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Abstract
Purpose—To develop a chemical exchange saturation transfer (CEST) based technique to
measure free creatine (Cr) and to validate the technique by measuring the distribution of Cr in
muscle with high spatial resolution before and after exercise.

Methods—Phantom studies were performed to determine contributions from other creatine
kinase metabolites to the CEST effect from Cr (CrCEST). CEST, T2, magnetization transfer ratio
(MTR) and 31P magnetic resonance spectroscopy (MRS) acquisitions of the lower leg were
performed before and after plantar flexion exercise on a 7T whole-body MR scanner on healthy
volunteers.

Results—Phantom studies demonstrated that while Cr exhibited significant CEST effect there
were no appreciable contributions from other metabolites. In healthy human subjects, following
mild plantar flexion exercise, increases in CrCEST were observed, which recovered exponentially
back to baseline. This technique exhibited good spatial resolution and was able to differentiate
differences in muscle utilization among subjects. CrCEST results were compared with 31P MRS
results showing good agreement in the Cr and PCr recovery kinetics.

Conclusion—Demonstrated a CEST based technique to measure free creatine changes in in vivo
muscle. CrCEST imaging can spatially map changes in creatine concentration in muscle following
mild exercise. This may serve as a tool for the diagnosis and treatment of various disorders
affecting muscle.
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INTRODUCTION
The creatine kinase (CK) reaction plays a vital role in the muscle energetics(1).

[1]

Adenosine triphosphate (ATP), derived from the conversion of phosphocreatine (PCr) to
creatine (Cr) by the CK reaction, provides an essential chemical energy source that governs
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muscle contraction (2,3). While ATP represents the fundamental energy currency, PCr
serves as the reservoir of cellular energy. During exercise, PCr is depleted to maintain the
ATP supply leading to an increase Cr concentration.

Magnetic Resonance (MR) techniques have been used extensively for noninvasive
functional investigations of exercising muscle metabolism and are becoming increasingly
more important for studying muscular diseases(4). 31P Magnetic Resonance Spectroscopy
(MRS) was the first and is currently the most utilized method to study oxidative metabolism
of skeletal muscle(5–8). Additionally, intracellular pH can also be measured noninvasively
from the chemical shift of the Pi peak(9).

The ability of 31P MRS to measure high-energy phosphate compounds as well as pH
changes has made it a great tool for studying metabolic abnormalities associated with
various myopathies(10–12) as well as cardiac energetics(13,14). 31P MRS has also provided
key information about secondary problems of muscle metabolism associated with common
conditions such as heart failure(15,16), peripheral vascular disease(17), and thyroid
disease(18).

1H MRS can only measure total creatine and cannot differentiate between PCr and Cr and
thus has little application towards measuring energy metabolism (19,20). While there have
been a limited amount of 1H MRI studies utilizing T2 relaxation rates to study muscle
energetics, the mechanism of the T2 increases in muscle exercise is still poorly
understood(21–23).

Although these MR methods have been critical to our understanding of muscle energetics,
they also suffer from several drawbacks. 31P MRS, like all spectroscopy techniques, suffers
from poor spatial resolution as well as low sensitivity. Furthermore, neither 1H MRS nor 31P
MRS can measure free Cr.

Chemical exchange saturation transfer (CEST) is new sensitivity enhancement mechanism
to indirectly detect metabolite content based on exchange-related properties (24,25). In a
CEST experiment, saturated magnetization from exchangeable protons on a pool of solute
molecules is transferred to a much larger pool of bulk water protons. This reduction in water
signal results in a solute concentration dependent contrast in CEST water images(26–28).
CEST has been used to image endogenous mobile proteins and peptidesin biological tissue
by selectively saturating their labile protons (29–31).

More recently, it has been shown that Cr exhibits a concentration dependent CEST effect
between its amine (-NH2) and bulk water protons (32–34). Cr amine protons have an
exchange site at ~1.8 ppm from water and the CEST effect from creatine is linearly
proportional to the Cr concentration in the physiological pH range(34).

