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Abstract

Purpose: To obtain high-resolution creatine (Cr) and phosphocreatine (PCr) maps of mouse 

skeletal muscle using a Polynomial and Lorentzian Line-shape Fitting (PLOF) CEST method.

Methods: Wild type (WT) mice and Guanidinoacetate N-Methyltransferase deficient (GAMT−/

−) mice that have low Cr and PCr concentrations in muscle were used to assign the Cr and PCr 

peaks in the Z-spectrum at 11.7 T. A PLOF method was proposed to simultaneously extract and 

quantify the Cr and PCr by assuming a polynomial function for the background and two 

Lorentzian functions for the CEST peaks at 1.95 ppm and 2.5 ppm.

Results: The Z-spectra of phantoms revealed that PCr has two CEST peaks (2 ppm and 2.5 

ppm), while Cr only showed one peak at 2 ppm. Comparison of the Z-spectra of WT and GAMT−/

− mice indicated that, contrary to brain, there was no visible protein guanidinium peak in the 

skeletal muscle Z-spectrum, which allowed us to extract clean PCr and Cr CEST signals. High-

resolution PCr and Cr concentration maps of mouse skeletal muscle were obtained by the PLOF 

CEST method after calibration with in vivo MRS.

Conclusions: he PLOF method provides an efficient way to map Cr and PCr concentrations 

simultaneously in the skeletal muscle at high MRI field.
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Introduction

Creatine (Cr) and phosphocreatine (PCr) are two primary components of the creatine kinase 

reaction, arguably the primary energy reserve reaction in muscle (1,2), whereby Cr is 

phosphorylated to PCr to form a mobilizable reserve of high-energy phosphates (3). 

Therefore, quantification of the concentrations and tissue distribution of Cr and PCr are 

important for understanding cellular chemistry and assessing pathologic alterations. The 

conventional techniques to quantify tissue concentrations of Cr and PCr are 1H and 31P 

magnetic resonance spectroscopy (MRS). 1H MRS enables the measurement of total Cr 

(tCr), which is composed of Cr and PCr (4,5). In contrast, 31P MRS is only capable of 

detecting PCr since Cr does not contain phosphorus (6,7). Despite the success of this 

technique, MRS quantification is limited by a relatively low signal-to-noise ratio and spatial 

resolution. In addition, MRS techniques have difficulty in detecting PCr and Cr 

simultaneously.

The development of the chemical exchange saturation transfer (CEST) method (813) 

provides an opportunity to detect low concentrations of PCr and Cr in tissues (14,15). One 

method of Cr CEST uses magnetization transfer ratio asymmetry (MTRasym) analysis, i.e., 

subtracting the labeling and control images acquired at the two symmetric offsets with 

respect to water resonance (14–16). This approach is similar to many other CEST 

applications, such as APT-CEST (17), GlycoCEST (18), GluCEST(19), and gagCEST (20). 

However, tissue contains many types of exchangeable protons on both sides of the Z-

spectrum, such as the amine protons from proteins and glutamate at 2.5 ppm (19,21–23), the 

hydroxyl groups from proteins and Myo-inositol around 1 ppm (2426), the relayed nuclear 

Overhauser effect (rNOE) CEST signals from choline at −1.6 ppm (27) and from the 

aliphatic protons in proteins and lipids between −2 and −4 ppm (20,24,28,29), making 

asymmetry analysis vulnerable to contaminations from lipids, proteins, semisolid 

macromolecules and other metabolites.

Another way of estimating the tissue Cr CEST is by acquiring a full Z-spectrum using a 

continuous wave (CW) RF irradiation with low saturation power and fitting it by assuming a 

