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Can amide proton transfer–weighted imaging differentiate tumor
grade and predict Ki-67 proliferation status of meningioma?
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Abstract
Objectives To determine the utility of the amide proton transfer–weighted MR imaging in differentiating the WHO grade and
predict proliferative activity of meningioma.
Methods Fifty-three patients with WHO grade I meningiomas and 26 patients with WHO grade II meningiomas underwent
conventional and APT-weighted sequences on a 3.0 Tesla MR before clinical intervention. The APT-weighted (APTw) param-
eters in the solid tumor region were obtained and compared between two grades using the t test; the receiver operating charac-
teristic (ROC) curve was used to assess the best parameter for predicting the grade of meningiomas. Pearson’s correlation
coefficient was calculated between the APTwmax and Ki-67 labeling index in meningiomas.
Results The APTwmax and APTwmean values were not significantly different between WHO grade I and grade II meningiomas
(p = 0.103 and p = 0.318). The APTwmin value was higher and the APTwmax-min value was lower in WHO grade II meningiomas
than in WHO grade I tumors (p = 0.027 and p = 0.019). But the APTwmin was higher and the APTwmax-min was lower in
microcystic meningiomas than in WHO grade II meningiomas (p = 0.001 and p = 0.006). The APTwmin combined with
APTwmax-min showed the best diagnostic performance in predicting the grade of meningiomas with an AUC of 0.772. The
APTwmax value was positively correlated with Ki-67 labeling index (r = 0.817, p < 0.001) in meningiomas; the regression
equation for the Ki-67 labeling index (%) (Y) and APTwmax (%) (X) was Y = 4.9 × X − 12.4 (R2 = 0.667, p < 0.001).
Conclusion As a noninvasive imaging method, the ability of APTw-MR imaging in differentiating the grade of meningiomas is
limited, but the technology can be used to predict the proliferative activity of meningioma.
Key Points
• The APTwmin value was higher and the APTwmax-min value was lower in WHO grade II meningioma than in grade I tumors.
• The APTwmin value was higher and the APTwmax-min value was lower in microcystic meningiomas than in WHO grade II
meningiomas.

• The APTwmax value was positively correlated with meningioma proliferation index.
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Abbreviations
APT amide proton transfer
APTw APT-weighted
CEST chemical exchange–based saturation transfer
CNAWM contralateral normal-appearing white matter
Gd gadolinium
H&E hematoxylin and eosin
N/C nucleus to cytoplasm ratio
ROI region of interest

According to CBTRUS, there are 15 subtypes of meningio-
mas that constitute approximately 36.7% of all primary central
nervous system neoplasms [1]. Most meningiomas are benign
tumor classified as WHO grade I and the recurrence are infre-
quent, nearly 5% are WHO grade II/III tumors which behave
more aggressively [2]. Surgical resection is the first choice for
the treatment of meningioma, but surgery is invasive treat-
ment; for most of benign meningiomas with diameter
< 3 cm, close follow-up is a better management [3]. Ki-67 is a
proliferation-related nuclear antigen that indicates the speed of
tumor growth [4]. Previous studies have suggested that me-
ningiomas with Ki-67 labeling index ≥ 3% are prognostic for
an increased risk of progression and recurrence [5]. Therefore,
differentiating meningioma grade and predicting Ki-67 prolif-
eration status preoperatively would be helpful for therapeutic
planning.

Conventional and advanced MRI techniques can provide
sufficient information to diagnose a meningioma. However, it
has a limited diagnostic specificity in differentiating meningi-
oma grade and predicting proliferation potential [6–11].
Amide proton transfer–weighted (APTw) MRI is a novel mo-
lecular MRI technique based on chemical exchange–based
saturation transfer (CEST) and applied to imaging through
the exchange between amide protons of mobile proteins and
protons of bulk water [12]. The APTw signal is mainly related
to cell density and endogenousmobile proteins [13, 14]. As an
imaging biomarker, worthwhile results have been reported
across various research, in grading glioma [15, 16],
distinguishing treatment effects from tumor recurrence [17,
18], differentiating glial neoplasms from other intracranial tu-
mor [13, 19], and distinguishing cancerous tissues in the pros-
tate and breast [20, 21] and in other non-oncological diseases
[22–24]. However, this technique is rarely used in meningio-
ma, and only one investigator has reported using APTw-MR
imaging to assess meningioma [25]. Therefore, the purpose of
this study was to determine the utility of APT-weighted MRI
in differentiating the tumor grade and proliferative activity of
meningioma.

