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Localized, Non-invasive In Vivo Measurement of Enzymatic Activity using MAD-STEAM HP 13C MRSI 
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Target Audience: MR scientists interested in the characterization of abnormal tissue and cancer metabolism; and in hyperpolarized 13C  MR. 
Purpose: There is a growing need in medical imaging to better detect and characterize 
abnormal tissue and disease processes. Because most clinical imaging systems rely on 
physical parameters to generate image contrast, specific molecular information such as 
protein expression or enzymatic activity can often not be obtained or is of limited value. 
Recently, it has been shown that the Metabolic Activity Decomposition technique 
provided more accurate quantitative measures of conversion rates for hyperpolarized 
(HP) 13C MR by removing confounding signals from the vasculature1, direct 
observation of real-time exchange and flux2, and simultaneous measurement of T1 
relaxation times3. Correlations between enzymatic activity and data acquired within a 
heterogeneous slab suggest that this technique may provide increased specificity for 
monitoring intracellular enzyme activity, however this data was not localized3. The goal 
of this project was to develop a new MAD-STEAM spectroscopic imaging sequence to 
obtain spatially localized parametric maps of exchange kinetics in preclinical cancer models 
and to correlate these data with subsequent ex vivo biochemical enzymatic activity 
assays of resected tissue samples.  
Methods: For animal experiments, a 3T clinical MRI system (GE, Waukesha, WI, USA) was used with a dual-tuned mouse birdcage coil4. Using 
MAD-STEAM, exchanging versus non-exchanging spins were separated based on their phase ∆ 2 /21. For a main field of 3T, the echo 
time TE=14ms was chosen such that the phase of pyruvate to lactate conversion will be ∆φPyr→Lac = + π/2 and generated and original lactate 
( 	  and 	 , respectively) are in quadrature. Co-polarization with 13C-urea provided a phase reference to correct for phase shifts 
caused by homogeneous, bulk motion such as respiration, which would affect all metabolites1. Flyback Echo Planar Spectroscopic Imaging was 
added to the MAD-STEAM sequence pulse sequence (Figure 1) to localize and image 
enzymatic conversions of hyperpolarized pyruvate throughout the tumor and normal 
tissues. LDH activity assays and expression data was acquired as described in Hu et al5.  
Theory: Because of the additional information available from MAD-STEAM 
parametric maps can be prepared from only two images (Figure 2) with the following 
simple equations:  

   1 log	 	 	      (1)  

→ log	 1 	 ∗ 		 ∗ 	     (2) 

Results and Discussion: Increased →  was observed 
within tumors in a transgenic model of prostate cancer using 
the MAD-STEAM MRSI sequence (Figure 3). MAD-STEAM 
images showed improved contrast to metabolism by 
suppressing signal from flowing spins. Additionally, the 
improved localization of KPyr→Lac  demonstrated higher rate 
constants for prostate cancer than normal tissues (p-value = 0.003, Table 1, High grade tumors with >95% poorly differentiated cells).  →  was 
correlated with the maximum reaction velocity, Vmax, of LDH with R2 = 0.883  and slope Δ = 134.1 nmol NADH/mg protein suggesting that 
hyperpolarized 13C1-Pyruvate saturates the LDH enzyme and thus measures the maximum velocity (n=5).  This method showed good contrast-to-
noise between the tumor and normal adjacent tissue (Table 1).  
Conclusion: The advantage of the dynamic MAD-STEAM MRSI approach is two-fold. First, it improves sensitivity to metabolism by removing 
signals within the vasculature and the need for an arterial input function (AIF). Secondly, it provides robust and simple method for parametric 
mapping with increased specificity to cellular exchange, which can be used to identify regions with high enzymatic activity. In the field of oncology 
in particular, this new technique has great medical research and clinical significance, as it could be used to identify particularly aggressive 
regions within tumors for image-guided biopsy, to monitor cancer progression, and follow response to therapy.  
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Table 1. MAD-STEAM MRSI derived parameters in the liver, adjacent normal and tumor (n=6). 

 Tumor Adjacent Normal Liver → 0.49±0.17s-1 0.04±0.03s-1 0.22±0.13-1 / 43.8±57.0 1.38±2.40 0.31±0.30 

Figure 1.  Dynamic Metabolic Activity Decomposition with Stimulated 
Echo Acquisition Mode (MAD-STEAM) pulse sequence with flyback 
echo planar spectroscopic imaging (EPSI). All data was acquired with 
20mm slab selection in z, 59 spectral points, reps =2, a progressive flip 
angle scheme, and adiabatic double spin echo6. A symmetrically sampled 
full echo was acquired to preserve phase information1. 

Figure 3.  Metabolite maps and paramteric maps from dynamic coronal MRSI of MAD-STEAM in a 
transgenic model of prostate cancer (reps = 2, Δz = 20mm, TE=14ms). Tumoris encircled in red.  →  reveals secondary metastatic nodule within slab encircled in white.  

Figure 2. Schematic of simple reconstruction with MAD-STEAM 
data, where kinetic maps can be produced from only two images.    

Proc. Intl. Soc. Mag. Reson. Med. 22 (2014) 1146.


