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Purpose: We evaluated the usefulness of three-dimensional (3D) chemical exchange saturation transfer (CEST)
imaging with compressed sensing and sensitivity encoding (CS-SENSE) for differentiating low-grade gliomas
(LGGs) from high-grade gliomas (HGGs).

Methods: We evaluated 28 patients (mean age 51.0 & 13.9 years, 13 males, 15 females) including 12 with LGGs
and 16 with HGGs, all acquired using a 3 T magnetic resonance (MR) scanner. Nine slices were acquired for 3D
CEST imaging, and one slice was acquired for two-dimensional (2D) CEST imaging. Two radiological technol-
ogists each drew a region of interest (ROI) surrounding the high-signal-intensity area(s) on the fluid-attenuated
inversion recovery image of each patient. We compared the magnetization transfer ratio asymmetry (MTRasym)
at 3.5 ppm in the tumors among the (i) single-slice 2D CEST imaging (“2D"), (ii) all tumor slices of the 3D CEST
imaging (3D,y1), and (iii) a representative tumor slice of 3D CEST imaging (maximum signal intensity [3Dpax]).
The relationship between the MTRasym at 3.5 ppm values measured by these three methods and the Ki-67 la-
beling index (LI) of the tumors was assessed. Diagnostic performance was evaluated with a receiver operating
characteristic analysis. The Ki-67LI and MTRasym at 3.5 ppm values were compared between the LGGs and
HGGs.

Results: A moderate positive correlation between the MTRasym at 3.5 ppm and the Ki-67LI was observed with all
three methods. All methods proved a significantly larger MTRasym at 3.5 ppm for the HGGs compared to the
LGGs. All methods showed equivalent diagnostic performance. The signal intensity varied depending on the slice
position in each case.

Conclusions: The 3D CEST imaging provided the MTRasym at 3.5 ppm for each slice cross-section; its diagnostic
performance was also equivalent to that of 2D CEST imaging.

1. Introduction

Chemical exchange saturation transfer (CEST) is a magnetic reso-
nance imaging (MRI) technique that provides image contrast and re-
flects various metabolites in vivo [1]. Amide proton transfer (APT)-
weighted imaging is a type of endogenous CEST imaging that reflects
amide protons (—NH) with a resonance frequency at +3.5 ppm from

bulk water [2,3]. The contrast of APT-weighted imaging depends on the
concentration of mobile protein peptides, the pH, and the temperature
in vivo. APT-weighted imaging has been reported to be useful for pre-
dicting the histological grades of gliomas [3-5], for differentiating
recurrent glioma tumors and radiation necrosis [6,7], and for detecting
pH change lesion in acute stroke [8,9].

Differentiating low-grade glioma (LGG) and high-grade glioma
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Table 1
Patient characteristics.
Group Patient Age Sex WHO Histology Ki-
grade 67
(%)
LGG 1 59 F 2 Astrocytoma, IDH-mutant 5
2 47 F 2 Astrocytoma, IDH-mutant 5
3 36 M 2 Astrocytoma, IDH-mutant 5
4 35 M 2 Astrocytoma, IDH-mutant 5
5 50 F 2 Astrocytoma, IDH-mutant 5
6 44 F 2 Astrocytoma, IDH-mutant 7
7 42 F 2 Astrocytoma, IDH-mutant 8
8 31 F 2 Astrocytoma, IDH-mutant 10
9 55 M 2 Oligodendroglioma, IDH- 2
mutant & 1p19q codeleted
10 47 M 2 Oligodendroglioma, IDH- 4
mutant & 1p19q codeleted
11 41 M 2 Oligodendroglioma, IDH- 5
mutant & 1p19q codeleted
12 40 F 2 Oligodendroglioma, IDH- 5
mutant & 1p19q codeleted
HGG 13 50 F 3 Astrocytoma, IDH-mutant
14 60 F 3 Astrocytoma, IDH-mutant 10
15 38 M 3 Astrocytoma, IDH-mutant 10
16 27 F 3 Astrocytoma, IDH-
wildtype
17 33 F 3 Astrocytoma, IDH- 10
wildtype
18 70 M 3 Astrocytoma, IDH- 20
wildtype
19 65 M 3 Oligodendroglioma, IDH- 15
mutant & 1p19q codeleted
20 68 M 3 Oligodendroglioma, IDH- 30
mutant & 1p19q codeleted
21 72 F 3 Oligodendroglioma, IDH- 40
mutant & 1p19q codeleted
22 47 F 4 Glioblastoma, IDH- 10
wildtype
23 62 F 4 Glioblastoma, IDH- 10
wildtype
24 68 M 4 Glioblastoma, IDH- 30
wildtype
25 54 M 4 Glioblastoma, IDH- 40
wildtype
26 44 M 4 Glioblastoma, IDH- 40
wildtype
27 61 F 4 Glioblastoma, IDH- 60
wildtype
28 83 M 4 Glioblastoma, IDH- 70
wildtype

