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B, Power Optimization for Chemical Exchange Saturation
Transfer Imaging: A Phantom Study Using Egg White
for Amide Proton Transfer Imaging Applications
in the Human Brain

Yuki Kanazawa®?, Yasutaka Fushimi!, Naotaka Sakashita®, Tomohisa Okadal,
Yoshiki Arakawa?, and Mitsue Miyazaki*®"

The chemical exchange saturation transfer (CEST) effect on an egg white (EW) suspension was investigated

for optimization of magnetization transfer (MT) power (B

lactic acid. Applying a higher MT pulse, B
transfer ratio (MTR)

1,rms?

asym

acid. In Z-spectrum of B,

) and pH dependency with the addition of

1,rms

Z-spectrum shows higher asymmetry and the magnetisation
signal increases to around 1-3.5 ppm, indicating a higher CEST effect. Amide
proton transfer (APT) at 3.5 ppm shows a signal elevation in MTR
power and high pH. In addition, the hydroxyl proton signal in MTR
at 1.0 uT and 2.0 pT, the dependence on CEST effect of amide proton and

with the application of higher B, -
increases as pH is reduced by lactic

asym

asym

hydroxyl proton could be observed by using an EW suspension phantom. The CEST MT power was opti-
mized on the EW suspension phantom with pH dependency and further confirmed on volunteers. In addi-

tion, APT imaging at 3.5 ppm using B

1,rms

at 1.0 uT performed on two human brains with different

pathophysiological conditions indicated appropriate ATP effect.

Keywords: chemical exchange saturation transfer, chemical exchange saturation transfer, B, correction, B, power,
PpH dependency, egg white, amide proton transfer, amide proton transfer effect on human brain

Introduction

The chemical exchange saturation transfer (CEST) effect is
the phenomenon of proton exchange between bulk water and a
solute at a specific resonance frequency in chemical com-
pounds.!? Proton exchanges in amide, amine, and hydroxyl
groups with the surrounding bulk water can be observed in
endogenous CEST imaging, e.g., amide proton transfer (APT)
imaging at 3.5 ppm, amine proton at around 2.0 ppm, and
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hydroxyl proton at 1.0 ppm.>® APT imaging provides image
contrast based on the proton exchange of amide protons
contained mainly in mobile proteins and peptides. The APT
ratio offers an indicator of base-catalyzed environment in the
physiological pH range, and the exchange rate increases in
proportion to the increase in pH.> However, the CEST effect is
usually small and shows a dependence on field strength (B,),
and is sensitive to B and B, fields and saturation pulse power.”
Because CEST imaging depends on the inhomogeneity of the
image field and the power of radiofrequency saturation pulses,
it is important that magnetization transfer (MT) saturation
pulses are optimized and tuned to each offset frequency within
the suitable offset frequency range.

