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Abstract
Purpose Grading of brain gliomas is of clinical importance, and noninvasive molecular imaging may help differentiate low- and
high-grade gliomas. We aimed to evaluate the diagnostic performance of amide proton transfer-weighted (APTw) MRI for
differentiating low- and high-grade gliomas on 3-T scanners.
Methods A systematic literature search of Ovid-MEDLINE and EMBASE was performed up to March 28, 2018. Original
articles evaluating the diagnostic performance of APTw MRI for differentiating low- and high-grade gliomas were selected.
The pooled sensitivity and specificity were calculated using a bivariate random-effects model. A coupled forest plot and a
hierarchical summary receiver operating characteristic curve were obtained. Heterogeneity was investigated using Higgins
inconsistency index (I2) test. Meta-regression was performed.
Results Ten original articles with a total of 353 patients were included. High-grade gliomas showed significantly higher APT
signal intensity than low-grade gliomas. The pooled sensitivity and specificity for the diagnostic performance of APTwMRI for
differentiating low-grade and high-grade gliomas were 88% (95% CI, 77–94%) and 91% (95% CI, 82–96%), respectively.
Higgins I2 statistic demonstrated heterogeneity in the sensitivity (I2 = 68.17%), whereas no heterogeneity was noted in the
specificity (I2 = 44.84%). In meta-regression, RF saturation power was associated with study heterogeneity. Correlation coeffi-
cients between APT signal intensity and Ki-67 cellular proliferation index ranged from 0.430 to 0.597, indicating moderate
correlation. All studies showed excellent interobserver agreement.
Conclusions Although heterogeneous protocols were used, APTw MRI demonstrated excellent diagnostic performance for
differentiating low- and high-grade gliomas. APTw MRI could be a reliable technique for glioma grading in clinical practice.
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Abbreviations
CEST Chemical exchange saturation transfer
APT Amide proton transfer
PRISMA Preferred Reporting Items for Systematic

Reviews and Meta-Analyses
QUADAS-
2

Quality Assessment of Diagnostic Accuracy
Studies-2

HSROC Hierarchical summary receiver operating
characteristic

Introduction

Glioma grading is of critical clinical importance, as the prog-
nosis substantially differs according to the grade, as does the
management strategy [1]. Amide proton transfer-weighted
(APTw) MRI, which uses image contrast based on chemical
exchange saturation transfer (CEST), could be a useful non-
invasive technique for glioma grading, as it provides indirect
measurements of mobile proteins and peptides [2–4]. Since
high-grade gliomas are associated with increased expression
of cellular proteins and peptides relative to low-grade glioma
[5], APTw MRI may predict the cellular proliferation index
[6–8] and differentiate low- from high-grade gliomas with
higher diagnostic sensitivity and specificity compared to
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current imaging methods [6–15]. APTw MRI was shown to
have superior accuracy for differentiating tumor progression
from treatment-related change compared with MR spectros-
copy [12]. APTwMRI also has direct biologic relevance com-
pared with cerebral blood volume and apparent diffusion co-
efficient measurements [9, 11].

To become a clinically useful biomarker, an imaging tech-
nique needs to present reliable estimates of disease status in
different protocols and processing methods. Although APTw
MRI is reported to be a potentially useful tool in pre- and post-
treatment tumors [6–15], APTw MRI protocols are not yet
standardized, and the CEST effect greatly depends on RF
power, saturation time, pulse sequence, and other imaging
parameters [16]. This study addresses whether variations in
APTw MRI protocols and post-processing analysis have an
impact on the diagnostic accuracy in differentiating low from
high-grade gliomas. An additional goal of this meta-analysis
is to increase the power of the statistics by aggregating data, as
most of the studies investigating APTwMRI have a relatively
small sample size.

Meta-analyses have systematically reviewed the clinical
utility of advanced imaging techniques, such as diffusion-
weighted imaging [17], perfusion-weighted imaging [18],
magnetic resonance spectroscopy [19], and positron emission
tomography [20], in the assessment of glioma grading. Since
APTw MRI is a novel molecular imaging technique that has
not yet been previously systematically reviewed in the evalu-
ation of glioma grading, this study aims to assess the diagnos-
tic accuracy of APTw MRI based on existing literature in
determining the cellular proliferation index, differentiating be-
tween low and high grade gliomas, and confirming interob-
server consistency in light of the various imaging protocols
and post-processing analysis utilized in prior studies.