Lorentzian line-shape for the resonances of each exchanging proton pool, including water, 

amide, guanidinium, and the rNOE peaks (30). This method, however, is still not able to 

cleanly distinguish the Cr signal from the other CEST signals, such as the amine and 

aromatic protons at 2 ppm (31). In addition to the CW-CEST, a pulsed-CEST method 

dubbed chemical exchange rotation transfer (CERT) (32,33) has been developed to 

selectively detect slow to intermediate exchanging protons. CERT has the potential to 

selectively map Cr and PCr signals with minor contaminations from proteins (34), which 

also contain some guanidinium protons resonating at 2 ppm. Recently, a Cr CEST study 

carried out on guanidinoacetate methyltransferase deficient (GAMT−/−) mouse brain 

showed that the tCr signal contributes only part of the guanidinium peak at 1.95 ppm (35), a 

finding consistent with an ex vivo study using homogenous rat brain tissue (36). Based on 

these findings, we developed a polynomial and Lorentzian line-shape fitting (PLOF) method 

to extract and quantify the tCr signal in the brain (35). This new method is assumed to 

remove most contaminations to the tCr CEST signal except for a small portion of signal 

from the protein guanidinium protons.
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In the current study, we extend the PLOF method to map the PCr and Cr concentrations 

simultaneously in mouse skeletal muscle. Although the CEST signals at 2 ppm and 2.5 ppm 

have been shown to be related to Cr and PCr, the accurate quantification of Cr and PCr still 

faces several challenges. Firstly, the concentrations of PCr, Cr and mobile proteins in 

skeletal muscle are quite different from those in the brain. In previous studies, the lack of an 

efficient way to extract the PCr and Cr signals from the skeletal muscle Z-spectrum was 

primarily due to the uncertainty of the amount of the Cr and PCr contributions in the Z-

spectrum. In this study, we used GAMT−/− mice to verify the contribution of the Cr and PCr 

signal to the muscle CEST Z-spectrum. Secondly, the acquisition parameters to maximize 

CEST contrast of Cr and PCr in skeletal muscle are significantly different from those for 

phantom studies due to the abundance of semisolid macromolecular tissue components. In 

this study, we optimized the saturation power to obtain the maximum CEST contrast of Cr 

and PCr in skeletal muscle at 11.7 T. Thirdly, the PLOF method is a recently proposed 

CEST quantification method that has been validated for obtaining high-resolution Cr maps 

in mouse brain. However, the initial PLOF method used for brain is not suitable for the two-

peak case in this muscle study, where CEST signal at 2.5 ppm contains the contribution from 

PCr, while CEST signal at 2 ppm contains the contributions from both Cr and PCr. Here we 

propose an improved PLOF method to resolve this problem and yield both high-resolution 

Cr and PCr concentration maps.

Methods

MRI Experiments

All MRI experiments were performed on a horizontal bore 11.7 T Bruker Biospec system 

(Bruker, Ettlingen, Germany). For the animal studies, a 72 mm quadrature volume resonator 

was used as a transmitter and a four-element (2×2) phased array coil was used as a receiver. 

A 23 mm volume transceiver coil was used for the phantom studies. Six saturation powers 

(0.3 μT, 0.6 μT, 0.8 μT, 1 μT, 1.5 μT and 2 μT) were used for the optimization of the PCr/Cr 

CEST signals. According to previous studies, the steady-state condition, at which the CEST 

signal will not increase with longer saturation length, was determined by the values at each 

saturation power (35,39,40). Saturation lengths of 4 s for 0.3 – 0.8 μT power, 3 s for 1 – 1.5 

μT power, and 2 s for 2 μT power will reach the steady-state saturation and were applied in 

the current study. The saturation offsets were swept from −7 to 5 ppm with an increment of 

0.2 ppm. Here, −7 ppm was chosen due to the broad peaks from semisolid components with 

a center frequency in the aliphatic range. A 0.05 ppm increment was used between 1.5 ppm 

and 2.8 ppm to facilitate the fitting of the PCr/Cr CEST signals. MR images were acquired 

using a Turbo Spin Echo (TSE) sequence with TE = 3.7 ms, TSE factor = 16, slice thickness 

=1.5 mm, a matrix size of 64×32 and a resolution of 0.25×0.25 mm2. The B0 field over the 

mouse brain was adjusted using field-mapping and second-order shimming. The R1 

relaxation of the mouse brain was measured using variable TR RARE (RAREVTR) (TR = 

5.5, 3.0, 1.5, 0.8, 0.5, 0.3 s). The in vivo MRS experiments were performed on a voxel of 2 × 

