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Introduction: Although DNP hyperpolarized 13C MRSI using [1-13C]-pyruvate has been used for probing abnormal metabolism [1], the 
delivery of the agent and sum of signals from pyruvate and its metabolic products may also provide important information about tissue 
perfusion. In this study, we have investigated methods for normalizing 13C MRSI data utilizing signal from blood vessels, and for comparing 
normalized results to the peak height of dynamic susceptibility contrast (DSC) MRI curves in a rat model of glioblastoma multiforme 
(GBM). 
Methods: Fourteen athymic rats with intracranial implantation of human GBM cells (U-87 
MG) were included in this study. All rats underwent 13C and 1H imaging when the size of 
the tumor monitored by T2-weighted axial images was at least the size of one 13C 
spectroscopic voxel. This occurred between the 9th and 15th day from tumor implantation. 
All animals were scanned on a GE 3T scanner with a custom-designed 1H/13C rat coil. Prior 
to the acquisition of 13C data, 35μL (100 mM) of [1-13C]-pyruvate (with 1.5 mM 
gadolinium) was polarized for approximately an hour using a Hypersense® DNP polarizer 
(Oxford Instruments, Abingdon, UK). 3D MRSI data (TE/TR=140/215 ms, 4x4x5.4 mm 
resolution) were acquired using a double spin echo sequence with centric k-space encoding, 
a variable flip angle scheme and echo-planar readout [2] at 20 sec after the injection of 
approximately 2.5 ml hyperpolarized [1-13C]-pyruvate through the tail vein. T1-weighted 
axial spin-echo images were obtained following the injection of 0.2 mmol/kg Gadolinium 
(Gd)-DTPA in order to define the extent of tumor. DSC images were obtained during a 
second intravenous administration of Gd-DTPA using a gradient echo, echo planar imaging 
sequence (EPI; TE/TR=28.2/500 ms, flip angle 35°, 8x8cm2 in plane FOV and 40x40 
matrix). The in-plane origin and slice thickness (5.4 mm) were kept the same between 13C 
MRSI and DSC imaging, to allow voxel-by-voxel comparison. A bolus of Gd-DPTA (0.2 
mmol/kg) was injected manually into the tail vein at 15 seconds after the start of data 
acquisition and a total of 150 time points were obtained.  
In order to assess the total amount of hyperpolarized 13C labeled molecules, total carbon (tC: 
a sum of lactate, pyruvate-hydrate, alanine and pyruvate peak heights) was calculated for 
each voxel and normalized by tC in blood vessels (ntC), which was obtained by taking the 
average of 2 maximum tC voxels from the region outside the brain (Figure 1). This region 
consistently exhibited a high level of pyruvate, which most likely originated from the 
internal carotid artery and the vertebrobasilar arterial system that runs in the ventral surface 
of the brainstem [1]. DSC images were processed using a previously described method [3]. 
Four adjacent ΔR2* curves were averaged to achieve the same spatial resolution as the 13C 
spectroscopic voxel (Figure 2a-b). Peak height values obtained from the ΔR2* curve in the 
voxel containing tumor were normalized (nPH) by normal brain tissue (green voxels in 
Figure 2a) and compared with ntC using a Spearman rank correlation (Figure 2b-c).  
Results: The sum of 13C metabolite intensities correlated strongly with the peak height from 
DSC imaging. Figure 3 is a graph of ntC plotted against nPH from the DSC data, and 
demonstrates a statistically significant association between the two parameters (r=0.6, 
p<0.02). Figure 4 shows an example of two rats with ΔR2* curves and 13C spectra from the 
voxels containing the contrast enhancing lesion. The first rat exhibited high nPH and ntC 
(Figure 4a), while the second rat had low nPH and ntC (Figure 4b). As the peak height from 
the ΔR2* curve in DSC images represents the amount of blood volume [3], the normalized 
total carbon from hyperpolarized 13C MRSI can be used as an indirect estimate of blood 
volume. The comparison of nPH with the ratio of lactate to pyruvate showed no correlation 
(p>0.7), indicating that the perfusion information obtained from hyperpolarized [1-13C]-
pyruvate MRSI is complementary to the metabolic data. 
Conclusions: Using an orthopic xenograft model for GBM, we have demonstrated that total 
hyperpolarized 13C carbon can be used as an indicator of tumor perfusion. Normalized total 
13C-carbon correlated strongly with normalized peak height measured from DSC images and 
may be used to estimate blood volume in tumors.  
References: [1] Park et al., Neuro-Oncol, 2010;12:133-44 [2] Cunningham et al., J Magn 
Reson, 2007;187:357-362 [3] Lupo et al., AJNR, 2005;26:1446-1454 
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Figure 4. Examples of rats with high (a) and low (b) 
normalized peak height (nPH) and normalized total 
carbon (ntC).  

Figure 3. Normalized total carbon (ntC) from 
hyperpolarized 13C MRSI was strongly correlated with 
normalized peak height (nPH) from DSC images.  

Figure 2. The 
original 
perfusion data (a) 
was normalized 
by normal brain 
tissue (green 
voxels) and 
averaged to 
generate voxels 
with the same 
spatial resolution 
as 13C data (b,c).

Figure 1. Normalization method for 13C spectra. Total 
carbon in each voxel was normalized by the average of 
the 2 highest total carbon voxels from vascular region 
(orange), which consistently had high pyruvate signal.
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