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Abstract

Purpose: To extract guanidinium (Guan) and amide CEST on the human brain at 3T MRI with
the high spectral resolution (HSR) CEST combined with the polynomial Lorentzian line-shape
fitting (PLOF).

Method: Continuous wave (cw) Turbo Spin-Echo (TSE) CEST was implemented to obtain

the optimum saturation parameters. Both Guan and amide CEST peaks were extracted and
quantified using the PLOF method. The NMR spectra on the egg white phantoms were acquired
to reveal the fitting range and the contributions to the amideCEST signal. Two types of CEST
approaches, including cw gradient- and spin-echo (cwGRASE) and steady-state EPI (SSEPI), were
implemented to acquire multi-slice HSR-CEST.

Results: GuanCEST can be extracted with the PLOF method at 3T, and the optimum B;

= 0.6 uT was determined for GuanCEST in white matter (WM) and 1.0 uT in gray matter

(GM). The optimum B1=0.8-1 uT were found for amideCEST. AmideCEST is lower in both

WM and GM collected with ssEPI compared to those by cwGRASE (SsEPI=(1.27~1.63)%;
cWGRASE=(2.19~2.25)%). The coefficients of variation (COV) of the amide and Guan CEST in
both WM and GM for ssEPI (COV: 28.6-33.4%) are significantly higher than those of cwGRASE
(COV: 8.6-18.8%). Completely different WM/GM contrasts for Guan and amide CEST were
observed between ssEPI and cwGRASE. The amideCEST was found to have originated from the
unstructured amide protons as suggested by the NMR spectrum of the unfolded proteins in egg
white.
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Conclusion: Guan and amide CEST mapping can be achieved by the HSR-CEST at 3T combing
with the PLOF method.

Keywords

chemical exchange saturation transfer (CEST); magnetization transfer contrast (MTC);
guanidinium CEST; amide CEST,; steady-state EPI (SSEPI); continuous wave gradient- and spin-
echo (cwGRASE); polynomial Lorentzian line-shape fitting (PLOF)

INTRODUCTION

Protein concentration in the brain can be measured with the chemical exchange saturation
transfer (CEST) MRI, which can significantly enhance the MRI sensitivity through the
water signal (1-3). There are two commonly used CEST contrasts for protein mapping:
amideCEST (or APT: amide proton transfer) (4,5) and guanidinium (Guan) CEST (6-8).
AmideCEST is distinguished from the conventional APT-weighted MRI, which also focuses
on the peak at 3.5 ppm, but is obtained by asymmetry analysis of the Z-spectrum and thus
includes NOE and magnetization transfer contrast (MTC) effects (9,10). AmideCEST is
the first CEST contrast discovered for protein mapping and has been intensively studied

for decades (4,5). The extraction of the pure amideCEST from the brain Z-spectrum is
challenging mainly due to the uncertainty of the amideCEST contribution in the crowded
Z-spectrum. Instead of conventional asymmetry analyses, one relatively new strategy has
been applied to acquire a full Z-spectrum with low saturation field strength B4 and fit it

by assuming a Lorentzian line-shape for each contributing signal, such as direct saturation
(DS), guanidinium (Guan), amide, amine, and nuclear Overhauser effect (NOE) peaks (11—
15). This method, however, still has interference from amide and aromatic NOE and other
fast-exchanging amine and hydroxyl protons between 0 and 5 ppm, as summarized in the
recent review (16). The extrapolated semisolid magnetization transfer reference (EMR)
method further improved the Lorentzian fitting approach (17,18); nevertheless, it still faces
the same issue as the Lorentzian fitting approach, i.e., mixed CEST signals are present due
to the high saturation powers applied (17-19). Although the signals at 3.5 ppm extracted
by the above three methods are mixed CEST contrasts, they can still be used for tissue
protein profiling since all those CEST contrasts come from protein derivatives. That being
said, we need to surpass the pH insensitive components such as NOE and MTC when
probing pH changes in tissue, as demonstrated in several new comparative studies (20,21).
In those applications where a more specific CEST contrast is needed, extracting the CEST
contrast at a particular offset is highly desired. The crucial breakthroughs in determining the
amideCEST contribution in the brain the Z-spectrum relied on the pH-dependent Z-spectra
on protein phantom (22) and tissue homogenate (23), as well as Z-spectra on mouse stroke
models (6,21,24-26). Notably, the recent deuterium-hydrogen exchanging studies on model
proteins (22,27) discovered that the composite peak at 3.5 ppm in the protein Z-spectra
includes a large portion of protons that exchange at very low rates. Those protons can

still exchange with water through one relayed process similar to the aliphatic NOE(28-30),
named amideNOE (22). Assisted by those discoveries, amideCEST was extracted from the
crowded Z-spectrum and quantified using either a polynomial and Lorentzian line-shape
fitting (PLOF) approach or a simplified principle of the three-point approach at both high
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magnetic fields (24,25,31,32) and 3T (22). In the recent study on the human brain at 3T

with the PLOF method, the amideCEST peak was assumed as a single peak at 3.5 ppm.

Nonetheless, more careful inspection suggests that the amideCEST peak may have more
sophisticated components (22).