2 × 2 mm3 using a stimulated echo acquisition mode (STEAM) sequence (TE = 3 ms, TM = 

10 ms, TR = 2.5 s, NA = 256) following the experimental parameters given previously (35).
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Freshly made phantoms with Cr (5, 10, 20 and 30 mM), PCr (5, 10, 20 and 30 mM), and 

guanidinoacetate (Gua) (30 mM) solutions were used to investigate the power and 

concentration dependence of the CEST contributions of guanidinium proton containing 

compounds in muscle. Notice that phosphorylated guanidinoacetate (PGua) protons 

contribute to the CEST Z-spectrum of the GAMT−/− mouse. However, PGua is not 

commercially available. The above three components (Cr, PCr and Gua) were used to assign 

the in vivo CEST peaks. All phantoms were prepared in phosphate buffered saline (PBS), 

titrated to pH 7.0. The phantoms were maintained at 37°C during the MRI experiments with 

an air heater. A calibration phantom with 20 mM Cr mixed with crosslinked bovine serum 

albumin (BSA) (20% w, pH=7.2) was used for the MRS quantification. The BSA was 

crosslinked using glutaraldehyde following a previously described procedure (41). The T1 

relaxation time of water protons in the cross-linked BSA (T1 = 1.8 s) is close to that of 

mouse muscle (T1 = 1.9 s) at 11.7 T. Although the T2 value (T2 = 46 ms) in the cross-linked 

BSA is higher than that in muscle (T2=26 ms), the impact on the MRS quantification is 

minimized due to the short TE STEAM method applied.

Animal Studies

The institutional animal care and use committee approved this study. Three adult female 

BALB/c mice (14 months) as wild type (WT) mice and three GAMT−/− mice (14 months) 

were used. The tCr of GAMT−/− mouse muscle is significantly reduced compared to the 

WT counterpart (42–46). However, the amount of PGua is still considerable, as confirmed 

by a 31P MRS study (42). All animals were induced using 2% vaporized inhaled isoflurane, 

followed by 1.5% isoflurane during the MRI scan.

Cr and PCr Quantification Using the Two-peak PLOF method

For the in vivo CEST studies, the observed CEST peak is scaled down by a factor of 

Z2compared to the signal from the phantom (35), where Z is the normalized value of the 

steady-state Z-spectrum. This scale-down effect, dubbed the spillover effect, is determined 

by the tissue macromolecule concentrations and the applied saturation parameters (40,47–

50). The PLOF quantification method based on the R1ρ relaxation theory is robust against 

the spillover effect (35). In the current study, a two-peak PLOF method is designed to extract 

and quantify the PCr and Cr CEST signals simultaneously. In the framework of the R1ρ 
relaxation theory, the normalized saturation signal Zss(i.e., the water saturation signal S 
normalized by the signal without saturation, S0) at steadystate for each offset is given by 

(39,40,47):

Zss =
cos2θR1

R1ρ
(1)

where R1 is the longitudinal relaxation rate of water and θ = tan−1 ω1/Δ is the tilt angle of 

the effective magnetization with respect to the z-axis induced by the radio frequency (RF) 

saturation with a nutation frequency of ω1 and an offset of Δ. R1ρ is the water relaxation rate 

under RF saturation, which contains the contributions from the effective water relaxation 
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accounting for the direct saturation effect in the Z-spectra and an apparent relaxation term 

due to all the saturation transfer processes in the tissue (40).

R1ρ = Re f f + Rback + Rpeak1 + Rpeak2 (2)

where Reff = cos2θR1 + sin2θR2 is the longitudinal relaxation rate of water in the rotating 

frame without additional solutes.Rback is the background pool that includes the water direct 

saturation (DS), the magnetization transfer contrast (MTC), the aromatic protons and the 

other metabolites. Rpeak1 and Rpeak2 are the introduced rotational frame relaxation rates of 

the two targeted CEST peaks. In the current study, these are the peaks at 1.95 ppm (Cr+PCr) 

and 2.5 ppm (PCr), respectively. The Z-spectrum can be fitted using Eqs.1&2 by assuming 

Rpeak1 and Rpeak2 as two Lorentzian functions and the Rback as a third-order polynomial 

function (51):