Materials and methods

This systematic review and meta-analysis followed the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [21].

Literature search

A computerized literature search using Ovid-MEDLINE and
EMBASE up to March 28, 2018, was performed to identify
articles assessing the diagnostic performance of APTw MRI
for differentiating low-grade and high-grade gliomas. The fol-
l owing sea rch t e rms were used : ( (g l ioma) OR
(oligodendroglioma) OR (astrocytoma) OR (glioblastoma)
OR (Bbrain tumor^)) AND ((amide proton transfer) OR
(APT)). The search was not limited to articles in terms of
English language, human or animal studies, or search date.

The bibliographies of relevant articles were also searched to
expand the extent of the search.

Eligibility criteria

Articles were selected if all of the following inclusion criteria
were satisfied: (a) patients with histopathologically confirmed
gliomas; (b) patients who underwent pre-treatment APTw
MRI; (c) a reference standard based on histopathology; and
(d) sufficient data for the reconstruction of two by two tables
for differentiating low-grade and high-grade gliomas.

Articles were excluded according to any of the following
exclusion criteria: (a) conference abstracts; (b) reviews; (c)
case reports or case series including fewer than 10 patients;
(d) letters, editorials, or comments; (e) animal or phantom
studies; and (f) articles with a partially overlapping patient
cohort. For articles with a partially overlapping patient cohort,
the study with the largest population was chosen. If a 2 × 2
table could not be obtained, the authors of the articles were
contacted for provision of further data.

Data extraction and quality assessment

The literature search, literature selection, data extraction, and
quality assessment were assessed independently by two re-
viewers (C.H.S. and J.E.P.). If disagreement was revealed, a
third reviewer (H.S.K.) was consulted. Quality assessment of
the selected studies was performed using the Quality
Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2)
criteria [22].

The following data were extracted from the relevant studies
using a standardized extraction form: (a) study characteristics:
study institution, period of patient enrollment, study design,
method of patient enrollment (consecutive or nonconsecu-
tive), reference standard, and interval between APTw MRI
and reference standard; (b) patient characteristics: total num-
ber of patients, number of patients with high-grade and low-
grade gliomas, mean age, age range, and male to female ratio;
(c) technical characteristics of MRI: magnetic field strength,
vendor, model, head coil channels, data acquisition (three di-
mensional [3D] or two dimensional [2D]), APTw MRI se-
quences, TR (ms), TE (ms), number of saturation offsets (fre-
quencies), power of radiofrequency (RF) saturation (μT), type
of RF for CEST saturation (pulsed or continuous), RF satura-
tion duration (total, ms), B0 inhomogeneity correction, total
scan time, imaging analysis software, and other parameters;
(d) MRI interpretation: number of readers, reader experience,
and reader blindness to the reference standard; and (e) out-
come: diagnostic performance (sensitivity and specificity) of
APTw MRI for differentiating low-grade (WHO grade I and
II) and high-grade (WHO grade III and IV) gliomas, cutoff
values of parameters for differentiating low-grade and high-
grade gliomas, mean values ± standard deviation (SD) of APT
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signal intensity for low-grade and high-grade gliomas, corre-
lation between APT signal intensity and cellular proliferation
index (Ki-67), and interobserver agreement in APTw MRI. If
the diagnostic performances of several APTwMRI parameters
were separately reported, the performance values of the pa-
rameter showing the highest performance were chosen.

Data synthesis and analysis

The pooled sensitivity and pooled specificity and their 95%
CIs were obtained using a bivariate random-effects model
[23–27]. The diagnostic odds ratio (DOR), pooled positive
likelihood ratio (PLR), and negative likelihood ratio (NLR)
were also obtained. The DOR was defined as the odds of
having a positive APTw MRI result in patients with high-
grade gliomas compared with the odds of having a positive
APTw MRI result in patients without high-grade gliomas.

DOR ¼ True positive� True negative

False positive� False negative

PLR was defined as the likelihood that an APTw MRI
result positive for differentiating low-grade and high-grade
gliomas would occur in patients with high-grade gliomas.