Recently, an arginine guanidinium CEST (ArgCEST) signal was discovered in protein (6—
8,22,26). This contrast has a detectable signal in the brain Z-spectrum because Arg is
abundant in proteins (6% of all residues), and each Arg residue contains five side-chain
exchangeable protons (four Guan protons and one NH group). AmideCEST and ArgCEST
are among a few CEST contrasts that can be extracted with high confidence from the
crowded /n vivo Z-spectrum because of their low exchange rates (~60-70 Hz) (33). Since
the mixed signal always complicates ArgCEST with creatine and phosphocreatine CEST
(CrCEST/PCrCEST) at 2 ppm (16), the CEST peak at this range is named collectively
named GuanCEST. Interestingly, GuanCEST is visible at the high field MRI (>7 T) on both
animal (6-8,11,32) and human brains (15,23,34). It has not been observed on 3T MRI to
our best knowledge. Recently, a study on rat brain at 4.7T clearly showed the feasibility of
acquiring the GuanCEST peak at a low MRI field with high spectral resolution (HSR) CEST
(26). This finding is further supported by one latest measurement of ArgCEST, in which the
in vivo ArgCEST exchange rate was determined to be around 70 s~1 (33). The low exchange
rate suggests the possibility of ArgCEST mapping at 3T. Inspired by the two discoveries,

we acquire in this study the CEST signal with the HSR-CEST and extract the CEST peaks
with the PLOF method in the human brain at 3T to find the detailed contributions to the
amideCEST and to assess the possibility of GuanCEST mapping at 3T. We use the creatine
phantom mixed with cross-linked bovine serum albumin (BSA) to find the optimum CEST
saturation scheme and validate the PLOF fitting approach. Egg white phantoms are also
used to confirm the origin of the amideCEST peak and the PLOF fitting range. Finally, two
types of rapid CEST acquisition schemes, including continuous wave (cw) gradient- and
spin-echo (GRASE) and steady-state EPI (ssEPI), are implemented and compared to achieve
multi-slice HSR-CEST in a clinically feasible acquisition time.

METHODS

Phantom preparation

Egg white is an appropriate model to demonstrate the Guan and amide protons from mobile
proteins (22). To demonstrate the NMR spectrum range of the folded and unfolded proteins,
two egg white phantoms (100% liquid egg white) were prepared and titrated in NMR tubes
to a pH value of 7.3. One of the egg white phantoms was mixed with 50% w/w urea to
unfold the proteins, as urea upsets the established hydrogen-bonding pattern in proteins to
trigger the loss of high-order protein structure (35-37). CEST was also used for mapping
protein misfolding previously(38), which is different from the unfolding process by urea.

To examine the optimized B values for the /7 vivo GuanCEST at 3T and assess the
feasibility of fitting the MTC background utilizing the proposed PLOF method, a phantom
with two 50 mL centrifuge tubes was prepared. One tube contained 50 mM Cr mixed with
cross-linked BSA (15% wi/w, CrCrossBSA), while another tube included the cross-linked
BSA alone (15% wi/w, CrossBSA). BSA was cross-linked using glutaraldehyde following
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a previously described procedure (39). These two tubes were fixed in a brain-sized jar full
of cross-linked BSA (15%). CrossBSA was utilized to mimic the strong background signal
common to /in vivotissue. The recent study suggested a high concentration of GuanCEST
in the brain (around 40 mM) (33); thus, a concentration of 50 mM Cr phantom was used
for the optimization. The pH of the sample was titrated to 7.3, at which the Cr exchange
rate was found to be around 45.3 + 0.9 s™1 at room temperature (Supporting Information),
which is close to the /n vivo GuanCEST exchange rate reported recently (33). Overall, both
the concentration and exchange rate of the Cr phantom are close to the in vivo protein
GuanCEST; thus, it is a perfect model system to optimize our fitting procedure for /n vivo
GuanCEST.

NMR experiments

The NMR spectrum of egg white phantoms and the exchange rate measurement of

the CrCrossBSA phantoms were performed on a Bruker 17.6T NMR spectrometer

equipped with a triple resonance (TXI) NMR probe. Particularly, the NMR spectra for all
phantoms were detected by a 3-9-19 WATER suppression by GrAdient Tailored Excitation
(WATERGATE) sequence with a total echo time of 1 ms. The exchange rate was measured
by the magnetization recovery of the exchangeable proton peaks after the inversion through
a single selective Gaussian pulse (width of 2.5 ms), as detailed previously (33,40). The

egg white NMR spectra were collected at 37 °C. Additionally, the exchange rate of the
CrCEST in the CrCrossBSA phantom was measured at 21 °C. There is no water or air

heater equipped on the human scanners. Therefore, the MRI experiments of the CrCrossBSA
phantom with the 3T human scanner have to be performed at room temperature, i.e., 21 °C.
In order to match the temperature used for the MRI experiments, the NMR exchange rate
measurement was also performed at room temperature. The exchange rate measurement with
NMR is reported in the Supporting Information.

MRI experiments

All human and phantom scans were acquired on a Philips MR Ingenia Elition 3.0T (Philips
Healthcare, Best, The Netherlands) using a quadrature transmit body coil and a 32-channel
phased-array receive head coil (Philips Healthcare, Best, The Netherlands). Human studies
were approved by the Johns Hopkins Medicine IRB and were performed on 15 healthy
subjects (2263 years old), all of whom provided informed consent. Two pads were placed
close to the temporal lobe on each side of the head to minimize head movement during the
study.

