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Introduction:  Metabolic imaging with hyperpolarized 13C-labelled molecules allows for rapid imaging of in vivo metabolic pathways [1].  
In current hyperpolarized carbon-13 imaging methods, the metabolic profile is assumed from indirect observations of converted 
metabolites.  We propose a new method that allows for direct observation of localized metabolic conversion/label exchange for a more 
accurate metabolic characterization.  In this method, the metabolite phase distinguishes between metabolites previously present in the 
tissue and those generated in the tissue during a mixing interval. 

Methods:  Our method is based on a stimulated-echo acquisition mode (STEAM) sequence [2].  The STEAM encoding, a 90-90 pulse 
pair with a gradient between, creates a sinusoidal modulation in space, cos(x+ϕ), along MZ shown in Fig. 1.  This sinusoidal modulation 
has a phase shift that depends on the resonance frequency and TE: ϕ = 2πf TE/2.  Following a mixing time (TM), the final STEAM pulse 
and gradient refocus this modulation for stationary spins (ie suppresses flowing spins).  If a stationary spin changes resonance 
frequency by ∆f (ie conversion from [1-13C]pyruvate to [1-13C]lactate/[1-13C]alanine) during TM, it is still refocused, but the resulting 
transverse magnetization has a phase shift ∆ϕ = 2π ∆f TE/2.  Choosing ∆ϕ = π/2 will put the spins generated during TM in quadrature 
with unconverted spins (Fig. 1), from which they can be separated with a phase-sensitive reconstruction.  For pyruvate and lactate at 3T 
(∆f = 385 Hz), we chose TE = 14.2 ms, which gives ϕlac = π/2 and also gives ϕala = -π/2. 

Hyperpolarized [1-13C]pyruvate  was injected over 15s and given 
another 5s to perfuse prior to imaging.  Following a non-selective 90-90 
encoding, a 1-4cm slab was imaged every 1s for 20s 
(TM=10ms,1s,2s,… 20s), using a ramping flip angle to use all available 
magnetization [3].  A symmetrically sampled echo, generated with two 
adiabatic pulses [4], enabled a phase-sensitive reconstruction. Zero 
and first-order phase corrections were applied, and 13C-urea was co-
polarized in some experiments [5] to provide a phase reference.  This 
should correct phase shifts caused by homogeneous, bulk motion (ie 
respiration), since they equally affect all metabolites within a tissue. 

Figure 1: The STEAM encoding parameters were chosen such that the 
pyruvate and lactate encoding patterns are out of phase with each 
other.  Pyruvate and lactate present at the encoding are refocused in 
MX (∆ϕ = 0) at the stimulated-echo.  However, pyruvate that is 
converted or exchanges with lactate during the mixing time (TM) is 
refocused in MY (∆ϕ = π/2) at the stimulated-echo. 

Results:   

Figure 2: Slab in the gut of a normal mouse, showing a large build-up of an 
imaginary component in lactate – presumably generated from pyruvate – 
while pyruvate and urea were in-phase, and the real lactate decayed.  

Figure 3: Liver slab in a normal mouse, showing a clear 
build-up of a negative imaginary component in alanine, 
as expected for alanine generated during TM. 

Conclusion:  We have developed and demonstrated an acquisition and 
reconstruction method for directly observing metabolic conversion/label 
exchange.  In vivo studies demonstrated the ability to detect localized 
generation of [1-13C]lactate and [1-13C]alanine from hyperpolarized [1-
13C]pyruvate via the echo phase.   The long T1s (>20 s) of these molecules 
allow for prolonged observations.  The STEAM-based sequence also 
selectively images only stationary spins, such as those within tissue, and 
suppresses any flowing metabolites.  This novel approach is, to the best of 
our knowledge, the first to directly image in vivo metabolic conversion.   
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Figure 4: In successive experiments, ϕala was 
modulated.  This showed no clear imaginary alanine 
component with ϕala=0 (right), unlike ϕala = -π/2 (left).  
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