Lactic acid is a carboxylic acid with a hydroxyl group
adjacent to the carboxyl group. In solution, a proton can be
lost from the carboxyl group, producing the lactate ion
CH,CH (OH) COO . The higher acidity is a consequence of
the intramolecular hydrogen bridge between the a-hydroxyl
and carboxylate group, making the latter less capable of
strongly attracting the proton. /n vivo, during exercise, the
intramuscular lactate concentration and partial pressure of
CO, (PCO,) increase, causing an increase in proton concen-
tration [H'] and a decrease in pH.® As a result, lactate,
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i.e., the conjugate base of lactic acid is produced as the final
metabolite in anaerobic glycolysis of glucose by ischemia,
hypoxemia, and exercise. A rise in lactate concentration
appears to occur when the reaction rate of anaerobic glycol-
ysis dissimilates lactic acid or exceeds the excretion ability
of the blood.’ Furthermore, lactic acid also contains a methyl
group. On proton magnetic resonance spectroscopy ('H-
MRS) used in vivo, lactate methyl proton detection at 1.33
ppm has proven to be useful in clinical studies, such as inves-
tigations of brain tumors, brain infarction, and mitochondrial
myopathy, encephalopathy, lactic acidosis, stroke-like epi-
sodes (MELAS).!%-12 Lactate is often detected in situations
differing from the “normal” pH range and amide content in
situ, e.g., in brain tumors or under conditions of acidosis.!3 It
has been reported that APT effect had a strong correlation
with pH as increasing lactate concentration as determined
by 'H-MRS in animal ischemic study; however, other physi-
ological factors may affect in the post-ischemic brain.'*
Yeung, et al., has studied the MT effect of cooked egg yolk
and white, and raw egg yolk and white to evaluate the MT
effect on human brains.'” Their article has indicated that the
raw egg white (EW) presents the highest MT effect among
them in both T, and proton density weighted conditions.
Thus, we consider using the raw EW phantom in our CEST
experiment under a hypotheses that adding lactic acid to the
suspension of EW phantom mimics the conditions of which
increasing lactic acid result in metabolic acidosis in the brain,
i.e., lactic acid leads to increase in the CEST effect. In order
to investigate the detailed information for the relation
between pH and lactic acid, it is necessary to compare the
CEST effect in our MR pulse sequence with those in pre-
vious studies, e.g., Z-spectrum to MT pulse power. Recently,
the effect of APT at 3.5 ppm has been reported in different
severity of between true progression and pseudo-progression
in malignant gliomas (85-95%).'¢ Due to a long scan time of
CEST experiment, it is difficult to optimize an appropriate
MT pulse power in clinical setting. In addition, in order to
reveal and confirm the CEST effect, the proposed method
using the EW phantom with adding lactic acid was practi-
cally used to investigate the CEST effect to optimize the MT
pulse power. The purpose of this study is to investigate the
CEST effect of EW, the effect of lactic acid in an EW
phantom causing pH changes, the brain CEST effect of B, ¢
power on healthy volunteers, and further applied APT
imaging on patients with two different pathophysiological
conditions.

Materials and Methods

Phantom components

Three homemade EW phantoms with different concentrations
of lactic acid were prepared (Table 1). EW is the cytoplasm of
the egg with a gelatinous, semi-transparent liquid mixture and
about 11% protein.'” EW phantoms with 10 and 20 wt% lactic
acid (C;H,O4 90.08 g/mol) were used as Samples 1 and 2,
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Table 1. Phantom components

Lac

| Te
Sample Components molecular pH empoerature
number °C)
mass (mol)
1 EW 40 ml 0.22 6.2 24.0
+ Lac 20 wt%
solution 1 ml
2 EW 40 ml 0.11 7.0 24.0
+ Lac 10 wt%
solution T ml
3 EW 40 ml - 8.8 24.0
without Lac
solution

EW, egg white; Lac, lactic acid.

respectively. The pH-induced aggregation and conformational
changes of EW proteins were scarcely observed, as investi-
gated previously.!® A total of three samples, two EW samples
with lactic acid and one without lactic acid, were transferred
into 50-ml conical tubes. The pH and temperature of samples
were measured using a pH thermometer (Piccolo +; HI 98113,
HANNA Instruments, Woonsocket, RI, USA).

MR Imaging Parameter for CEST Imaging

Phantom studies

All phantom studies were performed using a 3T MR scanner
(Vantage; Toshiba Medical Systems Corp., Otawara, Japan),
using a whole-body transmission coil and a 32-channel
phased array head coil as a receiver. After setting all sam-
ples at the center position on the head coil, CEST images
were acquired with a fast advanced spin-echo (FASE)
sequence as a readout, representing a half-Fourier fast-spin
echo. The phantom containing all samples were then
shimmed over the whole slice, and the water signal was
tuned at center frequency. The frequency offset range was
from —10 to +10 ppm at intervals of 0.5 ppm, and a total of
41 data points was acquired. The MT pulses used in our
experiment were a series of 25 cycle sinc pulses of 40-ms
duration with a 1-ms interval, using 200 deg., 500 deg., and
1000 deg., corresponding to each MT pulse power by mean
of root mean square (B, ) at 0.4, 1.0, and 2.0 pT, respec-
tively. Imaging parameters for phantom studies were as fol-
lows: TE, 60 ms; TR, 9000 ms; matrix, 256 x 256; FOV,
200 mm; single slice with 5 mm slice thickness; flip angle
(FA), 90 deg.; refocusing flip angle, 160 deg.; number of
shots, 1, indicating a single-shot FSE, and a total scan time
of 6 min and 9 sec. Temperature around the samples was
monitored and maintained during the experiment. In addi-
tion, during our testing of MT pulse train, we have con-
firmed that no CEST effect was observed on long T, water
signal. Our rationale of the CEST experiment design is that
a l-second duration of MR pulse train is long enough to
translate the MT pulse train to the effective TE of 60 ms
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in 2D FASE. The repetition time or TR of 9 sec is used for
waiting T, recovery of long T, and T, components like
water in cerebrospinal fluid (CSF).

