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A B S T R A C T

Purpose: The purpose of this study was (i) to determine the optimal magnetization transfer (MT) pulse parameter
for amide proton transfer (APT) chemical exchange saturation transfer (CEST) imaging on an ultra-high-field
magnetic resonance imaging (MRI) system and (ii) to use APT CEST imaging to noninvasively assess brain
orthotopic and ectopic tumor cells transplanted into the mouse brain.
Methods: To evaluate APT without the influence of other metabolites, we prepared egg white phantoms. Next,
we used 7–11-week-old nude female mice and the following cell lines to establish tumors after injection into the
left striatum of mice: C6 (rat glioma, n= 8) as primary tumors and Neuro-2A (mouse neuroblastoma, n=11)
and MDA-MB231 (human breast cancer, n= 8) as metastatic tumors. All MRI experiments were performed on an
11.7 T vertical-bore scanner. CEST imaging was performed at 1 week after injection of Neuro-2A cells and at
2 weeks after injection of C6 and MDA-MB231 cells. The MT pulse amplitude was set at 2.2 μT or 4.4 μT. We
calculated and compared the magnetization transfer ratio (MTR) and difference of MTR asymmetry between
normal tissue and tumor (ΔMTR asymmetry) on APT CEST images between mouse models of brain tumors. Then,
we performed hematoxylin and eosin (HE) staining and Ki-67 immunohistochemical staining to compare the
APT CEST effect on tumor tissues and the pathological findings.
Results: Phantom study of the amide proton phantom containing chicken egg white, z-spectra obtained at a pulse
length of 500ms showed smaller peaks, whereas those obtained at a pulse length of 2000ms showed slightly
higher peaks. The APT CEST effect on tumor tissues was clearer at a pulse amplitude of 2.2 μT than at 4.4 μT. For
all mouse models of brain tumors, ΔMTR asymmetry was higher at 2.2 μT than at 4.4 μT. ΔMTR asymmetry was
significantly higher for the Neuro-2A model than for the MDA-MB231 model. HE staining revealed light bleeding
in Neuro-2A tumors. Immunohistochemical staining revealed that the density of Ki-67-positive cells was higher
in Neuro-2A tumors than in C6 or MDA-MB231 tumors.
Conclusion: The MTR was higher at 4.4 μT than at 2.2 μT for each concentration of egg white at a pulse length of
500ms or 2000ms. High-resolution APT CEST imaging on an ultra-high-field MRI system was able to provide
tumor information such as proliferative potential and intratumoral bleeding, noninvasively.
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1. Introduction

1.1. Noninvasive molecular imaging: the recent development of chemical
exchange saturation transfer (CEST)

Magnetic resonance imaging (MRI) is a noninvasive medical ima-
ging technique that produces detailed images of internal structures of
the body. While MRI provides anatomical information, magnetic re-
sonance spectroscopy (MRS) enables in vivo assessment of the chemical
composition of tissues by measuring signals from chemical compounds
such as brain metabolites. CEST is a recent contrast enhancement
technique that enables the indirect detection of molecules with ex-
changeable protons and exchange-related properties [1]. These protons
can be selectively saturated by a radio-frequency (RF) pulse, also called
magnetization transfer (MT) pulse, and can be exchanged with un-
saturated protons in a static magnetic field. Using this process, low
concentrations of molecules can be detected. CEST imaging can be
classified into two types: exogenous and endogenous. Exogenous CEST
agents employ a class of diamagnetic molecules that contain ex-
changeable NH or OH protons [2]. Typical endogenous CEST agents are
amide protons (from peptides and proteins), amine protons (from glu-
tamate and creatine), and hydroxyl protons (from glycosaminoglycan,
myo-inositol, and lactate) [3,4].

In CEST imaging, various MR parameters and physiological factors
influence the level of the CEST effect (e.g., magnetic strength, RF
magnitude, B0 and B1 homogeneity, tissue relaxation rate, CEST agent
concentration, pH, and temperature) [1]. There are many biological
sources of CEST signals (e.g., the brain) [5]. Therefore, it is important to
suit the parameters to detect the target chemical molecule (e.g., a brain
metabolite) with high sensitivity. Ultra-high-field MRI presents various
benefits, such as higher signal-to-noise ratio, greater CEST effect, higher
chemical shift, and longer T1 relaxation time of water [1,2]. However,
there are some technical problems related to CEST imaging using ultra-
high-field MRI (e.g., 11.7 T MRI), such as the magnetic field in-
homogeneity presented in ultra-high-field MRI. Problems associated
with poor magnet homogeneity include spatial distortion, blurring,
intensity loss, curved slice profiles, and banding artifacts. In addition,
field homogeneity is the most important factor in high-quality CEST
imaging.

