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Introduction:  13C MR spectroscopy studies performed on hearts ex vivo and in vivo following perfusion of pre-polarized [1-
13C]pyruvate have shown that changes in pyruvate dehydrogenase (PDH) flux due to diabetes or ischemia may be monitored non-
invasively (1-2).  However, to allow investigation of Krebs cycle metabolism, the 13C label must be placed on the C2 position of pyruvate 
(3).  Thus the utilization of either C1 or C2 labeled pre-polarized pyruvate as a tracer can only afford a partial view of cardiac pyruvate 
metabolism in health and disease.  If the pre-polarized pyruvate molecules were labeled at both C1 and C2 position, then it would be 
possible to observe the downstream metabolites that were the results of both PDH flux (13CO2 and H13CO3

-) and Krebs cycle flux ([5-
13C]-glutamate) with a single dose of the agent.  Intracellular pH (pHi) could also be obtained from the same experiment, provided that 
adequate SNR of the 13CO2 resonance was obtained (1,4).  The aim of this study was to examine the feasibility of using dual-labelled 
hyperpolarized [1,2-13C2]pyruvate as a substrate for dynamic cardiac metabolic MRS studies in pigs, to simultaneously probe in vivo 
PDH flux, and Krebs cycle flux and pHi.     

Methods:  Hardware and agent: All studies were performed using a 3T GE MR750 scanner (GE Healthcare, Waukesha, WI).  A micro-
strip dual-tuned 1H-13C volume coil (8cm ID.) was used for the phantom experiments (Magvale, San Francisco, CA). A custom built 13C 
transmit/receive surface coil (5”) was used in the animal studies.  A HyperSense DNP polarizer (Oxford Instruments, Abingdon, UK) 
was used to polarize the substrates. Neat [1,2-13C2] pyruvic acid (Isotec, Miamisburg, OH) was doped with 15mM of OX63 radical and 
1mM Gd chelate (Prohance®, Bracco International).  Phantom MRS Experiments:  T1 relaxation time of [1,2-13C2] pyruvate in solution 
was estimated by using a pulse-acquire pulse sequence to obtain 13C 
MRS data from ~3 ml/80 mM aliquots of the pre-polarized substrate in 
solution immediately following dissolution (5° tip angle, TR=3 s).  In vivo 
MRS Experiments:  Cardiac gated, dynamic MRS data was acquired 
from 3 normal pigs (~20 kg) also using a pulse-acquire pulse sequence 
(10° tip angle, TR=3-4R/R, ~2 s). Data acquisition started at the 
beginning of the ~15 s infusion of a solution of15 ml/83 mM of pre-
polarized [1,2-13C2] pyruvate.   

Results and Discussion:  The T1 values measured for [1,2-
13C2]pyruvate in solution were 56 s (n=3, stdev.=0.7s) for the C1 label 
and 44 s (stdev.=0.7s) for the C2 label, approximately 15% lower 
compared with singly labeled pyruvate on either the C1 or C2 position.   
A representative 13C spectrum (top) and metabolite time courses 
(bottom) obtained in vivo from the pig heart are shown in Fig. 1. The [5-
13C]glutamate peak overlapped with the up-field peak of [1-13C]lactate 
doublet, while the [1-13C]acetyl-carnitine peak overlapped partially with 
the down-field peak of the [1-13C] pyruvate doublet.  The [5-
13C]glutamate signal was calculated as the difference in peak amplitude 
between the resonance at 183.2 ppm ([5-13C]glutamate + up-field [1-
13C]lactate doublet) and the resonance at 185.2 (down-field [1-13C]lactate 
doublet). The maximum H13CO3

- to maximum [1-13C]pyruvate ratio 
observed in the three animal studies was 0.062 (stdev=0.02), while the 
maximum [5-13C] glutamate/[2-13C] pyruvate ratio was 0.044 
(stdev=0.02).  These results were similar to the ratios observed in prior 
studies using this model and the same tracer dose, with pyruvate labeled 
only at C1 or C2 position (5-6).  Using H13CO3/13CO2 ratio measured 
from a summed spectrum of 10 spectra with the highest H13CO3

- signal 
and Henderson-Hasselbalch equation, average pHi estimated from these 
data was 7.25 (n=3, stdev=0.03).   

Conclusion:  This study demonstrated the feasibility of obtaining 13C 
MRS data to simultaneously investigate PDH flux, Krebs cycle 
metabolism and intracellular pH in vivo following infusion of 
hyperpolarized [1,2-13C2]pyruvate.   
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Figure 1.  In vivo 13C MRS data acquired from the pig heart 
following infusion of pre-polarized [1,2-13C2] pyruvate.  
Representative spectrum (top) from the temporally resolved 
MRS data and the time courses of selected metabolites (bottom) 
are shown.   
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