Materials and methods

Study population

The institutional review board of our hospital approved this
retrospective study, and each patient signed the informed con-
sent. Ninety-three patients suspected meningiomas were re-
cruited and underwent conventional and APT-weighted MRI
from May 2014 to June 2018. Eighty-six patients were path-
ologically diagnosed as meningiomas. Seven patients were
excluded for poor-quality APTw images. Therefore, 79 pa-
tients were included in this study.

MR imaging

Imaging studies were performed on a 3.0 T MRI system
(Achieva 3.0 T; Phi l ips Medical Systems, Best ,
Netherlands) before clinical intervention. A body coil
was used for radiofrequency (RF) transmission, and a 16-
channel head coil was used for signal reception.
Conventional MR images were acquired according to the
routine brain tumor protocol in our hospital and included
axial T1-weighted imaging (repetition time (ms)/echo time
(ms), 400/20), axial T2-weighted imaging (repetition time
(ms)/echo time (ms), 2800/105), and axial fluid-attenuated
inversion recovery (FLAIR) imaging (repetition time (ms)/
echo time (ms)/inversion recovery time (ms) 8000/204/
2200). Then, axial, coronal, and sagittal gadolinium–
enhanced T1-weighted images were obtained after a con-
trast agent (Gd-DTPA; 0.2 ml/kg body weight; Magnevist;
Bayer Schering, Guangzhou, China) was injected. Other
imaging parameters were as follows: field of view, 240 ×
240 mm2; slice thickness, 5 mm; gap, 2 mm; and matrix,
512 × 512. The 2D fat-suppressed, fast spin-echo APTw
pulse sequence was performed at one T2-weighted image
slice showing the maximum area of the tumor before the
Gd-T1-weighted image. The APTw images were acquired
with a multi-offset (offsets = 0, ± 0.25, ± 0.5, ± 0.75, ± 1, ±
1.5, ± 2, ± 2.5, ± 3, ± 3.25, ± 3.5, ± 3.75, ± 4, ± 4.5, ± 5, and
± 6 ppm), multi-acquisition protocol with a pulse-train ra-
diofrequency saturation (duration time = 800 ms; inter-
pulse delay = 10 ms; power level = 2 μT). The protocol
was repeated 8 times at an offset of ± 3.5 ppm to increase
the signal-to-noise ratio of the APTw images. In addition,
an image that did not exert a saturated pulse was acquired
for signal normalization, and an image that exerted a satu-
rated pulse at the offset of 15.6 ppm was acquired to cal-
culate the conventional magnetization transfer ratio (MTR)
value. The detailed imaging parameters were as follows:
sensitivity-encoding factor = 2, repetition time = 3 s; echo
time = 11 ms; field of view, 240 × 240 mm2; section thick-
ness = 6 mm; matrix = 128 × 64; and voxel size = 1.65 ×
3.15 × 6.00 mm3. The total acquisition time was 192 s.
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Image analysis

The APTw raw data were analyzed using interactive data lan-
guage written in the IDL program (Research Systems, Inc.,
Boulder, CO, USA). First, the normalized saturated signal
intensity curve (Ssat/S0, where Ssat and S0 were the signal in-
tensities obtained with and without selective saturation, re-
spectively), known as the Z-spectrum, was calculated as a
function of the saturation frequency offset. As described pre-
viously [26], the B0 field inhomogeneity effect was corrected.
To reduce the contributions from conventional magnetization,
transfer contrast and direct saturation of bulk water, a B0-
corrected Z-spectrum was used to analyze the magnetization
transfer ratio asymmetry (MTRasym) as follows: MTRasym =
Ssat(−offset)/S0−Ssat(+offset)/S0. The APTw signal was calcu-
lated as MTRasym (3.5 ppm).