Rpeak1 = Rpeak1
max (wpeak1/2)2

(wpeak1/2)2 + (Δ − Δpeak1)2 (3)

Rpeak2 = Rpeak2
max (wpeak2/2)2

(wpeak2/2)2 + (Δ − Δpeak2)2 (4)

Rback = D0 + D1(Δ − 2) + D2(Δ − 2)2 + D3(Δ − 2)3 (5)

where wpeak1 and wpeak2 are the peak full-width-at-half-maximum of the Lorentzian line-

shape. Rpeak1
max  and Rpeak2

max  refer to the true apparent relaxation rate. Chemical shift offsets are 

represented by Δpeak1 and Δpeak2. The terms D0 to D3 are the zero to thirdorder polynomial 

coefficients.

A two-step fitting strategy was applied to fit the Z-spectrum. The first step fits the 

background of the steady-state Z-spectrum Zback
ss  without the two CEST peaks, i.e., Rpeak1 = 

Rpeak2 = 0 . Under the steady-state situation, the Z-spectrum Zback
ss  is Rback correlated to with 

Eq.1 and is given by:

Zback
ss =

cos2θR1
Re f f + Rback

(6)
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Combining Eqs. 5 and 6, the Zback
ss  can be fitted by varying the polynomial coefficients D0 − 

D3. The second step fits the targeted peaks with the fixed background Zback
ss , i.e., Rback. The 

fitting of Zss was accomplished by varying the parameters wpeak1/wpeak2, Δpeak1/Δpeak2, and 

Rpeak1
max /Rpeak2

max  according to

Zss =
cos2θR1

Re f f + Rback + Rpeak1 + Rpeak2
(7)

For the PCr and Cr mapping, the initial chemical shift offsets were set to 1.95 ppm and 2.5 

ppm. The Z-spectrum between 1.3 and 3.4 ppm was utilized for the two-step fitting, and 

three regions of the Z-spectrum, i.e., 1.3–1.7 ppm, 2.25–2.35 ppm and 2.83–3.4 ppm, were 

selected for the background fitting. PCr is the main contributor to the CEST peak at 2.5 

ppm, while the peak at 1.95 ppm contains both Cr and PCr. Therefore, the PCr signal rate 

(RPCr
max) is given by the CEST peak at 2.5 ppm (R2.5

max), i.e., RPCr
max = R2.5

max, while the Cr signal 

(RCr
max) needs to be obtained by subtracting the PCr contribution from the 1.95 ppm CEST 

signal (R1.95
max) using

RCr
max = R1.95

max − FPCr ⋅ R2.5
max (8)

where Fpcr refers to the CEST signal ratio between the two peaks of the PCr CEST signal 

(FPCr = RpCr, 1.95
max /RpCr, 2.5

max ) and can be obtained from the Z-spectrum of the PCr phantom. 

The RCr
max and RPCr

max can be correlated to the Cr and PCr concentrations [Cr] and [PCr] 

obtained from MRS through the following relationship:

Rcr
max = rCr ⋅ [Cr] (9)

RPcr
max = rPCr ⋅ [PCr] (10)

where rcr and rPCr are the apparent relaxivities (expressed in s−1mM−1) of Cr and PCr, 

respectively, which are analogous to the relaxivity terms used for contrast agent studies. The 

normalized mean square error (NMSE) was utilized to objectively evaluate the goodness of 

the PLOF fit between estimated and measured data, of which the definition is given below:

NMSE = 1 −
Sre f − S f it

2

Sre f − mean(Sre f )
2 (11)
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where ‖ ‖ indicates the 2-norm of a vector, Sref refers to the observed CEST signals and Sfit 

stands for the fitting result obtained by PLOF method. NMSE varies between minus infinity 

(bad fit) to 1 (perfect fit).

