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Abstract
Magnetic resonance-based amide proton transfer weighted (APTw) imaging is one subset of the chemical exchange satura-
tion transfer (CEST) imaging techniques and could provide a potential novel tool of tumor detection and characterization. 
The purpose of this study was to compare the reproducibility of APTw imaging with two-dimensional (2D) and three-
dimensional (3D) techniques in rat intracranial gliomas. Thirty-two Sprague–Dawley (SD) male rats bearing intracranial 
C6 glioma underwent 2D and 3D APTw imaging twice with a 3 T scanner, respectively. Paired t test was used to compare 
the difference of magnetization transfer ratio asymmetry (MTRasym) values obtained from 2D and 3D APTw images with 
respect to tumor and the contralateral normal-appearing brain tissue. The reproducibility of MTRasym measurement values 
was evaluated using Bland–Altman plot. Our results showed that the reproducibility of MTRasym measurement values from 
3D APTw imaging is superior to 2D APTw technique. Therefore, 3D APTw imaging for the brain tumor would be recom-
mended to use in clinical practice with a clinically relevant time frame and research works considering the good reproduc-
ibility compared to 2D APTw imaging.
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Introduction

Magnetic resonance-based amide proton transfer weighted 
(APTw) imaging is one subset of the chemical exchange sat-
uration transfer (CEST) imaging techniques initially intro-
duced by Zhou and van Zijl et al. [1, 2]. APT can detect the 
saturation transfer efficiency owing to chemical exchange 

between bulk-water protons and endogenous mobile pro-
teins. Thus, it is sensitive to the concentration of amide 
protons associated with the containing protein/peptide and 
could provide a potential novel tool for tumor detection and 
characterization [1, 3]. Recently, APTw imaging has been 
demonstrated to provide valuable information for brain 
tumors at 3 T [4]. Previous studies showed that APTw imag-
ing was able to grade brain tumors [5, 6], distinguish glioma 
recurrence from radiation necrosis [7], and also predict the 
clinical outcome of brain diseases [8, 9].

Although previous works have demonstrated the sub-
stantial impact of APTw imaging on patient management 
[5], its reproducibility is extremely important for reliable 
quantification in the clinical scenario. In terms of APTw 
acquisition techniques, both two-dimensional (2D) and 
three-dimensional (3D) gradient-echo readouts are availa-
ble CEST sequences [10–13]. While owing to the feature of 
CEST imaging acquisition, both techniques have their own 
advantages. With 2D readout, the shorter acquisition time 
is preferred in clinical settings, while it suffers the draw-
backs of less volume coverage with only one single-slice 
acquisition [14]. With 3D readout, it could cover the whole 
brain with multi-slice imaging and minimize relaxation loss 
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between slices [15], while longer acquisition time is needed. 
Recently, a 3D gradient and spin-echo (GRASE)-based 
sequence was proposed to improve the contrast-to-noise ratio 
with shorter acquisition time [16], which makes it possible 
for 3D APTw imaging to perform in clinical practice.

Although 2D and 3D APTw acquisitions have their own 
advantages, the reproducibility of the quantitative param-
eter calculated from APTw imaging is extremely important 
for clinical application. Therefore, the purpose of this study 
was to compare the reproducibility of magnetization transfer 
ratio asymmetry (MTRasym) calculated from APTw imaging 
of intracranial rat gliomas with 2D and 3D sequences at 3T.