1.2. Imaging techniques for brain tumors

Tumor grading is important to treatment planning and prognosis
prediction. For instance, gliomas can be graded from 1 to 4 according to
their degree of malignancy [6]. In clinical practice, MRI is essential to
understand a tumor lesion's site and malignancy. During MRI ex-
amination, T1-weighted images (T1WI), T2-weighted images (T2WI),
and fluid-attenuated inversion recovery (FLAIR) sequences can be used
to evaluate a brain tumor. Contrast images from diffusion-weighted
imaging (DWI), perfusion MRI, and MRS can provide additional in-
formation. On T1WI with the gadolinium contrast agent, high-grade
gliomas and metastases show ring enhancement surrounding a central
area of necrosis [7]. Advanced MRI metrics, such as DWI apparent
diffusion coefficient (ADC) and perfusion MRI relative cerebral blood
value (rCBV), can distinguish between high-grade and low-grade
gliomas [8]. In most cases, metastatic brain tumors can be distinguished
from primary brain tumors by the number, location, and structure of
lesions visualized by conventional MRI examination [7]. However, it is
difficult to distinguish between metastatic and primary brain tumor
subtypes by perfusion MRI, DWI, and MRS [8].

1.3. Amide proton transfer (APT) CEST imaging

APT CEST imaging has attracted attention as a new tool to grade
brain tumor malignancy. APT CEST can differentiate tumors from
normal tissue by the increased concentration of mobile peptides and

proteins in the former [9]. APT correlates with brain tumor grade
[3,10], and APT CEST imaging has been suggested to be more useful
than ADC and rCBV in malignancy diagnosis such as tumor grading
[11]. Therefore, APT CEST imaging may be useful in the diagnosis of
various brain diseases as well as in differential diagnosis [12–14].
However, it is not known whether primary and metastatic brain tumors
can be distinguished by using APT CEST imaging, which may be a
useful alternative to perfusion MRI, DWI, MRS [11]. In mice, APT CEST
imaging has been used to study xenograft and allograft brain tumors
[15].

1.4. Purpose of this study

The purpose of this study was (i) to determine the suitable MT pulse
parameter for APT CEST imaging on an ultra-high-field MRI system;
and (ii) to use APT CEST imaging to noninvasively assess three types of
tumor cells transplanted into the mouse brain.

2. Materials and methods

2.1. Preparation of phantoms for imaging studies

To evaluate APT without the influence of other metabolites, we
prepared egg white phantoms. Chicken eggs were commercially ob-
tained. We prepared phantoms containing 20%, 50%, or 100% of egg
white in phosphate-buffered saline (PBS; Wako, Osaka, Japan).

2.2. MRI of egg white phantoms

All MRI experiments were performed on an 11.7 T vertical-bore
scanner (Bruker Avance II; Bruker BioSpin, Ettlingen, Germany)
equipped with a custom-made transmit/receive volume RF coil with a
diameter of 25mm (m2m Imaging Corp., Cleveland, OH, USA), using
the ParaVision 6.0 console system (Bruker BioSpin). For B0 shimming,
first-order shimming for the selected volume was conducted using the
fast automatic shimming technique by mapping along projections
(FASTMAP) algorithm. B1 and B0 maps were calculated point-by-point
for each correction using a method referred to as the “180° signal null”
[16] and water saturation shift referencing (WASSR) [17]. Single-slice
multiple MT MRI was performed using the rapid acquisition with re-
laxation enhancement (RARE) sequence for CEST imaging with the
following parameters: repetition time= 4500ms; echo time=4.62ms;
RARE factor= 10; number of average= 1; field of
view=24×24mm2; matrix size= 64×64; and slice thick-
ness= 1.0mm. Z-spectrum data were acquired from 19 CEST images
with varying saturation frequencies from −4.8 ppm to +4.8 ppm in
0.6-ppm steps. S0 images (without saturation RF pulses) were acquired
before CEST images. To fit the saturation RF pulse parameter (i.e., MT
pulse), CEST imaging was performed under four conditions, as follows:
length=49.99ms; interpulse delay=0.01ms; number of pulses= 10
or 40 (pulse length=500ms or 2000ms); and amplitude= 2.2 μT or
4.4 μT; pulse shape=block pulse.