A cw saturation scheme provides a high labeling efficiency (41). When performing CEST
with multi-slice Turbo Spin-Echo (TSE) acquisition, the MTC from the neighboring slices
can also interference with the CEST signal (42). Therefore, a single slice cw TSE (cwTSE)
sequence (Fig. 1a) was used to optimize the B value and serve as a reference for
determining the labeling efficiency of other CEST sequences. The duration of the cw
saturation was fixed at 1 s. The TSE readout parameters were TE/TR = 5.6 ms/3.5s,
refocusing angle = 120°, TSE factor = 37, FOV = 220 x 220 mm?, space resolution = 3

x 3 x 5 mm3. The image matrix was resized to 96 x 96 during reconstruction. Seven B
values (0.3, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5 uT) were collected. A total of 69 saturation offsets
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were swept from ranges 8.0 to —2.2ppm every 0.2 ppm except for the ranges 1.1 to 4.0 ppm
which were measured every 0.1 ppm. The full frequency offsets are listed in the Supporting
Information following the scan order. The unsaturated reference (Mg) was acquired with
the same sequence at a saturation offset of 200 ppm. The total scan time for each cwTSE
method was 4 min 5 s with 3.5 s for each offset. The cwTSE method was also used in

the study of the CrCrossBSA and CrossBSA phantoms with identical CEST saturation and
acquisition parameters except for eight B; values (0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.2, 1.5 uT).

Since many saturation offsets (a total 69) collected in the HSR-CEST resulted in extended
total scan time, rapid multi-slice CEST methods that shorten the total scan time were critical
for future clinical applications. In our study, we compared two types of fast-acquisition MRI
methods: 3D GRASE with cw saturation (c(wGRASE) (Fig. 1b) (43) and steady-state EPI
(ssEPI) (Fig. 1c) (44,45). Although TSE method was commonly used for single slice CEST
study, the acquisition time is usually too long for 3D acquisition (22) unless advanced
acquisition strategies are used (46). The geometries in the 3D/multi-slice MRIs were
identical to the cwTSE method; however, 13 slices were collected in each 3D/multi-slice
method. Before the CEST experiments, the first-order pencil beam (PB)-volume shimming
method was applied to the image slices. The Guan and amideCEST contrasts and overall
SNR for the MRI methods were compared. In the cwGRASE, 0.95 s saturation length and
0.8 uT were used. 3D GRASE MRI readout (2 shots) was utilized with TR/TE = 3 s/13 ms,
EPI factor = 13, TSE factor = 13, SENSE = 2 in the AP direction, and the total GRASE
readout was 169 ms. The total scan time for cwGRASE was 7 min, i.e., 6 s for each offset.
For the ssEPI method, multi-shot EPI (EPI factor = 17) using 50 ms sinc-Gauss saturation
pulses with a square-root Bq of 0.8 uT. Other parameters included TR/TE = 1326/6.9 ms and
a readout flip angle of 10°. A mixing time of ;=14 ms was used. The total scan time for
the ssEPI was 6 min with 5.2 s for each offset. For both sSwGRASE and ssEPI methods, FOV
= 220 x 220 mm2, space resolution = 3 x 3 x 5 mm?3 were implemented. The image matrix
was resized to 96 x 96 during reconstruction.

T1 maps, acquired by a look-locker sequence with geometry identical to the CEST scan,
were used as the reference for the segmentation of gray matter (GM) and white matter
(WM). Additionally, these maps provided T1 mean value for the PLOF fitting method. In

detail, 38 images were acquired with TR/TE = 2.3/1.2 ms and a readout flip angle of 4°.
TI
Pixel-by-pixel fitting was performed on a three-parameter model (A — Be T7) to obtain Ty

(as Ty = (B/A - 1)TY) (47).

Motion correction

Since the scan time of either cwGRASE or ssEPI was more than 5 minutes, brain motion
was unavoidable even with two pads; therefore, we carried out motion correction on the
images of these two methods for each subject. Due to the characteristic contrast of CEST
and our interest in Guan and amide signal, we set the images at 3.3 ppm as the fixed (48) in
the motion correction function of Advanced Normalization Tools (ANTS)(49) and registered
all the other images to it. 3D rigid-body motion model was assumed at a gradient step of
0.005, with the metric of global correlation randomly sampled across 50% of the pixels.
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Data Analysis

All MRI images were processed using custom-written MATLAB scripts (MathWorks,
www.mathworks.com). Both Guan and amideCEST signals were extracted simultaneously
with the PLOF method described previously (16,22,31) and are detailed in the Supporting
Information. The SNR of the images was calculated by the mean values in the signal regions
divided by the standard derivation of the noise background at four image corners, each of
which is 16 x 16 pixels.