In this work, for the first time, we demonstrated the potential of measuring the CEST effect
from Cr (CrCEST) in spatial and temporal mapping of muscle energetics. Phantom studies
were performed to demonstrate minimal contributions from other creatine kinase reaction
metabolites to the observed CrCEST under the same saturation parameters used in the
skeletal muscle experiments in vivo. We also demonstrated that CrCEST has over three
orders of magnitude higher sensitivity compared to 31P MRS. Changes in CrCEST in calf
muscles of healthy human volunteers were mapped following plantar flexion exercises.
Additionally, we measured changes in magnetization transfer ratio (MTR) and T2 following
exercise. Finally, we showed complementary recovery kinetics of CrCEST and 31P MRS
under the same exercise conditions.
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MATERIALS AND METHODS
MRI Scans

All imaging experiments were performed on a 7T whole body scanner (Siemens Medical
Systems, Erlangen, Germany). A 32 Channel 1H head coil was used for phantom imaging
while a 28 channel 1H knee coil was utilized for Calf imaging. Localized B0 shimming was
performed with second order shims using the Siemens product interactive shim program to
keep reported water line widths to less than 45Hz (0.15 ppm). 31P MRS was performed with
a custom built 7 cm diameter 31P transmit/receive surface coil. An MR compatible
pneumatically controlled foot pedal was designed and used for plantar flexion exercise
(figure 1a). The pressure applied to the pedal was controlled with a pneumatic gauge and
held constant across all subjects. In CEST imaging experiments, we utilized a 500 ms long
saturation pulse train consisting of a series of 99.6 ms Hanning windowed saturation pulses
(with peak amplitude set to provide desired B1rms) with a 400 μs interpulse delay (99.6%
duty cycle, 100 ms pulse train), followed by a single shot RF spoiled gradient echo (GRE)
readout with centric phase encoding order. The excitation bandwidth of this saturation pulse
train was 10 Hz for a 500 ms saturation duration with a 1% bandwidth of 40 Hz. A chemical
shift selective fat saturation pulse was applied prior to image readout to reduce the signal
from fat in the muscle. CEST images of the lower leg at varying saturation amplitude and
duration were acquired on a healthy volunteer in order to empirically optimize muscle CEST
saturation parameters within the constraints of imaging of humans at 7T. Water saturation
shift reference (WASSR) images and B1 maps were collected, as described previously
(35,36), for all CEST studies before and after exercise to correct for B0 and B1
inhomogeneities. WASSR images were collected from −0.5 ppm to 0.5 ppm with a step size
of 0.05 ppm and saturation pulse train amplitude, B1rms of 12.4 Hz (0.3 μT) and 200 ms
duration using the same sequence as used for CEST imaging and identical readout
parameters. Cr amine protons have a chemical shift of 1.8 ppm downfield from water and
thus CEST images were collected in a frequency shift range with respect to the water
resonance of +1.5 ppm to +2.1 ppm and −1.5ppm to −2.1 ppm with a 0.3 ppm step size to
calculate CrCESTasym and allow for adequate B0 inhomogeneity correction.

Phantom Imaging
All phantoms were prepared in PBS and imaged at 37°C. Samples of 10 mM Cr, 15 mM
PCr, 10 mM ATP, and 10 mM ADP were prepared to observe any potential contributions
the Cr CEST effect. The imaging parameters were as follows: slice thickness = 4 mm, flip
angle = 10°, TR = 7.1 ms, TE = 3.5 ms, field of view = 100 × 100 mm2, matrix size = 192 ×
192, with one saturation pulse every 8 seconds. CEST images were collected with a B1rms of
123 Hz (2.9 μT) and 500 ms duration.

Human Studies
All Studies were conducted under an approved Institutional Review Board protocol of the
University of Pennsylvania. Written informed consent from each volunteer was obtained
after explaining the study protocol. CEST, T2/MTR and 31P MRS acquisitions of the calf
were performed in separate exercise bouts at 7T on healthy volunteers (n=8, 5 male, 3
female, ages 19–30) with various activity levels (sedentary to active). Additionally, 1H MRS
was performed on one healthy subject.