PLR ¼ Sensitivity

1−Specificity

NLR was defined as the likelihood that an APTw MRI
result negative for differentiating low-grade and high-grade
gliomas would occur in patients without high-grade gliomas.

NLR ¼ 1−Sensitivity
Specificity

A coupled forest plot of sensitivity and specificity and a
hierarchical summary receiver operating characteristic
(HSROC) curve with 95% confidence and prediction regions
were obtained.

Heterogeneity across the selected studies was investigated
as follows: (a) Cochran’sQ test with p < 0.05 taken to indicate
the presence of heterogeneity; (b) Higgins inconsistency index
(I2) test with a value > 50% indicating the presence of hetero-
geneity [28]; (c) visual assessment of the coupled forest plot to
assess the presence of a threshold effect (i.e., a positive corre-
lation between sensitivity and false positive rate among the
included studies); (d) a Spearman correlation coefficient be-
tween the sensitivity and false positive rate > 0.6, which also
indicates a threshold effect [29]; and (e) visual assessment of
the HSROC curve to evaluate the difference between the 95%
confidence and prediction regions, with a large difference in-
dicating heterogeneity.

A Deeks’ funnel plot was performed to evaluate publi-
cation bias, with statistical significance being assessed by

Deeks’ asymmetry test [30]. A meta-regression was con-
ducted to explain the effects of heterogeneity, with the
following covariates being evaluated using a bivariate
model: (a) study design (prospective vs. retrospective);
(b) MRI vendor; (c) power of RF saturation (2 μT vs.
1 μT); and (d) data acquisition (3D vs. 2D). Data analyses
were performed by one of the authors (C.H.S., with
5 years of experience in performing systematic reviews
and meta-analyses) using the BMetandi^ and BMidas^
modules in Stata 15.0 (StataCorp, College Station, TX)
and the BMada^ package in R version 3.4.1 (R
Foundation for Statistical Computing, Vienna, Austria).
A value of p < 0.05 was considered as indicating statistical
significance.

Results

Literature selection

The detailed literature selection process is shown in
Fig. 1. The computerized literature search returned 186
articles from Ovid-MEDLINE (n = 92) and EMBASE
(n = 94). After removal of 10 duplicates, screening of the
titles and abstracts of the 176 remaining articles was con-
ducted, and 151 articles were excluded as follows: 81
articles were not in the field of interest, 33 conference
abstracts, 25 reviews, 11 case reports, and 1 letter. Full-
text reviews of the 25 potentially eligible articles were
carefully performed, and 15 articles were excluded
(Supplementary materials). Two articles included patients
who enrolled during overlapping time periods from the
same institution, we checked the authors and the patients
were not overlapped [11, 12]. Finally, 10 original articles
covering a total of 353 patients were included [6–15].

Characteristics of the included studies

The characteristics of the included studies are described in
Table 1. Four of ten studies had a prospective design [7, 8,
10, 15], three studies had a retrospective design [9, 11, 12],
and the other studies did not report the design. Patient enroll-
ment was conducted in a consecutive manner in six studies
[7–9, 11–13], while the enrollment process was not reported in
the other studies [6, 10, 14, 15]. Histopathology was used as
the reference standard in all studies, as this formed one of the
inclusion criteria.

The detailed parameters of the different APTw MRI se-
quences are described in Table 2. APTw MRI was per-
formed using a 3D acquisition in five studies [9–12, 14]
and a 2D acquisition in five studies [6–8, 13, 15]. A gra-
dient echo sequence was used in four studies [6, 7, 11, 12],
a spin echo sequence in three studies [8, 13, 15], and
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gradient and spin echo sequences in three studies [9, 10,
14]. Various saturation offsets and frequencies were used,
with a RF saturation pulse power of 2 μT being used in
seven studies [6–10, 14, 15], and 1 μT in three studies
[11–13]. In all studies, the magnetization transfer ratio
asymmetry (MTRasym) values were calculated at an offset
of 3.5 ppm, the so-called APT-weighted signal values.

Image postprocessing was performed using Interactive
Data Language in four studies [6, 10, 14, 15], Matlab in
four studies [9, 11–13], and ImageJ in one study [8]. In all
studies, two or three neuroradiologists placed the regions
of interest (ROIs) representing the solid component of the
tumor on the APT map. Total acquisition time varied con-
siderably, from 3 min 12 s to 10 min 42 s.