RESULTS

NMR spectra of egg white phantoms

The NMR spectra of egg white phantoms with and without 50% urea are plotted in Fig. 2.
The downfield protein NMR peaks locate between 1.5 to 5 ppm for the untreated egg white.
Once the egg white was treated with 50% urea, the amide peaks formed a sharp single peak
centered at 3.5 ppm and a narrow frequency range of 3-4 ppm. Furthermore, the side-chain
amides from asparagine (Asn) and glutamine (GIn) were converted to sharp doublet peaks
separated by around 0.7 ppm due to the slow interconversion of two possible configurations
(50-52). The assignment of the Arg side chain Guan protons was assigned based on the
chemical shift determined by other proteins. (50-53) Therefore, the fitting range for the
PLOF fitting method was set to 1.5 to 5.0 ppm in the following /in vivo studies. This fitting
range was further supported by the downfield MRS spectrum recorded on the human brain at
3T (54).

CrCrossBSA Phantom validation

The B1-dependence of the Z-spectra of CrCrossBSA and CrossBSA are plotted in Fig. 3a. A
broad Z-spectral background is observed for both the CrossBSA and CrCrossBSA phantoms
(Fig. 3a), with the Z-spectra overlapping over most of the frequency range except between

1 ppm to 3 ppm, where a single peak from the Cr is found. Subtracting the Z-spectra from
CrossBSA with and without Cr in Fig. 3a results in the pure Cr Z-spectra (Fig. 3b). A sharp
Cr peak centered at 1.9 ppm is observed for all B; values (0.2 uT to 1.5 uT). The MTC
background is also perfectly fitted with the PLOF function proposed in Eq. S3 (R2>0.99)

as validated on the Z-spectra from the CrossBSA phantom (Fig. 3c). The fitting range is
identical to those applied for the following human brain studies, i.e., [1.5, 5.0] (ppm) was
excluded for the background fitting. The Bq-dependent CrCEST signal (Fig. 3d) peaked at
B1 = 0.6 uT. The ground truth CrCEST signal was extracted by the differential Z-spectra

at Fig. 3b. When B increases from 0.2 to 0.6 T, the CrCEST signal increases due to

the higher labeling efficiency. However, it drops at further higher B, values. In order to
further validate the PLOF method in extracting CrCEST signal, the CrCEST extracted with
the PLOF method on the Z-spectra of CrCrossBSA alone is plotted and compared with

the ground truth CrCEST (Fig. 3d). The two methods perfectly match each other with a
maximum difference of 0.73%. The differences were computed across all By values, and the
maximum difference was found at By=1.5 uT. The small differences indicate that the the
PLOF method proposed here can reliably extract CrCEST signal with strong MTC present.
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Extraction of Guan and amideCEST in the human brain

The PLOF background fitting and the B4 optimization for the Guan and amideCEST on

the human brain at 3T are illustrated in Fig. 4. The T1-based mask separated WM and GM
with a cut-off value of 0.7 s and the boundary of 0.5~1.0 s, as demonstrated in Figs. 4a

and b. Since cwTSE is recognized as a standard protocol for CEST, the demonstration and
optimization are performed with this specific method. Typical Z-spectra between 0.5 ppm
and 6.7 ppm for the human brain recorded using cwTSE as a function of B4 are depicted

in Figs. 4c, d for GM and WM, respectively. The separation of the WM/GM in the brain

is not only used for finding the optimization B4 value but also used to demonstrate the
WM/GM CEST contrast with different B, values. The MTC background of WM is stronger
than that of GM, i.e., GM absolute Z-values are higher than WM, which is consistent with
conventional MTC studies (55). CEST signals are clearly observed between 0.5 and 5 ppm
for both WM and GM Z-spectra with Bq values < 1.2 uT. In order to illustrate the process
of extracting the Guan and amideCEST signal with the PLOF method, the PLOF fitting
curves for the background Z,.4 with Eq.S3 are plotted in the same figures (Figs. 4c, d). The
background can be well fitted with four parameters in Eq. S3 for the whole 0.5-8.0 ppm.
The difference spectra between the Z-spectra and the background Zp,q, i.€., AZ spectra,
are plotted in Figs. 4e, f for GM and WM, respectively. There are two prominent peaks in
all AZspectra with B;< 1.0 uT, representing the signals from amide (~3.5 ppm) and Guan
(~2.28 ppm). With high By values such as 1.5 pT, the GuanCEST peak rapidly decreases,
particularly in the WM. The resulting B;1-dependent Guan and amideCEST signals are
shown in Fig. 4g and demonstrate the different By dependence for WM and GM. The
optimum B4 value for the Guan and amideCEST in the GM is 1 uT, while in the WM, the
optimum B1=0.6 uT for GuanCEST and B1=0.8 uT for the amideCEST. Therefore, the B,
(cw CEST) or square-root Bq (pulsed CEST) was set to 0.8 uT in the following Guan and
amideCEST studies. The accurate offset range of the CEST peaks in the human brain can be
obtained with lower B1 values, as seen from Eq. S5 (<0.5 uT). The AZ-spectrum from GM
is plotted in Fig. 4h together with the NMR spectrum of the egg white phantom mixed with
50% urea. The frequency range of the amideCEST perfectly matches with the unfolded egg
white, i.e., 3.0-4.0 ppm.

The typical GM and WM Z-spectra, together with the PLOF fitting results are demonstrated
in Fig. 5 at the range of 0.5~8.0 ppm from the whole GM and WM ROls (Figs. 4a and b),
respectively. To further illustrate the Guan and amide CEST extraction and quantification,
the AZ-spectra, including the two individual peaks (Guan and amideCEST) and the sum

of the two peaks, are shown for GM (Fig. 5b) and WM (Fig. 5c¢), respectively. The AZ-
spectrum can be perfectly fitted with the two CEST peaks (R > 0.9998) with center offsets
of 2.28+0.04 and 3.50+0.03 ppm were determined for Guan and amideCEST, respectively.