Two experienced neuroradiologists (X.W. and S.J., who
had 11 and 10 years of experience in neuroradiology, respec-
tively) analyzed the conventional and APTw images.
According to the previous study [27], the tumor signal inten-
sity on T1- and T2-weighted images, tumor enhancement type
on gadolinium-enhanced T1-weighted image, and tumor vol-
ume were recorded; we also calculated the edema index (EI)
which is defined as EI = Vtumor + edema/Vtumor [28]. Five re-
gions of interest (ROIs) were distributed based on the Gd-
T1WI and T2WI co-registered with the APTw image [29];
the size of each ROI was fixed at 15 pixels (Fig. 1).
Necrosis, cystic cavities, large vessels, calcification, and hem-
orrhagic components were excluded. For each patient, the
APTw values in five ROIs (APTw1, APTw2 … APTw5) were
recorded. Then, the maximum APTw value of them
(APTwmax), the minimum APTw value of them (APTwmin),
the maximum APTw value–minimum APTw value
(APTwmax-min), and (APTw1 + APTw2 + … + APTw5)/5
(APTwmean) were determined.

Pathological data acquisition

The neurosurgeon (S.Z. who had 25 years of experience in neu-
rosurgery) obtained specimens from the tumor region that
showed the highest signal on APTw imaging during surgery.
One neuropathologist (Y.L. who had 6 years of experience in
neuropathology) reviewed specimens after hematoxylin and eo-
sin (H&E) and Ki-67 antigen staining and pathological diagnosis
wasmade based on the 2016World Health Organization (WHO)
classification of tumors of the central nervous system (CNS). For
diagnosis WHO grade II meningioma, the following criteria are
used: 4 to 19 mitoses per 10 high-power fields (HPF), the pres-
ence of brain invasion, or the presence of at least 3 of other 5
features: sheet-like growth, loss of whirling or fascicular archi-
tecture, hypercellularity, prominent nucleoli, spontaneous necro-
sis, and tumor clusters with high nuclear to cytoplasmic ratio
(N/C) [30]. Additionally, the Ki-67 labeling indexwas estimated.

Statistical analysis

Statistical analyses were performed using a statistical analysis
software (SPSS19.0). The patient’s gender, tumor signal in-
tensity, and enhancement type on conventional MRI between
WHO grade I and grade II were analyzed using the chi-square
test. The comparisons between patient’s age, tumor volume,
EI, APTwmax, APTwmin, APTwmax-APTwmin, APTwmean

values, and the Ki-67 labeling index for grade I and grade II
tumors were performed using an independent samples t test,
followed by the Levene test. Receiver operating characteristic
(ROC) curves were generated for each APTw parameter value
to assess the areas under the curve (AUCs) and determine the
optimal cutoff values for discrimination between two clinical
entities. AUC values of < 0.7, 0.7–0.9, and > 0.9 indicated
low, medium, and high diagnostic performance, respectively.
Logistic regression was applied to evaluate the diagnostic

Fig. 1 Example of the placement of ROIs. Five ROIs were placed in the Gd-enhancing tumor part (black circle) and one ROIwas placed in the CNAWM
(white circle) based on the co-registered traditional images. The vessel-related image artifact can be seen (black arrow)
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performance of the combination indices. Pearson’s correlation
coefficient was used to analyze the association between
APTwmax and Ki-67 labeling index of all meningioma.
Linear regression equation was established to evaluate the
Ki-67 labeling index. P < 0.05 was considered to be a statis-
tically significant difference for all tests.

Results

Fifty-three patients were pathologically diagnosed withWHO
grade I meningioma (21 males, 32 females; age range, 19–
73 years; mean age, 48.9 ± 12.3 years), including 19 fibroblas-
tic, 20 meningothelial, 9 transitional, and 5 microcystic me-
ningiomas. Twenty-three out of 53 cases found psammoma
bodies. Twenty-six patients were pathologically diagnosed
with WHO grade II meningioma (11 males, 15 females; age
range, 18–67 years; mean age, 53.2 ± 11.3 years), including

23 atypical, 2 clear-cell, and 1 chordoid meningiomas. Five
out of 26 cases found psammoma bodies.

The gender ratio and age was not significantly different be-
tweenWHO grade I andWHOgrade II meningiomas (p= 0.947
and p= 0.095, respectively). The proliferation index in grade II
meningiomas was significantly higher than that in grade I tumors
(5.85%± 3.18% vs. 4.06%± 2.31%, p = 0.015).

