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Chemical exchange saturation transfer (CEST) imaging is an important magnetic resonance molecular imaging
technology. However, long acquisition time limits its clinical application, especially when multi-slice CEST

MRI imaging is needed. Though single-shot EPI can be used to accelerate CEST imaging, images are often distorted

Multi-slice
Spatiotemporal encoding

under inhomogeneous magnetic fields. In this work, we propose a new method called CEST-SeSPEN for ultrafast
multi-slice CEST imaging based on segmented spatiotemporally encoded (SeSPEN) MRI. Experiments were

performed on creatine phantom and hen egg. The results show that CEST-SeSPEN can provide good CEST
contrast images. Its acquisition time is much shorter than other multi-slice CEST methods currently available. It
may be used in challenging situation where high temporal resolution and robustness to field inhomogeneity are

vital.

1. Introduction

Chemical exchange saturation transfer (CEST) [1-5] is a technique
emerged in the MRI field. CEST MRI can quantitatively characterize the
chemical exchange between labile protons in proteins or metabolites
and bulk water protons. Over the past decades, due to its unique
quantitative contrast mechanism, CEST MRI has been successfully used
in detecting pathological and chemical changes in a variety of diseases,
such as human cranial nervous system diseases [6,7], cerebral ischemia
in animals [8-10], and tumors [11-14].

The frequency offsets of exchangeable protons usually range from 0
to 5ppm relative to the water resonance [15]. For example, the hy-
droxyl protons are mainly at 1ppm, the amine protons are at ap-
proximately 2ppm, and the amide protons are at about 3.5ppm
[16-20]. To obtain a CEST contrast image, we need to perform multiple
scans by setting a plurality of saturation pulses with different fre-
quencies, and then draw a Z-spectrum and calculate the CEST effect
based on the acquired images. Z-spectrum, which is used to characterize
the CEST effect quantitatively, is a curve describing the relationship
between normalized water signal intensity and offset frequency (Aw)
from water resonance (the Aw of water signal is set as 0ppm). To
measure the difference between the signals on the two sides of Z-
spectrum after the saturation pulse is applied, the magnetization
transfer ratio (MTR) is commonly used, which is defined as:
MTRa_;ym = [Ssat(_Aw)_Ssat(_Aw)] /So, where ssat(_Aw) and ssat(Aw)

denote the water signal intensity when a saturation pulse is applied at
—-Aw and Aw, respectively, and S is the water signal intensity without
any saturation pulse applied. The duration of the saturation pulse and
repetition time (TR) typically last for a few seconds, which lead to long
acquisition time and limit the clinical application of CEST MRI ac-
cordingly, hence a rapid imaging technique is crucial to the CEST MRI,
especially when multi-slice imaging is needed.

Most of the CEST MRI sequences include a saturation module and an
image readout module. The image readout module typically employs
fast imaging sequence such as fast spin echo (FSE) or echo planar
imaging (EPI) [15,21-24]. Generally, the scan time for FSE to collect a
Z-spectrum is on the order of minutes. EPI can greatly shorten the scan
time for a Z-spectrum, but it also faces many restrictions, especially
from the field inhomogeneity, which will affect the CEST contrast re-
sults and thus hinder its application. Moreover, in practical application,
multi-slice CEST MRI is often needed, which will greatly prolong the
scan time. Spatiotemporally encoded (SPEN) MRI has stronger ability in
resisting inhomogeneous field and chemical shift effects than EPI while
retaining the advantage of time resolution of EPI [25,26]. A SPEN MRI
method has been proposed to accelerate CEST imaging and obtained
satisfactory results [27]. However, this method is only suitable for
single-slice imaging.

In this study, we propose a new method (dubbed CEST-SeSPEN
MRI) for ultrafast multi-slice CEST imaging based on segmented spa-
tiotemporally encoded (SeSPEN) MRI [28]. This method enables multi-
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Fig. 1. CEST MRI sequences. (a) CEST-FSE sequence, ETL = 8; (b) single-shot CEST-EPI sequence; (c) single-shot CEST-SeSPEN sequence. Abbreviations: ETL, echo
train length; Gro, readout direction; Gpg, phase/SPEN direction; Gsg, slice selective direction; acq, acquisition; ses, segment selective; ss, slice selective; ro, readout;
cr, crusher; sp, spoiler. Ngegmentss Nitices ad Nijnes are numbers of selected segments, selected slices and spatiotemporally decoded elements.

slice CEST imaging in a single shot, and greatly shortens the acquisition
time.

