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Target Audience: Scientists interested in muscle physiology, metabolism and bioenergetics, and the utilization of multinuclear MRI.  
Purpose: The creatine kinase (CK) reaction plays an important role in the transport of ATP and muscle function. Alteration in the 
kinetics of the CK reaction has been associated with many diseases, such as diabetes, myopathies and heart diseases. Non-invasive 
measurement of the forward CK reaction rate and metabolic flux can be achieved through phosphorous (31P) magnetization transfer 
(MT) techniques [1]. In our study, we developed and implemented a novel three-dimensional (3D) 31P-MT imaging sequence on a 3T 
clinical scanner that maps the forward CK reaction rate and metabolic flux among different calf muscles in clinically relevant times with 
relatively high spatial resolution. 
Methods: All the experiments were performed on a 3T clinical MRI system (Siemens 
Medical Solutions, Erlangen, Germany) with a dual-tuned (31P/1H) quadrature volume 
coils (Rapid MRI, Ohio). Images were acquired through a fully centric 3D TSE [2], 
developed using the ‘SequenceTree’ software [3]. A 16ms spectrally selective 
Gaussian pulse with 125Hz bandwidth was used to selectively excite the PCr peak. 
The TSE parameters are: ETL 24; effective TE and ESP 26 ms; acquisition bandwidth 
2.5 kHz; matrix size 48 x 48 x 8; FOV 220 x 220 x 200 mm; voxel size 0.52ml; TR 12 
s; resulting in 3.2 min per average. A MT preparation module consisting of a train of 
40 Gaussian pulses was employed before the TSE acquisition module, each with 100 
ms duration and 360o nominal flip angle, followed by spoiler gradients in all directions 
(Fig.1). For calculating the forward CK reaction rate (kCK), one 3D image (3 average) 
without irradiation was obtained, followed by two 3D images (5 average each) where 
the MT preparation was applied on the γ-ATP resonance (-2.48 ppm) (Fig.2.B) and the mirrored side relative to PCr (+2.48 ppm) 
(Fig.2.A). T1 in the calf muscle were also measured while the γ-ATP resonance was irradiated. In order to quantify the absolute PCr 
concentration [PCr], two Pi phantoms with different concentration were scanned separately, after T1 and B1 correction the Pi signals 
were compared with the PCr signal (without irradiation) of the in vivo images. Anatomical images for calf muscles segmentation were 
also acquired using a proton 3D-GRE with resolution of 1.7 x 1.7 x 5 mm, having the same FOV, imaging center and orientation as the 
31P image. Three male and two female healthy volunteers 
were scanned (30.4 ± 4.0 years old).  
Results: The forward CK reaction rate can be estimated 
from the PCr signal obtained while the γ-ATP resonance is 
irradiated (Mz), and the PCr signal when the mirrored side 
is irradiated (M0), and T1 measured while γ-ATP 
resonance is irradiated [1] using the following Eq.1: kCK = 
(1- Mz/M0) / T1. While the metabolic flux of the reaction 
(VCK) can be calculated from the product of the PCr 
concentration and the reaction rate constant from Eq.1. An 
example of kCK map can be found in Fig.2.C. The kCK (s-1) 
and VCK (mmol/l/s) values calculated in different calf 
muscles of five volunteers are shown in Table.1. 
Discussion: In this work, we report for the first time the 
implementation of a 3D 31P-MRI sequence for mapping the 
CK reaction rate and flux in the calf muscles of healthy 
volunteers. Our results are in very good agreement with 
previously reported unlocalized and localized 31P-MT MRS 
studies [4,5] respectively. 
Conclusion: The results suggest that in-vivo 3D-mapping 
of the CK reaction rates and flux can be achieved at 3T in 
the skeletal muscle with relatively high spatial resolution, 
within clinically relevant times. Our method has the 
potential of detecting spatial variations of the CK reaction 
kinetics, which might be useful for investigating abnormal 
heterogeneous patterns of muscle bioenergetics in several 
diseased states, and could become a valuable tool for 
monitoring the efficacy of interventions.                                                                                       
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Fig.1.The MT preparation module (40 Gaussian 
pulses), applied on the γ-ATP peak or the mirror 
side relative to PCr, followed by a 3D-TSE 
imaging acquisition. 

Fig.2. A) Control image acquired with the MT preparation module applied at +2.48 
ppm. B) Image acquired with the MT pulse train applied on the γ-ATP peak (-2.48 
ppm). C) CK reaction rate kinetic mapping in the calf muscles produced by the 
ratio of images in A) and B) according to Eq.1 using T1 

Table.1. kCK (s
-1), VCK(mmol/l/s) in calf muscles: (TA, TP) tibialis (anterior, 

posterior), (S) soleus, (P) peroneus, (GL, GM) gastrocnemius (lateral, medial) 
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