For each methodology, baseline imaging was performed for 2 minutes, followed by 2
minutes of mild plantar flexion exercise and then 8 minutes of post exercise imaging. Calf
CEST imaging was performed with the same CEST saturation pulse train described for the
phantoms and the following imaging parameters: slice thickness = 4 mm, flip angle = 10°,
TR = 6.1 ms, TE = 2.9 ms, field of view = 130 × 130 mm2, matrix size = 128 × 128. To
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compute MTR maps, the same sequence with a saturation duration of 1 second (B1rms= 2.9
μT) was performed at 20 ppm along with a sequence without selective saturation. To obtain
T2 maps, a T2 spin-echo prepared FLASH sequence was used with the parameters
mentioned above at echo times of 2.4, 12.5, 25, 37.5, and 50 ms. Additionally, a z-spectra
acquisition was performed on the lower leg of one healthy subject at baseline from −4.0 ppm
to 4.0 ppm with a step size of 0.2 ppm, a B1rms of 123 Hz (2.9 μT) and a 500 ms
duration. 1H MRS spectra were obtained from a region in the lateral gastrocnemius muscle
using a standard point resolved spectroscopy (PRESS)(37) localization technique with the
following parameters: voxel size = 10 × 20 ×10 mm3, spectral width = 3 kHz, number of
points = 2048, average = 16, TE = 20 ms, and TR = 3 s. Finally, non-localized 31P MRS was
performed with a 7-cm diameter surface coil positioned on the calf and the following
parameters: spectral width = 5 kHz, number of points = 512, averages = 4, and TR = 3 s. In
order to determine the depth of penetration of the 31P surface coil, a 2 M sodium phosphate
phantom was imaged using a 31P ultra-short echo time (UTE) sequence with the following
parameters: FOV =140 × 140 mm2, matrix size = 64 × 64, flip angle = 20°, TR = 50 ms, TE
= 100 μs, averages = 4.

Data Processing
All image processing and data analysis was performed using in-house written MATLAB
(version 7.5, R 2007b) scripts. B0 maps were used to generate corrected CEST images (±1.8
p.p.m.) using the WASSR method(35). Similarly, B1 maps were created from two images
obtained using preparation square pulses with flip angles of 30° and 60°. A B1 calibration
curve for muscle was developed from calf CEST data at varying saturation amplitudes and
used in conjunction with B1 maps to correct for B1 inhomogeneities(36). CEST contrast was
computed by subtracting the normalized magnetization signal at the Cr proton frequency
(Δω = +1.8 ppm), from the magnetization at the corresponding reference frequency
symmetrically at the opposite side of the water resonance (−Δω)(38)

[2]

Anatomical images were manually segmented and applied to CrCESTasym maps in order to
determine the CrCESTasym changes in each individual muscle group before and after
exercise. Similarly, MTR maps were computed by

[3]

Where M0 is the magnetization without saturation and MSat is the magnetization with a
saturation pulse applied at Δω = 20 ppm. T2 maps were created by fitting images acquired
with various echo times to S=Soe−TE/T2 and solving for T2 on a pixel-wise basis. Eddy
current corrected 1H MRS and 31P MRS Spectra were phased and baseline corrected and
then fitted using nonlinear squares methods with Lorentzian or Gaussian functions.

RESULTS
In vivo CEST parameter optimization

Our experimental setup is shown in figure 1a. The anatomical image of an axial slice of the
lower leg with various muscle groups segmented is shown in figure 1b. The CESTasym map
overlaid on the anatomical image showed fairly uniform CrCESTasym at baseline (Fig. 1c–
1e). The z-spectra and CEST asymmetry plot from the soleus muscle at baseline was broad
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and showed maximum CEST contrast at ~ 1.8 ppm (Fig. 1f,g). Figure 1i shows a plot of the
CESTasym as well as the signal-to-noise ratio (SNR) of the anatomical image following
saturation as a function of saturation pulse B1rms for a 500 ms pulse train. Increasing B1rms
leads to an increase in labile proton saturation efficiency that increases the CESTasym.
However, when the saturation efficiency is already high, increases in B1rms result in
increased direct water saturation, which decreases the CESTasym. Increases in B1rms also
decrease the SNR of images. Thus, in order to maximize CESTasym and SNR, a saturation
pulse train with B1rms of 123 Hz (2.9 μT) and 500 ms duration was chosen for this study.
We define the CEST effect at Δω = 1.8 ppm using those saturation parameters as CrCEST.