2. Material and methods
2.1. Principle of segmented spatiotemporally encoded imaging

As shown in Fig. 1c, the CEST-SeSPEN sequence consists of a con-
tinuous wave (CW) saturation pulse and a SeSPEN acquisition module.
The CW saturation pulse is used to produce steady CEST effect, and
SeSPEN enables ultrafast multi-slice acquisition by segmenting slice
selection dimension [28].

Primarily, the entire imaged object is segmented along the slice
selection dimension (z direction) through the 90° segment-selective
radio-frequency (RF) pulse (90°%.s). The thickness of each segment,
which is composed of several slices, is determined according to the
thickness and the number of slices that need to be scanned in it. Only
the spins in the targeted segment are excited by the first RF pulse, and
then spatiotemporally encoded by the 180° chirp pulse. In the fol-
lowing, the effects of chemical shift, background inhomogeneous field,
transverse relaxation and diffusion are neglected. Assuming that the
180° chirp pulse sweeps the targeted field of view (FOV) L, linearly and
symmetrically, we can obtain the quadratic phase of the excited spins
along the SPEN dimension (y direction) after the 180° chirp pulse [28]:

¥Giso Tiso Ly
4

_YGsoTiso ,
Ly
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where y represents the gyromagnetic ratio, Gigp and Tigo denote the
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amplitude and duration of the encoding gradient, respectively. In the
meantime, the spins in the untargeted segment will be flipped to -z
direction by the 180° chirp pulse. Subsequently, a 180° hard pulse is
employed to restore the spins that are not targeted by the 90°ss pulse
back to the thermodynamically stable state for subsequent segment
selection and acquisition. The 180° hard pulse also flips all the other
spins. The quadratic phase of the spins in the targeted segment after the
180° hard pulse evolves into the following form [28]:

7Giso Tmoyz + ¥Giso Tiso Ly

[} (y) = Ly 4

- chrl Tcrly (2)

where G.q and T, represent the magnitude and duration of the first
crusher gradient in Fig. 1c, respectively. Subsequently, a 90° selective
pulse (90°ore), Which is the same as the 90°s pulse, is applied to store
the spatiotemporally encoded information. Next we can successively
acquire the signals of every slice in the encoded region along the z
direction with the help of slice-selective pulse (90°). The 90° divides
the targeted segment into several slices without inter-slice gap.

According to the principle of spatiotemporal encoding, for full de-
coding, the acquisition gradient G4 and the acquisition time T,., must
satisfy the following equation [29]:

TH,C
2-GigoTiso = ./(: ! Gaeq () dt @)

The signal of the kth slice in the targeted segment can be expressed
as following:
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where M*(y) indicates the transverse proton magnetization per unit
volume of bulk water at position y in the kth slice, kspgy is the initial
purging gradient with an area of |kspgn| = YG180T180, Which is used to
shift the position of the minimum of the spin phase parabola in k-space,
7 denotes the time interval between the 90°,. pulse and the kth slice-
selective pulse, T; indicates the longitudinal relaxation time, and G
and T, represent the amplitude and duration of the second crusher
gradient, respectively. According to the stationary phase principle [26],
the acquired signal of the kth slice can be simplified to

ISk o« Mk (y,

—Tk/ T
spp)'AY‘e T/ Ti

)

where Ay denotes the size of the imaged pixel, and y,, denotes the
stationary phase point. The stationary phase point yy,, is related to the
acquisition time t via the formula yg,, = Lyt/Tsq — Ly/2 [28]. Since the
intrinsic spatial resolution of the original image based on spatio-
temporal encoding is relatively low, the de-convolution algorithm is
applied for super-resolved (SR) reconstruction [30]. Owing to the use of
full-refocusing, CEST-SeSPEN can enormously reduce the influence of
field inhomogeneity and chemical shift [31].

2.2. Quantification of CEST

MTR,sym method is commonly used to measure the difference be-
tween the signals on the two sides of Z-spectrum. However, in some
biological tissues, such as egg, conventional magnetization transfer
(MT) effect and nuclear Overhauser enhancement (NOE) effect also
exist other than CEST. Meanwhile, the signal frequency shift caused by
magnetic field inhomogeneity and random noises are often reflected in
the Z-spectrum. Therefore, we do not use MTR 4y, method to calculate
the CEST in this study. Several methods have been proposed to fit the Z-
spectrum to reduce the impact of field inhomogeneity and random
noises [32-36]. Among these methods, the commonly used one is to
perform Lorentzian fitting centered at the water peak [15]:

Aa?

S LS
a? + 4(Aw — 5)?

