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Creatine is an important metabolite involved in muscle contraction. Administration of exogenous cre-
atine (Cr) or phosphocreatine (PCr) has been used for improving exercise performance and protecting
the heart during surgery including during valve replacements, coronary artery bypass grafting and repair
of congenital heart defects. In this work we investigate whether it is possible to use chemical exchange
saturation transfer (CEST) MRI to monitor uptake and clearance of exogenous creatine and phosphocre-
atine following supplementation. We were furthermore interested in determining the limiting conditions
for distinguishing between creatine (1.9 ppm) and phosphocreatine (2.6 ppm) signals at ultra-high fields
(21 T) and determine their concentrations could be reliably obtained using Bloch equation fits of the
experimental CEST spectra. We have tested these items by performing CEST MRI of hind limb muscle
and kidneys at 11.7 T and 21.1 T both before and after intravenous administration of PCr. We observed
up to 4% increase in contrast in the kidneys at 2.6 ppm which peaked ~30 min after administration
and a relative ratio of 1.3 in PCr:Cr signal. Overall, these results demonstrate the feasibility of indepen-
dent monitoring of PCr and Cr concentration changes using CEST MRI.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

Creatine (Cr) is an important metabolite found mostly in muscle
and involved in muscle contraction. Since the discovery of phos-
phocreatine (PCr) and of the creatine kinase (CK) reaction in
1927 and 1934 respectively, research efforts have focused on its
involvement in energy metabolism [1]. In fast twitch skeletal mus-
cles, PCr stores phosphate for regeneration of adenosine triphos-
phate (ATP) from adenosine diphosphate (ADP) during high
intensity, short duration activity and is converted to creatine (Cr)
during this reaction. Because of this, Cr is regularly taken by ath-
letes around the country as a nutritional supplement for perfor-
mance enhancement, indeed it has been reported that all the
National Football League teams have between 33 and 90% of their
players using Cr supplementation [2–4]. Besides this, some
researchers have observed that PCr supplementation can be pro-
tective following heart surgery including for surgical valve replace-
ments, coronary artery bypass grafting and repair of congenital
heart defects [5,6]. One of the challenges of supplementation is
that there are large differences in dosage and duration between
supplementation protocols, while methods which can assess Cr
and PCr content in various organs of interest which would be help-
ful to evaluate the benefits are lacking.

Molecular imaging enables a detailed understanding of biologi-
cal function through detection of the distribution of important
compounds in biological pathways [7], and can be accomplished
using strategies which detect unaltered, natural compounds and
their metabolites. MRI and MRSI are uniquely valuable tools within
the field of molecular imaging for visualizing the spatial distribu-
tion of metabolites in soft tissue. Cr, PCr and creatinine (Crn) are
the three compounds found in creatine metabolism, and possess
several nuclei detectable via NMR (Fig. 1). While 1H, 31P and 13C
based MRSI have all been used for monitoring their presence in tis-
sue [8–14], unfortunately MRSI presents disadvantages for wide-
spread application. In the case of 31P MRSI the image resolution
has limitations based on sensitivity, only PCr can be measured
and 31P MRSI requires specialized hardware and software. For 1H
MRSI, only total creatine is quantified instead of the three individ-
ual compounds due to limited spectral resolution. Based on this
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Fig. 1. Important molecules involved in creatine metabolism including CEST detectable protons (blue) and MRS detectable protons (red). Creatine has 3 equivalent labile
protons, phosphocreatine has 1 equivalent labile proton (1 nonequivalent) and creatinine has 2 equivalent labile protons. (Lower panel) representative axial MRI of calf
muscle and kidneys, two locations for detecting these metabolites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

2 K. Pavuluri et al. / Journal of Magnetic Resonance 313 (2020) 106703
there is a need for new noninvasive methods to quantify creatine
metabolism in tissue.