2.3. Cell culture

C6 rat glioma, Neuro-2A mouse neuroblastoma, and MDA-MB231
human breast cancer cells were purchased from JCRB Cell Bank
(National Institutes of Biomedical Innovation, Health and Nutrition,
Osaka, Japan). We cultured the cells in Dulbecco's modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin (PS) solution at 37 °C with 5% CO2.

2.4. Animal experiments

All experimental protocols were approved by the Research Ethics
Committee of our University. All experimental procedures involving
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animals and their care were carried out in accordance with the Osaka
University Guidelines for Animal Experimentation and the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.
Animal experiments were performed in twenty-seven 7- to 11-week-old
(16–24 g, C6: n=8, Neuro-2A: n= 11, MDA-MB231: n=8) female
BALB/c nu/nu mice purchased from Japan SLC (Hamamatsu, Japan).
All mice were housed in a controlled vivarium environment (24 °C;
12:12 h light:dark cycle) and fed a standard pellet diet and water ad
libitum. To inject the tumor cells, we first anesthetized the mice with a
mixture of air and 4% isoflurane (Wako Pure Chemical Industries, Ltd.,
Osaka, Japan). To perform the operation, we immobilized the mice
using a brain retainer (Stereotaxic Instruments for Rats, NARISHIGE
SCIENTIFIC INSTRUMENT LAB, Tokyo, Japan). During the operation,
the mice were continuously anesthetized with 2% isoflurane. The left
skull was drilled (2mm lateral and 1mm anterior to bregma) using an
electric drill. Then, 1.0× 105/2 μL C6, Neuro-2A, or MDA-MB231 cells
were injected 2mm deep to the surface of the skull at an injection rate
of 0.5 μL/min using 26-gauge needles.

2.5. MRI of mice

In vivo MRI experiments were performed using MRI, equipped with
a transmit/receive volume RF coil with a diameter of 20mm (m2m
Imaging Corp.), as in the phantom study. Axial T2WI were acquired
around the mouse brain using the turbo rapid acquisition with relaxa-
tion enhancement (TurboRARE) sequence with the following para-
meters: repetition time= 4000ms; echo time=40ms; RARE
factor= 8; number of average=4; field of view=19.6×19.6 mm2;
matrix size= 256×256; and slice thickness= 0.5mm. CEST image
slices were obtained at the region of maximum tumor width. For B0

shimming, first-order shimming for the selected volume was conducted
using the FASTMAP algorithm. Single-slice multiple MT MRI was per-
formed using RARE for CEST imaging with the following parameters:
repetition time= 4500ms; echo time=4.62ms; RARE factor= 10;
number of average=1; field of view=16×16mm2; matrix
size= 64×64; and slice thickness= 0.5mm. Z-spectrum data were
acquired from CEST images with varying saturation frequencies from
−4.2 ppm to +4.2 ppm in 0.6-ppm steps. S0 images (without saturation
RF pulses) were acquired before CEST images. To fite the MT pulse
parameter, CEST imaging was performed under four conditions as fol-
lows: length=49.99ms; interpulse delay= 0.01ms; number of
pulses= 10 (for C6 only) or 40 (pulse length=500ms or 2000ms);
amplitude= 2.2 μT or 4.4 μT; pulse shape=block pulse [18]. The total
acquisition time per animal was approximately 70min.

2.6. Calculation of the MTR

We calculated the MTR asymmetry using the following equation:
MTRasym(%)= (S[−αppm]− S[+αppm])/S0. APT CEST signal was defined
as an MTR asymmetry of +3.6 ppm. The region of interest (ROI) of
normal tissue was set on the MTR map (ROI size= 3.4 ± 1.1mm2).
MTR asymmetry was expressed as mean ± standard deviation (SD).
The ROI of normal tissue was set as a homogeneous area such as
normal-appearing brain near the implantation site for comparison with
the tumor tissue. The ΔMTR asymmetry was defined as follows:
ΔMTRasym(%)= (MTRtumor−MTRnormal). All calculations and analyses
were performed using MATLAB (MathWorks, Natick, MA, USA) [5,19].