L(Aw) )
where L(Aw) is the value of Lorentzian curve at Aw, A is the maximum
amplitude of the Lorentzian curve, a is the linewidth of water peak, § is
the frequency shift of water peak due to magnetic field inhomogeneity,
and b is a constant to approximately counteract the global baseline
migration of the MT effect in the Z-spectrum [37]. In this work, partial
Lorentzian fitting was applied (see Fig. 2), the regions |Aw| < 1 ppm
and 5 ppm < |Aw| < 6 ppm were used to avoid the influence of strong
CEST/amide proton transfer (APT) CEST effect. After fitting, we can
separate CEST/APT CEST effect from the MT [38], which enables us to
calculate the CEST/APT CEST effect subsequently [27]. The frequency
offsets of exchangeable protons usually range from O to 5 ppm relative
to the water resonance, so the CEST effect can be expressed as following
formula:

5
CEST = ) [L(Aw) — Se (Aw)]

Aw=0

)

After quantitative CEST values are calculated, the CEST contrast
images can be reconstructed accordingly.

2.3. Sample preparation

Amine protons of creatine have a frequency offset of 2 ppm down-
field from water, exhibiting a significant CEST effect. Therefore, a
phantom containing four tubes of creatine solution with different con-
centration was used to prove the feasibility of CEST-SeSPEN. The con-
centrations of creatine solution were 20 mM, 40 mM, 60 mM and

124

Magnetic Resonance Imaging 60 (2019) 122-129

—e— Original
- — Fitting
—e— CEST effect

-2 -4
Offset (ppm)

Normalized signal intensity

0 L i i

-6

Fig. 2. Schematic diagram of Lorentzian fitting of the Z-spectrum of a water
solution of creatine (80 mM). The red solid line represents the original Z-
spectrum, the green dash line demonstrates the partial Lorentzian fitting curve,
and the blue solid line (obtained from original minus fitting) indicates the CEST
effect. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

80 mM, respectively (pH = 7.2). Fresh hen eggs can roughly mimic
biological tissues, and egg white is a gelatinous, semitransparent liquid
mixture with about 11% proteins [39], so they were used to demon-
strate the APT effect.

2.4. Data acquisition

To evaluate the feasibility of CEST-SeSPEN, the experimental results
of the CEST-EPI sequence (Fig. 1b) were used for comparison, and the
results of the CEST-FSE sequence (Fig. 1a) were used as references.

Experiments were performed on a 7T MRI system (Agilent
Technologies, Santa Clara, California) at 298K, with a horizontal
Magnex magnet, equipped with 10 cm bore imaging gradients (40 G/
cm). Both phantom experiments and hen egg experiments were con-
ducted after careful field shimming, and the full width at half maximum
(FWHM) of water peak was 49.37Hz for creatine phantom and
87.23 Hz for egg.

Experimental parameters were set as follows: acquisition ma-
trix = 64 X 64, slice number = 20, slice thickness of creatine
phantom = 1.0 mm, slice thickness of egg = 1.0 mm. Following pre-
vious reports [40-42], we set power of RF saturation pulse = 1.8 uT/
1.2 uT and saturation time = 2s/4 s for creatine/egg respectively, and
repetition time = 6. There was no gap between two adjacent slices. In
all Z-spectrum experiments, the frequency of the saturation pulse was
swept from —6 ppm to 6 ppm with an increment of 0.5 ppm for a total
of 25 frequencies. In CEST-SeSPEN experiments, the bandwidth and
duration of the 180° chirp pulse were 4 kHz and 15 ms, respectively,
and two segments were acquired (ten slices in each segment). For CEST-
FSE experiments, the total scan time of creatine/egg for a single slice
was 27 min/33 min. For CEST-EPI and CEST-SeSPEN experiments, the
total scan time of creatine/egg for 20 slices was 2005s/250s. All data
post-processing was carried out on MATLAB (The MathWorks, Natick,
Massachusetts). After zero-filling in k-space and two-dimensional
Fourier reconstruction, the matrix size of all reconstructed images of
FSE and EPI was 256 X 256. The SeSPEN images had the same matrix
size after de-convolution SR reconstruction. Theoretically, a large ma-
trix size will help to improve the quality of reconstructed image.
However, the reconstruction time will greatly increase correspondingly.
Since the matrix size of 256 x 256 already gives pretty good re-
construction result, we chose it for reconstruction. The Lorentzian fit-
ting was applied to the image point by point to obtain an accurate CEST
contrast image. The threshold of the Lorentzian fitting is set as the
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Fig. 3. Images of four-tube creatine solution phantom acquired with different CEST sequences. FOV = 45 x 45mm?. (a, c, e) Original images of the 4th, 11th, and
17th slices; (b, d, f) CEST contrast images of the 4th, 11th, and 17th slices at 2 ppm downfield from water peak. The images at the top, middle and bottom rows were
obtained with CEST-FSE, CEST-EPI, and CEST-SeSPEN, respectively. The concentration of four creatine solutions are indicated in (a). The ROIs indicated with blue
rectangles are used to calculate the CEST effects of creatine phantom. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

quarter of the maximum normalized signal intensity to remove the
background noises. All Z-spectrum analyses were calculated for a se-
lected region of interest (ROI).