Materials and methods

Animal preparation

The animal experiment was approved by our hospital’s 
Institutional Animal Care and Use Committee. Thirty-
four Sprague–Dawley (SD) male rats weighing 200–250 g 
were obtained from the Guangdong Medical Laboratory 
Animal Center. The rat C6 glioma cells were harvested 
by trypsiniztion, washed once with Hanks’ balanced salt 
solution(HBSS), and a cell suspension containing 5 × 105 
cells in a volume of 10 μl of HBSS over 10 min was used 
for implantation into the striatum of rat brains. The SD male 
rats were cared for throughout the experimental procedures 
following the institutional guidelines. The rats were anesthe-
tized by intraperitoneal injection of 0.3 ml/kg body weight 
of 10% chloral hydrate. Rats under anesthesia were placed in 
a small animal stereotactic frame (David Kopf Instruments, 
Tujunga, CA). A sagittal incision was made through the skin 
to expose the cranium, and a burr hole was made in the skull 
at 0.5 mm anterior and 3 mm lateral from bregma using a 
small dental drill. The needle was initially advanced to a 
depth of 6 mm and then withdrawn to a depth of 5 mm to 
limit reflux up the needle track. Ten microliters of C6 glioma 
cell suspension were injected at a rate of 1 μl/min. After 
inoculation and a wait of 5 min, the needle was removed, 
and the wound was closed with sutures.

MRI experiments

All rats with 1 week later post-implantation of C6 glioma 
cells underwent MR imaging at a 3.0 T scanner (MAG-
NETOM Verio Siemens Healthcare, Erlangen, Germany) 
using a four-channel phased-array animal coil (inner 
diameter = 5 cm). The MR scan consisted of T2-wighted 
sequences in sagittal and coronal orientation (repetition 
time = 3500 ms; echo time = 88 ms; slices = 20 for coronal 
scan and 15 for sagittal scan; FOV = 64 mm × 64 mm; slice 
thickness = 0.9 mm), a prototype sequence for 2D APTw 

imaging in coronal orientation was performed on a single 
slice with a maximum cross-sectional area of the tumor 
(TR = 1180 ms; TE = 3.14 ms; FOV = 71 mm × 95 mm; 
in-plain resolution = 0.5  mm × 0.5  mm; slice thick-
ness = 3  mm), and 3D APTw Imaging were also 
executed with the entire brain (TR = 16  ms; 
TE = 4.05 ms; FOV = 49 mm × 60 mm × 32 mm; resolu-
tion = 0.5 mm × 0.5 mm × 2 mm). After the first scan, each 
rat bearing tumor was removed from the imager and then 
relocated for a second scan including both 2D and 3D APTw 
images acquisition. The same parameters were used for 
repeated APTw imaging.

In this study, 2D APTw imaging was performed with 
gradient echo sequence, nineteen-offset APT data (± 4.2, 
± 3.7, ± 3.3, ± 2.8, ± 2.3, ± 1.9, ± 1.4, ± 0.9, ± 0.5, 0 ppm, 
applied saturation power 1.5 μT) with a reference without 
pre-saturation were acquired. The 2D APTw MRI lasted for 
about 3 min. The 3D APTw imaging was performed with 3D 
radiofrequency (RF)-spoiled gradient-echo sequence with a 
pre-saturation module for selective saturation of resonance 
signals and GRAPPA acceleration by a factor of 2. Seven-
teen datasets with presaturation at different offset frequen-
cies Δω (± 5.0, ± 4.4, ± 3.8, ± 3.1, ± 2.5, ± 1.9, ± 1.3, ± 0.6, 
0 ppm, applied saturation power 1.5 μT) from the bulk water 
resonance (Msat) and one reference without pre-saturation 
were acquired during one experiment. The total scan time 
of 3D APTw imaging was about 11 min.

Imaging analysis

The datasets were processed on Siemens Workstation, with 
similar procedures described in previous work [17]. First, 
the standard z-spectra (residual magnetization after selective 
pre-saturation) was normalized by the signal of the refer-
ence image (M0) and plotted against the saturation offset 
frequency (Δω). Then a voxel-by-voxel correction of B0 het-
erogeneities was applied and the minimum of z-spectra was 
determined and shifted to Δω = 0, which was assumed to be 
the corresponding resonance frequency of bulk water pro-
tons. Second, APT effects were calculated from the z-spectra 
by referencing the saturated magnetization at the amide pro-
ton frequency (Δω = 3.5 ppm) in comparison to its satu-
rated magnetization at Δω = − 3.5 ppm. The values of mag-
netization transfer ratio asymmetry (MTRasym (Δω) = Msat 
(− Δω) − Msat (Δω)/M0) at the offset of the amide proton 
frequency could reflect the pixel intensities of APTw images.