The Cr and PCr concentrations from the in vivo 1H MRS spectra were estimated using the 

LCModel method (52,53). The tCr concentration was obtained from the ratio (g) between 

the area under a best fit tCr spectrum in the LCModel on muscle and on the calibration 

phantom (20 mM Cr in cross-linked BSA) as g 20 mM . Possible contributions of the Cr 

signals that are invisible in MRS due to binding effects with the cross-linked BSA were 

neglected in the current study. Taurine (Tau) is a high concentration metabolite in muscle 

that shows strong and broad CEST signal around 2 ppm. Hence, the concentrations of Tau in 

both WT and GAMT−/− mice were also determined by MRS using the ratio between Tau 

and the tCr in the calibration phantom as obtained by the LCModel. Due to the overlap of 

the Cr and PCr signals in the proton spectrum, the concentration ratio between them is hard 

to determine by high-resolution in vivo 1H MRS. In the literature, an approximate ratio of 1: 

3 has been reported for the Cr/PCr ratio in skeletal muscle (Cr 7.5 mM: PCr 22.5 mM) 

(54,55). This ratio was used for quantifying the Cr and PCr concentrations in this study.

The observed CEST signals at 2.5 ppm (ΔZ2.5) and 1.95 ppm (ΔZ1.95) were calculated by 

ΔZ2.5 = Zback
ss − Z2.5

ss , ΔZ1.95 = Zback
ss − Z1.95

ss . The observed amide proton peak (ΔZ3.6) was 

estimated by fitting the Z values at 3.1–3.2 ppm and 4.2–4.8 ppm using a first order linear 

function. Then, the ΔZ3.6 was calculated by taking the difference between the fitted 

background (Zback
ss ) and the observed Z value at the 3.6 ppm, i.e., (Zback

ss − Z3.6
ss ).

Results

MRS of the Skeletal Muscle

Typical in vivo 1H MRS of the skeletal muscle of WT and GAMT−/− mice are shown in Fig. 

1. High-resolution T2 weighted images by the RARE sequence are included for anatomical 

guidance. From the spectra it can be seen that the tCr signals of the GAMT−/− skeletal 

muscle at 3 ppm and 3.9 ppm are significantly reduced compared to those of the WT mouse 

(p<0.001). The tCr concentrations estimated by the LCModel method were 38.8±2.8 mM 

and 1.2±0.8 mM for the WT and GAMT−/− mice (n=3), respectively. A weak and broad 

peak from PGua can be seen at 3.78 ppm (42). The Tau concentrations were identical for the 

WT (58.3 ± 1.6 mM) and the GAMT−/− (58.3 ± 1.6 mM) mice.

Z-spectra of the Phantoms and the Skeletal Muscle

The Z-spectra of the 30 mM Cr, PCr, and Gua phantoms at pH = 7.0 recorded with 1 μT 

saturation power are shown in Fig. 2A. There is one strong peak around 2.0 ppm present in 

the Cr CEST Z-spectrum, while two peaks around 2.0 ppm and 2.5 ppm are observed in the 

PCr CEST Z-spectrum. The PCr CEST signal around 2.5 ppm is about 3.0 ± 0.2 % of the 

water magnetization, which is much stronger than the signal at 2 ppm (about 1.8 ± 0.2 % of 

water magnetization). Using MTRasym analysis, the contribution ratio FPCr between the two 

peaks of the PCr CEST was determined to be 0.55± 0.02 (1.8± 0.2% : 3.0± 0.1%). The Cr 

CEST signal around 2 ppm (about 11.7 ± 0.5 % of water proton magnetization) is far 
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stronger than its PCr counterpart. For the CEST Z-spectrum of Gua, a strong CEST signal 

(12.5 ± 0.5%) can be also found at 2 ppm. The concentration dependencies of Rcr
max (2.5 

ppm) and RPcr
max (2.5 ppm) were also determined from the Cr and PCr CEST effects in 

phantoms using Eq.1 and the determined R1. For these concentration studies in vitro (Fig. 

2B), both Cr and PCr Rcr
max are linearly dependent on the concentration up to about 30 mM.

Fig. 2C shows the comparison between the Z-spectra of the GAMT −/− and WT mice with a 

saturation power of 1 μT. To eliminate the mismatch of the Z-spectra due to the B1 variation 

across the experiments, the Z-spectra were aligned on the intensity scale using the Z-spectral 

intensity at 5 ppm (35). The MTC background change induced by B1 inhomogeneity is 

about 2% of the water signal, which is comparable to the CEST contrasts of Cr and PCr. 