2.7. Histological studies

We used hematoxylin and eosin (HE) staining to observe the tissue
morphology. In addition, we used Ki-67 immunohistochemical staining
to evaluate tumor cell proliferation. After MRI, the brain was harvested
and fixed over one day in 4% paraformaldehyde (PFA). Then, the brain
was embedded in paraffin wax. Tissue sections were cut with a mi-
crotome at a thickness of 5 μm. The sections were dewaxed in xylene

and rehydrated by a series of ethanol-water washes. After washing in
purified water for 5min, the sections were incubated for 5min with
hematoxylin and rinsed twice in purified water for 5min. Next, the
sections were incubated for 3min with eosin and rinsed in purified
water for approximately 30 s. Then, the sections were rehydrated by a
series of ethanol-water washes and dewaxed in xylene. Finally, the
slides were mounted.

For Ki-67 immunohistochemical staining, after washing three times
in purified water for 5min, the sections were pre-treated using heat-
mediated antigen retrieval with sodium citrate buffer (pH 6.0) at 125 °C
for 10min. After cooling to room temperature, the sections were wa-
shed thoroughly with purified water. Then, they were incubated with
3% H2O2 in purified water for 30min and washed in 0.025% Triton X-
100 in PBS (PBST) with gentle agitation. Next, they were blocked in
10% normal goat serum in PBST for 1 h at room temperature. After
removing the blocking solution, they were incubated with anti-Ki-67
antibody (2 μg/mL, ab15580; Abcam, Cambridge, UK) overnight at
5 °C. On the next day, they were rinsed in PBST and incubated with
anti-rabbit immunoglobulin G (IgG) biotinylated antibody for 1 h at
room temperature. After rinsing in PBST, the avidin–biotinylated en-
zyme complex was applied for 30min at room temperature (VECTAS-
TAIN® ABC kits, VECTOR Laboratories, Inc., CA, USA). After rinsing
again in PBST, diamino benzidine (DAB) was applied for 10min. The
sections were then washed thoroughly in purified water, dehydrated
through a series of ethanol-water washes, and dewaxed in xylene.
Thereafter, the slides were mounted. All sections were imaged under a
Keyence BZ-X710 All-in-One fluorescence microscope (KEYENCE,
Osaka, Japan) after staining for histological analysis. Ki-67 (for the
assessment of tumor proliferation) was identified as follows. 1) The
brightness and contrast were automatically optimized using Photoshop
(Ver. 8.0.1, Adobe, Inc., CA, USA). 2) The brown-stained positive cells
were enhanced and converted to a black-and-white binary map using
the “Make binary” plug-in of ImageJ (Ver.1.51j8, National Institute of
Health, MA, USA). 3) The total area of the black regions of the binary
map was measured using the “ROI” “Measure” plug-ins of ImageJ. 4)
The ratio of the positive-cell area to the total area was calculated [20].

2.8. Statistical analysis

The estimated parameter values were expressed as the mean ± SD.
Differences in MTR asymmetry among groups were analyzed by two-
way analysis of variance using Prism 5 (Version 5, GraphPad Software,
CA, USA). Statistical significance was determined by Bonferroni's
multiple comparison test. A p-value<0.05 was considered statistically
significant.

3. Results

Fig. 1 shows the MRI images of the amide proton phantom con-
taining chicken egg white. In Fig. 1A, a T2WI shows the position of the
phantoms. Fig. 1B–E show APT CEST images of the egg white phantoms
under various conditions of MT pulse. The APT CEST images revealed
that the contrast depended on the concentration of egg white and the
MT pulse condition. Fig. 2 shows the Z-spectra obtained under various
conditions of MT pulse. The peaks were observed at around +3.6 ppm,
where the signal of APT was obtained. Z-spectra obtained at an am-
plitude of 2.2 μT showed smaller peaks (Fig. 2A, C), whereas those
obtained at an amplitude of 4.4 μT showed higher peaks (Fig. 2B, D). Z-
spectra obtained at a pulse length of 500ms showed smaller peaks
(Fig. 2A, B), whereas those obtained at a pulse length of 2000ms
showed higher peaks (Fig. 2C, D).