The images independently were reviewed by two radi-
ologists (X.C. and X.W.) with, respectively, 7 years and 
15 years neuro-experience, respectively. APTw imaging fea-
tures were evaluated within regions of abnormality shown 
on conventional MRI sequences. For 3D images, a single 
slice corresponding to the 2D APTw images was chosen for 
quantitative measurement. Two regions of interest (ROIs) 
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for tumor (Fig. 1) and contralateral normal-appearing brain 
tissue were drawn manually on the APTw images according 
to the T2-weighted imaging.

Statistical analysis

MTRasym values were expressed as mean ± standard devia-
tion (SD). The Kolmogorov–Smirnov test was used for nor-
mality and the Levene test for homogeneity of variances. 
Intra- and inter-observer agreement of MTRasym measure-
ment was evaluated using the intraclass correlation coeffi-
cients (ICCs). Intra-observer agreement was evaluated using 
reader 1’s two measurements, and the data for the inter-
observer ICC calculation was from reader 1’s first measure-
ments and reader 2’s measurements. An ICC greater than 
0.75 was considered to be good agreement [18].

To evaluate the systematic bias of repeated MTRasym 
values, the values of MTRasym were compared between the 
two-repeated series using a paired-sample t test for 2D and 
3D APTw images, respectively. A paired-sample t test was 
used to evaluate the differences of MTRasym between tumor 
and contralateral normal-appearing brain tissue and the dif-
ferences between 2D and 3D APTw images for tumor and 
contralateral normal-appearing brain tissue, respectively.

The reproducibility of MTRasym values from 2D to 3D 
APTw imaging was evaluated by the Bland–Altman method. 
The mean absolute difference (bias) and 95% confidence 
interval of the mean difference (limits of agreement [LOAs]) 
between the first and second APTw imaging series were 
compared.

Statistical analyses were performed using MedCalc (Med-
Calc, Mariakerke, Belgium) software for Windows. P < 0.05 
was considered significantly statistical difference.

Results

Intra‑ and inter‑observer agreement of MTRasym 
measurement

Two rats failed to develop a tumor based on the MR images. 
Thus, data from 32 rats with glioma were evaluated in our 
study. The intra-observer ICC calculated based on reader 1’s 
two measurements ranged from 0.871 to 0.920 (Table 1). 
Inter-observer agreement between reader 1’s first measure-
ments and reader 2’s measurements was good with ICCs 
ranging from 0.771 to 0.852 (Table 1). The intra- and inter-
observer reproducibility of the MTRasym measurement 

Fig. 1   In-vivo APT weighted imaging of C6 glioma in the ortho-
topic mouse model. Representative T2-weighted images (a) and 
APT weighted images with 2D (b) and 3D scans (c) (MTRasym map 

at 3.5 ppm) where the tumors were delineated brighter than the con-
tralateral normal-appearing brain tissue

Table 1   Inter- and intra-
observer agreements for values 
of all MTRasym

Data in parentheses are 95% confidence intervals
Inter- inter-observer agreements, intra- intra-observer agreements, 2D two-dimensional APT weighted 
technique, 3D three-dimensional APT weighted technique

Series 2D 3D

Glioma Normal Glioma Normal

First
 Intra- 0.911 (0.817, 0.956) 0.871 (0.735, 0.937) 0.918 (0.832, 0.0.960) 0.888 (0.771, 0.945)
 Inter- 0.836 (0.670, 0.916) 0.771 (0.581, 0.881) 0.848 (0.712, 0.923) 0.799 (0.627, 0.896)

Second
 Intra- 0.893 (0.780, 0.948) 0.902 (0.799, 0.952) 0.920 (0.836, 0.961) 0.895 (0.786, 0.949)
 Inter- 0.806 (0.640, 0.900) 0.821 (0.665, 0.906) 0.852 (0.718, 0.925) 0.811 (0.647, 0.903)
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values was good. Therefore, further analysis was based on 
the data from read 1’ first measurement.