Potential contributions from other creatine kinase metabolites
All the major metabolites of the creatine kinase reaction have amine group protons which
exchange with water protons. With these in vivo empirically optimized experimental
parameters, a 4.1% (±0.2%) CrCESTasym was observed from 10mM Cr, while negligible
CrCEST effects were observed from 15 mM PCr (0.3±0.1%), 10 mM ATP(0.2±0.1%), and
10 mM ADP(0.3±0.1%) (fig 1h). This is predominantly due to their unfavorable exchange
rates and differences in the chemical shifts of their amine protons. At physiological pH and
temperature, ATP and ADP, have much slower exchange rates (120±50 s−1) than Cr
(950±100 s−1)(34). Similarly, PCr has a much slower exchange rate (140±50 s−1 at its 2.5
ppm peak and 120±50 s−1 for its 1.8 ppm peak) and thus has minor effects at 1.8 ppm with
the parameters used(34).

In vivo human studies
Plantar flexion exercise led to an increase in the CrCESTasym in all subjects. Figure 2a
shows CrCESTasym maps for the same subject before and after mild plantar flexion exercise
with a temporal resolution of 48 seconds. The time dependence of the mean CrCESTasym for
each segmented muscle group (fig 1b) is plotted in figure 2b along with error bars
representing the standard deviation in CrCESTasym in each region. The principle muscles
involved in plantar flexion are located in the posterior compartment of the leg and include
the soleus muscle as well as the medial (MG) and lateral (LG) heads of the gastrocnemius
muscles. Thus, plantar flexion exercise is expected to increase creatine levels primarily in
the soleus and gastrocnemius muscles of the leg. This is exhibited in CrCESTasym maps,
which show that the majority of CrCESTasym increases were localized in the posterior
compartment of the leg. Whereas the CEST maps showed fairly uniform CrCESTasym at
baseline, the first post-exercise map showed a 6.7%(±1.0%) and 7.2%(±0.8%) increase in
CrCESTasym in the medial and lateral gastrocnemius muscles, respectively, following
exercise. A 2.6%(±0.9%) increase was observed in the soleus, the other major muscle of the
posterior compartment. The tibialis anterior (AT) is predominantly involved in dorsiflexion
and as a result, less than a 1% increase in CrCESTasym was observed. The CrCESTasym in
all the muscles was seen to recover exponentially back to baseline after roughly three time
points or about 2 minutes. Both T2 and MTR maps did not show any significant differences
(ΔT2< 0.5 ms, ΔMTR < 1.0%) [data not shown].

Figure 3 shows CrCEST results from a different subject. Unlike the first subject, these
CEST maps show that the majority of CrCESTasym increase is localized in the soleus muscle
and the muscle is well segmented in the first post-exercise CEST Map. A 5.2% (±1.1%)
increase in CrCESTasym was observed in the soleus muscle compared to 1.4% (±0.5%) and
1.6% (±0.5%) detected in the medial and lateral gastrocnemius muscles respectively. Similar
to subject 1, the CrCESTasym in all the muscles recovered exponentially back to baseline in
about 2 minutes (fig 3b). In all volunteers, no significant changes were observed in the T2
(ΔT2< 0.5 ms) and MT (ΔMTR < 1.0%) maps following exercise [data not shown]. This
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demonstrates that this method can detect subject dependent changes in muscle group
recruitment during exercise.

A free induction decay (fid) was used for 31P MRS acquisition in the current study, and thus
the signal was unlocalized. The 31P MRS surface coil excitation profile measured using
phantoms is shown in figure 4a overlaid on an anatomical image of the lower leg. The
majority of the 31P MRS signal comes from the gastrocnemius muscle with minor
contributions from the soleus muscles. 31P MRS spectra were acquired 2 minutes before and
8 minutes after exercise with a temporal resolution was 12 seconds per fid spectrum. A
stacked plot of every alternate spectra acquired is shown for subject 1 in figure 4b. A
decrease in the PCr peak area following exercise is evident, which recovers back to the pre-
exercise levels in about 2 minutes. The size and area of the three ATP peaks stayed constant
before and after this exercise. The Pi peak increased after exercise and then quickly decayed
back to baseline. No shift or splitting of the Pi peak was observed indicating that there were
negligible pH changes. Finally, when the PCr area was integrated to have an equal temporal
resolution to that of CEST measurements, a very good agreement was observed in the rates
at which the CrCESTasym from the region of interest pictured in fig 4a and the 31P MRS
signal recovered to baseline (fig 4c).