Hence, the intensity alignment was carried out to give a better comparison. The saturation 

offset was aligned using the signals around 0 ppm. Notable differences were observed for 

the Z-spectra of the GAMT −/− and WT mice between 1 – 3 ppm. The Z-spectrum of the 

WT mice showed two clear peaks around 1.95 ppm and 2.5 ppm, while there was only one 

sharp peak around 2.2 ppm in the Z-spectrum of the GAMT−/− mice. This confirms the 

observation by previous MRS studies on GAMT−/− mice that the concentration of Gua is 

negligible in the WT mouse muscle while a high concentration of PGua is present in GAMT

−/− (42). The full Z-spectra of the GAMT−/− and WT mice with different saturation powers 

are shown in Figs. 2D&E, respectively. It can be seen from these that there are strong 

aliphatic peaks at the right side from 0 to −5 ppm with an approximate maximum peak 

around −3.6 ppm. The complicated line-shape of this composite aliphatic peak may degrade 

the accuracy of the PCr and Cr quantification if one were to use the asymmetry analysis 

method, such as indicated in Fig. 2F.

CEST Signal Extraction and Optimization

The fitting using the PLOF method is demonstrated in Figs. 3A&B. The PLOF method fits 

the background and extracts the R2.5 and R1.95 curves. To determine the optimal saturation 

power for the in vivo Cr and PCr CW-CEST experiments, the CEST signals at 3.6 ppm 

(ΔZ3.6), 2.5 ppm (ΔZ2.5), and 1.95 ppm (ΔZ1.95) were measured as a function of saturation 

power (Fig. 3C). The strongest ΔZ3.6 was observed at 0.6 μT with a maximum value around 

1.2 ± 0.3 % that dropped quickly with higher saturation power. At 1 μT, the ΔZ3.6 decreased 

to 0.8 ± 0.16 % for muscle, which is much smaller than the ΔZ3.6 of mouse brain (1.55 

± 0.05 %) at the same saturation power (35). The maximum ΔZ2.5 and ΔZ1.95 were observed 

at about 1 μT. Similar to the tCr CEST study on mouse brain (35), the observed CEST 

signals at 2.5 and 1.95 ppm quickly decreased with the increase in saturation power due to 

the spill-over from MTC and the other CEST signals. According to the theory of R1ρ, the 

extracted R1.95
max and R2.5

max are immune to the spillover effect. As indicated in Fig. 3D, the 

extracted R1.95
max values showed an increase with respect to saturation power, while the PCr 

signal R2.5
max increased first and then plateaued after 1 μT due to its much smaller exchange 

rate (i.e. fully labeled with saturation powers higher than 1 μT).
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PCr and Cr Concentration Maps

The extracted R1.95
max and R2.5

max maps of skeletal muscle at a saturation power of 1 μT are 

shown in Figs. 4B&C, respectively. The rCr and rPCr were determined to be 2.85 ± 0.05 ∙ 

10−3 s−1mM−1 and 0.75 ± 0.05 ∙ s−1mM−1 at a saturation power of 1 μT, respectively. The 

concentration maps of Cr and PCr obtained using Eqs. 8&9 are shown in Figs. 4D&E, 

respectively. The goodness of the PLOF fitting for each pixel is illustrated by the NMSE 

map shown in Fig. 4F. The mean value and standard deviation of the NMSE map are 0.9922 

and 0.0034, respectively. The averaged Cr and PCr concentrations of the mouse calf muscle 

were determined to be 11.3 ± 1.4 mM and 30.8 ± 2.8 mM, respectively, which are slightly 

higher than previously reported values (Cr 7.5 mM : PCr 22.5 mM) from spectroscopy 

(54,55). Due to the relatively low resolution of the PCr and Cr maps, the maps are not 

following any pattern of muscle anatomy. Also, the edges of the PCr and Cr maps (transition 

from muscle to air) show strong concentration gradients due to the partial volume effect.

