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Abstract

Phosphorous (31P) magnetization transfer (MT) techniques enable the non-invasive measurement

of metabolic turnover rates of important enzyme catalyzed reactions, such as the creatine kinase

reaction (CK), a major transducing reaction involving adenosine triphosphate and

phosphocreatine. Alteration in the kinetics of the CK reaction rate appears to play a central role in

many disease states.

In this study, we developed and implemented at ultra-high field (7T), a novel three-

dimensional 31P-MT imaging sequence that maps the kinetics of CK in the entire volume of the

lower leg at relatively high resolution (0.52 mL voxel size), and within acquisition times that can

be tolerated by patients (below 60 min). We tested the sequence on five healthy and two clinically

diagnosed type 2-diabetic patients. Overall, we obtained measurements that are in close agreement

with measurements reported previously using spectroscopic methods. Importantly, our spatially

resolved method allowed us to measure local CK reaction rate constants and metabolic fluxes in

individual muscles in healthy subjects. Furthermore, in the case of patients with diabetes, it

allowed us to detect variations of the CK rate of different muscles, which would not have been

possible using unlocalized MRS methods.

The results of this work suggest that 3D-mapping of the CK reaction rates and metabolic fluxes

can be achieved in the skeletal muscle in vivo at relatively high spatial resolution and with

acquisition times well tolerated by patients. The ability to measure bioenergetics simultaneously in

large areas of muscles will bring new insights into possible heterogeneous patterns of muscle

metabolism associated with several diseases and serve as a valuable tool for monitoring the

efficacy of interventions.
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Introduction

Phosphorus Magnetic Resonance Spectroscopy (31P-MRS) has been established as the

standard non-invasive technique for studying bioenergetics in the human skeletal muscle (1).

Besides providing measurement of the concentration of several key metabolites, 31P-MRS

also allows the assessment of metabolic turnover rates in resting muscles by means of

magnetization transfer (MT) methods (2). Tissues with high energy demand (such as the

skeletal muscle, heart or brain), buffer against adenosine triphosphate (ATP) depletion via a

reservoir of energy in the form of phosphocreatine (PCr), which is utilized by the creatine

kinase (CK) enzyme reaction to recycle adenosine diphosphate (ADP) rapidly back to ATP

(3). Alteration in the kinetics of the CK reaction rate appear to play a central role in many

disease states, including ischemic heart disease (4), heart failure (5), stroke and congenital

myopathies (6), inflammatory myopathies (7), type 2 diabetes (8,9) and peripheral arterial

disease (10).

Phosphorus containing metabolite concentrations in skeletal muscle are in the millimolar

range, which combined with the low gyromagnetic ratio (γ) of the 31P nucleus result in low

MR sensitivity and require long acquisition times when compared to 1H-MR. Therefore,

most of the previous 31P-MRS studies have employed small surface radiofrequency (RF)

coils and used either unlocalized or gradient-localized single voxel pulse-acquire sequences

by taking measurements from large areas of tissue (11). However, with this approach the

measured MR signals often represent weighted averages originating from heterogeneous

structures (12). In addition, the profile sensitivity of surface coils mostly allows

measurements from superficial tissues. Normal aging (13) and several diseases are known to

result in heterogeneous patterns of altered metabolic function (14) that cannot be captured

by single-voxel techniques, and therefore the need to develop new imaging methods to study

inhomogeneous patterns of disease progression and follow intervention efficacies

longitudinally (15).

Magnetization transfer techniques are inherently time consuming because they require

multiple experiments, including spin-lattice (T1) relaxation measurements. Most of the 31P

containing metabolites are characterized by very long T1s (~2–7 s) (16), and therefore the

experiment is very inefficient in delivering signal-to-noise ratio (SNR) per unit time.

Therefore, in vivo 31P-MT spectroscopic imaging experiments suffer from long acquisition

times that cannot be easily tolerated by patients. Several studies have shown the feasibility

of performing MT spectroscopic imaging in the brain at coarse resolution (~ 6–8 mL voxel

size) (17,18). However, despite the fact that faster 31P-MRS techniques have been proposed

in the literature (19,20), we are not aware of previous efforts to measure metabolic fluxes in

skeletal muscle with 3D-volumetric coverage.