For 53 cases WHO grade I meningiomas, 17/53 cases
showed hypointense and 36/53 cases showed isointense on
T1-weighted image, 3/53 cases showed hypointense, 21/53
cases showed isointense, and 29/53 cases showed hyperin-
tense on T2-weighted image. On the Gd-T1W image, 42/53
cases showed homogenous enhancement and 11/53 showed
heterogeneous enhancement. The tumor volume ranged from
28.3 to 40.8 mm3. When the quantitative EI was measured, 21
cases were EI ≤ 1.5, 28 cases 1.5 < EI ≤ 3, and 4 cases EI > 3.
For 26 cases of WHO grade II meningiomas, 12/26 cases
showed hypointense and 14/26 cases showed isointense on

Fig. 2 A 39-year-old male with fibroblastic meningioma (WHO grade I).
(a–c) The mass was located in the left frontal, exhibiting isointense on
T1WI, hyperintense on T2WI, and heterogeneous enhancement. d In the
APTw image, the mass exhibiting heterogeneous signal and the tumor
identified approximately equal as in the Gd-T1weighted images. The

APTwmax = 3.18%, APTwmin = 2.06% APTwmax-min = 1.12%,
APTwmean = 2.63%. The part rich in psammoma body showed
hypointense on T1WI and T2WI, and isointense on APTw image (black
arrow). (e) HE staining showedmany psammoma body in the tumor. fKi-
67 labeling index was 3%
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T1-weighted image. One out of 26 cases showed hypointense,
8/26 cases showed isointense, and 17/26 cases showed hyper-
intense on T2-weighted image. On the Gd-T1-weighted image,
12/26 cases showed homogenous enhancement and 14/26
showed heterogeneous enhancement. The tumor volume
ranged from 31.8 to 41.2 mm3. When the quantitative EI
was measured, 6 cases were EI ≤ 1.5, 18 cases 1.5 < EI ≤ 3,
and 2 cases EI > 3. There was no significant difference in
tumoral signal on T1- and T2-weighted image (p = 0.320,
p = 0.661 respectively), tumoral volume (35.2 mm3 ±
5.2 mm3 vs. 36.7 mm3 ± 4.5 mm3, p = 0.149), and EI value
(1.70 ± 0.86 vs. 2.01 ± 0.71, p = 0.119) betweenWHO grade I
and WHO grade II tumors. However, WHO grade II menin-
giomas showed heterogeneous enhancement than grade I me-
ningiomas (p = 0.004).

Both WHO grade I and WHO grade II meningiomas iden-
tified by APTw imaging were approximately equal to those
identified on the Gd-T1-weighted images. Compared with the
CNAWM, for 12/53WHO grade I meningioma cases, the Gd-

enhancing tumor parenchyma showed heterogeneous signal
on APTw images (Fig. 2). For 41/53 WHO grade I meningi-
oma cases, the Gd-enhancing tumor parenchyma overall
showed hyperintense on APTw images; within them, 5/41
meningiomas showed more homogeneous hyperintense than
their partners. Interestingly, 5 meningiomas were confirmed as
microcystic meningiomas by pathology (Fig. 3). Compared
with the CNAWM, for 26/26 WHO grade II meningioma
cases, the Gd-enhancing tumor parenchyma overall showed
homogeneous hyperintense on APTw images (Fig. 4).

The values of the APTw parameters for the two groups are
summarized in Table 1. No significant differences in
APTwmax value (p = 0.103) and APTwmean value (p = 0.318)
were identified between the WHO grade I and WHO grade II
tumors. The APTwmin values were higher in WHO grade II
meningiomas than in WHO grade I tumors (p = 0.027). The
APTwmax-min values were lower in WHO grade II meningio-
mas than inWHO grade I meningiomas (p = 0.019). However,
the APTwmin was higher and the APTwmax-min was lower in 5

Fig. 3 A 54-year-old female with microcystic meningioma (WHO grade
I). (a–c) The mass was located in the left frontal, exhibiting hypointense
on T1WI, hyperintense on T2WI, and obvious homogeneous enhance-
ment. (d) In the APTw image, the mass exhibiting homogeneous signal

and the tumor identified approximately equal as in the Gd-T1-weighted
images. APTwmax = 3.58%, APTwmin = 3.22% APTwmax-min = 0.36%,
APTwmean = 3.45%. (e) HE staining showed numerous microcysts spaces
in the tumor. f Ki-67 labeling index was 5%
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cases of microcystic meningiomas than in WHO grade II me-
ningiomas (p = 0.001 and p = 0.006).