Chemical exchange saturation transfer (CEST) contrast repre-
sents an attractive method for amplified detection of important
compounds in biological pathways using the MRI saturation signa-
tures of exchangeable protons [15–22]. Indeed, a number of mole-
cules have been reported as elegant examples of diamagnetic CEST
(diaCEST) agents including urea [23,24], glucose [25,26], glutamate
[27,28], Cr [29–31], glycosaminoglycans [32,33], barbituric acid
[34,35], triiodobenzenes [36–39], thymidine analogues [40] salicy-
lates [41], anthranillates [42], imidazoles [43] and free base por-
phyrins [44]. In addition, several peptides and proteins have been
optimized as CEST reporter genes including lysine rich protein
and protamine [45–48]. Herein, we show that it is possible to
specifically follow the uptake and clearance of Cr and PCr sepa-
rately via CEST MRI and demonstrate these concentrations can be
modeled using multiple pool Bloch equations.

2. Methods

Phantom Preparation and CEST Experiments: All samples were
dissolved in 0.01 M phosphate-buffered saline (PBS) at 25 mM con-
centrations and titrated to the pH values 6.2, 6.5, 6.8 and 7.1 using
high concentration HCl/NaOH. The solutions were placed into
5 mm NMR tubes and assembled in a holder for CEST MR imaging.
The samples were kept at 37 �C during imaging. 11.7 T phantom
data were acquired on a Bruker vertical MR scanner (Bruker
Avance, Ettlingen, Germany) using a 25 mm transmit/receive coil
and the RARE sequence (RARE Factor = 32). CW saturation pulse
length = 3 sec, saturation field strength (B1) = 1.0 lT to 6 lT. The
CEST Z-spectra were acquired by incrementing the saturation fre-
quency every 0.12 ppm from �5.5 to 5.5 ppm. WASSR images were
also acquired using a 3 sec CW saturation pulse with B1 = 0.5 lT,
saturation frequency incremented from �1.5 ppm to 1.5 ppm.
21.1 T phantom CEST experiments were performed on 25mM solu-
tions in 0.01 M PBS as well. These CEST images were recorded on a
21.1 T vertical MR scanner [49] equipped with a Bruker Avance III
console (Bruker Corp. Ettlingen, Germany). A home-built 35 mm
transmit/receive coil was used for all experiments. CEST images
were acquired using a RARE (RARE Factor = 12; effective
TE = 3.58 ms) sequence with CW saturation pulse length of 3 s
and B1 from 1.0 lT to 6 lT. The CEST Z-spectra were acquired for
85 offsets between �5 and +5 ppm and one M0 offset. Other
parameters were kept same between 11.7 T and 21.1 T and were:
TR = 6 s, effective TE = 4.5 ms, matrix size = 64 � 64 and slice thick-
ness of 1.5 mm.

Animal Imaging: All animal experiments were performed under
protocols approved by the Johns Hopkins University Animal Care
and Use Committee and the Florida State University Animal Care
and Use Committee. C57Bl/6 mice weighing 30–35 gr were used
for all experiments. The 11.7 T Bruker Biospec at John Hopkins
and the 21.1 T scanner at the National High Magnetic Field labora-
tory (NHMFL) were used to collect the images in this study through
Paravision 6.0.1. On the 11.7 T scanner, a 70 mm transmit coil and
an 8 channel mouse body phase array coil were used for collecting
MRI data. On the 21.1 T scanner, the 35 mm transmit/receive vol-
ume coil was used for collecting MRI data. After confirming accu-
rate placement of the mice in the coil, shimming was performed
using a localized voxel placed over the left and right kidneys. The
RARE sequence was used for all images. In vivo B0 inhomogeneity
maps were generated from the WASSR experiment performed
before the injection for each mouse. WASSR Z-spectra for ROI’s
drawn over both the kidneys were extracted and interpolated in
Matlab using cubic spline interpolation. The water shift was mea-
sured pixel by pixel as described previously [50,51] to obtain the
DB0 maps over the kidney. For muscle and kidney CEST images col-
lected without administering PCr, a 3 sec CW saturation pulse was
used and CEST images were acquired with saturation B1 = 1, 1.5, 2,
and 2.5 lT. Z-spectra were collected at 81 saturation frequencies
between �5 and +5 ppm and one additional at +40 ppm for deter-
mining M0. Other experimental parameters include: TR = 10 sec,
effective TE = 27.9 ms, matrix = 48 � 32, slice thickness = 1.5 m
m. For the PCr administered experiments at 21.1 T, a micro cannula
was inserted in the lateral tail vein of the mouse and secured for



Fig. 2. 1H NMR spectra for Cr, PCr, Crn. Conditions: pH ~ 6.5, 10%/90% D2O/H2O at
T = 20 �C.