Compared to spectroscopic imaging methods, spectrally selective imaging pulse sequences

that measure one 31P containing metabolite are inherently more time efficient (21–25), and

have been used to measure both baseline concentrations and dynamic changes of one

metabolite (i.e. PCr) following physical exercise (26). In our previous work (27), we have

demonstrated that three-dimensional mapping of PCr concentration in several muscles of the

lower leg is feasible both at high (3T) and ultra-high (7T) field strength at significantly

improved spatial resolution (0.52 mL nominal voxel size) using a 3D-turbo spin echo

sequence compared to conventional 31P-MRS. At relatively lower spatial resolution (1.6 mL

at 7T, and 4.2 mL 3T) we also showed that 3D-mapping of the dynamics of PCr resynthesis

following exercise can also be achieved with a temporal resolution between 12 to 24 s

(28,29).
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In the current work, we are focusing on the development and implementation of a 3D-MT

imaging method at ultra high field which allows mapping of the metabolic fluxes of the CK

reaction rate in several muscles of the lower leg, at relatively high spatial resolution (0.52

mL), while maintaining the total acquisition time at levels that can be tolerated by patients

(below 60 min).

Theory

A unique feature of magnetic resonance is that under certain conditions the measured signal

can provide quantitative information about the rate of metabolic turnover even under steady

state conditions in the absence of any net changes in metabolite levels (11). Transfer of

magnetization between γ-ATP, PCr and Pi that are linked by chemical exchange can be

studied by selective perturbation of the equilibrium magnetization of one of the nuclei that is

involved in the exchange process and measuring the effect on the signal from its exchange

partner (30). More specifically, in the case of the CK reaction, the MT experiment is used to

estimate the pseudo-first order rate of the phosphorus exchange between PCr and γ-ATP.

Estimation of the pseudo-first order rate of exchange, kCK (forward direction), requires

measurement of the PCr signal when the magnetization of γ-ATP is perturbed (Mz), in

addition to a control experiment when the mirrored side of the PCr is irradiated (M0),

together with the measurement of the spin-lattice relaxation time (T1′) of PCr measured

with the γ-ATP saturated (2). The forward CK reaction rate is then calculated using the

following equation:

[1]

The metabolic flux of the reaction (VCK) is calculated from the product of the pseudo-first

order rate constant and the PCr concentration:

[2]

Materials and Methods

Human Subjects

We recruited five healthy volunteers (three male and two female, 30.4 ± 4.0 years of age,

with BMI < 26.0), and two clinically diagnosed type 2-diabetic patients. The patient

characteristics were respectively: age (48 and 58), sex (both male), BMI (26.2 and 34.1 kg/

m2), fasting glucose (134 and 194 mg/dl), fasting insulin (19 and 15 mIU/mL), HOMA-IR

(6.22 and 7.13) and HbA1c (11.6 and 9.7%). In addition, both patients with diabetes, given

their poor glucose control, were on both metformin and insulin treatment, as well as on

antihypertensive and cholesterol lowering drugs. Both participants with diabetes had normal

kidney function parameters. All subjects were scanned on a 7T MRI system (Siemens

Medical Solutions, Erlangen, Germany) using a dual-tuned 31P/1H quadrature transmit-

receive knee coil (Rapid MRI, Ohio) with 18 cm inner diameter and 20 cm length. The New

York University School of Medicine Institutional Review Board approved the study, and all

subjects provided informed written consent for participation in the study.
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31P-MRS

At the beginning of all measurement sessions, we used an iterative first and second order-

shimming algorithm (provided by the manufacturer) on the entire volume of the calf muscle,

which typically resulted in PCr peak linewidth of 24 ± 8 Hz, while the linewidth of the water

peak was 75 ± 10 Hz.

Continuous wave (CW) RF irradiation enables effective saturation. However, high RF

energy deposition in tissue (defined as the specific absorption rate SAR), as well as limited

pulse width and duty cycle, limit the application of CW irradiation in clinical MR scanners.

To overcome these constraints, frequency selective trains of pulses may be used (31). In our

study, we employed a train of frequency selective Gaussian pulses of 100 ms duration each.