Comparison of rapid CEST acquisition methods

The whole brain images (Mg images) acquired with the 3D cwGRASE and multi-slice ssEPI
are plotted in Figs. 6a, b with their SNR comparison with cwTSE (Fig. 6¢). Overall, the
cWGRASE images exhibited fair image quality with some minor artifacts, and a strong CSF
signal was observed due to the long acquisition time (169 ms) (Fig.6a). The image quality
obtained by ssEPI is much better than those from cwGRASE, judging from the clear contrast
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between WM/GM. The ssEPI SNR values were close to those of cwGRASE images (SSEPI
vs. CWGRASE: 7374379 vs. 602+327; p=0.083), while the SNR of cwGRASE was much
higher than that of cwTSE (cwTSE vs. cwGRASE: 280+99 vs. 602+327; p=0.03) (Fig. 6c).
Furthermore, the SNR is homogeneous across all the slices for the ssEPI, while the SNR
varies significantly across the slices for the cwGRASE method (Fig. 6d).

The Guan and amideCEST maps obtained with the PLOF method are visualized in Figs. 7a
and b for the cwGRASE and ssEPI methods, respectively. Overall, there are low contrasts

in the Guan and amideCEST maps across the whole brain acquired with cwGRASE (Fig.
7a). On the other hand, much stronger WM/GM contrasts were observed for both Guan

and amideCEST maps collected with ssEPI (Fig. 7b). This contrast can be well observed
with the zoomed images in Figs. 7c and d. The single-slice Guan and amideCEST maps

for all subjects demonstrate that cwGRASE offers much better reproductivity than the ssEPI
method. In order to quantify the Guan and amideCEST values, Figure 8a shows the averaged
Guan and amideCEST values in WM and GM for all subjects recorded with cwTSE (n=6),
cWGRASE (n=6), and ssEPI (n=6). The regions of interest for GM and WM were extracted
from the T4 maps as demonstrated in Figs. 4a and b. The mean and standard deviation of the
Guan and amideCEST signals in GM/WM are listed in table 1 and plotted in Figs. 8a and b.
For both amide and GuanCEST, the WM and GM signals are comparable between cwTSE
and cwGRASE methods

When comparing the amide and GuanCEST acquired with cwGRASE and ssEPI,
amideCEST is lower in both WM and GM collected with ssEPI compared to those

by cwGRASE (ssEPI1=(1.27~1.63)%; cwGRASE=(2.19~2.25)%), while the obtained
GuanCEST is similar between ssEPI and cwGRASE methods (sSEP1=(0.93~1.25)%;
cWGRASE=(1.22~1.43)%). However, the coefficients of variations (COVs) of amide

and Guan CEST in both WM and GM for ssEPI (amide COV: 28.6-32.0%; Guan
COV:33.1-33.4%) are significantly higher than those of cwGRASE (amide COV:
10.0-10.3%; Guan COV: 8.6-18.8%;) (Figs. 8a—b). This is consistent with the observation on
the amide and Guan CEST maps for all subjects (Figs. 7 e and f). Overall, both cwGRASE
and ssEPI can provide uniform contrast across the whole brain, as seen from the Guan

and amideCEST contrasts for each slice in Figs. 8c—f. The typical single slice MTC

background at 3.5 ppm, i.e., 1 — Zback(35 ppm), are plotted in Figs. 8g and h. The maps

showed strong WM/GM contrasts for both cwGRASE and ssEPI that are closely resemble
the convectional MTC study on the human brain (55-59). The averaged MTC(3.5 ppm)
values are much higher for both GM (cwGRASE: (17.64+0.88%); sSEPI: (16.60+1.40)%,
p=0.03) and WM (cwGRASE: (21.73£1.01)%; sSEPI: (18.83+1.30)%, p=0.0004) acquired
with the cwGRASE compared to those by ssEPI methods (Fig. 8i).

DISCUSSION

In this study, we aimed to establish a multi-slice, high spectral resolution CEST acquisition
method, and PLOF post-processing to extract and quantify both Guan and amide CEST
signals in the human brain at 3T. High GuanCEST signals were observed at 3T on the
human brain. Two rapid CEST acquisition schemes were compared with each other for

the HSR-CEST. The ssEPI method can acquire multi-slice CEST images with higher SNR
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than cwGRASE (737+379 vs. 602+327). AmideCEST signals acquired with steady-state
saturation scheme, i.e., ssEPI, are lower than those obtained by the conventional cw
saturation method, including cwTSE and cwGRASE (see table 1 and Fig. 8a). This result is
consistent with an comparison study at 7T on the human brain, in which the steady-state
amideCEST and NOE signals are lower than those acquired with pseudo steady-state
CEST method (60). The Guan and amideCEST contrasts in WM/GM are also significantly
different for the cwGRASE and ssEPI acquisition methods.