Table 1
Chemical shifts of labile protons for the compounds in this study.

Compound Chemical shift (ppm) Chemical shift (ppm)

Creatine NH2: 1.9 ppm NH: 1.9 ppm
Phosphocreatine NH: 1.86 ppm NH: 2.6 pm
Creatinine NH2: 2.5 ppm
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insertion into the magnet in order to inject 150 ll of 325 mM PCr
at neutral pH during the MRI experiments. Prior to start of the CEST
experiment, shimming was performed and a 1-mm thick axial slice
was placed to bisect the center of the major calyces on both kid-
neys. CEST images were collected at 9 frequencies in this study
(1.6, 1.8, 1.9, 2.1, 2.2, 2.4, 2.6, 2.7, 2.9 ppm) repetitively (each fre-
quency was collected 85 times for a total of 9*85 = 765 images).
Each offset was acquired in one-shot using repetition time
(TR) = 8 s. The saturation preparation consisted of 15 pulses with
block shape (bp) that were 200 ms long resulting in a 3 s saturation
pulse train at B1 = 2.5 lT. CEST images acquired using this over-
sampling approach allows for correction of motion artifacts during
the 1 h 40 min scan through data temporal averaging (smoothing)
as described previously [52]. The injection of PCr occurred at 8 min
following start of the acquisition to allow robust acquisition of pre-
injection images.

Data Processing: In vitro and in vivo CEST MRI data were pro-
cessed using custom written Matlab code. In vitro mean Z-
spectra and MTRasym were calculated by drawing an ROI over each
phantom tube. QUESP and Bloch simulations were used to fit the
data and extracting the exchange rates at each pH value as
described previously [53]. In vivomuscle mean Z-spectra were pro-
duced and the baseline Z-spectrum without the PCr and Cr CEST
peaks was calculated using spline interpolation and subtracted
from the mean Z-spectra to calculate the difference (contrast)
spectra for n = 3 mice on the 11.7 T scanner and n = 3 mice on
the 21.1 T scanner. For calculating this difference spectra, one addi-
tional half width of the CEST peak from the lowest point on either
side of these peaks was used to define the range of the peak. The
mean Z-spectrum over an ROI covering the muscle was fit using
4 pool Bloch simulations (PCr, Cr, MT, water pools) to simulate
the MT effect for calculating the water T1 and T2 values with
parameters listed in Table 2, with errors estimated through Monte
Carlo error estimation using 1000 iterations. Using these values,
the muscle contrast spectra were fit to determine the in vivo PCr
and Cr concentrations without administration of PCr. The in vivo
kidney data for ROIs which exclude the collecting systemwere pro-
cessed in a similar manner. For analyzing the 21.1 T Z-spectra
without administering PCr, the mean Z-spectra were extracted
and difference spectra calculated. The difference spectra were cal-
culated in a similar manner as muscle, by allowing a half width
space on each side of the CEST peaks and fitting these difference
spectra using 4 pool Bloch simulations to calculate the Cr and
PCr concentrations in kidney (Table 2). For the 21.1 T dynamic
CEST contrast results, the mean Z-spectra of both pre and post con-
trast were extracted. The mean pre-injection z-spectra were sub-
tracted from all post-injection images. For this dynamic data set,
the ‘smooth’ function in Matlab was used to apply a moving time
average to remove the motion induced fluctuations in the dynamic
CEST contrast data as described previously [52]. The smoothening
factor used in the averaging process was ~10 neighboring images,
with this choice based on the size of the data and the range of fluc-
tuations. After smoothening ~2–3 images were averaged to gener-
ate the CEST contrast maps. Maximum contrast maps were
generated by calculating the pixel-by-pixel ST (1-Mz/M0) on two
ROIs, one over each kidney, overlaid on the corresponding T2W
image. CEST dynamic contrast build up curve at two offsets corre-
spond to Cr and PCr was obtained on the 21.1 T scanner by taking
the average of the CEST build up curves for n = 6 mice.
3. Results