In order to define the total irradiation time (i.e. number of Gaussian pulses), to be used in the

MT-imaging experiment and the power of the pulses (denoted here as the nominal flip

angle) pulse optimization was performed on two healthy volunteers using an unlocalized

product pulse acquire sequence with 15 s repetition time, TR, which acquired 2048 complex

points of the free induction decay with a spectral width of 5000 Hz, and four averages. The

area under the PCr peak of the control (irradiation at +2.48 ppm) and irradiation of γ-ATP

(−2.48 pm) were compared and plotted by varying the number of frequency selective

Gaussian pulses of 100 ms each. We used 10, 20, 30 and 40 pulses with an interpulse delay

of 200 μs. We also varied the power of the pulse by increasing its nominal flip angle from

90°, 180°, 360° and 720°, while remaining within the SAR safety limits.

31P-MRI

PCr Imaging with 3D-TSE—We obtained images using a 3D-TSE sequence (described

in our previous work (32)). In our sequence, the 90° excitation pulse is spectrally selective

(Gaussian shape with 8 ms duration, and full width at half maximum of 220 Hz) in order to

excite only a single resonance of the 31P spectrum (i.e. PCr), and is implemented without the

use of a slice selective gradient. The sequence is sampling k-space in a centric manner. A

train of 24 echoes (ETL = 24) is sampled along the primary phase encoding direction (in this

case, anterior to posterior), with 26 ms echo spacing. Spin echoes are sampled with a 2.5

kHz bandwidth. This k-space sampling scheme results in increased blurring in the imaging

direction where the ETL is sampled. We simulated the effect of modulation of signal during

the ETL acquisition in order to predict the point-spread-function (PSF) along that direction,

using an average T2 value of PCr of 153 ± 30 ms of the calf muscle that we have measured

previously (27) and is in close agreement with T2 values reported in the literature (33).

It has been shown previously that the signals of the ATP 31P resonances after excitation

modulate both in amplitude and phase due to J-coupling among the individual resonances of

that molecule (22,25). For the case of multi-echo sequences (such as the TSE employed in

this study), ATP signals cancel out when the echo-spacing is set to 26 ms, hence minimizing

any contamination of the PCr signal from off-resonance excitation of ATP.

PCr Quantification—In order to quantify the absolute PCr concentration we used a

phantom substitution method. In a separate experiment, we scanned a phantom with

comparable to the in vivo coil loading, using the same 3D-TSE sequence and acquisition

parameters, with the exception of a longer TR (60 s). The phantom was used to derive the

calibration curve of PCr as a function of signal intensity. It consisted of two sealed

cylindrical tubes containing different inorganic phosphate concentrations (25 and 50 mM).

In vivo PCr images were corrected for B1 inhomogeneities (34,35). Signal intensities of the

corrected PCr images were compared voxel-wise to the calibration line obtained from the

phantoms to extract PCr concentration maps ([PCr]). These concentrations are in mmol/L of
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tissue and can be converted to mmol/L of cell water (mM) by a conversion factor (in this

case equal to 1.41) that takes into account the water content of the muscle (36).

T1′ mapping in the muscles of the lower leg—The imaging sequence described

above was slightly modified in order to measure T1′ in the muscles of the lower leg. In the

inversion recovery 3D-TSE sequence (t-180-TI-imaging), while saturation of the γ-ATP

was performed during both time interval,(t), and inversion time, (TI). During time t, the

same train of 40 Gaussian pulses described in the previous section was used (100 ms

durations, 360° nominal flip angle), while eight images were acquired at different TIs (100,

300, 500, 700, 1500, 3000, 5000, 8000 ms). Inversion was achieved using an adiabatic

inversion pulse (WURST shape (37), duration 5 ms, bandwidth 250 Hz). A schematic of the

pulse sequence is shown in Fig.1.A. We obtained average T1′ values for each muscle by

segmenting the entire volume of each muscle and fitting a single exponential growth

function. In addition, we obtained 3D T1′ maps by fitting a single exponential growth

function in each voxel.