HGG: high-grade glioma, LGG: low-grade glioma.

(HGG) with the use of single-slice two-dimensional (2D) CEST imaging
has been described [3-5]. LGGs have been shown to be mostly isointense
on APT-weighted imaging, whereas HGGs showed increased signal in-
tensity on APT-weighted imaging. An advantage of CEST imaging is that
it can be quantitatively evaluated using the signal values of APT-
weighted imaging [4]. However, considering the heterogeneity within
tumors [10-12], the signal values of APT-weighted imaging may differ
depending on the imaging cross-section. CEST imaging in multiple cross-
sections is thus desirable. Multi-slice APT-weighted imaging techniques
using 2D imaging have been proposed [13,14], but the signal loss of
multi-slice imaging is a T1 relaxation loss due to the imaging order of the
slices. Compared to multi-slice imaging, 3D imaging is more suitable for
volume APT-weighted imaging because it has less inter-slice relaxation
loss, wider volume coverage, a higher signal-to-noise ratio, and a shorter
acquisition time[15].

A compressed sensing (CS) and sensitivity encoding (SENSE) tech-
nique (CS-SENSE) has been proposed to accelerate the MR acquisition
time [16]. The CS-SENSE acceleration technique applies randomized
non-uniform variable density k-space subsampling, which is designed to
promote incoherence, instead of the regular under-sampling applied in
conventional SENSE. It was reported that accelerated CEST imaging
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combined with parallel imaging and CS had the highest accuracy in
CEST reconstruction compared to accelerated CEST imaging using only
parallel imaging or CS [17]. We demonstrated that 3D CEST imaging
with CS-SENSE might be able to obtain the same contrast as that pro-
vided by 2D CEST imaging with full data sampling (without an accel-
eration method; e.g., SENSE) in brain tumors at 3T [18].

We conducted the present study to evaluate the usefulness of 3D
CEST imaging with CS-SENSE for differentiating LGGs from HGGs. We
compared MTRasym at 3.5 ppm of the tumors among (i) single-slice 2D
CEST imaging, (ii) all tumor slices of 3D CEST imaging, and (iii) a
representative tumor slice of 3D CEST imaging (maximum signal
values).

2. Materials and methods
2.1. Patients

Twenty-eight consecutive patients with a postoperative diagnosis of
glioma between July 2020 and November 2021 were included. Exclu-
sion criterion was severe image artifacts caused by patient’s motion.
Four cases were excluded for this reason. We analyzed the cases of 28
patients with glioma (mean age 51.0 + 13.9 years, 13 males and 15
females) who underwent a subsequent surgical resection. Twelve pa-
tients with LGGs (World Health Organization [WHO] grade 2), and 16
patients with HGGs (WHO grade 3 or 4) were identified. The charac-
teristics of patients are summarized in Table 1. The histological diag-
nosis was determined based on WHO classification of central nervous
system (CNS) tumors 5th edition [19]. This study was approved by the
Our Institutional Review Board, and the patients’ informed consent for
their images to be used was obtained.