MTRasym value of tumor and contralateral 
normal‑appearing brain tissue with 2D and 3D APTw 
images

Table 2 shows the comparison of MTRasym values of tumor 
and contralateral normal-appearing brain tissue. The 
means MTRasym values of tumor (2D 1.721–1.739%; 3D 
0.777–0.909%) were significantly higher than those of con-
tralateral normal-appearing brain tissue (2D 0.358–0.476%; 
3D 0.050 to − 0.005%) with either 2D or 3D APTw imaging 
(P < 0.001).

MTRasym of tumor and contralateral normal-appearing 
brain tissue from 2D APTw images were significantly larger 
than those with 3D APTw images on both tumor and con-
tralateral brain tissue (P < 0.001).

Reproducibility of MTRasym measurement in tumor 
and contralateral normal‑appearing brain tissue 
with 2D and 3D APTw sequences

The reproducibility of MTRasym measurement of both 
tumor and contralateral normal-appearing brain tissue with 
3D APTw imaging were better than those with 2D APTw 
technique (Fig.  2). For example, the LOA between the 
two repeated APTw imaging in tumor with 2D scan was 
− 0.020 ± 0.870, while the LOA was 0.130 ± 0.470 for 3D 
scan.

For both 2D and 3D APTw imaging, the reproducibil-
ity of MTRasym measurement in tumor was inferior to that 
in contralateral normal-appearing brain tissue. For exam-
ple, the LOA between the two repeated APTw imaging in 
tumor with 3D scan was 0.130 ± 0.470, while the LOA in 
contralateral normal-appearing brain tissue with 3D scan 
was 0.030 ± 0.315.

Discussion

Our results showed that the reproducibility of MTRasym 
measurement with 3D APTw imaging was superior to 2D 
sequence, while the MTRasym values obtained with 2D 
APTw imaging were higher than those with 3D scan for 
both tumor and contralateral normal-appearing brain tissue. 
Meanwhile, the MTRasmy measurement of tumor showed sig-
nificantly higher values and poorer reproducibility than that 
of the contralateral normal-appearing brain tissue for both 
2D and 3D APTw imaging.

Signal-to-noise ratio (SNR) is a vital factor in consist-
ent APTw imaging [19]. Improvement in quantifying the 
APT effect is expected with an increased SNR. A precious 
study comparing APT measurements at 7 T with those at 3 T 
showed that these measurements at 3 T were more variable 
partly because of the high SNR at 7 T [20]. In our study, 
we compared the reproducibility of MTRasym measurement 
for 3D APTw imaging with that for 2D APTw sequence 
and found that the MTRasym with 3D APTw imaging had a 
better reproducibility than that with 2D technique in both 
tumor and contralateral normal-appearing brain tissue. This 
may be due to higher SNR of 3D APTw imaging with vol-
ume excitation and better excitation homogeneity [15, 21]. 
In addition, APTw quantification and image appearance 
could be affected by competing saturation phenomena such 
as direct water saturation and the images near the ventricle. 
And 2D APTw imaging is more likely influenced by direct 
water saturation than 3D APTw imaging [12]. These may 
account for the poorer reproducibility of MTRasym using 2D 
APTw imaging.