Fig. 1 PRISMA flow diagram of
the study selection process

Table 1 Characteristics of the included studies

Author (year of
publication)

Institution Study period No. of
patients (n)

High-grade
glioma (n)

Low-grade
glioma (n)

Mean age
(years)

Age range
(years)

Male/
female

Bai Y,
et al. [6] (2017)

Zhengzhou University
People’s Hospital and
Henan Provincial
People’s Hospital, China

2012.8–2015.11 34 16 18 NA NA NA

Choi YS, et al. [9]
(2017)

Yonsei University College
of Medicine, South Korea

2014.11–2015.8 46 31 15 44.2 NA 25:21

Jiang, S et al. [10]
(2017)

Johns Hopkins University,
USA

2010.4–2015.3 24 13 11 50.5 NA 17:7

Park JE, et al. [11]
(2015)

AsanMedical Center, South Korea 2013.8–2014.6 45 26 19 43.7 25–75 25:20

Park JE, et al. [12]
(2016)

AsanMedical Center, South Korea 2014.5–2014.11 40 29 11 49.4 NA 23:17

Sakata A, et al.
[13] (2017)

Kyoto University Graduate School
of Medicine, Japan

2013.5–2014.8 21 11 10 50 11–85 13:8

Su C, et al. [7]
(2017)

Tongji Hospital, China 2015.6–2016.1 42 14 28 42.2 NA 28:14

Togao O, et al. [8]
(2014)

Kyushu University, Japan NA 36 28 8 48.1 NA 16:20

Zhou J,
et al. [14]
(2013)

Johns Hopkins University,
USA

NA 14 8 6 46.5
(median)

25–82 10:4

Zou T,
et al. [15]
(2018)

Zhujiang Hospital, China 2015.7–2016.6 51 26 25 40.9 18–63 30:21

APT amide proton transfer, RF radiofrequency, NA not available
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Quality assessment

The quality of the included studies was considered moderate,
with 8 of the 10 studies satisfying at least 4 of the 7
QUADAS-2 domains (Supplementary Fig. 1). In terms of
the index test domain, seven studies were considered to have
an unclear risk of bias because it was unclear whether APTw
MRI was interpreted blinded to the reference standard [10, 12,
9, 11, 13–15]. In addition, in the reference standard domain,
nine studies were considered to have an unclear risk of bias as
it was not clear whether the reference standard was interpreted
blinded to the APTw MRI [6–13, 15]. However, we consid-
ered that this issue was not related to the applicability of the
studies.

Diagnostic performance of APTw MRI for glioma
grading

APTsignal intensity (%) was used as the main parameter in all
studies. APT90 (90% histogram cutoffs for APT values) was
used in three studies [11–13], and APTmax (maximum signal
intensity of APT) was used in one study [10]. In all studies, as
the glioma grade increased, the APT signal intensity also in-
creased. High-grade gliomas demonstrated significantly
higher APT signal intensity than low-grade gliomas
(Table 3). Cutoff values for APT signal intensity varied from
1.53 to 3.70%, with the median cutoff value being 2.23%. The

sensitivities of the individual studies varied from 62 to 100%,
and the specificities varied from 71 to 100%.

The pooled sensitivity and specificity for the diagnostic
performance of APTw MRI for differentiating low-grade and
high-grade gliomas were 88% (95% CI, 77–94%) and 91%
(95% CI, 82–96%), respectively (Fig. 2). The pooled DOR,
PLR, and NLR were 73 (95% CI, 24–222), 9.5 (95% CI, 4.6–
19.5), and 0.13 (95% CI, 0.06–0.26), respectively. The area
under the HSROC curve was 0.95 (95% CI, 0.93–0.97).

The Q test showed that heterogeneity was absent (Q =
4.328, p = 0.057), but the Higgins I2 test demonstrated that
heterogeneity was present in the sensitivity (I2 = 68.17%),
but not in the specificity (I2 = 44.84%). There was no evidence
of a threshold effect in the coupled forest plot (Fig. 3). The
Spearman correlation coefficient was − 0.081 (95% CI, −
0.676–0.578), which also indicates no threshold effect. In
the HSROC curve, there was a large difference between the
95% confidence and prediction regions, which indicates the
possibility of heterogeneity (Fig. 3). The Deeks’ funnel plot
revealed that the likelihood of publication bias was low (p =
0.81; Supplementary Fig. 2).