CK reaction rate and metabolic flux mapping—To map the kinetics of the CK

reaction rate in the different muscles of the lower leg, we acquired images using a 3D-TSE

sequence with MT preparation (Fig.1B). The MT preparation module comprised of a train of

40 Gaussian pulses, each with 100 ms duration and 360° nominal flip angle, followed by a

large crusher gradient (25 ms duration) to destroy any remaining transverse magnetization

prior to excitation. We obtained three 3D-imaging data sets, one without irradiation, and a

pair of images where the MT preparation was applied on the γ-ATP resonance (−2.48 ppm)

and the mirrored side relative to PCr (+2.48 ppm). All the 3D-data sets had field-of-view

(FOV) of 220 × 220 × 200 mm, acquisition matrix size of 48 × 48 × 8, yielding nominal

resolution of 4.6 × 4.6 × 25 mm3 (voxel size = 0.52 mL), with TR of 12 s, and scan time of 3

min and 12 s per average, while 3 averages were obtained for each 3D-data set.

We estimated CK reaction rate constants and metabolic fluxes voxel-wise using Eq.1–2,

after correcting for T1′. We also estimated average CK reaction rate constants and metabolic

fluxes for each individual muscle by segmenting the entire volume of the muscle and

applying Eq.1–2 in the average signal intensity. During the MT imaging experiments, the

SAR levels never exceeded 15% of the maximum allowed under normal operating mode.

1H-MRI

To verify muscle anatomy, we used a product gradient echo (GRE) sequence to acquire

3D-1H images (with the same FOV and orientation as the 31P images) in all volunteers.

Acquisition parameters were: matrix size: 128 × 128 × 40; TR: 20 ms; TE: 3.5 ms; FA: 8°;

acquisition time: 1 min 44 s.

Statistical Analyses

We performed one-way analysis of variance (ANOVA) for the measurements (T1′, kCK,

VCK) obtained in individuals muscles of the five healthy subjects. Post hoc analysis was

performed using Tukey’s Post hoc test. Significance was set at p < 0.05 level.

Results

MT pulse train design with unlocalized 31P-MRS

An example of unlocalized 31P-MRS data acquired from the entire volume of muscle of the

lower leg of a healthy volunteer can be seen in Fig.2A, using a train of 40 such pulses

(yielding a total irradiation time of 4 s). Each pulse has a nominal flip angle of 360° each. In

Fig.2A reference MR spectrum (no irradiation), a control (irradiation at +2.48 ppm), and a
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spectrum where the γ-ATP resonance is irradiated (−2.48 ppm), are shown from a healthy

volunteer. We varied the number of pulses from 10 to 40 (hence the irradiation time from 1

to 4 s), and the power of the pulses (from 90° to 720°), while remaining within the SAR

safety limits. The results are shown in Fig.2B. Based on these results we chose to use a train

of 40 Gaussian pulses with 360° nominal flip angle each, although increased power (i.e.

720°) resulted in slightly higher MT contrast, due to the significantly increased duty cycle of

the latter.

Simulation of the PSF

We simulated the PSF of our imaging sequence, using T2 relaxation parameters of the calf

muscle measured previously (27). By simulating the effect of modulation of signal during

the ETL acquisition we estimated the PSF at 2.8 pixels in the imaging direction that the ETL

is sampled (anterior to posterior). A visualization of the simulated blurring results is shown

in Fig.3.

T1′ mapping in different muscles of the lower leg

We measured T1′ in several muscles of the lower leg while saturating the γ-ATP resonance.

Images acquired at different TIs can be seen in Fig.4A. The anatomy of the muscles from

the proton image is shown in Fig.4B, and an example of fitting of the data from the tibialis

anterior (TA) muscle is shown in Fig.4C. By using this technique we had the required spatial

resolution to measure T1′ in the different muscles of the lower leg in five healthy

volunteers. The results are summarized in Table 1. No statistically significant differences

were observed among the T1′ values of the different muscles of the healthy subjects.

CK reaction rate and metabolic flux mapping

An example of 3D-images using a 3D-TSE sequence with MT preparation is shown in Fig.5.

Figure 5A shows the anatomical 1H slices, Fig.5B shows the control 31P imaging

experiment, while Fig.5C shows the images acquired when the γ-ATP was irradiated. Using

Eq.1, the CK reaction rate was measured after correcting for T1′ (Fig.5D). The results for all

healthy volunteers are summarized in Table 2. The metabolic fluxes for the different

muscles for each subject are shown in Table 3. The map of metabolic fluxes can be seen in

Fig.5D. In the group of the five healthy volunteers, the reaction rate constants between TA

and GL muscles were statistically different (p = 0.0324), as well as the metabolic fluxes

between these two muscles (p = 0.0426).