Traditionally, amideCEST was believed to have originated from mobile proteins (3-5). With
the HSR-CEST method, we can accurately extract the amideCEST signal range using lower
B4 values at 0.3-0.4 uT. The amideCEST peak was found to be between 3 and 4 ppm with a
low saturation power of 0.4 uT (Fig. 2 and Fig. 4f). This frequency range is consistent with
the ranges (3.2 to 4.1 ppm) determined from high field MRI on both animal (6,24,25,31,61)
and human brains (15,23,34) with B values of 0.6-1 uT. From the conventional protein
NMR studies, it has been established that the protein amide frequency span from 1.5 to

5 ppm with respect to the water resonance (62), which was also demonstrated on the

broad amide proton peaks centered at 3.5 ppm in the egg white NMR spectrum (Fig. 2).
However, it is interesting that the offset range of the brain amideCEST is far smaller than
the typical protein amide proton range (2.8-4.2 ppm vs. 1.5-5 ppm). It is known that the
offsets for the amide protons are much less dispersed in the intrinsically disordered proteins,
the random coil structure of the folded protein, and the unfolded proteins (63-66). All

these amide protons are collectively named unstructured amide protons. The chemical shift
range of the unstructured amide protons was further verified using the unfolded egg white
proteins with 50% wi/w urea (Fig. 2). The frequency range and the center frequency of the
unfolded proteins are similar to those of amideCEST measured in this study as well as the
high field amideCEST studies (6,24,25,31,61), which suggests that the brain amideCEST
signals mainly originate from the unstructured amide protons. This is understood since

the unstructured amide protons exchange much more quickly than the structured amide
protons with water upon exposure, thus having a higher CEST signal than other amide
protons. This small group of amide protons detected by amideCEST can also explain the
relatively low concentration of amideCEST (41.7 mM) measured in a previous study (33).
The amideCEST signals from the folded protein, i.e., structured amideCEST, are not clearly
visible in the Z-spectrum.

The high GuanCEST signal at 3T is consistent with the high field MRI observation, in which
the GuanCEST intensity is even higher than the amideCEST intensities with specific By
values (GuanCEST 2.9% at 2 uT vs. amideCEST 1.87% at 1 uT)(6,24,25,31,32,61). The
GuanCEST has not been well studied on 3T MRI for two reasons: Firstly, most of the
previous CEST studies were performed with very few offsets and cannot easily separate the
seriously overlapped Guan and amideCEST peaks. Secondly, high saturation power (around
2 UT) was implemented in most APT-weighted studies (9), which can dramatically decrease
the signal at 2.28 ppm. This B1 dependent CEST signal has been shown in a B1-dependent
study on both human brains (Fig. 4e) and the phantom results (Fig. 3d). The optimum

B4 values, 0.8 uT for the white matter (WM) and 1.0 uT for the gray matter (GM) were
determined for amideCEST with cwTSE. They are close to the previously observed values
(0.8-1 uT) on high magnetic fields (24,33,60). The optimum B4 value is 0.6 uT for the
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GuanCEST in WM, identical to the value determined in the CrCrossBSA phantom (Fig. 3d),
while the optimum B value is 1.0 uT for the GM GuanCEST. Once the saturation B passes
the optimum value, the CEST signals decrease dramatically due to the MTC scaling, which
has been well explained previously (16,39). The GuanCEST signal at the high field include
both protein ArgCEST signal and CrCEST signal (7,8). At 3T MRI, the CrCEST can still
contribute to the GuanCEST signal as the exchange rate of the CrCEST was established to
be less than 400 s~1 by the latest study (33). The exact contribution of CrCEST needs further
validations with knockout animal models at 3T (8). Nonetheless, the CrCEST can dominate
the GuanCEST peak with low pH values, at which the CrCEST exchange rate can drop to
the slow-exchanging region, as shown in a recent study in the rat model of stroke. (26) Both
asparagine and glutamine side-chain amide protons also impact the CEST between 2-2.7
ppm, as demonstrated in the unfolded egg white (Fig. 2), which are usually doublet peaks
separated by around 0.7 ppm (50-52). The side-chain amide signals between 2.5-3.0 ppm
are expected to be much smaller than the Arg proton signal as previously recorded by the
downfield MRS study (54) and CEST study at an extremely high MRI field (21.1T). (41)

In the current study, contributions from asparagine and glutamine side-chain amide protons
were summarized by a single peak at 2.28 ppm with GuanCEST due to a low spectral
resolution at 3T. However, an additional peak should be added for the side-chain amide
protons for the HSR-CEST at high MRI fields.

Between the rapid CEST schemes (Fig. 1), the cw scheme provides the highest signal as
measured by both cwTSE and cwGRASE methods, particularly the amideCEST signal (Fig.
8). On the contrary, the sSEPI sequence generated much better image quality and SNR than
the cwGRASE method (Fig.6). Although EPI can also be used for the cwCEST readout
(14,67), the GRASE readout provides nearly optimal SNR for measuring the magnetization
prepared by the preparation pulses, as demonstrated in the ASL field (68). It strikes a
balance between the T,* insensitivity of the pure TSE method and the time efficiency

of pure EPI acquisition. The SNR of cwGRASE is higher than that of cwTSE (Fig. 6).
Furthermore, cwGRASE can achieve a higher amide and GuanCEST signal in both WM
and GM compared to those by ssEPI (Figs.8 a and b) as well as much less variation

in both amide and GuanCEST signals compared to those by ssEPI (Figs. 8a and b).
Therefore, the cwGRASE method is suggested for most Guan and amideCEST studies.

