiomas 2 5 9 2 0 18
Fibrous meningiomas 1 3 9 0 0 13
Summation 5 10 28 3 0 46
Numbers represent patients with different T,-weighted imaging (T1WI) signal characteristics.
Table 2 T,-weighted imaging signal characteristics of different meningioma subtypes
Pathological pattern Hypointense  Slightly hypointense Isointense  Slightly hyperintense  Hyperintense ~ Summation
Meningothelial meningiomas 0 1 7 3 4 15
Transitional meningiomas 1 3 11 2 1 18
Fibrous meningiomas 0 1 9 2 1 13
Summation 1 5 27 7 6 46
Numbers represent patients with different T,-weighted imaging (T2WI) signal characteristics.
Table 3 Magnetic resonance imaging enhancement characteristics of different meningioma subtypes
Pathological pattern Mild Moderate Significant Summation
Meningothelial meningiomas 3 9 3 15
Transitional meningiomas 6 10 2 18
Fibrous meningiomas 5 7 1 13
Summation 14 26 6 46

Numbers represent patients with different magnetic resonance imaging (MRI) enhancement characteristics.

(0.8420.18)x107, and (0.87+0.09)x10~ mm’/s, respectively,
but there were no statistical differences between the three
groups (P=0.258). In terms of normal brain tissue, the T1
values (mean = standard deviation) of the meningothelial,
transitional, and fibrous subtypes were 1,131x94, 1,123+76,
and 1,092+87 ms, respectively; the T2 values (mean =
standard deviation) of the meningothelial, transitional, and
fibrous subtypes were 53+5, 52+7, and 54+4 ms, respectively;
and the ADC values of the meningothelial, transitional, and
fibrous subtypes were (0.720.02)x107, (0.740.02)x10”, and
(0.72+0.03)x10~° mm’/s, respectively. The T1, T2, and ADC
values of normal brain tissue were not statistically different
between the three subtypes (P=0.480, P=0.646, and P=0.197,
respectively). The T1, T2, and ADC values between
meningioma and the contralateral normal brain tissue of the
three tumor subtypes were statistically different (all P<0.05).
Tables 1 and 2 summarize T1WI and T2WTI signal
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characteristics. MRI enhancement characteristics of patients
are shown in 7able 3. There were no statistical differences
in TIWI, T2WI, or contrast-enhanced T'1WI between the
three meningioma groups (P=0.754, P=0.203, and P=0.202,
respectively). Data from three representative patients with
different meningioma subtypes are shown in Figures 2-4.
Figure 5 shows the biopsy images of the three representative
patients. The T1WI and T2WTI signals of these patients
were similar, and all showed obvious enhancement.
Therefore, there are still limitations in distinguishing
between meningioma subtypes using conventional MRI.
In the maps generated by MRE, the T1 and T2 values of
meningothelial patients appeared to be slightly higher than
those of transitional and fibrous patients. Figure 6 shows
the ROC curves of the T'1, T2, and combined T'1 and T2
(combined variable) values between statistically significant
groups.
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Figure 2 Data from a representative 52-year-old female patient with a meningothelial meningioma. (A) T'-weighted imaging (T1WI)
MRI; (B) T,-weighted imaging (T2WI) MRI; (C) contrast-enhanced TIWI; (D) diffusion-weighted imaging (DWI); (E) apparent diffusion
coefficient map; (F) T1 value derived from magnetic resonance fingerprinting (MRF); (G) T2 value derived from MRE.

Figure 3 Data from a representative 71-year-old female patient with transitional meningioma. (A) T -weighted imaging (T1WI) MRI; (B)
T,-weighted imaging (T2WI) MRI; (C) contrast-enhanced T1WT; (D) diffusion-weighted imaging (DWI); (E) apparent diffusion coefficient
map; (F) T1 value derived from magnetic resonance fingerprinting (MRF); (G) T2 value derived from MRE.
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Figure 4 Data from a representative 44-year-old female patient with fibrous meningioma. (A) T,-weighted imaging (T1TWI) MRI; (B) T,-
weighted imaging (T2WI) MRI; (C) contrast-enhanced T1WTI; (D) diffusion-weighted imaging (DWI); (E) apparent diffusion coefficient
map; (F) T1 value derived from magnetic resonance fingerprinting (MRF); (G) T2 value derived from MRE.

Figure 5 Pathological results of a representative patient with meningothelial meningioma (A), a representative patient with transitional

meningioma (B), and a representative patient with fibrous meningioma (C). [A,C: hematoxylin-eosin (HE) stain, 4x10; B: HE stain, 10x10].

The AUCs for differentiating between the
meningothelial and transitional groups for the T1, T2, and
combined T'1 and T2 values were 0.819, 0.822, and 0.826,
respectively. The T'1 and T2 values both had a sensitivity of
80% and a specificity of 83.33%, with an optimal threshold
of 1564 and 72, respectively. The combination of the T1
and T2 values also had a sensitivity of 80% and a specificity
of 83.33%. For the meningothelial and fibrous groups, the
AUCG:s for the T1, T2, and combined T'1 and T2 values
were 0.841, 0.874, and 0.903, respectively. The optimal
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threshold for the T1 value was 1,563, with a sensitivity
of 80% and a specificity of 84.62%, whereas for the T2
value, the optimal threshold was 71 and the sensitivity and
specificity were 86.67% and 84.62%, respectively. The
combination of the T1 and T2 values had a sensitivity of
80% and a specificity of 92.31%.