Detection of muscle energy abnormalities in diabetic patients

The same experimental protocol was implemented on two clinically diagnosed type 2-

diabetic patients, and in both cases we observed spatial variation of the CK reaction rate. In

Fig.6, the 1H anatomical images (Fig.6A), the control and MT 31P imaging experiments

(Fig.6B–C), the CK reaction rate map (Fig.6D), and the metabolic flux maps (Fig.6D) can

be seen of a 48 year-old patient. As shown in Fig.6D, there is an area in the gastrocnemius

medial (GM), where the CK reaction rate is significantly lower (kCK = 0.18 s−1, which is

nine standard deviations lower), compared to the healthy subjects. The rest of the muscles of

the lower leg the reaction rate is within the limits of the healthy volunteers (0.22 – 0.25 s−1),

likely due to a disease-specific feature of the diabetic muscle. The second diabetic patient,

also showed reduced CK reaction rate kinetics in the GM (kCK = 0.20 s−1, which is seven

standard deviations lower), compared to the healthy subjects.
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Discussion

The results presented in this work, demonstrate that quantitative mapping of the kinetics of

an important metabolic reaction (i.e. [CK]) can be achieved in the entire volume of the calf

muscle at relatively high spatial resolution (0.52 mL voxel size), with reasonable acquisition

time that can be tolerated by patients (below 60 min), using spectrally selective imaging

sequence. This is important because very little is known about the spatial localization of

metabolic properties in either healthy or diseased states. Having a tool to study those spatial

heterogeneities can improve our understanding of patterns of disease presentation and

progression, and will allow us to longitudinally track the effectiveness of therapeutic

interventions.

To the best of our knowledge, only one study has performed MT measurements in skeletal

muscle at 7T. Valkovic et al. (38), reported unlocalized MRS measurement in the

gastrocnemius of healthy volunteers with average T1′ of PCr of 1.54 s. The average

measured T1′ with our method in the gastrocnemius lateral (GL) was 1.79 s, and 1.82 s in

the gastrocnemius medial (GM). In that same study Valkovic and colleagues measured the

CK reaction rate constant at 0.34 s−1. Our measured kCK were on average 0.29 s−1 and 0.27

s−1 in the GL and GM respectively. Bottomley et al. (19), performed measurements at 1.5T

in the calf muscle and measured the CK reaction rate at 0.29 s−1 using unlocalized MRS,

and 0.27 s−1 using a localized experiment, which is in very close agreement with our

measurement. Metabolic fluxes measured with MRS methods, usually are calculated under

the assumption that the concentration of γ-ATP is constant at 8.2 mM, and PCr

concentration is inferred by comparing the relative area under the two peaks (36). Under this

assumption, Valkovic et al (38), measured the metabolic fluxes in the gastrocnemius at 7.58

mM s−1. As seen in Table 3, our measured metabolic fluxes in healthy controls were on

average 8.91 mM s−1 and 8.42 mM s−1 for the GL and GM respectively. In the case of the

diabetic patients, our method detected decreased CK rate in the GM, while the CK reaction

rates in the rest of the muscles of the lower leg were within the range of the healthy

volunteers. This result, although in need of replication, suggests that spatial mapping of

metabolic turnover rates may identify regions of skeletal muscle affected by pathology that

have remained undetected with single voxel acquisitions. Not all muscle bundles are the

same, some may be slow twitch (red muscle), which are rich in capillaries and mitochondria

and myoglobin (39). Slow twitch muscle generates its energy aerobically from fats and

carbohydrates and can sustain long-term contraction, but are not very powerful. Fast twitch

(white muscle), has less capillaries and mitochondria, and contracts more rapidly and

powerfully but because it uses predominantly anaerobic metabolism, it is far less efficient in

ATP generation and tires more easily because of lactate production (40). These major

differences in energetic flux can be distinguished by our high spatial resolution method and

would allow us to ascertain whether diabetes affect different muscles that may have different

proportions of fast and slow twitch fibers.

It is well documented that skeletal muscle has a high degree of organization at different

spatial levels. This order has several distinct effects on in vivo MR that have been observed,

especially in 1H spectra. In particular, dipolar coupling effects due to anisotropic motional

averaging have been shown for the 1H resonances of creatine, taurine and lactate (41).