Human studies

Human studies were approved by the local internal review
board. Informed consents were obtained from all volun-
teers and patients. To assess a sufficiency of APT effect in
the human brain, two healthy volunteers (31- and 28-year-
old males) were studied using B, of 0.4 uT and 1.0 uT
due to the specific absorption rate (SAR) limitation.
Thereafter, two patients (30-year-old male with grade 2
oligoastrocytoma and 71-year-old male with malignant
lymphoma) underwent the APT experiment using B, - of
1.0 uT. Due to the SAR limitation on human studies, B, ¢
of equal or lower than 1.0 uT was applied using similar
parameters. Imaging parameters for the human studies
were as follows; TE, 60 ms; TR, 9000 ms; matrix, 256 X
256; FOV, 230 mm; single slice with a 5-mm slice thick-
ness; FA, 90 deg.; refocusing flip angle, 160 deg.; and
number of shots, 1. Z-spectra were obtained similarly to
the phantom experiment; 41 data points from —10 ppm to
+10 ppm with a 0.5-ppm interval, and maintaining a total
scan time in 6 min and 9 sec.

Post-imaging analysis
Pixel-wise B, correction was conducted for acquired CEST
data sets using spline interpolation methods, i.¢., Z-spectrum.’

The asymmetric magnetization transfer ratio (MTR ) was
then calculated as:
Non-B, correction
Frequency offset (ppm)
1.0 0.5 0 -0.5 -1.0

B1= 0.4 PT

B=1.0uT

B,=2.0 T

(+tAw)

)

sat

— MTR (+Aw) —MTR (- Aay) = L CAO 1

asym [
0

MTR

where /[, and / are the imaging signal intensities measured
with MT pulses at each frequency and at —10 ppm frequency
where no MT effect was observed, and Aw is frequency
offset. MTR  , at 1.0 ppm for hydroxyl proton and MTR
at 3.5 ppm for amide proton were derived from CEST data
sets obtained with a series of MT pulses.® These phantom
CEST experiments were repeated 3 times.

All images were processed using MATLAB version 2011b
(Mathworks, Natick, MA). The image quality of the EW
phantom was confirmed by observing obtained images around
+1.0 ppm to —1.0 ppm with and without B, correction. The
signal intensity (SI) from Bj-corrected CEST data was then
measured by drawing a ROI on all sample images. Z-spectrums
were obtained from the B, corrected CEST data. The MTR .
map was computed by taking the difference of the signal
between +Am and —Aw. For human brain studies, the APT signal
around +3.5 ppm was calculated on a pixel-by-pixel base and
plotted in a color map. Then, the APT signals were compared to
those from off-center source images.

Results

Figure 1 shows MT images of EW samples before and after B,
correction from +1.0 to —1.0 ppm with each B, .. MT images
before B, correction with B, - of 0.4 and 1.0 uT show obvious
banding artifacts at +0.5 to —0.5 ppm. Note that the banding arti-
facts decreased with increasing B, ... MT images after B, cor-

rection at O ppm with each B, - showed the lowest signal

B, correction

Frequency offset (ppm)
1.0 0.5 0

-0.5 -1.0

Fig. 1 Chemical exchange saturation transfer (CEST) images of egg white (EW) before and after B, correction around the central
frequency of water (from 1.0 to —1.0 ppm) at each saturation pulse power. Left images show before B, correction, and right images
show after B, correction. The upper row represents 0.4 pT, the middle row represents 1.0 pT, and the bottom row represents 2.0 pT.
Gray scale bar on the right indicates signal intensity in arbitrary units.
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intensity among all offsets and more homogeneous signal distri-
bution compared with those images before B, correction,
making B-corrected images of all offsets symmetrical with the
symmetry point at 0 ppm.