We were interested first in comparing how 1H NMR and 1H
CEST would perform for detecting these metabolites. As is seen
in Fig. 2, Table 1, there are some difficulties discriminating the
three metabolites, as the 1H NMR spectra for all three consists of
two peaks with the CH3 resonating at �1.75 ppm from H2O for
all three. As is shown, there are small differences for the CH2 which
for Cr is �0.87 ppm while PCr resonates at �0.85 ppm and Crn a
little removed at �0.74 ppm. Because of this, for MRS studies total
creatine is quantified instead [13]. This contrasts with the CEST Z-
spectra of Cr, PCr and Crn (Fig. 3A and B) which displays peaks at
1.9 ppm, 2.6 ppm and 2.5 ppm respectively. Although Crn is not
so well separated, this is a very low concentration species, as ~2%
of total Cr in muscle is converted to Crn per day [1] and as a result
Crn is not expected to contribute to signal in tissue. There are also
peak intensity differences observed. Cr possesses 3 labile protons
per molecule, PCr possesses 2 NH and CrN possesses 2 NH and
there are also exchange rate (kex) differences for these labile pro-
tons which impact this sensitvity. As is shown in Fig. 3A and B,
at 11.7 T the most sensitive compound is Cr using moderate satu-
ration pulses (B1 = 1.5 lT) as is expected based on the factor of 1.5
larger labile proton content. We performed QUESP experiments to
measure these rates (Fig. 3C and D) which revealed the fastest
exchanging protons were found on Crn, followed by Cr and PCr
with the kex’s being pH dependent. Also as is shown in PBS in
Fig. 3C, increasing the B1 from 1 to 4 lT results in larger signal
enhancements for PCr and Cr. Unfortunately, use of stronger satu-
ration pulses results in overlap of the 1.9 ppm and 2.6 ppm peaks
for these two metabolites. We performed a second round of phan-
tom experiments with the phantom consisting of tubes with 5 dif-
ferent concentrations, 50, 25, 20, 10, 5 mM of Cr and PCr. The
resulting difference spectra were fit to determine the concentra-
tions as described in the methods section with the results shown
in Fig. 3E and F. We observed a linear correlation between the spec-
tral fit determined concentration and measured concentrations
with rmsd < 1 mM for both Cr and PCr indicating the suitability



Fig. 3. In vitro phantom results. (A) CEST Z-spectra and (B) MTRasym of Cr, PCr and Crn using B1 = 1.5 lT; (C) QUESP plots of Cr, PCr and Crn at pH 7.1 obtained with B1 = 1, 1.5,
2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5 and 6 lT respectively; (D) Exchange rate vs pH of Cr, PCr and Crnmeasured using Bloch simulation fitting the QUESP dataset; (E) Correlation between
spectral fit concentration and measured concentrations for [Cr] = 50, 25, 20, 10, 5 mM; (F) Correlation between spectral fit concentration and measured concentrations for
[PCr] = 50, 25, 20, 10, 5 mM; Conditions: 20 mM Cr, PCr, and Crn phantoms, T = 37 �C and pH values 6.2, 6.5, 6.8 and 7.1 were used for CEST experiments.
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of our fitting methods over this range in concentrations. In order to
determine what saturation conditions are ideal for sensitively
detecting Cr and PCr and minimizing overlap, we performed a ser-
ies of Bloch simulations (Fig. 4A). As is shown, minimal overlap can
be achieved at 11.7 T using 1.5 lT saturation pulse trains, repre-
senting a good balance of sensitivity and resolution. This results
in an enhancement in detection of ~200 for Cr and ~165 for PCr
at neutral pH as calculated previously [54]. Based on the same sim-
ulations, at 21.1 T we can achieve larger enhancements of ~350 and
200 for Cr, PCr while retaining good spectral resolution by using
2.5 lT saturation pulse trains as can be observed from the Z-
spectra and asymmetry spectra at 21.1 T shown in Fig. 4B,C and
as quantified in Fig. 4A which indicates a 0.5% increase in PCr con-
trast due to the 1.9 ppm Cr peak. Based on our results which show
that CEST detection of Cr and PCr results in enhanced resolution
over 1H NMR and also enhanced detection, we moved to in vivo
studies.
Next, we moved to determining whether we could quantify the
amount of these compounds in tissue using CEST imaging in
healthy C57Bl/6 mice. Based on in vivo monitoring of [4-13C] cre-
atine injected mice, muscle possesses ~22.5 mM PCr and
~7.5 mM Cr, fairly large concentrations of these metabolites which
should render these detectable by CEST imaging [12]. Fig. 5 shows
CEST MRI Z-spectra acquired on calf muscle at both 11.7 T (Fig. 5A)
and 21.1 T (Fig. 5C), revealing two separate peaks for Cr and PCr at
both field strengths. In order to quantify the concentrations, we fit
the baseline around these two peaks to a 3rd order polynomial and
subtracted this from the Z-spectra similar to the three point anal-
ysis performed by Tao and colleagues [55]. Fig. 5(B and D) displays
the resulting processed experimental data with Cr displaying a
stronger signal than PCr at both 11.7 and 21.1 T despite the 3 fold
lower concentration in tissue from previous studies[12]. As is also
seen, at 21.1 T there was enhanced resolution of the two peaks as
expected. Based on fitting this data to numerical solutions to four