2.2. Pathological evaluation

The pathological diagnosis was determined with specimens removed
at surgical resection according to the 2021 WHO classification of CNS
tumors by established neuropathologist (H.Y., 22 years of experience).
In addition to the conventional histopathological evaluation, the Ki-67
labeling index (LI) was determined using the standard procedure.
Briefly, fields with the highest number of Ki-67 — labeled cells were
initially selected through a generalized survey, and then the percentage
of positively labeled cells was determined by counting more than 1000
tumor nuclei at x 200 magnification. The isocitrate dehydrogenase
(IDH) mutation and 1p19q-codelation status was confirmed in all pa-
tients by the methods described [19]. All histopathological findings of
this study are described in Table 1.

2.3. MR imaging protocol

For all of the patients, MR imaging was performed on a 3-T clinical
MR scanner (Ingenia 3.0 T, Philips Healthcare, Best, The Netherlands)
using a 20-channel head-neck coil. The 2D CEST sequences were ac-
quired with 32 frequency offsets (+16, +£12, £8, +6, £5.5, £5, +4.5,
+4, £3.5, +£3, +£2.5, +2, +1.5, +1, +0.5, 0, and —1560 ppm) using the
single-shot turbo-spin echo (TSE) sequence with driven equilibrium
refocusing and the following parameters: radiofrequency (RF) satura-
tion with 2.0 sec duration and 2.0 pT power, field of view (FOV) = 230
x 230 mm?, matrix = 128 x 128 (reconstructed to 256 x 256), voxel
size = 1.8 x 1.8 x 5 mm®, TR/TE = 6642/5.3 msec, echo train length
(ETL) = 128, no parallel imaging, and the scan time = 3 min 39 sec for a
single slice. The 2D BO map was obtained separately using a 2D gradient-
echo (GRE) sequence with the following parameters: FOV = 230 x 230
mm?, matrix = 128 x 128 (reconstructed to 256 x 256), voxel size = 1.8
% 1.8 x 5 mm?, TR/TE = 16/8.2 msec; flip angle = 30°, dual echo (A TE
= 1 msec), number of acquisitions = 8, and scan time = 32 sec.

The 3D CEST sequences were acquired with 26 frequency offsets (+6,
+5.5, +5, +4.5, +4, +3.5, £3, +2.5, +2, +1.5, +1, +0.5, 0, and
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Table 2 and scan time = 5 min 1 sec for nine slices. A 3D BO map was obtained
Size of the ROIs in 2D and 3D CEST imaging by each observer and the ICC be- separately using a 3D GRE sequence with the following parameters: nine
tween the two observers. slices, FOV = 230 x 201 x 45 mm°®, matrix = 128 x 112 (reconstructed
CEST ROI size*, cm?: average + SD (min. — max.) 1cC to 256 x 256), voxel size =1.8 x 1.8 x 5 mm3, TR/TE = 14/7.5 msec;
imaging Observer 1 Observer 2 flip angle = 3§ , fiual—echo (A TE = 1 msec), CS—SENSE fgctor = 2,
number of acquisitions = 1, and scan time = 45 sec. The imaging section
D 33.18 £ 25.27 37.89 + 28.84 0.93 center of the 3D CEST imaging was set to the imaging section of the 2D
(7.32-117.83) (7.65-146.25) . .

3D 29.01 + 22.85 32.60 + 24.94 0.96 CEST imaging.
(2.49-117.83) (2.46-132.81) To cover the entire brain, fluid-attenuated inversion recovery
*One pixel = 0.0324 cm? ICC: intra-class correlation coefficient, max: (FLAIR) images were acquired in sagittal sections, using the following

parameters: FLAIR (3D FLAIR, TR/TE = 4000/245 msec, inversion time

= 1600 msec, matrix = 288 x 288, and voxel size = 0.87 x 0.87 x 1.40

mm3.

maximum size of region of interest (ROI), min: minimum size of ROI, SD:
standard deviation.