Fig. 3 shows the relationship between the concentration of egg
white and MTR asymmetry at +3.6 ppm. The MTR asymmetry at
+3.6 ppm was higher in the 100% egg white phantom than in the 20%
egg white phantom. The MTR asymmetry was higher at 4.4 μT than at
2.2 μT for each concentration of egg white at a pulse length of 500ms
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(Fig. 3A) or 2000ms (Fig. 3B).
Fig. 4 shows axial T2WI and APT maps slices of the mouse brain

obtained 2 weeks after the injection of C6 glioma tumor cells. In the
T2WI, the signal intensities of the tumor and the brain tissue were si-
milar (Fig. 4A). A clearer region of high APT signal consistent with
tumor tissue was obtained at a pulse length of 500ms or 2000ms
(Fig. 4B–E). Fig. 5A–D shows the MTR asymmetry in the region of the
tumor or normal tissue and the ΔMTR asymmetry between tumor and
normal tissue. At approximately +3.6 ppm, the ΔMTR asymmetry was
increased. In particular, at a pulse length of 2000ms and an amplitude
of 2.2 μT, the ΔMTR asymmetry reached its maximum value at
+3.6 ppm (Fig. 5A). Fig. 6 shows the ΔMTR asymmetry at +3.6 ppm
obtained under various conditions of MT pulse. The ΔMTR asymmetry
was significantly higher at a pulse length of 2000ms and an amplitude
of 2.2 μT than in the other conditions (p-value<0.05).

Fig. 7 shows axial images of C6, Neuro-2A, and MDA-MB231 tumors
grown in the mouse brain. In T2WI of C6- or MDA-MB231-injected
mice, the tumor tissue showed a signal intensity comparable to the
normal tissue (Fig. 7A, G). In all Neuro-2A-injected mice, the tumor
tissue showed a low signal (n=8, Fig. 7D). These mice showed
bleeding in the tumor, confirmed by HE staining, while no animal in the
C6 and the MDA-MB231 group showed bleeding. Fig. 7B, E, and H show
APT maps obtained at a pulse amplitude of 2.2 μT. Fig. 7C, F, and I
show APT maps obtained at a pulse amplitude of 4.4 μT. When the
amplitude of the MT pulse was 2.2 μT, a clearer region of high APT
signal consistent with tumor tissue was obtained (Fig. 7B, E, H). Fig. 8
shows ΔMTR asymmetry at +3.6 ppm. There was no difference in the
ΔMTR asymmetry between mouse models of brain tumors in images
obtained at a pulse amplitude of 2.2 μT (Fig. 8A). In images obtained at
a pulse amplitude of 4.4 μT, the ΔMTRasym was significantly higher for
Neuro-2A tumors than for MDA-MB231 tumors (Fig. 8B, p value<
0.05).

Fig. 9 shows histological sections of tumor tissue (Fig. 9A, C, E: HE
staining; Fig. 9B, D, F: Ki-67 immunohistochemical staining). In Neuro-
2A tumors, intratumoral bleeding was observed (Fig. 9C). The density
of Ki-67-positive cells in tumors is shown in Fig. 10. The density of Ki-

Fig. 1. Images of the amide proton phantoms containing chicken egg white. A:
A T2-weighted image showing the position of the phantoms. B–E: Amide proton
transfer images at +3.6 ppm obtained using various conditions of magnetiza-
tion transfer pulse (B: amplitude=2.2 μT, pulse length=500ms; C: ampli-
tude=4.4 μT, pulse length= 500ms; D: amplitude=2.2 μT, pulse
length=2000ms; and E: amplitude=4.4 μT, pulse length=2000ms).

Fig. 2. Z-spectra of 20%, 50%, and 100% egg white phantoms at various conditions of saturation radio frequency pulse (A: amplitude= 2.2 μT, pulse
length=500ms; B: amplitude=4.4 μT, pulse length=500ms; C: amplitude= 2.2 μT, pulse length=2000ms; and D: amplitude= 4.4 μT, pulse
length=2000ms). MTR=magnetization transfer ratio.
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67-positive cells was significantly higher in Neuro-2A tumors than in C6
or MDA-MB231 tumors (p-value<0.05). This finding was similar to
the pattern observed for ΔMTR asymmetry. Fig. 11 shows an APT CEST
image and an HE-stained image of a Neuro-2A tumor. The region of
intratumoral bleeding showed the highest APT signal intensity.