Fig. 4. Bloch simulations of Cr, PCr contrast and in vitro CEST experiments on phantoms at 21.1 T. (A) Bloch simulations of increase in PCr contrast due to presence of the
1.9 ppm Cr peak at different B0 and B1 fields. Diamonds are shown at the critical values of B1 = 1.5 lT and 2.5 lT to indicate that the PCr CEST contrast at 2.6 ppm is increased
by 4.2%, 0.6% and 0.2% by overlap with 1.9 ppm Cr peak for B1 = 1.5 lT and to 6.7%, 1.5% and 0.5% for B1 = 2.5 lT on 3, 11.7 and 21 T MRI scanners respectively. T1 and T2
relaxations were kept constant for simulations as mentioned in Table 2; (B) 21.1 T CEST Z-spectra and (C) 21.1 T MTRasym spectra of Cr, PCr samples at pH 7.1, T = 37 �C using
2.5 lT RF saturation.
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pool Bloch equations using the kex determined in Fig. 3, we esti-
mated the concentrations of Cr and PCr to be 10.8 mM, 19.5 mM
(11.7 T) and 10.7 mM, 15.8 mM (21.1 T) with all parameters listed
in Table 2 which is in excellent accord with the literature [12]. As is
also seen in Fig. 5, we were able to achieve a good fit (rmsd < 0.002)
of the experimental muscle data at both 11.7 T and 21.1 T. Finally,
we can also produce pixelwise contrast/difference maps at both
PCr and Cr (Fig. 5E and F) frequencies revealing relatively homoge-
neous distribution of both through muscle tissue. If the muscle pH
were to drop from 7.1 to 6.5, an error in concentration would be
observed (Table 2) with measurements ranging from 9.6 to
17 mM for Cr and from 16 to 40 mM for PCr, however based on
the literature we don’t expect muscle pH to go below 7.0 during
exercise [56]. These results show excellent agreement between
prior [4-13C] creatine measurements [12] and CEST MRI, and excel-
lent detection of Cr and PCr prior to supplementation.

Finally, we tested how well we could detect creatine signal in
the kidney and changes in these signals after PCr supplementation
(Fig. 6). As is shown, the kidney also displays pronounced signals at
PCr and Cr resonances, although these are broader than found in
calf muscle (Fig. 6A and B) which may be due to different metabo-
lites such as glutamine, alanine and ammonia contributing to these
resonances [23,57]. Again the fits of these two peaks using the
parameters in Table 2 displayed excellent agreement with the
experiments. We injected 325 mM PCr in saline into the tail vein
of mice and monitored the PCr and Cr signals with time (Fig. 6C
and D) by subtracting the pre-injection images at these offsets to
remove the potential impact of additional metabolites. Peak con-
trast of ~4.6% was achieved earlier for PCr (~30 min) than for Cr
(~3.8% at 40 min) in the medulla as is shown. Based on comparing
with pre-injection and using the parameters in Table 3, this repre-
sents an increase in PCr of ~187 mM and increase of in Cr of
~23 mM.