The amideCEST maps obtained by ssEPI closely resemble those obtained by starCEST (22).
Although amideCEST contrast obtained by steady-state saturation is lower than those of cw
saturation scheme, steady-state CEST approaches such as starCEST method and its analog
method, Golden-angle RAdial Sparse Parallel (GRASP) CEST (69-71), can be applied for
studies with body CEST (72) or in patients with movement disorders such as Parkinson’s
disease where involuntary movements may otherwise compromise MR acquisition. Both
Guan and amideCEST WM/GM contrasts heavily depends on the acquisition scheme due
to the significantly different macromolecule concentrations in WM/GM, as demonstrated
from the B1-dependent CEST signal in both WM and GM by cwTSE (Fig. 4g) as well as
the amide/Guan CEST maps by cwGRASE (Fig. 7a) and ssEPI (Fig. 7b). The reason for
the significantly high WM/GM amideCEST contrast by ssEPI compared to cwGRASE is
not clear but leads to great difficulty in modeling the steady-state CEST signal. For the
same reason, the amide or GuanCEST signal cannot be directly correlated to the protein
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concentration. Extracting protein concentration from the CEST signal can be achieved by the
quantitative CEST (qCEST) MRI (73,74), which can correct the scaling introduced by the
MTC or Ty contrasts with the Bloch-McConnell equations or 7, theory (75-78).

In the current study, the PLOF background function was assumed with a simple linear
function with a Lorentzian function, which was validated with the cross-linked BSA.
However, the background function may need to be further improved for in vivo Z-spectrum
due to the complicated contributions from other CEST signals, particularly the CEST signals
close to water resonance with high exchange rates. The optimization of the background
function can be achieved by comparing the AZ-spectra and maps with the downfield

MRS spectra and imaging (54). Another limitation of the current study is missing the
quantification of the amide and GuanCEST signals.

In summary, the current PLOF fitting approach provides a reliable background fitting over a
wide frequency range, as demonstrated on phantoms, allowing extraction of both Guan and
amideCEST at 3T. The extracted HSR-CEST spectrum closely resemble the downfield MRS
from the exchangeable protons recorded on the human brain (54) but with a much higher
spatial resolution and faster acquisition speed. Upon further optimization and validation, the
developed cwGRASE acquisition method and PLOF processing method will provide a new
clinical tool to extract multifaceted information, such as protein and pH mapping associated
with different pathologies by using both Guan and amideCEST contrasts.

CONCLUSIONS

We have demonstrated that the Guan and amide CEST contrasts can be acquired using
multi-slice, high resolution CEST MRI at 3T and accurately extracted using a PLOF
processing method. The amideCEST can be attributed to the unstructured amide protons,

as suggested by in vitro NMR study on egg white. High GuanCEST contrast centered at 2.28
ppm was observed in the human brain. The cwGRASE CEST method was found to provide
higher amideCEST as well as robust Guan and amideCEST contrasts than ssEPI, while the
sSEPI method provided better image quality. This study paves the way for simultaneous
Guan and amide CEST mapping within a clinically feasible scan time.
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Figure 1. CEST sequences were implemented in this study.

(a) continuous wave (cw) turbo spin-echo (TSE). (b) cw GRASE. (c) steady-state EPI. T,
is the duration of the saturation pulses and Ty is the mixing time for saturation transfer

between successive saturation pulses. TR is the repetition time.
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— Eggwhite urea

— Eggwhite with urea
Arg

Asn
GIn l

amide

Figure2.
Typical NMR spectra for the egg white phantoms with and without 50% urea treatment.

The assignment of the peaks such as amide, asparagine (Asn) side-chain amide, glutamine
(GIn) side-chain amide, and arginine (Arg) guanidinium protons are labeled. The strong
urea signal is also indicated. Note that the NMR frequency is relative to the water proton
resonance, which is set to zero.
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Figure 3.

0.5

1.0 15

B, (uT)

Phantom validation of the PLOF method. (a) Full Z-spectra recorded for Cr with CrossBSA
(solid circles) and CrossBSA alone (solid lines) using cwTSE with several typical B4 values
of 0.2 uT, 0.6 UT, 0.8 uT, and 1.2 uT. The tgy; was set to 1s. In CrCrossBSA Z-spectra, a
clear CrCEST signal is visible at 1.9 ppm. (b) The differential Z-spectra was obtained by
subtracting the two Z-spectra from CrCrossBSA and CrossBSA. (c) The typical Z-spectra of
the CrossBSA alone and the PLOF background fitting (solid lines). Identical PLOF fitting
parameters were used for the human brain study’s fitting range and peak range. (d) The
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CrCEST signal as a function of B4 for fixed #,~1 s. The ground truth CrCEST signal (red
circles) was obtained by the differential Z-spectra between the CrCrossBSA and CrossBSA
at the offset of 1.9 ppm, while the CrCEST extracted by PLOF method (blue solid square)
are also plotted and compared.
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Figure 4.
Optimization of B, for amide/Guan CEST in GM/WM using cwTSE. The typical regions of

interest, i.e., (b)) GM and (c) WM, were extracted using a mask based on the T, map with