4. Discussion

This study determined the suitable parameter of MT pulse for APT
CEST imaging using an egg white phantom and brain tumor models.
APT maps of phantoms revealed that the contrast depended on the
concentration of egg white. The difference in MTR asymmetry between
tumor and normal tissue in mice with C6 tumors was higher at 2000ms
of pulse length and 2.2 μT of amplitude than under other conditions.
The APT CEST effect in brain tumors reflects not only the proliferative

potential of each tumor but also intratumoral bleeding.

4.1. APT signals and correlation with tumors

A longer length of MT pulse enhances the CEST effect because it
builds up or maintains the saturation of exchangeable protons and
enables more accumulation of exchanged protons in bulk water
[21,22]. In addition, the MT effect of exchangeable protons increases
gradually with a higher amplitude of saturation pulse. However, the MT
effect reaches its maximum value at a suitable amplitude and then is
reduced at higher amplitudes due to “spillover” effects caused by a
direct MT between water and protons [23]. The NOE of aliphatic pro-
tons, the transfer of nuclear spin polarization from one nuclear spin
population to another via cross-relaxation, should also be kept in mind
in APT imaging on an 11.7 T high-field MRI system [24]. The NOE
signal is detected around −3.5 ppm, a position that is symmetrical to
the APT signals. The NOE signal is clearly visible at a lower amplitude
of MT pulse and is lower in tumors than in normal tissue [24–26].
Therefore, the decrease in NOE signal in tumors is due to an increase in
the APT signal at 2.2 μT of amplitude using MTR asymmetry at
+3.6 ppm. A longer length of MT pulse is suitable for APT CEST ima-
ging because it enhances the CEST effect. Our findings suggest that the
ΔMTR asymmetry at +3.6 ppm reflected an increase in APT signal and
a decrease in NOE signal at a lower amplitude of saturation pulse.

APT maps of mouse brains growing tumors derived from three dif-
ferent tumor cell lines were examined to evaluate which features affect
APT signals. In our study, the ΔMTR asymmetry was significantly
higher in Neuro-2A tumors than in MDA-MB231 tumors. Ki-67 im-
munohistochemical staining revealed that the proliferative potential of
tumor cells was significantly higher in Neuro-2A tumors than in C6 or
MDA-MB231 tumors. Neuro-2A is a mouse neural crest-derived cell line
that has been extensively used to study neuronal differentiation, axonal
growth and signaling pathways. A large number of Neuro-2A cells
proliferate under standard culture conditions, and these cells can dif-
ferentiate into specific neural cells, such as dopaminergic neurons or
neurons possessing dendrite-like processes, under specific conditions
[27,28]. Neuro-2A showed high potential to proliferate. Further, HE
staining showed intratumoral bleeding in Neuro-2A tumors. A region
with high intensity of APT signal in the tumor tissue was consistent
with the bleeding region. APT imaging mainly reflects the concentra-
tion of mobile proteins and peptides, as well as the pH. These important
factors may be biomarkers for the diagnosis, treatment decision,
prognosis, and assessment of treatment response in various diseases. In
a previous study of human brain tumors, there were more mobile
macromolecular protons in the tumor tissue than in the normal white
matter on MRS, and the amount of these protons increased with higher
tumor grade [29]. It has been reported that intracellular pH is slightly

Fig. 3. Magnetization transfer ratio asymmetry (MTRasym) (%) at various conditions of saturation radio frequency pulse at +3.6 ppm (A: pulse length= 500ms; and
B: pulse length=2000ms).