3. Results
3.1. Phantom validation

The imaging results of the creatine phantom are shown in Fig. 3.
Because CEST-FSE sequence would take a long time to acquire 20 slices,
only the 4th, 11th and 17th slices are acquired for comparison. It can be
seen from Fig. 3 (red arrows) that the CEST contrast results from CEST-
EPI display more severe geometric distortion, while the results from
CEST-SeSPEN reveal preferable outlines, indicating that CEST-SeSPEN
can alleviate image distortion. Compared with CEST-EPI, The CEST
contrast of CEST-SeSPEN is better distributed, especially for the 17th
slice. The CEST results of the 4th slice of creatine phantom obtained
with different imaging sequences are shown in Fig. 4. The corre-
sponding ROIs are indicated with blue rectangles in Fig. 3a. We can see
that, compared with CEST-EPI, the CEST peaks at 2 ppm from CEST-
SeSPEN are closer to those from CEST-FSE for all concentrations.
However, the lineshapes from CEST-SeSPEN show lower similarity to
CEST-FSE, especially at low concentration. Perhaps it is because Se-
SPEN is less robust to noise.

3.2. Hen egg study

The APT CEST imaging results of fresh hen egg are shown in Fig. 5.
Similar to phantom experiments, only the results of 4th, 11th and 17th
slices are given. It can be seen that the APT CEST contrast images ob-
tained by CEST-EPI display severer distortion (red arrow), while those
obtained with CEST-SeSPEN remain good shapes. For the 4th slice, the
APT CEST contrast image from CEST-EPI shows signal loss, while CEST-
SeSPEN can alleviate this situation (yellow arrow). The APT CEST
curves of different slices of egg white are shown in Fig. 6 (the ROIs are
shown in Fig. 5). We can see that the APT CEST curves show that the
APT CEST effects obtained with the three sequences are close for the
4th slice. However, for the 11th and 17th slices, the APT CEST effect

declines in the EPI result in comparison with the SeSPEN result. There
are several possible reasons for this phenomenon: 1) the acquisition
time of EPI is longer than SeSPEN. The latter slices of EPI will suffer
from more influence of saturation recovery compared with SeSPEN. 2)
EPI has lower robustness to inhomogeneous field, which results in a
decline of APT CEST effect due to frequency shifting [27].

4. Discussion

CEST-SeSPEN can shorten the acquisition time of multi-slice CEST
imaging while maintaining good robustness to magnetic field in-
homogeneity compared with CEST-EPI. In our experiments, the band-
width along the phase-encoded dimension is 2.28 kHz for CEST-EPI,
4.31 kHz for CEST-SeSPEN. Since CEST-SeSPEN has a larger bandwidth
in the phase-encoded direction, our method is more robust to field in-
homogeneity effect than CEST-EPI (Figs. 3 and 5). It can obtain more
accurate CEST/APT CEST effect (Fig. 6). However, the increase of
bandwidth will lead to the increase of noise, thus decreasing the signal-
to-noise ratio (SNR). Considering the SNR problem on 7 T small animal
imaging system, we did not choose larger bandwidth for SeSPEN.

To compare the SNRs of original CEST-EPI and CEST-SeSPEN re-
sults, the results of hen egg were used. The SNR is defined as [43]:

mean{S;(u)}

SNROD = =51 15w}

i=1,2..,R
@ ) ®

where S(u) is the signal intensity of pixel u, R represents the number of
repetition scans (R = 16 in this work), mean and STD stand for the
average and standard deviation of signal intensity in the same pixel for
R repetitions. The resulting SNR maps are given in Fig. 7a and b. They
are normalized to the same scale. The corresponding mean SNR var-
iation curves along the readout direction are shown in Fig. 7c. Each
mean SNR is obtained by averaging the SNRs of all pixels in the pixel
column along the phase-encoded direction. Comparing the SNR of dif-
ferent slice in a same segment (11th slice vs. 17th slice), we can see that
the former slice has higher SNR than the latter slice for EPL, whereas the
SNRs of both slices are close to each other for SeSPEN. Between dif-
ferent methods, the SNRs from SeSPEN are lower than those from EPI.
In addition to the use of a larger bandwidth, the decrease of SNR in
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Fig. 4. CEST results of creatine phantom (the 4th slice) obtained with different imaging sequences. (a) Results for 80 mM creatine solution; (b) results for 60 mM
creatine solution; (c) results for 40 mM creatine solution; (d) results for 20 mM creatine solution.