The diagnostic performance of APTw parameters in
prediction of the grade of meningiomas is summarized
in Table 2. It was showed that APTwmin combined with
APTwmax-min had the highest AUC of 0.772 (Fig. 5);
when the APTwmin higher than 2.58% was combined with
APTwmax-min lower than 0.89%, the lesion was diagnosed
as a WHO grade II, the sensitivity was 67.9%, and the
specificity was 96.2%.

The APTwmax value was positively correlated with Ki-
67 labeling index in meningiomas (r = 0.817, p < 0.001).
The regression equation for the Ki-67 labeling index (%)
(Y) and APTwmax (%) (X) among meningiomas was Y =
4.9 × X - 12.4 (R2 = 0.667, p < 0.001). According to the

regression equation, the APTwmax value was 3.14% when
the Ki-67 labeling index was 3%.

Fig.4 A 49-year-old female with atypical meningioma (WHO grade II).
(a–c) The mass was located in the left frontal, exhibiting hypointense on
T1WI, hyperintense on T2WI, and obvious heterogeneous enhancement.
d In the APTw image, the mass exhibiting relative homogeneous signal
and the tumor identified approximately equal as on the Gd-T1-weighted

images the APTwmax = 4.02%, APTwmin = 3.11% APTwmax-min = 0.71%,
APTwmean = 3.87%. Necrosis-related image artifact (black arrow) and
ventricle-related image artifact (white arrow) can be seen. e HE staining
showed high nuclear to cytoplasmic ratio cells are arranged loss of
whirling or fascicular architecture. f Ki-67 labeling index was 10%

Table 1 Comparing difference of APTw within WHO grade I and
WHO grade II meningiomas

WHO grade I WHO grade II p

APTwmax (%) 3.39 ± 0.45 3.57 ± 0.44 0.103

APTwmin (%) 2.50 ± 0.49 2.77 ± 0.47 0.027

APTwmean (%) 3.06 ± 0.45 3.17 ± 0.47 0.318

APTwmax-min (%) 0.89 ± 0.19 0.78 ± 0.16 0.019

Abbreviations: APTwmax, amide proton transfer–weighted max; APTwmin,
amide proton transfer–weighted min; APTwmean, amide proton transfer–
weighted mean; APTwmax-min, amide proton transfer–weighted max–am-
ide proton transfer–weighted min
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Discussion

Consistent with Lin’s report [27], both groups had a female
predominance and heterogeneous enhancement was more
common in WHO grade II meningiomas in this study. Lin
reported that high-grade meningiomas were more common
in older people that is not supported by this study; maybe it
was a result of the bias of the sample. Consistent with Soon’s
report [31], the tumor volume of WHO grade II meningiomas
was not significantly higher than that of grade I meningiomas.
Additionally, Soon found grade II meningiomas have signifi-
cantly higher volumetric growth rate than grade I meningio-
ma; the statement was not discussed in this study. EI was not
different between WHO grade I and grade II meningiomas,
because peritumoral edema in meningiomas was dependent
on AQP-4 expression and the expression of AQP-4 was not
related with tumor grade [32].

Compared with CNAWM, both WHO grade I and grade II
meningiomas showed completely hyperintense or

hyperintense mixed with isointense on APTw images. The
lesions identified by APTwwere approximately equal to those
identified by Gd-T1W images. Technically, the predominant
factors that affected the APTw signal were cell density and
mobile amide proton [26]; the tumor core had greater cell
densities and mobile protein and peptide content than in
CNAWM. This finding was particularly valuable for the me-
ningioma patients without proper surgical indications, be-
cause potential central nervous system damage and
nephrogenic systemic fibrosis caused by Gd deposition may
be missed upon re-examination [33, 34].

For the meningiomas which demonstrated isointense on
APTw images, we found they were richer in psammoma bodies,
and the isointense region was larger, the psammoma bodies’
content was richer, and maybe the psammoma bodies generate
weaker APT effect. It was useful for predicting the hardness of
the meningioma, because the psammoma bodies’ content was
richer and the masses were harder; then, the tumor would be
more difficult to remove; it was helpful in making surgical plans.