Fig. 4. Typical images of a brain tumor derived from C6 cells at 2 weeks after
injection into a mouse. A: A T2-weighted image (T2WI). B–E: Amide proton
transfer images at +3.6 ppm obtained using various conditions of magnetiza-
tion transfer pulse (B: amplitude=2.2 μT, pulse length=500ms; C: ampli-
tude=4.4 μT, pulse length= 500ms; D: amplitude=2.2 μT, pulse
length=2000ms; and E: amplitude=4.4 μT, pulse length=2000ms).
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increased in tumors compared to normal brain tissue [30,31]. Hence,
the APT signal of brain tumors is higher than that of normal brain
tissue, and it increases with higher glioma grade [9,10]. In addition, it
is known that the APT signal correlates with Ki-67-positive nuclei, and
cell density indicative of active proliferation of tumor cells is associated
with a high concentration of mobile peptides and proteins [10].
Therefore, the APT effect in brain tumors may reflect the proliferative
potential of each tumor cell.

A relationship between APT signal and intracerebral hemorrhage
(ICH) has been reported [13,32]. Hyperacute ICH caused by vessel
rupture has high mobile protein content because it consists of red blood
cells and white blood cells, among other cells. A high APT signal due to
proteins such as hemoglobin has been observed in pure blood experi-
ments [33]. Therefore, increased APT signal occurs in the region of ICH
compared to normal brain tissue. Neuroblastoma is the most common
extracranial solid tumor in childhood, and neuroblastic tumors are
generally located in the abdomen [34]. Primary cerebral

neuroblastomas, including an intraparenchymal calcified and cystic
mass often with spontaneous hemorrhage and little edema, have been
reported [35]. Our findings suggest that the APT effect in brain tumor
reflects not only the proliferative potential of each tumor cell but also
intratumoral bleeding.

4.2. Limitations

MTR asymmetry maps based on water protons at the offset fre-
quency of the target molecule were used as CEST imaging signals. The
MTR in the normal-appearing white matter show a negative value in
APT maps [36]. Z-spectra include not only the APT signal but also the
MT effect and NOE. Although MTR asymmetry eliminates direct sa-
turation effects on water protons, it cannot eliminate the effect of MTC
and NOE. Moreover, the increased semi-solid MT and the spill-over
effects due to longer saturation pulses may diminish both APTR and
native MTR asymmetry. Therefore, it is necessary to consider the ne-
gative MTR values affected by the NOE and spill-over effects. To ad-
dress this problem, Z-spectral fitting methods, which correlate with the
functions that correspond to APT, bulk water, MT effect, and NOE,
should be used [37]. However, when using this method, it is necessary
to prepare a more detailed Z-spectrum and to further investigate the
imaging conditions in order to shorten the imaging time. In addition,
although it was suggested that proliferative potential and bleeding are
factors that contribute to increased APT signal, it is not clear which of
the two factors affects the APT signal. Also, there are several factors in
vivo that confound APT CEST imaging, including effects of tissue re-
laxation such as T1 and T2, semisolid MT, relayed NOE from aliphatic
protons, and contributions from nearby exchanging protons such as
amines. Moreover, CEST signals are influenced by various confounding
effects, such as spill-over, MT and MT asymmetry, therefore the me-
chanism or degree of increased APT signal in tumors is difficult to de-
termine [38].

APT CEST imaging is affected by tissue relaxation times such as T1

and T2. Furthermore, Zais et al. proposes that the use of apparent ex-
change-dependent relaxation (AREX) improves specificity of CEST as it
is sensitive to the contents and the exchange rate of the APT pool
without confounding effects like spillover, MT and T1 relaxation [39].

Fig. 5. Magnetization transfer ratio asymmetry (MTRasym) of tumor and normal tissue and ΔMTRasym between tumor and normal tissue. A: amplitude= 2.2 μT, pulse
length=500ms. B: amplitude=4.4 μT, pulse length=500ms. C: amplitude= 2.2 μT, pulse length= 2000ms. D: amplitude= 4.4 μT, pulse length= 2000ms.