In addition, we found that MTRasym was higher in 2D 
APTw imaging compared to 3D scan. It is not expected that 
the concentration or exchange rate differs as the function 
of 2D or 3D readout; therefore, these phenomena may be 
related to a sensitivity difference, the sequence parameters 
or a relatively reduced inclusion of magnetization transfer 
(MT)’ effect. Meanwhile, we also speculated that this eleva-
tion in 2D APTw imaging might result from the direct water 

Table 2   The comparison of 
values of all MTRasym

Data are mean ± standard deviation
First the first series of APT weighted images acquisition, Second the second series of APT weighted 
images acquisition, 2D two-dimensional APT weighted techniques, 3D three-dimensional APT weighted 
techniques
*Paired t test revealed significant differences in MTRasym between 2D and 3D APT weighted techniques
# Paired t test revealed significant differences in MTRasym of tumor and the normal-appearing brain tissues

First Second

2D 3D P* 3D 2D P*

Glioma 1.739 ± 0.516 0.909 ± 0.374 < 0.001 0.777 ± 0.434 1.721 ± 0.487 < 0.001
Normal 0.358 ± 0.242 − 0.005 ± 0.235 < 0.001 − 0.050 ± 0.244 0.476 ± 0.354 < 0.001
P# < 0.001 < 0.001 < 0.001 < 0.001
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saturation which may result in more significant overlap of 
resonances that could artificially inflate the observed APT 
effect [20].

The APT signal is measured through the MTR-asymme-
try at ± 3.5 ppm, so the APTw imaging signal in tissue is 
mainly related to the increased mobile amide proton content 
and increased intracellular pH in the tumor [22–24]. Because 
only a small pH increase of intracellular (around 0.1 pH 
unit) is detected in brain tumor and the normal-appearing 
brain tissue [5, 25], the increased APT effect in brain tumor 
may be attributed to the increased amide proton concentra-
tion [26]. Meanwhile, Yan et al. [27] investigated the bio-
chemical origin of the APT weighted hyper-intensity in brain 
tumors and confirmed an increase in the cytosolic protein 
concentration in tumors, furthermore, identified several key 
proteins that may cause APT weighted hyper-intensity com-
pared to normal brain regions. Heo et al. [28] also found that 
the MTRasym signal of glioma was significantly higher than 
those of normal brain regions. Similar to these findings, our 

results also showed that the tumor had significantly higher 
MTRasym than those in the contralateral normal-appearing 
brain tissue.

To our knowledge, there is no data available regarding the 
reproducibility of MTRasym measurements in brain tumor 
and contralateral normal-appearing brain tissue. While we 
found that the reproducibility of MTRasym measurements in 
brain tumor was poorer than that in contralateral normal-
appearing brain tissue, which might be explained by the 
higher heterogeneity in brain tumor compared to normal-
appearing brain tissue [29].

There are several limitations in our study. First, there is no 
real reference standard for APTw signal, while the reproduc-
ibility of a newly developed quantitative parameter MTRasym 
is vital compared to the true values for clinical applications. 
Second, the number of rats in this study are small. Thirdly, 
we only compared and evaluated the reproducibility of 
MTRasym values from intracranial rat glioma without ther-
apy. It should be noticed that the results in glioma between 

Fig. 2   Bland-Altman plots show reproducibility of MTRasym (%) 
in glioma and the contralateral normal-appearing brain tissue with 
2D and 3D scans: a glioma with 2D and 3D (b), c the contralateral 

normal-appearing brain tissue with 2D and 3D (d). Blue line = mean 
absolute difference, red lines = 95% confidence interval of the mean 
difference (LOA)
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with and without therapy may differ, because the glioma 
after therapy may have a more heterogeneous tumor micro-
environment. Finally, the imaging parameters of 2D and 3D 
CEST sequences are slightly different, such as saturation 
frequencies.

In conclusion, we demonstrated a good reproducibility 
of 3D APTw imaging of brain tumors. We recommend that 
MTRasym measurement of the brain tumor can be performed 
with 3D APTw imaging in clinical practice with a clinically 
relevant time frame and research works considering the good 
reproducibility and multi-slice acquisition compared to 2D 
APTw imaging.
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