a cut-off value of 0.7-1 s for GM and 0.5-0.7s for WM. (c-f) The averaged Z-spectrum for
the GM (c, d) and WM (g, f) in the human brain (n=3) are plotted together with the PLOF
background fitting of Z-spectrum (Zpack)- (d, ) The averaged differential Z-spectrum (n=3),
i.e., AZspectrum, was obtained by subtracting Zp,ck by Z for (c) GM and (e) WM. (g) The
averaged amide (open circle) and Guan (diamond) CEST signals (n=3) in WM (blue) and
GM (red) as an function of B;. Error bars show the standard derivation of three studies. (h)
Comparison of the differential Z-spectrum in the GM acquired with B;= 0.3 x4 7 (red) and 0.4
UT (yellow) with the NMR spectrum of the unfolded egg white with 50% urea (green line).
Guan, guanidinium; GM, gray matter; WM, white matter; TSE, turbo spin-echo; PLOF,
polynomial Lorentzian line-shape fitting.
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0.02

No.01

0.00

(c)

Demonstration of the extraction and quantification of Guan and amide CEST with the PLOF
method. (a) PLOF fitting of both background and Z-spectra in the GM (red line) and WM
(blue line). The Z-spectra were extracted from the whole GM and WM, respectively. The
coefficient of determination (R2) >0.9997 for both background and the Z-spectra fitting. The
Z-spectrum in the GM/WM was collected using cwTSE with B1=0.8 uT and 1 s saturation
time. (b-c) shows the typical differential Z-spectra (Zpack-2), i.€., AZ spectrum, and the
PLOF fitting results for the (b) GM and (c) WM, respectively. The two fitted amide (green
line) and Guan (yellow line) CEST peaks and the sum of the two peaks are presented. Guan,
guanidinium; PLOF, polynomial Lorentzian line-shape fitting; GM, gray matter; WM, white
matter; TSE, turbo spin-echo.
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Figure®6.

Image quality comparison between cwGRASE and ssEPI. The typical MO images for (a)
cWGRASE and (b) ssEPI. (c) averaged SNR of cwTSE (n=6, gray, triangle), cwGRASE
(n=6, yellow, square), and sSEPI (n=6, green, disk). Except for TSE (single slice), the SNR
values of the other two methods are averaged over the total 13 slices. The error bar shows
the standard derivation, and the dots represent each data point. (d) The averaged SNR of
cWGRASE (yellow square) and ssEPI (green disk) for each slice. (n=6) Figs. d and c share
the same y-axis for clarity. Error bars show the standard deviation of the three subjects.
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GRASE, gradient- and spin-echo; EPI, echo planar imaging; TSE, turbo spin-echo; SNR,
signal-to-noise ratio.
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Figure 7.
Comparison of amide/Guan CEST maps collected with cwWGRASE and ssEPI. (a-b) Typical

amide (first line) and Guan (second line) CEST maps of (a) cwGRASE and (b) ssEPI on
the same subject. (c-d) The three typical slices from the (c) cwGRASE and (d) ssEPI on
the same subject, were extracted from the figures a (red rectangle) and b (green rectangle),
respectively. (e-f) Single-slice amide and Guan CEST maps for six subjects (s1-s6) were
acquired with the (e) cwGRASE and (f) ssEPI methods. GRASE, gradient- and spin-echo;
EPI, echo planar imaging; Guan, guanidinium; GM, gray matter; WM, white matter.
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ssEPI

14

cwGRASE

ssEPI

Comparison of amide/Guan CEST values collected with cwGRASE and ssEPI and the MTC
background. (a-b) Averaged amide (dark, circle) and Guan (light, triangle) CEST signals
(n=6) extracted from three methods: cwTSE, cwGRASE, and ssEPI sequences in (a) GM,
and (b) WM, respectively. (c-f) The (c,e) amide and (d,f) Guan signal for each slice in (c-d)
GM, (e-f) WM acquired with EPI (solid circle, dash line), and GRASE (open diamond,

dash line). Error bars show the standard derivation of all subjects (n=6). (g-h) The typical
single slice MTC background at 3.5 ppm was acquired with (g) cwGRASE and (h) ssEPI,
respectively. (i) Averaged MTC background signals for GM (red, square) and WM (blue,
circle) acquired with cwGRASE and ssEPI (n=6). GRASE, gradient- and spin-echo; EPI,
echo planar imaging; Guan, guanidinium; TSE, turbo spin-echo; GM, gray matter; WM,

white matter.
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Table 1:
The mean and standard deviation of the Guan and amide signals in WM/GM, with the SNR of the MO image.

WM | GM

amide (%) | Guan (%) | amide (%) | Guan (%)

CWTSE 2.04+0.10 | 0.98+0.22 2.21+0.15 1.33+0.20 280+99
CWGRASE | 2.19+0.14 1.2240.06 | 2.25+0.13 1.43+0.12 | 602+327
SSEPI 1.27+0.15 | 0.93+0.14 1.63+0.18 1.25+0.16 | 737+379

cwTSE, continuous wave turbo spin-echo; cwGRASE, continuous wave gradient- and spin-echo; ssEPI, steady state echo planar imaging; Guan,
guanidinium; GM, gray matter; WM, white matter; SNR, signal noise ratio.
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