Fig. 6. Difference in magnetization transfer ratio asymmetry (ΔMTRasym) at
+3.6 ppm obtained at various conditions of saturation radio frequency pulse.
ΔMTRasym at an amplitude=2.2 μT and pulse length= 2000ms was sig-
nificantly higher than that of the other conditions (*p < 0.05).
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Xu et al. has applied AREX as a method of correcting for R1 relaxation in
CEST imaging [38]. They reported that initially, the MTR and APT
values were significantly higher in tumors; however, there was no
significant difference in these parameters between the tumor tissue and
the contralateral normal tissue after correcting the CEST values for R1

relaxation using AREX [38]. The T1 relaxation time reflects the pro-
liferation and alteration of tumor cells according to previous studies
[40,41]. In the present study, while we observed a significantly higher
density of Ki-67-positive cells in the Neuro-2A tumors than in the C6 or
MDA-MB231 tumors, it remains unclear whether the T1 values differ
between these three tumor types because we did not measure the T1

values for each individual tumor cell. It is possible that the T1 values of
Neuro-2A tumors with bleeding may differ from those of the C6 and
MDA-MB231 tumors. Our findings in this study showed that the MTR
was significantly higher for the three tumors than for normal tissue,
suggesting that APT imaging may be affected by the T1 relaxation time
in our study. Thus, measuring T1 maps must be considered as a method
of correcting for T1 values when acquiring APT CEST images.

In MRI, B is a vector field that has magnitude and direction at each
point in space. B is the combined magnetic field vector consisting of all
the three types of magnetic field: the static field B0, the RF pulse B1,
and the gradients. B0 inhomogeneity produces blurring, distortion, and

Fig. 7. Typical brain images of mouse tumors derived from C6 (A–C), Neuro-2A (D–F), and MDA-MB231 (G–I) cells. A, D, G: T2-weighted images. Amide proton
transfer (APT) images obtained with an amplitude of the saturation radio frequency pulse of 2.2 μT (B, E, H) or 4.4 μT (C, F, I).

Fig. 8. Difference in magnetization transfer ratio asymmetry (ΔMTRasym) at +3.6 ppm. (A) There was no difference in ΔMTRasym between mouse models of brain
tumors in images obtained at a pulse amplitude of 2.2 μT. (B) In images obtained at a pulse amplitude of 4.4 μT, ΔMTRasym was significantly higher for Neuro-2A
tumors than for MDA-MB231 tumors (p < 0.05).
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signal loss at tissue interfaces. B1 inhomogeneity also leads to spatially-
varying signal intensity of MR images. One of the technical difficulties
of performing MRI at fields as high as 11.7 T is that the magnetic fields
become inhomogeneous due to B0 and B1 [42]. In particular, CEST
imaging is sensitive to the B0 and B1 fields, and field inhomogeneity
persists despite recent advances in magnet technologies, especially for
in vivo imaging at high fields [43]. Consequently, correction algorithms
that can compensate for field inhomogeneity-induced measurement
errors in CEST imaging may be useful. In fact, such a method is crucial
for translating CEST imaging, where field inhomogeneity-induced ar-
tifacts can be corrected during post-processing, without prolonging the
scan time. For example, Sun et al. demonstrated that the dependence of
CEST contrast on the B0 field distribution may be addressed by devel-
oping a correction algorithm to compensate for the B0 field in-
homogeneity-induced CEST imaging artifacts [44]. In our study, FAS-
TMAP algorithm was applied to correct for B0-field inhomogeneity in
CEST imaging, but this was not enough. The water shift and B1 (WA-
SABI) is a robust method of simultaneously mapping B0 and B1 within
1min [45]. In future studies, one may consider applying these methods
for B0 and B1 correction for CEST imaging.

4.3. Conclusion

MT pulse is an important parameter that should be adjusted de-
pending on the target metabolite. We determined the suitable

Fig. 9. Staining images of various tumor tissues (×400). (A, C, E) Hematoxylin and eosin (HE) staining. Intratumoral bleeding was observed in Neuro-2A tumors
(yellow arrow). (B, D, F) Ki-67 immunohistochemical staining. Black bars equal 50 μm. (For interpretation of the references to colour in this figure, the reader is
referred to the web version of this article.)

Fig. 10. Density of Ki-67-positive cells in different mouse brain tumors. The
percentage of Ki-67-positive cells was significantly higher in Neuro-2A tumors
than in C6 or MDA-MB231 tumors (p < 0.05).
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parameter of MT pulse for APT CEST imaging and used this technique
to characterize tumors derived from orthotopic and ectopic tumor cells
transplanted into the mouse brain. Noninvasive APT CEST imaging on
an ultra-high-field MRI system was able to provide information about
tumor characteristics, as confirmed by histological evaluation, such as
tumor proliferation and bleeding.
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