Discussion

The current study demonstrates the use of a two-peak PLOF method to yield PCr and Cr 

concentration maps. The Z-spectra in Fig. 2 and the analysis of the results in Fig. 3 indicate 

that a mobile protein guanidium peak is undetectable and the amide peak is small with a 

maximum amplitude of around 1.2% of water magnetization in skeletal muscle. This is quite 

different from the previous brain studies, where amide and guanidinium peaks are 

commonly observed due to the abundance of mobile proteins in brain tissue. The 

disappearance of the protein guanidinium peak and the reduction of the amide peaks from 

the proteins are favorable to the extraction of clean Cr and PCr CEST signal. The skeletal 

muscle Z-spectrum between 0 to −3.6 ppm was still dominated by the relayed nuclear 

Overhauser enhancement (rNOE) signal arising from the aliphatic protons of glycogen, 

proteins and lipids.

The extraction of Cr and PCr CEST signal provides an opportunity to optimize the 

acquisition scheme for in vivo Cr and PCr CEST applications at 11.7T. This study together 

with the previous mouse brain study (35) demonstrates that the observed CEST signals of 

PCr and Cr in tissues are different from those in phantoms. After reaching a maximum value 

at 1 μT, the observed muscle PCr and Cr CEST signals quickly decreased with an increase in 

saturation power, as shown in Fig. 3. However, for the phantom studies, the PCr and Cr 

CEST signals increased when the saturation power rose above 1 μT (38). This phenomenon 

can be explained by the spillover effect induced by the background signals from direct 

saturation (DS) and semi-solid magnetization transfer contrast (MTC) effects as indicated in 

the previous study (35):

ΔZobs = Zback
ss 2(1 − Zclean) (12)

where (1 - Zclean) is the clean CEST signal without MTC and DS, and ΔZobs is the observed 

PCr or Cr CEST signal. For the Cr/PCr CEST signals, the saturation efficiency is 

proportional to the saturation power initially, and then levels off slowly until reaching 
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maximum saturation (see Fig. 3D). However, the MTC increases stronger with saturation 

powers, leading to an increase in Zback
ss . As a result, the observed CEST signal will drop 

quickly at higher saturation powers, as predicted in Eq. 12. A similar power dependence of 

CEST signal has also been observed for other slow-exchanging protons, such as rNOE 

CEST (41).

The signal-to-noise ratio of the PCr and Cr CEST (SNRCEST) can be estimated by the CEST 

signal (ΔZCr/Pcr) and the standard deviation of the residual fitting signal from the PLOF 

method (StdPLOF) using SNRCEST= ΔZCr/Pcr/StdPLOF. The residual fitting signal was 

extracted from the region between 2.9 ppm and 3.5 ppm by subtracting the fitted Zss and the 

experimental Z-spectrum. The SNRCEST values were found to be 38.5 and 19.5 for Cr and 

PCr for a voxel volume of 8 mm3 (slice thickness 1.5 mm and ROI area 5.3 mm2), 

respectively. As a comparison, the SNR values for the Cr and PCr peak measured by MRS 

with same voxel volume (2×2×2 mm3) and a same experimental time as CEST experiments 

(5 minutes) were 2.6 ± 0.5 and 8 ± 0.5, respectively. Therefore, the SNR gain using CEST is 

about 14.8 times higher than the MRS method for Cr, while PCr is about 2.4 times higher. 

The CEST SNR can be further improved by either applying a more stable image acquisition 

module or optimizing the CEST labeling scheme.

The proposed PLOF method is ready to be transferred directly to 7T MRI scanners. 

However, we expect some challenges when applying PLOF to simultaneously obtain PCr 

and Cr maps on 3T scanners. Due to the fast exchange rate of guanidinium protons in Cr, the 

CEST signal at 2 ppm is broad and starting to coalesce with the water peak. The detection of 

PCr at 3T systems is possible due to its relatively slow guanidinium proton exchange rate 

(120±50 Hz) and larger offset difference with water. The saturation power therefore needs to 

be reduced at 3T and, in consideration of the water direct saturation, a saturation power 

between 0.5 μT and 0.7 μT and a duration between 800 ms and 1 s is estimated to be suitable 

for PCr CEST experiments on a 3T scanner. We attribute the lack of a PCr signal in previous 

CEST studies (15) at 3T to the strong saturation power applied. With strong saturation 

power, the CEST peaks of PCr and Cr merge with each other and the background MTC, DS 

and glycogen signals and appear to be one broad CEST signal. Due to the faster exchange 

rate of guanidinium proton in Cr, the CEST contrast of Cr is much stronger compared to that 

of PCr at the same concentration. Therefore, though both PCr and Cr contribute to MTRasym 

signal at 2 ppm, the signal change during leg exercise is dominated by the Cr.