Meta-regression

A meta-regression was performed to explain the effects of
heterogeneity (Supplementary Table 1). Among the potential
covariates, the power of the RF saturation was associated with

Table 3 Outcomes of the included studies

Author
(year of
publication)

APTw MRI
parameter (%)

Cutoff
value (%)

APT signal intensity for
low-grade glioma
(% ± SD)

APT signal intensity for
high-grade glioma
(% ± SD)

Correlation
coefficient
with Ki-67

Intraclass correlation
coefficient (95% CI)

Bai Y, et al. [6]
(2017)

APT signal intensity NA 1.3 ± 0.2 2.1 ± 0.2 0.597 0.919 (NA)

Choi YS, et al.
[9] (2017)

APT signal intensity 1.53 0.8 ± 0.6 2.2 ± 0.9 NA 0.96 (0.93–0.98)

Jiang S, et al.
[10] (2017)

APTmax (maximum
signal intensity of
APT)

2.74 2.1 (95% CI, 1.7–2.4) 3.3 (95% CI, 3.0–3.8) 0.538 NA

Park JE, et al.
[11] (2015)

APT90 (90% histogram
cutoffs for APT)

3.70 2.3 ± 0.8 4.0 ± 1.2 NA 0.89 (NA)

Park JE, et al.
[12] (2016)

APT90 (90% histogram
cutoffs for APT)

1.72 1.1 ± 0.9 2.9 ± 1.6 NA 0.95

Sakata A, et al.
[13] (2017)

APT signal intensity 2.72 NA NA NA Cohen’s kappa, 1

Su C, et al. [7]
(2017)

APT signal intensity 3.11 or
2.8

2.7 ± 0.2 3.7 ± 0.2 0.502 0.94 (0.89–0.96)

Togao O, et al.
[8] (2014)

APT signal intensity 2.54 2.1 ± 0.4 3.8 ± 1.0 0.430 0.81 (NA)

Zhou J, et al.
[14] (2013)

APT signal intensity NA NA NA NA NA

Zou T, et al.
[15] (2018)

APT signal intensity 2.34 2.0 ± 0.6 2.8 ± 0.4 NA Cronbach alpha,
0.984; standardized
Cronbach alpha, 0.986

APTw MRI amide proton transfer-weighted magnetic resonance imaging, SD standard deviation, CI confidence interval, NA not available
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study heterogeneity. Studies using a 2-μT RF saturation pow-
er showed significantly higher sensitivity (92% [95% CI, 87–
97%]) than studies using 1 μT (69% [95% CI, 56–81%]).
Otherwise, the study design, MRI vendor, and data acquisition
(3D or 2D) covariates did not significantly affect study
heterogeneity.

Correlation between APT signal intensity and Ki-67

Four studies evaluated the correlation between APT signal
intensity and Ki-67 (Table 3) [6–8, 10]. The correlation coef-
ficients ranged from 0.430 to 0.597, indicating moderate cor-
relations between APT signal intensity and Ki-67.

Interobserver agreement

Among the 10 studies, 8 evaluated interobserver agreement
for quantitative APTwMRI parameters (Table 3) [6–9, 11–13,
15]. Six studies used intraclass correlation coefficient (ICC)
[6–9, 11, 12], one study used Cohen’s kappa [13], and one
study used Cronbach alpha and standardized Cronbach alpha

[15]. All studies showed excellent interobserver agreement
(ICC, 0.81–0.95; Cohen’s kappa, 1; Cronbach alpha, 0.984;
and standardized Cronbach alpha, 0.986).