The APTwmax and APTwmean values of WHO grade II
meningiomas were not statistically higher than grade I menin-
giomas. Pathologically, compared with WHO grade I menin-
giomas, the grade II meningiomas were associated with a
higher cell density and N/C ratio [30]. According to previous
studies, technically, higher cell density made WHO grade II
generate stronger APT effect than WHO grade I meningioma.
However, higher N/C ratio made WHO grade II generate
weaker APT effect than WHO grade I meningioma [13, 26].
Perhaps this leads to an overlap between the APTw signal of
meningiomas in different grades. The APTwmin value was
lower in grade I meningiomas. Pathologically, compared to
WHO grade II meningiomas, the psammoma bodies which
supposed to generate poor APT effect were more common in
grade I meningiomas. As a parameter that indicated the APTw
signal heterogeneity, the APTwmax-min was lower in the WHO
grade II meningioma than that in the WHO grade I meningi-
oma. Pathologically, InWHO grade I meningioma, the shapes
of the neoplastic cells were oval or spindle-shaped and formed
whorls, fascicles, cords, or nodules. By contrast, specific pat-
terns were rarely found in WHO grade II meningiomas [30].
Perhaps the special pathological structure resulted in more
uneven distribution of mobile protein and peptide content in
low-grade meningiomas than in their high-grade partners.

Fig. 5 Diagnostic performance of amide proton transfer (APT) parame-
ters in differentiating the grade of meningioma. APTwmin combined with
APTwmax-min showed the best diagnostic performance, with an AUC of
0.772, followed by APTwmax-min of 0.708 and APTwmin of 0.673

Table 2 Diagnostic performance
of APTw parameters in prediction
the grade of meningioma

Cutoff value Sensitivity (%) Specificity (%) AUC

APTwmin 2.58 64.2 69.2 0.673

APTwmax-min 0.89 56.6 92.3 0.708

APTwmin + APTwmax-min –a 67.9 96.2 0.772

Abbreviations: APTwmin, amide proton transfer–weighted min; APTwmax-min, amide proton transfer–weighted
max–amide proton transfer–weighted min; AUC, area under the curve
a The combined cutoff values were the same as the individual index above
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According to ROC analysis, even APTwmin combined with
APTwmax-min has the best diagnostic performance in predic-
tion of the grade of meningioma, but the sensitivity and spec-
ificity were only 67.9% and 96.2%; the performance of
APTw-MRI used for grading meningiomas was not as good
as that in glioma [15]. Maybe the meningioma components
were more complex than glioma components.

It is interesting that as WHO grade I meningiomas, the
signal features of microcystic meningiomas were similar with
those of WHO grade II meningiomas on the APTw-MR im-
ages; quantifying the APTw parameters, the APTwmin of
microcystic meningioma was higher and the APTwmax-min

was lower than that of grade II meningiomas. Histologically,
numerous microcyst spaces were formed by tumor cells and
extracellular substrates in microcystic meningiomas, and the
spaces were filled with edematous fluid [35]. Maybe the mo-
bile protein and peptide content in microcystic meningiomas
are higher and the distribution is more homogeneous than
those in high-grade meningioma. We hypothesize that besides
the grade of the meningiomas, the subtype of the meningioma
affects the APTw signal either, and additional study is needed.

Compared with studies in gliomas using APTw-MRI [36,
37], we found that APTwmax was positively correlated with
Ki-67 labeling index in meningiomas either. According to the
one-dimensional linear regression equation, when the
APTwmax value is higher than 3.14%, Ki-67 labeling index
is 3%, and thus, more enterprising presurgical planning should
be considered.

This study had some limitations. First, there were only 7
subtypes of meningiomas and no WHO grade III meningi-
omas were recruited. Further exploration is needed to clar-
ify the link between APTw parameters and grade or sub-
types as more cases and subtypes of meningiomas are re-
cruited. Second, the APTw sequence covered only one
slice; as the 3D APTw-MRI developed, additional cases
will recruit using the 3D APTw sequence to assess tumors
comprehensively. Third, the neurosurgeon obtained the
samples from target part according to his experience, so
there was potential bias in acquisition the specimens; in
the future, we will request the neurosurgeon take measure
to obtain more accurate samples.

In conclusion, the APTw-MR imaging used to differentiate
the grades of meningiomas is limited; besides the grade of the
meningioma, the subtypes also influence the APT signal, and
APTwmax positively correlated with the Ki-67 proliferation
status. Even the diagnostic performance was not good enough.
As a supplementary MR technology, APT-weighted MRI
would be providing a more comprehensive preoperative as-
sessment of meningioma patients to benefit therapeutic
decision-making in the clinic.
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