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Introduction  
The diagnostic value of sodium MRI has not been established. Consequently, its biomedical role is under thorough investigation.   The 
current project was inspired by multiple experiments, demonstrating that increased intracellular sodium in vitro is either capable to 
initiate or to be an indicator of apoptosis (1-9).  The hypothesis tested here was that the increase of intracellular sodium during 
apoptosis occurs not only in vitro but in vivo as well. The advanced approach was implemented in the present experiments to perform 
this task. It included MRI at the ultra high magnetic field of 21.1T, a double tuned Na/H RF probe to minimize the interval between 
Na/ADC scans, and an ultra-short echo time back projection imaging to detect the total sodium signal.  All was combined with the 
highest resolution to avoid partial volume effects.  And, finally, motion compensation was applied during post-processing.  The 
importance of this project is supported by the growing evidence that a disruption of sodium homeostasis can serve as an important 
primary or secondary tool in our fight against cancer (2,7-9,10).   
 
Materials and Methods 
Five male Fisher 344 rats (weight ~ 150 g) were implanted intra-cranially with 9L gliosarcoma cells.  Later, in 10 days, a single dose IP 
carmustin (BCNU, 26.6 mg/kg) was injected. Tumor sodium, diffusion and volume were evaluated daily, over a 10 day course. The MRI 
experiments were conducted at the 21.1T MRI scanner using a double tuned RF probe (proton/sodium frequency = 900/237 MHz), 
Bruker Avance III console and RR Inc. gradient coil (ID=64mm).  Sodium 3D back-projection MRI scans had a resolution of 0.5x0.5x0.5 
mm and a duration of 27 min.  FID detection delay was ~0.1 ms and TR=100 ms.  The diffusion SE pulse sequence had flow/motion 
compensated 3D diffusion gradients with two “b” values of 100 and 1000 (sec/mm2), TE=34 ms, 15 slices, thk = 0.7 mm and provided 
images with resolution 0.1x0.1 mm.  Back projection MRI mode for sodium and ADC offered additional opportunities for motion 
compensation.    Both sodium and diffusion MRI were performed on the same animal without its repositioning. Na/ADC measurements 
are presented in percent relative to a normal contra-lateral part of the brain, where ADC is ~0.78*10-3 mm2/sec   and sodium content ~ 
50 mM.  Tumor volumes were determined as a sum from all diffusion slices detecting tumors.  All experiments were conducted 
according to the animal protocols approved by The Florida State University ACUC.   

 
Results and Discussion 
All five time courses of sodium, diffusion and volume in tumor have the same 
pattern. A typical one is presented in Fig. 1 demonstrating accuracy of 
experiments for a single animal.  The sodium in the tumor aggressively increases 
immediately after BCNU injection and reaches its maximum in 4.5 days at the 
level of ~ 280% (140 mM).  However, diffusion still continues to reflect the 
changes in tumor cellularity as can be observed from the ongoing increase of 
ADC values.  Lack of change in sodium while diffusion is increasing indicates that 
tumor cells lost their sodium gradient at this time.  On average sodium reached its 
maximum in 4.7±0.8 days, while the highest levels in ADC were achieved around 
7±0.6 days, thus the high sodium levels in tumor remain unchanged for ~2.3 
days.   It is interesting to note that attaining this high level of sodium is necessary 
before tumors start to shrink. Tumor size reductions of 30%, required to define a 
partial response, were observed in ~9 days, while the initial stages of the positive 
tumor response can be reliably detected by both sodium and diffusion in one day. 
                                     
Fig. 1.  Typical time course of sodium, diffusion and volume in a rodent glioma 
after a single dose of BCNU injection (26.6 g/Kg), error bars represent stdev.  

Conclusion 
Initial therapeutic sodium responses in glioma were evaluated and compared with corresponding changes in tumor ADC.  The time 
courses of tumor reactions reveal a loss of tumor sodium intracellular gradient early during therapy, thus demonstrating the fact that it 
can be a part of the in vivo apoptotic process.  The results also represent the differences between sodium and diffusion MRI. An 
especially noteworthy feature is that sodium is responding earlier than diffusion. The effect of positive therapy can be evaluated for 
each animal individually in a day after initiation of treatment.  Sodium and ADC are valuable MRI biomarkers and can serve as efficient 
tools for drug development. 
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