Discussion

This meta-analysis systematically reviewed the diagnostic ac-
curacy of APTw MRI in grading gliomas, the correlation be-
tween APT signal intensity and Ki-67 and the interobserver
agreement in interpreting APTwMRI based on 10 studies and
363 patients. High-grade gliomas showed significantly higher
APT signal intensity than low-grade gliomas. The pooled sen-
sitivity was 88% (95% CI, 77–94%), the pooled specificity
was 91% (95% CI, 82–96%), and the area under the HSROC
curve was 0.95 (95% CI, 0.93–0.97). In addition, the correla-
tion between APT signal intensity and Ki-67 was moderate,
and the interobserver agreement for APTw MRI was excel-
lent. Although the protocols used at 3-T were heterogeneous,
APTw MRI demonstrated excellent diagnostic performance
for differentiating low-grade and high-grade gliomas,
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Fig. 2 Coupled forest plots of sensitivity and specificity for the diagnostic performance of APTwMRI for glioma grading. Horizontal lines indicate 95%
CIs



suggesting that APTw MRI could be a reliable technique for
glioma grading in clinical practice.

APTw MRI offers several advantages for brain tumor im-
aging. First, APTw MRI is a noninvasive technique, and be-
cause the contrast is based on endogenous amide protons, the
administration of a contrast agent is not needed [9]. Therefore,
APTw MRI is particularly helpful if the condition of the pa-
tient contraindicates the use of a contrast agent injection.
Second, APTw MRI is a reliable method for obtaining quan-
titative APT parameters, with our results showing excellent
interobserver agreement for APTw MRI (ICC, 0.81–0.94).
Third, APTw MRI may reflect cellular proliferation, because
abnormal protein synthesis causes overexpression of various
proteins and peptides [31]. Our study results revealed moder-
ate correlations between APT signal intensity and Ki-67.

This study highlights the importance of technical consider-
ations for APTw MRI. The increased APT signal intensity at
the higher RF power might have enhanced the diagnostic val-
ue of APTw MRI. All studies applied pulsed RF saturation,
but other parameters including pulse sequences, numbers of
saturation offsets and frequencies, duration of saturation, and
data analysis methods varied between the studies. A previous
report demonstrated that different analytical approaches influ-
enced on APT signal intensities [32]. The results of this study
emphasize that the imaging protocols, post-processing analy-
sis, and APT signal intensity values need to be standardized

across institutions before becoming clinically viable.
Continuous efforts to standardize protocols are required, both
from vendors and researchers.

Several clinical applications of APTwMRI in brain tumors
should be noted. First, APTwMRI can accurately differentiate
high-grade gliomas from low-grade gliomas. This study
reviewing all currently available articles demonstrated that
APTw MRI had high diagnostic performance for differentiat-
ing low-grade and high-grade glioma. Second, APTw MRI
could be used to evaluate treatment response in pre- and
post-treatment gliomas. Previous studies showed that APTw
MRI demonstrated high performance for evaluating treatment
response in newly diagnosed glioblastoma [33] and post-
treatment glioma [12, 34]. Third, APTw MRI shows promis-
ing results for differentiating malignant brain tumors (includ-
ing metastasis) from glioblastoma [35], and primary central
nervous system lymphoma from high-grade glioma [36]. Last
but not least, APTwMRI could assist tissue biopsy by increas-
ing the accuracy of tumor sampling in patients with infiltrating
gliomas [10]. APTw MRI is currently gaining interest, and its
technical validation and clinical validation are ongoing.
Further clinical validations for various clinical applications
are warranted.

Aside from its small sample size, this study is subject to
several other limitations. First, the studies included here used
pulsed RF saturation, while recent advances in APTw MRI
have enabled continuous RF saturation at 3 T [37, 38].
Updating the findings with studies using this recent technique
will be desirable in a future meta-analysis. Second, while the
I2 test revealed heterogeneity for sensitivity, the power of this
test is low given the small number of studies included. We
performedmeta-regression and found that the power of the RF
saturation was associated with study heterogeneity. Third,
while the funnel plot did not appear to reveal any publication
bias, it should be interpreted with caution given the low num-
ber of studies included. Further evaluation of the effects of pH,
nuclear Overhauser effect, magnetization transfer effect, water
content, temperature, and T1 values of water protons need to
be addressed.

In conclusion, although the 3-T protocols used for APTw
MRI were heterogenous, the technique demonstrated excel-
lent diagnostic performance for differentiating low-grade from
high-grade glioma. APTw MRI could be a reliable technique
for glioma grading in clinical practice.
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