Figure 2 shows the Z-spectrum and MTR,, curve of
the control EW sample without lactic acid on three B,
values of 0.4, 1.0, and 2.0 pT. The Z-spectrum shows broad-
ening of the linewidth with increasing B, .. due to direct
water saturation and increasing CEST effect (Fig. 2a). The
MTR,,,, curve showed higher values with increasing B
(Fig. 2b). A broad MTR,, curve was observed around 1.0—
3.5 ppm in the control EW sample. In addition, Z spectra of
different B, values showed broader full-width at half-
maximum (FWHM)), indicating the possibility of a saturation
effect for the radio-frequency (RF) pulse. The elevated signal
at +0.5 ppm on the B, - of 0.4 uT (Fig. 2b) could represent
a residual banding artifact signal in 0.4 pT (Fig. 1).

Figure 3 shows the Z-spectra and MTR,, curves of all
three samples at three different B, .. With increasing B,  a
1.0 uT and 2.0 uT, symmetry of the Z-spectra became notlce—
able and signal on the +Aw side was decreased as compared
to —Aw (Fig. 3c, ¢), corresponding to higher MTR  , curve
values of three samples over the frequency offsets (Fig. 3d, f).
In particular, the hydroxyl proton signal at +1 ppm was ele-
vated with decreasing pH at 6.2 with B, cat 1.0 uT (Fig. 2d).
With respect to the lower pH of samples, the Z-spectrum
around +3.5 ppm showed a less-asymmetric spectrum,
meaning a reduced CEST effect (Fig. 3c, e); the value of
MTR,,,, showed a relatively increasing signal on the low-
frequency side, especially at 1.0 ppm (Fig. 3d, f). Figure 3g,
as an expansion of Fig. 3f, indicates the change in MTR
value at 3.5 ppm with respect to pH change. On the other
hand, these spectra of B, ,  at 0.4 uT showed less than 1% of
signal change. However, MTR shows a high signal at

asym

0.5-1 ppm (Fig. 3a, b). Note that the Z-spectrum of B

1,rms

1,rms

1 l 1 l 1 l |

] | I BT
2 1 0 1 -2 -3 4 -5
Frequency offset (ppm)

Fig. 2
ratio of the water signals with and without saturation (///,), where |

each saturation power. MTR

asym

sat

magnetization transfer (MT) pulse saturation. (b) asymmetric magnetization transfer ratio (MTR
curve; X axis shows frequency offset, Y axis MTR

0.4 uT shows areduced CEST effect and the result of MTR
shows high values at 0.5 ppm in all samples (Fig. 3b), due to
some effect of residual banding artifacts at 0.5 ppm (Fig. 1).

Table 2 summarizes MTR, . values of the hydroxyl
proton at 1.0 ppm and amide proton at 3.5 ppm on three
samples with different B, .. MTR images at 1.0 ppm and
at 3.5 ppm for all three B, are shown in Fig. 4 MTR .
values of all samples at a B, - of 2.0 uT provided higher
signals at 1.0 and 3.5 ppm than those obtained at B, of 1.0
uT. However, MTR . ata B, - of 0.4 pT presented with
reduced signals in all three samples.

Figure 5 shows APT images around 3.5 ppm and
MTRasym obtained using B, - of 0.4 uT and 1.0 uT. The

B s 0f 1.0 pT presents better APT effect around 3.5 ppm on
both volunteers. However, there was no pathology to indicate
the APT effect on the both healthy volunteers. As expected in
the phantom experiment, B, o of 1.0 pT provides higher
MTR,,,, signals around 1.0 to 4.0 ppm than B, ,  of 0.4 pT.
In addition, we have confirmed that CSF (long T, compo-
nent) shows a sharp Z-spectrum, indicating that water signal
has no saturating effect due to a narrow bandwidth of CEST
RF pulses as well as no CEST effect.