—1560 ppm) using the multi-shot TSE sequence with driven equilibrium
refocusing and the following parameters: RF saturation with 2.0 sec
duration and 2.0 pT power, nine slices, FOV = 230 x 201 x 45 rnrn3,
matrix = 128 x 112 (reconstructed to 256 x 256), voxel size =1.8 x 1.8
x 5 mm®, TR/TE = 5586,/5.9 msec, ETL = 122, CS-SENSE factor = 4,

2.4. Image analysis

All image data were analyzed using the software program ImageJ
(ver. 1.52a; U.S. National Institutes of Health, Bethesda, MD). A dedi-
cated plug-in was created to assess the magnetization transfer ratio
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Fig. 1. Analyses of interobserver agreement. The linear regression analyses the MTRasym at 3.5 ppm measured by the two observers shows high correlation for the
(a) 2D, (b) 3Dy, and (c) 3Dy,ax methods. The Bland-Altman analyses of the MTRasym at 3.5 ppm measured by the two observers shows high concordance for the (d)
2D, (e) 3D.y;, and (f) 3Dy.x methods.
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N
1
MTRasym 3.5ppm (%)
N
1
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Fig. 2. Correlation between the MTRasym at 3.5 ppm and the Ki-67LI for the (a) 2D, (b) 3D,y;, and (¢) 3Dy.x methods. Moderate positive correlations were observed
with each method.
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Fig. 3. Comparison of the MTRasym at 3.5 ppm spectra of 2D, 3D,yj, and 3Dy, for the low-grade gliomas (LGGs) (a) and high-grade gliomas (HGGs) (b). The CEST
effects of both the LGGs and HGGs were observed in the frequency offset range from 1.5 ppm to 4.0 ppm for all three methods.

Table 3

The Ki-67 labeling index and MTRasym 3.5 ppm in the LGGs and HGGs.
Parameter LGG HGG p-value
Ki-67LI, % 5.50 + 2.02 23.94 + 21.48 <0.0001
MTRasym 3.5 ppm, %
2D 1.54 £ 0.94 2.67 £1.09 0.0083
3Dy 1.28 + 0.81 2.32+1.20 0.0130
3Dpmax 1.74 £ 1.01 3.00 + 1.46 0.0150

HGG: high-grade glioma, LGG: low-grade glioma, LI: labeling index, MTRasym:
magnetization transfer ratio asymmetry, 3D,): all ROIs in 3D CEST imaging,
3Dmax: the slice with the max. mean value of the MTRasym at 3.5 ppm.

asymmetry (MTRasym) and was equipped with a correction function for
B0 inhomogeneity. To reduce undesirable affects from conventional MT
effects and direct water saturation, the MTRasym with respects to bulk
water frequency was performed. The MTRasym was defined as:

MTRasym(Appm) — Ssaz(*APPm)s*Ssuz(*APPm)
0
where Sy:(Appm) and S, are the signal intensities at a target fre-
quency and —1560 ppm, respectively.
Regions of interest (ROIs) were drawn on the raw 2D or 3D GRE

image to calculate the 2D or 3D BO map with reference to the FLAIR

30

02D
] o3Dall
- 0 3Dmax

25 -

20 - —

15 + —

Relative frequency (%)
I

0 L1
2 3 45 6 7 8

MTRasym 3.5 ppm (%)
(a) LGG

image. The high signal intensity areas on the FLAIR image were sur-
rounded. The ROIs were copied onto each MTRasym image. ROIs were
manually drawn by the two radiology technologists (T.W., 17 years of
experience and M.O., 19 years of experience) to include the entire tumor
region. We defined MTRasym at 3.5 ppm in the tumors among the (i)
single-slice 2D CEST imaging (“2D”), (ii) all tumor slices of the 3D CEST
imaging (3Day), and (iii) a representative tumor slice of 3D CEST im-
aging (maximum signal intensity [3Dmax]).

2.5. Statistical analyses

The intra-class correlation coefficient (ICC) was calculated to eval-
uate the interobserver agreement regarding the sizes of the ROIs created
by the two readers. For the assessment of the interobserver agreement
concerning the tumor MTRasym at 3.5 ppm values obtained by the two
readers, the ICC was calculated; a simple linear regression analysis was
performed. A Bland-Altman plot analysis was also conducted. Since the
MTRsym at 3.5 ppm values measured by the two observers agreed well,
we averaged these values for each patient in the analyses. Spearman’s
rank correlations were calculated for a determination of the statistical
correlation between the mean value of MTRasym at 3.5 ppm in all three
methods and the Ki-67LI. The Ki-67LI and mean values of MTRasym at

30
. 02D
X 25 o 3Dall
> 0 3Dmax
S 20 r
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m —_—
5 = |
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MTRasym 3.5 ppm (%)

(b) HGG

Fig. 4. Histograms of MTRasym at 3.5 ppm for all methods in the LGG and HGG groups. The distribution of the MTRasym values at 3.5 ppm was concentrated around
2-3 (%) in the LGG group. In the HGG group, the MTRasym at 3.5 ppm of the 3Dp,,x method was observed >5% more often than with the other two methods.
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Fig. 5. Receiver operating characteristic curve analyses for the differentiation
of LGGs from HGGs. All three imaging methods showed medium diagnostic
performance.