4. Discussion

In this study, we have tested the field dependence of CEST MRI
detection of PCr and Cr both from Bloch simulations and experi-
ments up to 21.1 T. We have shown that it is possible to obtain
the Cr and PCr concentrations directly from fitting the CEST Z-
spectra using numerical solutions to the Bloch equations at multi-
ple magnetic field strengths. This approach is different from that of
previous studies by Balaban, Reddy, Vandsburger, Xu, Sun, Jin and
colleagues who have been interested in detecting endogenous Cr
and PCr concentrations at lower magnetic field strengths [23,29–
31,58–61]. While monitoring signal intensity or performing lorent-
zian line-shape fitting could also be used to quantify concentration,
as we show use of Bloch simulation fits results in numbers which
are in good accord with literature values in muscle tissue and fur-
thermore has the advantage that these allow testing how the con-
centration measurements are impacted by changes in tissue pH.
Our approach for isolating these peaks is similar to the three point
analysis method used by Jin and colleagues [55], however it
diverges in that we use more frequency points. Muscle pH has been
measured to drop from pH 7.3 to 6.9 in the cases of hemorrhage,
hypoxia, hypothermia and exercise and in the extreme case of limb
ischemia when blood flow was clamped for 2 hrs the muscle pH
dropped to pH 6.55 [56,62]. Indeed, using 4 pool Bloch equation fits
we found that if there was a significant hemorrhage or ischemia in
the imaged region, the PCr concentration measurements would be
substantially altered but Cr measurements would be not so
impacted. Cr concentration measurements are less effected by pH
compared to that of PCr because of the impact changes in kex have
on contrast for kex ~ 500 s�1 compared to when kex ~ 100 s�1 which
also results in larger errors for the fast kex measurements similar to
what we have found previously [53] and is seen in Table 2. Based
on this, our approach should result in a reasonable range of con-
centration errors of < 10% for Cr and < 20% for PCr as long as there
is not prolonged limb ischemia.

We have also investigated use of natural PCr, a nutritional sup-
plement, as a CEST agent and that there is specific enhancement at
both Cr and PCr frequencies after intravenous administration. We
compared post-injection images to those acquired over 8 min
pre-injection to deconvolute the influence of PCr supplementation
from other factors, although it is possible that hydration status due
to injection of fluid may have some impact. The impact of hydra-



Fig. 5. Comparison between 11.7 T and 21.1 T muscle CEST contrast of Cr and PCr. (A) Z-spectrum from an ROI drawn over the muscle of a mouse, CEST data was acquired at
B1 = 1.5 lT on 11.7 T scanner. A polynomial data generated by removing the CEST contrast was fit to separate the CEST contrast of Cr and PCr; (B) The difference spectrum
displayed between 0 and 5 ppm of saturation offsets. This difference spectrum was obtained by subtracting from the experimental Z-spectrum a 3rd order polynomial fit to
the experimental spectrum minus the PCr and Cr peaks to determine the Cr and PCr concentrations in mouse muscle which were 10.8 mM and 19.5 mM respectively; (C) Z-
spectrum from an ROI drawn over the muscle of a mouse with CEST data acquired at B1 = 1.5 lT on 21.1 T scanner; (D) Difference spectrum obtained by subtracting from the
experimental Z-spectrum a 3rd order polynomial fit to the experimental spectrum minus the PCr and Cr peaks. The concentrations of Cr and PCr in muscle were found to be
10.7 and 15.8 mM respectively based on Bloch simulation fittings of the 21.1 T data; (E) 11.7 and 21.1 T CEST contrast maps at Cr and PCr frequencies for a single calf muscle.
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Table 2
Bloch simulation parameters for muscle Cr and PCr concentration calculations on 11.7 and 21.1 T scanners.