Figure 6 shows an APT image at 3.5 ppm and the source
image obtained on a patient with grade 2 oligoastrocytoma
using B, . of 1.0 uT. The APT image at 3.5 ppm indicates a
mild MTR,,,, signal of amide proton with about 2% signal as
compared to the normal tissue area in the brain. Figure 7 shows
the patient with malignant lymphoma using the same B, ..
Malignant lymphoma indicates higher MTR , of about 5%

indicating greater malignancy of MTR,,, of amlde proton.

Discussion

EW phantom images were observed before and after B, correc-
tion. In EW phantom images, B -corrected images showed

b 0.25

0.20 -

o
N - O
oox
T—T T
==

Frequency offset (ppm)

(@) Z-spectra of control egg white (EW) at each saturation pulse power. Z-spectrum; X axis shows frequency offset, Y axis shows the

and /; are the imaging signal intensities measured with and without
asym) Curves of the control EW phantom at

1sym Value. These MT saturation powers in the plots are

shown as: open circle, 0.4 pT saturation power; open square, 1.0 pT saturation power; open triangle, 2.0 uT saturation power.
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Fig. 3 Z-spectrum and asymmetric magnetization transfer ratio (MTR

as’ m)

curve of two different pH egg white (EW)_lactic acid (Lac) sam-

ples and EW sample at three saturation powers: (a, b) at 0.4 uT; (c, d) at 1.0 uT; (e, f) at 2.0 pT; and (g) an enlarged view of (f) near 3.5
ppm. Green squares indicate pH 7.0 EW_Lac sample, blue triangles indicate pH 6.2 EW_Lac sample, and open dots indicate pH 8.8 EW
sample Z-spectrum: X axis shows frequency offset, Y axis shows measured value of the ratio of the water signal with saturation and without

(). MTR

asym

Table 2. Measured asymmetric magnetization transfer ratio (MTR

ferent magnetization transfer (MT) saturation pulse powers

curve: X axis shows frequency offset, Y axis shows MTR

asym

asym Value.

) (1.0 ppm) and MTR_ ., (3.5 ppm) values of three samples at dif-

asym

Sample oH MTR (1.0 ppm) value (%) MTR (3.5 ppm) value (%)
number 0.4 pT 1.0 pT 2.0 T 0.4 pT 1.0 pT 2.0 pT
1 6.2 3.93 £0.94 16.42 +0.21 21.18 £2.10 0.25+0.12 2.46 £0.12 8.96 + 0.69
2 7.0 337 £0.11 733+056  1450£256 013005  2.59+0.19 7.69 + 0.54
3 8.8 6.82 £0.11 6.44 + 0.56 14.14 + 2.45 1.50 = 0.00 4.53 +£0.24 11.92 +1.26

symmetrical images around +0.5 ppm and —0.5 ppm with
observation of a direct saturation effect at 0 ppm, unlike non-
B-corrected images. With respect to the B, - at 2.0 pT,
Z-spectra and MTR = spectra were successfully obtained
on three EW samples (20 wt%, 10 wt%, and 0 wt% lactic
acid). MTR , value at 1.0 ppm of egg white (EW)_lactic
acid (Lac) samples were higher than those of EW alone
in this study. Glycosaminoglycan (GAG) monitoring has

90

been reported in cartilage with the CEST effect of the
hydroxyl proton of lactate.?’ Our results were similar for the
hydroxyl proton group under conditions of decreasing pH
with lactate.

While our results revealed that adequate B, & powers
provide higher contrast of MTR  , images in both EW sam-
ples with and without lactate at each offset frequency, low
B, s power at 0.4 uT presented with almost no CEST effect,
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Frequency offset
1.0 ppm 3.5 ppm
pH6.2 pH7.0 EW pH 7.0 EW

Fig. 4 Asymmetric magnetization transfer ratio (MTR,,,,) images at 1.0 ppm and 3.5 ppm at each saturation pulse power. The pH 6.2
egg white (EW)_lactic acid (Lac) sample shows the highest value, at 1.0 ppm. The EW sample shows a higher value at 3.5 ppm. The low-
intensity artifact is visible in all samples of 0.4 pT at 1.0 ppm (white arrow). The high-intensity artifact is visible in some samples of 1.0
and 2.0 pT at 1.0 ppm (black arrow). No artifacts are apparent in any samples at 3.5 ppm. The upper row represents 0.4 pT, the middle
row, 1.0 pT, and the bottom row, 2.0 T.