Quantification of lipids (i.e. intramyocellular and extramyocellular) is affected by bulk

magnetization susceptibility effects and is also strongly dependent on the orientation under

which they are measured (42,43). However, similar orientation dependent effects have not

been reported for either PCr or ATP.

Magnetization Transfer imaging studies, either spectroscopic or spectrally selective in the

skeletal muscle, have not, to the best of our knowledge, been reported previously.
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Magnetization Transfer studies utilizing large voxel sizes (between 6 and 8 mL) have been

previously reported in brain (17,18) at 7T. Our method yields nominal voxel sizes of 0.52

mL, however any comparison between studies in skeletal muscles and brain need to take

into account the large difference in PCr concentration between the two types of tissue (brain:

~ 3mM (44,45) and skeletal muscle: ~ 30 mM (36)). Therefore, we believe that our method

could be used for brain, although given the lower PCr concentration likely at lower spatial

resolution than what is possible in skeletal muscle. Another potential application of our

sequence would be to map CK kinetics in heart, where currently only single voxel MRS

methods have been utilized (46). At lower resolution (nominal voxel size = 1.6 mL) we have

shown that we are able to acquire 3D volumetric data in 24s acquisition time with full k-

space sampling (29), or 12s using Compressed Sensing 31P-MRI (28). These acquisition

times are on the same order as 31P-MRS methods that have been used for cardiac studies

(20).

Another key reaction in energy metabolism that has been studied with 31P-MRS is the

synthesis of ATP through chemical exchange with Pi (ATPase) (2). With our method, this

reaction could potentially be studied with a separate set of experiments, including T1′
measurements of Pi. Recently, two metabolites have been measured during spectrally

selective imaging acquisitions, either using interleaved excitation (47), or simultaneous

excitation of the two metabolites using dual-band RF pulses (48,49) and could be used for

measuring both reaction rates (i.e. CK and ATPase) more time efficiently.

This study was performed at ultra high field strength (7T), which compared to high-field

strength clinical magnets (3T) delivers 2.5 to 3.0 fold increased SNR in 31P experiments

(50,27,38). We have shown previously that PCr concentration mapping can be performed at

3T (32) with our method. Therefore, the MT-imaging method presented here could

potentially be implemented at lower field, albeit at the cost of longer acquisition time or

lower spatial resolution.

We have measured a mean T2 value of 153 ± 30 ms at 7T, using the average value, the

anterior to posterior PSF was measured at 2.8 pixels. Broadening of the PSF in the anterior-

to-posterior direction can have an effect on our ability to segment accurately individual

muscles. The voxels at the interface of the muscles will contain signals from more than one

muscle. Therefore, voxels away from the boundaries of the muscle are more likely to depict

the properties of the muscle. On the other hand, imperfections of the 180° pulses result in

stimulated echoes that increase the apparent T2, hence reduce the blurring effect (21). For

the current study these effects have not been included in the estimation of the PSF, however

it would be worth investigating in future studies. There are known methods in the literature

for splitting the blurring effect and distributing it into more than one imaging dimensions

that simply require re-programming of the phase-encoding gradient waveform of our method

(51).

In this study, all healthy subjects had BMI < 26. There were no signs of fat infiltration in the

muscle in the 1H images. Therefore, we assumed constant water content in all muscles.

From the two patients, one had BMI = 26.2 and similarly to the healthy no signs of fat

infiltration were observed from the 1H images. For the second patient (BMI = 34.1),

quantification of PCr concentration was performed in segmentations of the muscles away

from fat containing voxels. In general, obese subjects (BMI > 30) can have higher fat

content in the muscle tissue. In addition, many muscle weakening and metabolic disorders

lead to an increase in adipose tissue in and around the muscles, which will influence PCr

quantification, if not accounted for. Thus, 3D mapping of the absolute PCr concentration in

the entire muscle tissue must include a fat/water quantification step in order to estimate the
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actual PCr concentration.. Currently, there are several fat/water separation methods reported

in the literature (52,53) that we will explore in the future.