Time dependent 1H MRS provides insight into changes in total creatine(tCr), which is the
combined signal from Cr and PCr. Figure 5a shows the spectroscopy voxel location overlaid
on the anatomical image. Figure 5b shows the 1H MR Spectrum as a function of time before
and after exercise with a temporal resolution of 48 seconds equal to that of the CEST
measurements. As seen in figure 5c, the plot of the integrated tCr peak as a function of time
shows no changes before or after exercise. This is due to the fact that the concentrations of
Cr and PCr are tightly coupled in the creatine kinase reaction. Thus, a decrease in PCr will
lead to an equivalent increase in Cr and thus the total Cr peak observed in 1H MRS will
remain constant.

Figure 6 shows a summary of data from all 8 volunteers. The 31P MRS PCr peak integral as
a function of time is shown in figure 6a. The mean CrCESTasym in the region of interest
corresponding to the 31P MRS surface coil excitation profile [see figure 4a] is plotted as a
function of time for each subject in figure 6b. There was some subject variability in regards
to the level and involvement of each muscle group. However, the two figures show good
agreement in the rate and shape at which they recover back to baseline following exercise
for each subject. To compare the CESTasym and 31P MRS results, the % decrease in 31P
MRS signal from baseline at the first integrated measurement following exercise was used to
determine the decrease in PCr based on a 33 mM PCr baseline concentration(8). As the total
Cr remains constant, the decrease in PCr concentration should equate to an equivalent
increase in Cr concentration. Thus we can compare the average change in the CESTasym in
the region of interest to the calculated change in Cr concentration across all subjects (fig 6c).
This produces a slope of 0.84 % CrCESTasym/mM Cr with an R2 value 0.75.

DISCUSSION
The results of this work provide the first evidence that the CEST effect from Cr can be used
to noninvasively measure creatine with high spatial resolution in muscle following exercise.

The CrCESTasym observed from Cr in phantom experiments was lower than what we
observed in in vivo experiments. This is due to our definition of CESTasym which uses the
Msat(−Δω) for normalization as it has a higher dynamic range. As the T2 of Cr phantoms is
long (~800 ms), there is very little direct water saturation and as a result Msat(−Δω) is very
close to M0, the magnetization without selective saturation. When M0 is used to normalize
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in vivo images, the CESTasym in muscle decreases by a factor of ~2. This would yield a
CESTasym of 0.42% CESTasym/mM Cr, which would be in good agreement with phantom
results.

Enhanced sensitivity is one of the inherent characteristics of the CEST methods. Based on
the 0.42% CEST/mM Cr and muscle water proton concentration (82.5M), 1 mM Cr signal
leads to 346 mM change in water. Considering that the receptivity of 31P NMR compared to
that of 1H NMR is 0.066, we expect an increase in sensitivity of ~ 5240 with CEST. Thus
compared to 31P NMR, CrCEST has about 3 orders of magnitude higher sensitivity.

Prolonged strenuous exercise can lead to glycogen breakdown to provide substrates for
glycolysis which through the combined production of lactate and ATP hydrolysis lowers pH
(39,40). This decrease in pH will decrease the exchange rate between Cr amine protons and
water protons which will lead to a lower CEST contrast. As the performed exercise was mild
and aerobic, most of the energy was obtained from the oxidative TCA cycle and lactate
levels and pH remained the same(41). This was validated with 31P MRS, which showed no
shifts in the Pi peak. Finally, a decrease in pH, had it occurred, would lead to a decrease in
CrCESTasym, and thus would underestimate the increase in Cr post exercise. Furthermore, in
previous work, glycogen has been shown in vitro and in liver in vivo to exhibit a CEST
effect around 1.0 ppm from exchange of its hydroxyl (-OH) protons with bulk water(42).
However, as no pH changes were observed in 31P MRS, we assume that there is no glycogen
contribution to the observed CrCEST changes in the mild exercise employed in this study.
Hence, glycogen is not expected to contribute to the observed changes in CrCESTasym
following plantar flexion exercise employed in this study.