' 0.2 ' 0.2
' 0.15 0.15
' 0.1 0.1
0.05 0.05
e} 0
-0.05 | -0.05
. 0.1 . 0.1
-0.15 -0.15
. -0.2 . 0.2
0.1
-©=0.4uT
- | =8=1.0uT
0.05 F

-0.05 . . . L .
4 3 2 1
Frequency offset (ppm)

Fig. 5 Brain amide proton transfer (APT) effect at B, at 0.4 uT (a) and 1.0 pT (b) on a 28-year-old male healthy volunteer. The source image

(c) and an asymmetric magnetization transfer ratio (MTR ) of region at red circle (d).
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again consistent with the previous literature.*’ In addition,
we observed that low B, - power introduced banding arti-
facts at near-center frequency even after our B, correction,
and these artifacts were markedly reduced at higher B,
powers. Regarding the MTR,  at 1 ppm, EW_Lac samples
provide an elevated peak at lower pH as compared to the
MTR,,,, at 3.5 ppm. This was observed in both at B, . 1.0
and 2.0 uT powers. Prominently, the pH effect was observed
on the OH proton at | ppm. However, because of the closer
proximity to the center frequency, extra attention is required
in analysis. This may be improved by sharpening the fre-
quency profile of the MT pulse. Regarding the MTR  , at
3.5 ppm, EW_Lac samples provide lower values than that of
the EW-only sample, meaning that the lactic acid concentra-
tion in EW protein may have influenced APT signals at a
frequency offset of 3.5 ppm. B, atboth 1.0 pT and 2.0 uT
provides higher APT signal of EW without lactic acid, indi-

cating a higher signal at higher pH. Not only B, . but also

1,rms

92

Fig. 6 The source image and
amide proton transfer (APT)
image around 3.5 ppm obtained
from a 30-year-old male patient
with grade 2 oligoastrocytoma.
The tumor is identified in both
source and APT images. The
APT image indicates about 2%
elevated signal as compared to
the normal area.

Fig. 7 The source image and
amide proton transfer (APT)
image around 3.5 ppm obtained
on a 71-year-old patient with
malignant lymphoma. The mali-
gnant lymphoma lesion is shown
in both source and APT images.
Note that an elevated APT value
of about 5% is observed in the
tumor area as compared to the
normal area, indicating greater
malignancy of amide proton.

-0.06
-0.08

-0.1

pH effects on APT imaging were demonstrated using EW
with addition of lactic acid.

In previous studies, it has been reported that APT
weighted-image provide a biomarker for the evaluations of
malignancy grading and treatment response, e.g., active
glioma.'®2!22 Furthermore, most recently, the APT study has
been reported in differentiation of malignant and benign in
thoracic lesions using similar sequence parameters with
B\ s of 1.0 pT.? In the volunteer study, the experiment with
B s 01 0.4 uT and 1.0 pT was performed and observed the
CEST effect and MTR  , value. Due to no disease lesion, no
obvious APT effect was observed; however, B, - of 1.0 uT
gave better CEST effect than using B,  0of 0.4 uT. Similarly,
we performed APT imaging at 3.5 ppm on two clinical cases
of different tumors in the brain using B, of 1.0 uT due to
an RF power limitation. At 3T, B,  -of 1.0 uT gave a reason-
able APT contrast at MTR at 3.5 ppm between grade 2
oligoastorocytoma and malignant lymphoma. APT contrast
indicates higher MTR at 3.5 ppm on malignant

asym
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lymphoma, which was an indication of APT increases with
tumors as compared to normal tissues.”* CEST contrast
strongly depends on the choice of imaging parameters, par-
ticularly the MT saturation B, ., which needs to be opti-
mized. A previous report demonstrated pH effects on the
simulation and phantom experiment at different B, _.>> With
increasing B, power, the signal value at around 3.5 ppm of
the Z-spectrum decreases and the peak broadens, and the
resulting APT effect at 3.5 ppm yields higher values,?® con-
sistent with our results. In our phantom study, relatively rea-
sonable CEST effects were observed with B, | -at 1.0 uT and
2.0 pT. Furthermore, MTR, at 1.0 ppm on B, - 1.0 uT
showed high values in low pH order, and MTR at 3.5 ppm
onB, 1.0 uT showed high values in high pH order (Fig. 3d
and Table 2). On the contrary, the previous study with cre-
atine model solutions* showed MTR . at 1.0 ppm on B
1.0 pT with high values in high pH order, and MTR