SeSPEN is also caused by a loss of half of the magnetization due to the
use of 90° storage pulse aiming to flip the excited magnetization from
transverse back to longitudinal direction. Moreover, the 180° hard pulse
and 180° chirp pulse may not revert the unexcited spins back to the
thermal equilibrium state completely, which will result in signal loss of
the second segment. Usually, the volume of pixel imaged on 3 T human
imaging system is 100 times larger than that on 7T small animal

4th slice
original b) contrast

CEST-FSE

@
‘.
4

EST-SeSPEN CEST-EPI

EEE

11th slice
iginal

imaging system, so the SNR problem may not be so serious at 3T
clinical field. On the other hand, the total variation regularization may
be applied in de-convolution algorithm to smooth noise, thus enhancing
the SNR [44].

According to Eq. (5), for the kth slice, the water signal intensity
without any saturation pulse applied (SoX(t)) and the water signal in-
tensity after a saturation pulse is applied (Ssatk(t)) can be expressed as

17th slice
(e) original

(d) contrast (f) contrast

Fig. 5. Images of fresh hen egg acquired with different CEST sequences. FOV = 75 x 75 mm?. (a, ¢, €) Original images of the 4th, 11th, and 17th slices; (b, d, f) APT
CEST contrast images of the 4th, 11th, and 17th slices. The images at the top, middle and bottom rows were obtained with CEST-FSE, CEST-EPI, and CEST-SeSPEN,
respectively. The ROIs indicated with blue rectangles are used to calculate the APT CEST effects of hen egg. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 6. APT CEST results of different slices of hen egg obtained with different imaging sequences. (a) Results for the 4th slice; (b) results the 11th slice; (c) results for

the 17th slice.
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where Mo* denotes the initial proton magnetization per unit volume of
bulk water without any saturation pulse, M,X is the proton magneti-
zation per unit volume of bulk water after the saturation pulse. It can be
seen that the signal intensity will decrease with the increase of slice
number due to T; relaxation. The Z-spectrum of the kth slice at any
frequency point can be expressed as

Sk (/8§ (1) = My Oap)/ Mg 3) 11

Although Eq. (11) does not include the e ~*"* term, the Z-spectrum
is still influenced by T, relaxation since M. (ysp) is time-dependent
[45]. However, the acquisition time of CEST-SeSPEN is only about
600 ms for 20 slices. The short acquisition time will reduce the effect
from T; relaxation. All CEST contrast images of creatine solution
phantom of the 20 slices are shown in Fig. 8. Clear contrast can be seen
for the four tubes in any slice, and most slices show close contrast for
any tube with same sample concentration despite the presence of T;
relaxation. According to previous report [46], when the T; value is

(a) EPI (b) SeSPE
s 1A

11th slice 4th slice

17th slice

N

around 3 s (which is the case for our samples), good CEST results can be
obtained if the acquisition time is shorter than 1 s. Therefore, the CEST/
APT CEST effect of different slices obtained from CEST-SeSPEN is not
obviously affected by T; relaxation.

5. Conclusions

CEST provides a unique MRI contrast mechanism and can be used to
detect exchangeable protons. In this study, we propose an ultrafast
multi-slice CEST imaging method based on spatiotemporal encoding
technique, and demonstrate its feasibility and advantage through
creatine phantom and hen egg experiments. The experimental results
show that the new method can provide good CEST or APT CEST con-
trast images. It is more robust to magnetic field inhomogeneity than
EPL Its acquisition time is much faster than other multi-slice CEST
methods currently available. With further optimization, it may find
application in challenging situation where robustness to field in-
homogeneity is concerned.
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Fig. 7. Comparison of SNR maps from different imaging sequences. (a) SNR maps from EPI; (b) SNR maps from SeSPEN; (c) mean SNR curves along the readout

direction (i.e. from left to right along the horizontal direction).
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Fig. 8. CEST contrast images of creatine solution phantom of different slices obtained from CEST-SeSPEN. The slices from 1 to 20 are given from left to right and top
to bottom.
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