Conclusions

In this study, skeletal muscle PCr and Cr CEST signal concentrations were determined by 

comparing Z-spectra recorded on WT and GAMT−/− mice. The CEST peak at 1.95 ppm 

contains contributions from both Cr and PCr, while the CEST peak at 2.5 ppm is primarily 

the result of PCr. The CEST signal originating from protein guanidinium protons is not 

detectable in skeletal muscle, which is favorable for the extraction of clean PCr and Cr 

CEST signals. PCr and Cr maps of skeletal muscle could be obtained simultaneously using 

the proposed PLOF method
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Figure 1. 
In vivo 1H NMR spectra of the skeletal muscle of (A) a WT mouse and (B) a GAMT−/− 

mouse. The corresponding T2 weighted images (RARE sequence, in-plane resolution 170 × 

170 μm2, slice thickness 1.5 mm) are also shown. The rectangles indicated on the T2 

weighted images were selected as volumes of interest (VOIs) for the spectra. The 

assignment of the MRS peaks is also indicated.
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Figure 2. 
(A) The Z-spectra of 30 mM PCr (blue), Cr (red) and Gua (green) solutions recorded using 

CW-CEST with 1 μT saturation power and 3 s length. (B) The concentration dependence of 

the Cr and PCr CEST signal Rguan
max  at 2 and 2.5 ppm, respectively. The values were obtained 

from peak intensities of the Cr/PCr resonances in the Z-spectra and the measured R1 values 

(Eq. 1). The dashed lines (y = 1.3×10–3⋅x and y = 3.8×10–4⋅x) are drawn for visual 

guidance of the linearity of the concentration dependence. (C) The aligned averaged Z-

spectra of GAMT −/− (n=3) and WT mice (n=3) collected with a saturation power of 1 μT (3 

s length). The assignment of the CEST peaks is indicated. Typical full Z-spectra recorded on 

the calf muscle of the GAMT−/− mice (D) and the WT mice (E) using CW-CEST with the 

saturation powers and lengths of 0.3 μT (4 s), 0.6 μT (4 s), 1 μT (3 s), 1.5 μT (3 s), and 2 μT 

(2 s). (F) Comparisons of the left (1 to 5 ppm, blue lines) and right (−1 to −5 ppm, red lines) 

sides of Z-spectra recorded on the WT mice with saturation powers of 0.6 μT, 1 μT and 1.5 

μT. The right sides of the Zspectra (−1 to −5 ppm) were flipped to the positive side of Z-

spectra for clarity.
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Figure 3. 
(A) Typical R2.5 and R1.95 curves extracted using the two-peak PLOF method. (B) The 

corresponding fitting results (Zback and Z) of one Z-spectrum collected on a WT mouse (R2 

=0.9974) with 1 μT saturation power. The frequency range between 1.3 and 3.4 ppm was 

utilized for the fitting and three sections, i.e. 1.3–1.7 ppm, 2.25–2.35 ppm and 2.83–3.4 

ppm, were selected for the background fitting. (C) The observed CEST signals (ΔZ) at 3.6 

ppm, 2.5 ppm and 1.95 ppm as a function of saturation power. (D) The extracted R2.5
max and 

R1.95
max as a function of saturation power.
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Figure 4. 
(A) T2 weighted image of the mouse hind leg used for anatomical guidance. The extracted 

maps of (B) R1.95
max and (C) R2.5

max determined by the PLOF method using the Z-spectrum 

recorded with a saturation power of 1 μT. (D) The Cr and (E) PCr concentration maps 

calculated using Eqs. 9 and 10, respectively. (F) The NMSE map calculated using Eq. 11 for 

evaluating the PLOF fitting.
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