on B, 1.0 uT showed high value in low pH order. In short,
these relationships to each frequency turned to be contradic-
tory. The difference in these results might lead to dependence
of pH and MTR ., because there are different components
in creatine solution and EW; one of creatine model were used
to mimic CEST effects as two-pool system, and another of
EW model to mimic CEST effect as complex background
and realistic model system.

Brain ischemia causes a lower APT effect than normal
brain.*?%?7 Sun et al. reported that APT imaging could detect
ischemic lesions and findings strongly correlated with tissue
lactate content as measured by 'H-MRS, indicating lactic
acidosis.?’ Their results indicated that APT imaging showed
prominently lower values in the acute phase of ischemia
compared with the control side, and this asymmetry corre-
lates with pH. In high-grade glioma under clinical study,
APT signals were significantly higher in the lesion than in
normal brain tissue.*>?® Although the APT change in brain
ischemia has been considered as the effect of pH change,
other factors could be involved.!* In brain, having pH-buff-
ering activity may affect as a cellular acidification under the
MT effect of albumin itself. Albumin is one of materials
having the pH-buffering activity, which is contained abun-
dantly in the blood, cerebrospinal fluid, and EW. Hence, we
thought that it was very meaningful to investigate using the
EW phantom about the influence of the pH-buffering activity
under the brain CEST effect. From our human brain results
indicated a possibility of abundant lactate such as in high-
grade brain tumor, ischemia, and acidosis, the CEST effect
may be in not only MTR, ., at 3.5 ppm, but also hydroxyl
proton at 1.0 ppm and other offset frequencies, which might
provide additional information.

Several limitations in this study must be considered
when interpreting the results. First, the MT pulse bandwidth
needs to be considered, especially near the center frequency.
Banding artifacts near center frequency were observed on
MTR of hydroxyl protons around 1.0 ppm. Note that

asym

these effects were less at the APT area at 3.5 ppm. Our MT

1,rms

at3.5
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bandwidth of FWHM is about 50 Hz or 0.4 ppm at 3T.
MTR,,,,, peaks at around 0.5-1.0 ppm may thus have some
effect from the side lobes of the MT pulses. However, the
MTR,,,,, peak for amide proton at 3.5 ppm shows fewer arti-
facts. Applying a longer MT pulse duration may improve the
FWHM of the RF envelope shape. Second, pixel-wise B,
correction analysis was performed using spline interpolation
methods.'® Spline interpolation tends to fail, especially in
samples applied with lower B, in which band-like artifacts
near the central frequency were observed before B, correc-
tion. Comparison between the spline interpolation method
and other B, corrections may improve outcomes. Third, the
influence of the nuclear Overhauser effect (NOE) has not
been thoroughly investigated. The NOE of lactate is assumed
to be seen near the negative offset frequency, which might
affect APT.? Lastly, we did not discuss pH effects on the
amine peak around +2 ppm. CEST signals around 1-3.5 ppm
are broad and not resolved. In addition, amino proton fre-
quency in the EW phantom with lactate is unknown. We have
yet to investigate these issues any further, but the signal at +2
ppm increases with increasing B, and pH. Furthermore,
due to RF amp duty cycle, we could investigate APT on
human studies using B, of 1.0 pT. In a result, applying
B s OF 1.0 uT provides relatively different APT signal at 3.5
ppm on brain tumors.

In conclusion, this experiment on CEST imaging pro-
vided reasonable MTR,  curves using EW phantoms with
and without lactic acid at pH 6.2-8.8. Significant influences
on MTR, . curve signals were demonstrated by saturation
B s changes and pH changes in these ex-vivo experiments.
In addition, human brain studies indicate APT signal differ-
ence in tumors by applying B, . of 1.0 uT power.

1,rms
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