In summary, the results of this work have shown that 3D-mapping of the CK forward

reaction rates and metabolic fluxes can be achieved in skeletal muscle at relatively high

spatial resolution, within experimental times that can be tolerated by patients. Having the

ability to study this important enzymatic reaction in large areas of the muscles can bring new

insights into differential localization and patterns of muscle bioenergetics caused by several

diseases and can become a valuable tool for monitoring the progression of disease or the

efficacy of interventions.
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ADP Adenosine diphosphate

ATP Adenosine triphosphate

CK Creatine kinase

CW Continuous wave

GL Gastrocnemius lateral muscle

GM Gastrocnemius medial muscle

MT Magnetization transfer

P Peroneus muscle
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Pi Inorganic phosphate

R Pearson’s correlation

S Soleus muscle

SD Standard deviation
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TI Inversion time
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Fig. 1.
MT and T1′ 31P-Imaging pulse sequences. A) T ′ measurement while suppressing the γ-

ATP peak with a train of 40 Gaussian pulses of 100 ms duration each and 360° nominal flip

angle applied during n1. Inversion of the PCr peak is achieved with the use of an adiabatic

WURST pulse (5 ms duration, 250 Hz bandwidth). Irradiation of γ-ATP is also performed

during the inversion time, by varying the number of pulses used in n2. Image acquisition is

performed with a 3D-TSE sequence. B) The MT preparation module comprised of a train of

40 Gaussian pulses, each with 100 ms duration and 360° nominal flip angle applied either on

the γ-ATP peak or the mirror side relative to PCr (control experiment), followed by a 3D-

TSE imaging acquisition.
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Fig. 2.
MT pulse train design with 31P MRS. A) Sample spectra of magnetization transfer

experiment in the human calf muscle. A reference spectrum collected without suppression, a

control spectrum with suppression frequency at +2.48 ppm relative to PCr, and a spectrum

acquired with suppression of the γ-ATP peak. An MT train of 40 Gaussian pulses (each 100

ms long, with nominal flip angle of 360°) was used for the suppression. B) MT contrast

pulse optimization. We compared the contrast introduced by the train of MT pulses using

unlocalized 31P-MRS in the entire volume of the lower leg. We varied the irradiation time,

as defined by the number of 100 ms Gaussian pulses (from 10 to 40 pulses, yielding

irradiation times of 1 to 4 s), and the power defined by the nominal flip angle of each pulse

(from 90° to 720°). We decided to use 40 pulses with 360° nominal flip angle, which

produced 45 % contrast (Mz/M0), while remaining within the safety SAR limits.
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Fig. 3.
Simulation of the PSF induced by the sampling pattern of the 3D-TSE. A) k-space signal

modulation resulting from the implemented centric 3D-TSE sampling scheme. B) Blurring

effect on a simulated phantom with T2 = 153 ms (equal to the mean T2 in the calf muscle

measured in healthy volunteers). We estimated the PSF in the y-direction at 2.8 pixels.
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Fig. 4.
T1′ mapping in the muscles of the lower leg. A) Sample images of a cross-section of the

muscle at different inversion times. B) Anatomical 1H image, where the different muscle

have been identified. C) Sample measurement of T1′ in the TA in one volunteer.

Abbreviations: tibialis anterior (TA), tibialis posterior (TP), peroneus (P), soleus (S),

gastrocnemius lateral (GL) and gastrocnemius medial (GM).
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Fig. 5.
Mapping of the kinetic rate (kCK) of the enzymatic creatine kinase reaction rate in the

muscles of the lower leg for one healthy volunteer. A) Anatomical 1H slices. B) Control

image acquired with the MT preparation module applied at +2.48 ppm. C) Image acquired

with the MT pulse train applied on the γ-ATP peak (−2.48 ppm). D) CK reaction rate

kinetic mapping in the muscle of the lower leg produced by the ratio of images in B) and C)

according to Eq.1 using T1′ measured in a separate experiment E) Spatial mapping of

metabolic fluxes.
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Fig. 6.
Detection of muscle energy abnormalities in the GM muscle of a 48 year-old diabetic

patient. A) Anatomical 1H slices. B) Control image acquired with the MT preparation

module applied at +2.48 ppm. C) Image acquired with the MT pulse train applied on the γ-

ATP peak (−2.48 ppm). D) Lower CK reaction rate (0.18 s−1) was observed in the part of

the diabetic leg (GM), likely due to disease specific feature of the diabetic muscle. E)

Corresponding metabolic fluxes.
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