100

Table 4
Receiver operating characteristic curve analysis for the differentiation of LGGs
and HGGs.

Method AUC Cutoff value (%) Sensitivity (%) Specificity (%)

2D 0.79 2.52 91.7 62.5
3Dan 0.78 1.81 91.7 68.8
3Dmax 0.77 2.55 91.7 62.5

AUC: area under the receiver operating characteristic curve.
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3.5 ppm in all three methods were compared between the LGG and HGG
groups by the Mann-Whitney U test. Receiver operating characteristic
(ROC) and area under the curve (AUC) analyses were performed to
evaluate the diagnostic performance of the parameters for differenti-
ating LGGs from HGGs. The statistical analyses were performed with
GraphPad Prism 9 and JMP pro 16.0 software. P-values < 0.05 were
considered significant in all analyses.

3. Results

The interobserver agreement between the two observers regarding
the ROI size was excellent for both the 2D CEST imaging (0.93) and the
3D CEST imaging (0.96) (Table 2). The two readers’ interobserver
agreement for the MTRasym at 3.5 ppm of the 28 patients’ tumors was
also excellent, with the ICC of 0.91-0.98 and the R? of 0.89-0.96
(Fig. 1la—c). The Bland-Altman plots showed that the MTRasym at 3.5
ppm measured with 2D CEST imaging (Fig. 1d) resulted in a small bias of
—0.09% and narrow 95% limits of agreement (from —0.91% to 0.73%).
The MTRasym at 3.5 ppm values measured as 3Dy (Fig. 1e) showed a
similar bias of —0.08% and narrower 95% limits of agreement (from
—0.53% to 0.37%) compared to the values measured with 2D. The
MTRasym at 3.5 ppm values measured as the 3D« (Fig. 1f) showed a
similar bias of —0.09% and slightly narrower 95% limits of agreement
(from —0.53% to 0.70%) compared to those measured with 2D.

Fig. 2 illustrates the relationship between the MTRasym at 3.5 ppm
and Ki-67LI for all three methods, i.e., (i) single-slice 2D CEST imaging
(2D), (i) all tumor slices of 3D CEST imaging (3D, and (iii) a repre-
sentative tumor slice of 3D CEST imaging (max. signal values; 3Dpax). A
moderate positive correlation between the MTRasym at 3.5 ppm and the
Ki-67LI was observed with the 2D (p = 0.66, p = 0.0001), 3D, (p =
0.65, p = 0.0002), and 3Dpax (p = 0.64, p = 0.0003) methods.

The MTRasym spectra of LGG and HGG for each method are given in
Fig. 3. The maximum peak of the MTRasym spectra in the LGGs and
HGGs for all methods were observed at around 2.0 ppm and at 2.5 ppm,
respectively. The MTRasym spectra of the HGGs were gradually
decreased with a maximum peak at 2.5 ppm in 2D and in 3Dy, but
another peak was observed at 3.5 ppm in 3Dpax-

LGG

174 3.60 2.20 1.79

HGG ?!