Discussion

Our results indicated transitional and fibrous meningiomas
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Figure 6 (A) Receiver-operating characteristic (ROC) curve of T'1 and T2 values and the combination of the T and T2 values (combined

variable) for the differential diagnosis of (A) meningothelial and transitional meningiomas, (B) meningothelial and fibrous meningiomas.

to have significantly lower T1 and T2 values than
meningothelial meningiomas. However, conventional MRI,
including T1WI, T2WI, contrast-enhanced T1WI, and
ADC values, indicated no significant differences between
transitional/fibrous meningiomas and meningothelial
meningiomas. The ROC analyses showed the T1 and
T2 mapping generated by MRF may have potential for
differentiating transitional and fibrous meningiomas from
meningothelial meningiomas.

In the present study, we compared and analyzed the
value of conventional MRI and DWTI techniques in the
classification of meningiomas. For the analysis using
conventional TIWI, T2WI, and contrast-enhanced T1WI,
neither radiologist was able to differentiate transitional and
fibrous meningiomas from meningothelial meningiomas.
The visual observation of conventional MRI had larger
overlaps between the transitional and fibrous meningiomas
and the meningothelial meningiomas. Further, the
ADC values did not differ statistically between the three
meningioma subtypes, a finding which was consistent
with the results of a previous study in another lab (20).
High cellularity in meningothelial meningiomas leads to
a decrease in ADC values, and the rich fibrous nature of
transitional and fibrous meningiomas has similar effects,
which may account for the lack of statistically significant
difference in the ADC values of these meningioma subtypes
in this study.

Current research of the liver (21), prostate (22),
musculoskeletal system, cardiovascular system (23), and
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other organ systems shows that MRF has the advantage
of yielding rapid multi-parameter results compared with
traditional MRI methods, and it is able to quantitatively and
reproducibly measure tissue characteristics. In view of these
advantages, this technology has the potential to become
a useful tool for MRI. Furthermore, a previous study by
Li et al. provided evidence that MRF has the potential to
accurately distinguish brain tissue components and detect
local micro-regional lesions (24). Our results support these
findings, and also indicate that the quantitative advantages
of MRF allow signal digitization and utilization of values
to directly and objectively reflect the difference between
different meningioma subtypes.

The T1 and T2 values yielded from MRF were able
to differentiate WHO grade I transitional and fibrous
meningiomas from meningothelial meningiomas, which
may be related to the histology of brain tumors. The
T1 and T2 values in tissue depend on many factors,
such as structure, cellular density, water content, and
collagen fibers. In meningothelial meningiomas, tumor
cells are similar to normal arachnoid cap cells, which
are surrounded by a thin collagen membrane to form
leaflets. The sparse fibrous stroma is mainly limited to the
trabecula that can divide the tumor into lobules with high
water content, which increases the T'1 and T2 values. In
contrast to meningothelial meningiomas, the tumor cells
in transitional and fibrous meningiomas are denser and
are arranged into a compact structure. The tumor cells
are also separated by a large number of collagen fibers.
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The dense cellularity and abundant collagen fibers of
transitional and fibrous meningiomas may decrease the
T1 and T2 values. Therefore, these differences in the
histological characteristics between transitional and fibrous
meningiomas and meningothelial meningiomas may
contribute to differences in T'1 and T2 values. T1 and T2
values did not vary significantly between transitional and
fibrous meningiomas in this study, which could be due the
similar pathological characteristics of these meningiomas.

Even with similar treatments, different WHO grade
I meningioma subtypes may have different outcomes.
Hemorrhage during meningioma surgery often results in
a poor prognosis. Meningothelial meningiomas are rarely
associated with intraoperative hemorrhage in surgery,
whereas transitional and fibrous meningiomas have a higher
tendency to hemorrhage. Moreover, the 22q chromosomal
abnormality is related to tumor aggressiveness. This
chromosomal abnormality is more commonly seen
in both the transitional and fibrous subtypes than in
meningothelial meningiomas (25). Transitional and fibrous
meningiomas are highly aggressive, which may be the
reason why intraoperative hemorrhage is more common
than in meningothelial meningiomas. Therefore, the
differentiation of transitional and fibrous meningiomas
from meningothelial meningiomas using a non-invasive
technique, such as MRE, before surgery could contribute to
preoperative planning and a more accurate prognosis.

The present study has some limitations, such as a
small sample size, the exclusion of other meningioma
subtypes, and a lack of grading studies. Due to the
small sample size, even a small number of outliers
may have significantly affected the results of the study.
Therefore, in-depth research that appropriately expands
the study sample inclusion criteria and enrolls patients
with other meningioma subtypes will ensure greater
accuracy, comprehensiveness, and generalizability of the
outcomes. Second, additional correlation analyses between
pathological tumor markers and T1 and T2 values should
be conducted in the future to support the findings of the
present study.

Conclusions

The T'1 and T2 values yielded from MRF can differentiate
transitional and fibrous meningiomas from meningothelial
meningiomas. The combination of T1 and T2 values
achieved the best diagnostic performance for differentiating
transitional from meningothelial meningiomas (AUC
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=0.826, sensitivity =80%, and specificity =83.33%) and
differentiating fibrous from meningothelial meningiomas
(AUC =0.903, sensitivity =80%, and specificity =92.31%).
These findings could benefit preoperative treatment options
for meningiomas and allow for more accurate prognoses.
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