Changes in pH provide both an opportunity and a confounding effect for CrCEST. It is well
known that the Cr concentration returns to baseline faster than the pH(43,44). During
strenuous exercise when the pH becomes acidic (<7), the CrCESTasym will decrease below
baseline when the Cr concentration has recovered and then slowly increase back to the
baseline CrCESTasym as the pH normalizes. This decrease below the baseline CrCESTasym
may provide information about pH changes in the muscle. Further studies will be needed to
characterize the effects of pH on the CrCEST effect of exercised muscle.

Magnetization transfer, which is caused by the bound pool of water from rigid
macromolecules, also may have an effect on the CEST contrast. However, as we did not
observe any changes on the calculated MTR maps before and after exercise, we do not
expect any MTR contamination of the measured increase in CrCESTasym following exercise
in this study.

Phantom experiments showed that ATP, ADP, and PCr do not contribute to the CrCEST
effect at 1.8 ppm under the saturation parameters used in this study. 31P MRS also showed
no change in ATP following exercise. Since ADP concentration is too small (< 1mM) to be
reliably measured, its contribution to CrCEST is negligible. Finally, there is a decrease in
PCr concentration following exercise which would have decreased the observed
CrCESTasym had PCr exhibited an observable CEST effect at 1.8 ppm under these
parameters. Also, any changes in pH, had they occurred would reduce the already slow
exchange rates of PCr, ATP and ADP amine protons, and further reduce their contribution to
the CrCEST effect. Amide protons, which are present in the calf muscle and have been used
with CEST imaging, have a chemical shift of 3.5 ppm and slow exchange rate (< 50 s−1)
(30,45). However, a z-spectra from muscle acquired with the saturation parameters used in
this study showed less than a 1 % CESTasym at Δω = 3.5 ppm (Fig. 1g). As a minimal CEST
effect is seen at 3.5 ppm with these parameters, amide protons contributions to the CrCEST
effect at 1.8 ppm are expected to be small. Since there was no change in pH, T2, or MTR
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and the CEST effects from other creatine kinase reaction metabolites were negligible, it can
be concluded that the observed changes in CrCESTasym following plantar flexion exercise
presented in this study are predominantly due to changes in muscle Cr concentration.

It is also necessary to point out several potential limitations of the study. Since, a dual
tuned 31P/1H 7T coil was not available, it was not possible to obtain a localized 31P
spectrum of the exact slice acquired with CEST imaging or localize it to a specific muscle.
Thus, the majority of the phosphorus 31P MRS signal originated from the gastrocnemius
muscles from a large area of the calf. As a result, comparisons made between CrCESTasym
and 31P MRS are estimates as the spectral data is obtained from a larger volume of the leg.
Nonetheless, there was good agreement in the rates and shape at which the CrCESTasym
and 31P MRS signal recovered to baseline across all subjects. Subjects with smaller
increases in CrCESTasym post exercise similarly had smaller decreases in their PCr peak.
Furthermore, in subjects where CrCESTasym changes were localized mainly in the soleus
muscles with smaller changes observed in the gastrocnemius muscles, smaller decreases
were observed in the 31P MRS measured PCr peak levels post exercise.

Also, CEST, T2, MTR and 31P MRS data were not collected concurrently and as a result
there may have been differences in muscle changes between exercise bouts. However, since
subjects were healthy volunteers and exercise was mild, these variations are expected to be
small. Finally, the temporal resolution used for CrCEST mapping in this work is too long to
adequately characterize creatine kinase kinetics for clinical application. However, the
feasibility of measuring Cr concentration changes is demonstrated. There is potential for
improving the temporal resolution by decreasing the shot TR and resolution. Work by many
groups is also being conducted on methods to reduce CEST scan times while maintaining
adequate B0 correction. These advances will allow this technique to be clinically applicable.

In summary, it is feasible to use CEST imaging to measure changes in Cr concentration in
muscle following plantar flexion exercise. The observed increases in CrCESTasym following
exercise were due mainly to increases in Cr concentration in this study. CrCEST exhibited a
sensitivity enhancement of over 3 orders of magnitude compared to 31P MRS. Further,
CrCESTasym maps showed good spatial resolution and were able to differentiate varying
muscle usage in different subjects. There was good agreement between the recovery kinetics
of 31P MRS and CrCESTasym following exercise. While the experiments demonstrated in
this work were performed at 7T, the favorable exchange rate of Cr amine protons would
allow for these studies to be performed at 3T as well. This may require further work to
optimize saturation parameters.