Muscle 11.7 T scanner

Parameter Water MT pool (A) Cr pool (B) PCr pool (C)
Dx (ppm) 0 0 1.9 2.6
R1 (s�1) 1/(2 ± 0.7) 1 1 1
R2 (s�1) 1/(0.033 ± 0.001) 1/15 � 10�6 1/(0.5 ± 0.1) 1/(0.5 ± 0.1)
Mol (mM) 110,000 11.7
pH 6.5 14.2 41.5
pH 6.8 9.6 30.7
pH 7.1 10.8 19.5
kex (/sec) – 21
pH 6.5 143 ± 15 55 ± 3
pH 6.8 292 ± 50 78 ± 6
pH 7.1 585 ± 150 158 ± 15

Muscle 21. 1 T scanner

Parameter Water MT pool (A) Cr pool (B) PCr pool (C)
Dx (ppm) 0 0 1.9 2.6
R1 (s�1) 1/(2.33 ± 0.06) 1 1 1
R2 (s�1) 1/(0.015 ± 0.0004) 1/15 � 10�61 1/(0.3 ± 0.1) 1/(0.3 ± 0.1)
Mol (mM) 110,000 11.7
pH 6.5 17.5 37.7
pH 6.8 11 28
pH 7.1 10.7 15.8
kex (/sec) – 21
pH 6.5 143 ± 15 55 ± 3
pH 6.8 292 ± 50 78 ± 6
pH 7.1 585 ± 150 158 ± 15

1 R1, R2 values of MT, Cr, PCr without error estimates are similar to those found in Ref. [15].

Fig. 6. In vivo kidney CEST experiments on 21.1 T scanner on mice. (A) Z-spectrum and 3rd order polynomial prior to PCr injection for an ROI drawn over the cortex of the
kidney which avoided the collecting system. Cr and PCr contrast can be seen clearly at 1.99 and 2.61 ppm respectively; (B) The difference spectrum calculated by subtracting
the experimental Z-spectrum and the polynomial with experimental data (symbols) and fit (solid lines) to obtain the in vivo Cr and PCr concentrations = 6 mM and 22.5 mM
respectively; (C) In vivo kidney dynamic CEST contrast images overlaid on high resolution T2W images at 21.1 T after administering 325 mM PCr. ST = 1-Mz/M0 at 1.9 and
2.6 ppm corresponds to Cr and PCr frequencies; (D) Average CEST contrast of Cr and PCr after administering PCr to healthy mice [n = 6] and acquiring in vivo CEST kidney data
at 21.1 T. Both Cr and PCr uptake peaked between 20 and 40 min.
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Table 3
Bloch simulation parameters for kidney Cr and PCr concentration calculations on 21.T
scanner.

Kidney cortex 21.1 T scanner

Parameter Water MT pool (A) Cr pool (B) PCr pool (C)
Dx (ppm) 0 0 1.9 2.6
R1 (s�1) 1/3.1 1 1 1
R2 (s�1) 1/0.028 1/15 � 10�6 1/0.5 1/0.5
Mol (mM) – 11.7 8.9 47.9
kex (/sec) – 21 143 55
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tion between post-injection and pre-injection is expected to be
minimal based on the volume injected although this wasn’t explic-
itly evaluated. Our methodology of collecting CEST spectra of the
regions of interest and determining concentrations using Bloch
equation fits is applicable to monitor a wide variety of creatine
or phosphocreatine supplementation protocols in use. Based on
our experiments, this CEST imaging based approach presents two
main advantages over MRS: (1) CEST doesn’t require isotopic
enrichment of the supplement for discriminating between Cr and
PCr in the spectra; (2) saturation transfer results in significant
amplification factors (160 and higher) as shown experimentally
at 11.7 T and 21.1 T to improve detection. Other investigators have
reported ~5–500% changes in total creatine tissue concentrations
through supplementation with the amount varying depending on
dosage, frequency and tissue type [63] and we expect that changes
in tissue Cr and PCr concentrations on that order could be spatially
visualized and accurately quantified using our methods without
need for invasive biopsy. As we show, the amplification of the sig-
nal is dependent on the magnetic field used for imaging, with
higher fields allowing larger amplification factors while maintain-
ing Cr and PCr peak resolution. We believe this approach should
allow improvements in creatine supplementation protocols
through direct monitoring of metabolite concentrations and quan-
tification of creatine metabolism in response to muscle usage.
5. Conclusion

In conclusion, we have demonstrated that CEST detection of Cr
and PCr is fairly robust over a wide range of experimental condi-
tions and magnetic field strengths and that Bloch simulations
allow robust quantification of these important compounds in phos-
phate storage. Improvements were seen using ultra high field mag-
nets in terms of contrast (~33%, 20% increase in Cr, PCr contrast
respectively) and in spectral resolution.
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