1.82 197 2.06 1.66 1.39 F 42

27 271
28 278 3.00 308 3.23 389 351
T T T T T T
A 0‘1« 0‘5 u 063 e‘a
‘#o (é\ﬁ éo ‘é\o Q %*\0

Fig. 6. Heatmap showing the mean value of MTRasym at 3.5 ppm in each slice for each patient’s case. The signal intensity varied depending on the slice position in

each case.
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-5% I 5%

Fig. 7. Astrocytoma, IDH-mutant, CNS WHO grade 2 in a 50-year-old female. (a) FLAIR, (b) Gd T1WI, (c¢) 3D MTRasym at 3.5 ppm, and (d) 2D MTRasym at 3.5 ppm.
The MTRasym values at 3.5 ppm for the 2D (arrow), 3D, , and 3D, (arrowhead) methods were 1.85 + 0.49, 1.55 + 1.10, and 1.85 + 0.82, respectively. Both the
2D MTRasym at 3.5 ppm (d) and the 3D MTRasym at 3.5 ppm (c) showed a mild increase in the signal intensity in lesions with high signal intensity on FLAIR imaging
(a). Similar signal intensities in multi-slices of the 3D MTRasym at 3.5 ppm (c) were observed in high-signal legions on the FLAIR images (a).

, | 5% I 5%

Fig. 8. Astrocytoma, IDH-mutant, CNS WHO grade 3 in a 50-year-old female. (a) FLAIR, (b) Gd T1WI, (c¢) 3D MTRasym at 3.5 ppm, and (d) 2D MTRasym at 3.5 ppm.
The MTRasym at 3.5 ppm for the 2D (arrow), 3D,y;, and 3Dp,ax (arrowhead) methods were 2.20 + 0.60, 2.00 + 1.06, and 2.80 + 0.80, respectively. Both the 2D
MTRasym at 3.5 ppm and the 3D MTRasym at 3.5 ppm showed a mild increase in signal intensity in the lesion with contrast enhancement (arrows in b-d). However,

the signal intensity varied depending on the slice position, and the 2D MTRasym at 3.5 ppm image (d) was not the same slice position as that for the 3Dpax
(¢, arrowhead).
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Table 3 lists the measurements in the LGG and HGG groups. The Ki-
67LI was significantly larger in the HGG group compared to the LGG
group, and the mean value of MTRasym at 3.5 ppm was significantly
larger in the HGG group compared to the LGG group in all three
methods. Fig. 4 provides the histogram profiles for all methods. The
distribution of the MTRasym at 3.5 ppm for the LGG group in the 2D was
concentrated at around 2-3 (%), and the MTRasym at 3.5 ppm obtained
by both the 3D,y and 3D, methods were lower than in the 2D method.
In the HGG group, the higher MTRasym at 3.5 ppm shown by the 3Dy«
method was observed than in the other methods.

Fig. 5 and Table 4 concern the diagnostic performance of the
methods as determined by the ROC analyses for differentiating LGGs
from HGGs. Equivalent AUCs were obtained in all three methods. The
specificities were the same for all methods, but the sensitivity of the 2D
was lower than that of both the 3D,j and 3Dpax.

The MTRasym at 3.5 ppm values measured within the ROI on each
slice for each patient are depicted in Fig. 6. The signal intensity varied
depending on the slice position in each case.

Figs. 7 and 8 are images from a representative case of astrocytoma,
IDH-mutant, CNS WHO grade 2 and astrocytoma, IDH-mutant, CNS
WHO grade 3, respectively. Similar signal intensities by both 2D
MTRasym at 3.5 ppm (Fig. 7d, Fig. 8d, arrows) and the same slice po-
sition of 3D MTRasym at 3.5 ppm (Fig. 7c, 8c, arrows) were observed in
each case. Notably, the signal intensity varied depending on the slice
position in the grade 3 astrocytoma (Fig. 8c). The image from the 2D
MTRasym at 3.5 ppm (Fig. 8d) was not the same slice position for the
3Dpax in the grade 3 tumor (Fig. 8c, arrowhead).

4. Discussion

The results of our analyses demonstrated the usefulness of 3D CEST
imaging with CS-SENSE in glioma grading. The evaluation of the entire
tumors by multi-slice CEST imaging was important in the gliomas’
grading because the signal intensities differed among the tumor slices.