Future studies using this approach may provide new insights into muscle energetics and can
serve as a tool for the diagnosis and treatment of muscle disorders. In addition, this
technique has the potential to provide key information about primary disorders of muscle
metabolism as well as the secondary complications of muscle metabolism associated with
common conditions such as heart failure, renal failure, and peripheral vascular disease. In
addition to studies of skeletal muscle, CrCEST may also have applications in studies of
cardiac energetics as well as functional studies of the brain.
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Figure 1.
CrCEST Mapping and B1 Optimization. (a) In magnet exercise setup consisting of an MR
compatible pneumatically driven pedal and a 28 channel knee coil for imaging of the lower
leg. (b) Anatomical image with the major muscles [lateral gastrocnemius (LG), medial
gastrocnemius (MG), soleus, and anterior tibialis (AT)] of the lower leg manually
segmented. (c) CrCESTasym map at 7T, (d) local static magnetic field (B0), and (e)
radiofrequency field (B1) maps of the lower leg. (f,g) The z-spectra and corresponding
asymmetry plots for the soleus muscle at baseline. (h) Phantom containing of nmr tubes with
solutions of 10 mM Cr, 15 mM PCr, 10 mM ATP, and 10 mM ADP immersed in a beaker
containing PBS. CrCEST images were acquired around 1.8 ppm with a saturation pulse train
with B1rms = 123 Hz (2.9 μT) and a 500 ms duration. (i) Plot of the CESTasym as well as the
signal-to-noise ratio (SNR) of the anatomical image following saturation as a function of
saturation pulse B1rms for a 500 ms pulse train used to empirically optimize CEST saturation
parameters.
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Figure 2.
Plantar flexion exercise data for subject 1. (a) CrCESTasym maps of a human calf muscle
before and every 48 seconds after (in order by number) 2 minutes of plantar flexion
exercise. Color bar represents CrCESTasym in percent. (b) Plot of the average CrCESTasym
as function of time in 4 different muscles of the calf segmented from anatomical images.
Error bars represent the standard deviation in the CrCESTasym in each region.
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Figure 3.
Plantar flexion exercise data for subject 2 showing variability in muscle activation between
subjects. (a) CrCESTasym maps before and every 48 seconds after (in order by number) 2
minutes of plantar flexion exercise. Color bar represents CrCESTasym in percent. (b) Plot of
the average CrCESTasym as function of time in 4 different muscles of the calf segmented
from anatomical images. Error bars represent the standard deviation in the CrCESTasym in
each region.
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Figure 4.
31P MRS data of the healthy human calf muscle before and after exercise. (a) Excitation
profile of the 31P surface coil (red) overlaid on an anatomical image of the lower leg with
corresponding segmented CrCEST region of interest outlined in yellow. (b) Stacked plot of
every alternate 31P MRS spectra acquired 2 minutes before and 8 minutes after exercise. (c)
Comparison between the CrCESTasym and 31P MRS signal as a function of time at an equal
temporal resolution of 48 seconds.
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Figure 5.
1H MRS data of the healthy human calf muscle before and after exercise. (a) Spectroscopy
voxel location overlaid on the anatomical image. (b) 1H MRS spectra 2 minutes before and
8 minutes after exercise with a temporal resolution of 48s. (c) No changes in the plot of tCr
peak area as a function of time were observed.
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Figure 6.
CrCESTasym and 31P MRS data across subjects. (a) 31P MRS PCr peak integral as a function
of time before and after exercise for all subjects with a 48 second temporal resolution. (b)
The average CrCESTasym as a function of time for each subject in a region of interest
selected to correlate to the depth of penetration of the 31P MRS surface coil. (c) Comparison
of changes in CrCESTasym Cr concentration following exercise. The % decrease in 31P MRS
signal from baseline at the first integrated measurement following exercise was used to
determine the decrease in PCr based on a 33 mM PCr baseline concentration8. As the total
Cr remains constant, the decrease in PCr concentration was equated to an equivalent
increase in Cr concentration.
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