CEST imaging can detect various compounds in vivo. The MTRasym
in both LGGs and HGGs has been reported to have a broad peak ranging
from 1.5 ppm to 4.0 ppm [2,20]. We were able to detect peaks from 1.5
ppm to 4.0 ppm in the present study by using 3D CEST imaging with CS-
SENSE. The grading of gliomas using CEST imaging at 3 T is often re-
ported for APT-weighted imaging using a MTRasym at 3.5 ppm, which
reflects amide protons. It has been reported that the signal intensity of
APT-weighted imaging is positively correlated with the Ki-67 labeling
index [4], which is a pathological marker of cell proliferation; this
suggested that APT-weighted imaging reflects tumor cell activity. The
correlation between MTRasym at 3.5 ppm and the Ki-67 labeling index
in the present 3D CEST imaging with CS-SENSE was comparable to that
of the APT-weighted imaging in previous studies. The multi-slice 3D
CEST imaging was able to reflect tumor cell activity.

Our analyses also revealed that the AUCs of both the 3Dg) and 3Dyax
methods were similar to those of conventional 2D CEST imaging. A 3D
CEST imaging protocol with CS-SENSE can thus be used for glioma
grading, like 2D CEST imaging. We observed an increase in lower signal
intensities in MTRasym at 3.5 ppm for both 3D,j and 3Dy« compared to
2D CEST imaging. In a study of in non-enhancing gliomas, Warnet et al.
used 3D CEST imaging to detect amide protons by conducting a Lor-
entzian fit analysis (LDamide), and they reported that not all slices of the
tumors in each imaging section necessarily showed high signal intensity
for LDamide [21]. In the present study, the low-signal intensities of
MTRasym at 3.5 ppm in the 3D CEST imaging increased because the
high-signal area in the FLAIR image reflecting edema was included in
the region of interest setting for the 3D CEST imaging.

The advantage of 3D CEST imaging is that multi-slice CEST images
can be used for glioma grading. Sakata et al. reported that a glioma
grade diagnosis can be made using only representative slices with
reference to multi-slice FLAIR images, and they described the possibility
of reduced imaging time by acquiring a representative 2D CEST image
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rather than acquiring 3D CEST images [22]. On the other hand, the same
acquisition time as that necessary for 2D CEST imaging might be
achievable with 3D CEST imaging with CS-SENSE. It is therefore
possible to determine a representative single-slice cross-section from 3D
CEST imaging with reference to both multi-slice FLAIR images.

The use of 3D CEST imaging with the GRE sequence has been re-
ported in several investigations [23-25], as the TSE sequence needs a
longer acquisition time than the GRE sequence. However, Doneva et al.
reported that the 3D TSE CEST sequence has the advantage of a higher
signal-to-noise ratio and signal uniformity compared to the 3D gradient
and spin echo sequence [23]. The TSE-based 3D CEST imaging used in
the present study was combined with CS-SENSE to reduce the acquisi-
tion time (5 min 1 sec), which is essentially the same acquisition time as
those for 3D APT-weighted imaging with the GRE sequence (5 min 31
sec) [22] and TSE sequence (4 min 30 sec) [26]. Thus, 3D CEST imaging
with CS-SENSE is as clinically applicable as 3D APT-weighted imaging.

There are several limitations to this study. The number of patients
was small (~11 for both the LGGs and the HGGs). Many imaging se-
quences for preoperative examinations are performed other than CEST
imaging, and not all of them can be obtained in all cases. Further ana-
lyses based on larger numbers of patients are desirable. Second, CEST
imaging does not take each component into account because it includes
various factors such as direct water saturation, the nuclear Overhauser
effect, MT effects, and more. It is desirable to detect each component by
a multi-pool analysis and Lorentzian fitting [27]. However, in order to
detect the components, it is necessary to use a weaker pulse (e.g., 0.6 uT)
than the saturation pulse strength (2 pT) used in this study. The imaging
parameters that we used made it difficult to detect individual compo-
nents. In addition, since a high magnetic field is ideal, future applica-
tions are expected.

5. Conclusion

We investigated the usefulness of 3D CEST imaging with CS-SENSE
for glioma grading, including the entire tumor. The signal intensity of
gliomas varies in each imaging section was demonstrated by using
multi-slice 3D CEST imaging with CS-SENSE. Both the diagnostic per-
formance of 3D,) and 3Dy using 3D CEST imaging were equivalent to
that of 2D CEST imaging. 3D CEST imaging with CS-SENSE can be used
clinically for glioma grading as well as 2D CEST imaging.
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