
Figure 1: All images in the top row belong to an animal from the radiation plus radioprotector group, and all images in the bottom row belong to an animal from the 
control group (radiation only). A & B: CT scans with radiation treatment planning superimposed. Area in red received full radiation dose (3x11Gy). All animals 
received radiation in same location.  C & D: CT scans at 8 weeks post radiation. While lung in C has homogeneous tissue density, the lung in D shows an area of hypo-
density that correlates with the irradiated area (oval and arrow). E & F: ce-MRA at 8 weeks post radiation. At the same location as in the CT scan (D), the ce-MRA (F), 
shows evidence of low pulmonary perfusion (arrow). G & H: He-3 ventilation images at 8 weeks post radiation. Both animals present normal and homogeneous 
ventilation throughout both lungs. I & J:  Normalized hp Xe-129 CSI maps. While the animal from the radioprotector group (I) shows a uniform distribution of the hp 
Xe-129 dissolved in the lung tissue (small elevation in the left lung upper lobe from pericardial fat), the animal from the control group (J) shows an elevation of the hp 
Xe-129 dissolved in the lung tissue due to a ventilation-perfusion mismatch caused by the radiation (arrow). Note the good correlation between the elevated area in J and 
the perfusion defect in F.  
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Introduction: Chemical shift imaging (CSI) is an MR technique developed for acquiring images wherein an NMR spectrum is obtained from each voxel.  Previous 
implementations of CSI with hyperpolarized xenon-129 (hp Xe-129) required imaging for 8 minutes (1), which is not practical for application in humans. Recently it 
was shown that an optimized version of a CSI pulse sequence can produce images of hp Xe-129 with high in-plane spatial resolution during a single breath-hold (2). 
From the CSI data, one can calculate images reflecting the amount of Xe-129 in the airspaces, and dissolved in the lung tissue and blood, and thus obtain detailed 
spatial information regarding how Xe-129 is distributed in the different compartments, providing regional information about lung physiology.  In this work, we used an 
hp Xe-129 CSI sequence as described in (2) to evaluate a rabbit model of lung stereotactic radiation surgery with and without a radioprotector.   
Methods and Materials: The lower lobes of the right lung of nine New Zealand rabbits (4.2-5.2 kg) were irradiated with 3 doses of 11Gy each (Fig. 1A, 1B), using a 
TomoTherapy Hi-Art scanner (TomoTherapy Inc). The healthy left lung was spared from radiation, so it could be used as a control and also would improve the animal’s 
quality of life. Six of these nine animals received 50 mg/Kg of the radioprotector (Amifostine, MedImmune), through an I.V., 20 minutes before each stereotactic 
radiation dose. CSI with hp Xe-129 was performed using a 1.5-Tesla clinical scanner (Sonata, Siemens Medical Solutions), and a transmiter/receiver birdcage RF coil, 
at baseline, and at 4 and 8 weeks post-radiation treatment. Prior to scanning, the animals were anesthetized with a mixture of Ketamine/Xylazine (50/5 mg/Kg) and 
intubated with an endotracheal tube.  Anesthesia was maintained with a single bolus of the same mixture, as needed. Isotopically enriched (85%) Xe-129 was polarized 
via the optical-pumping spin-exchange method in an IGI-9600Xe polarizer (MITI), with final polarization levels between 12-15%. For comparison studies, 
hyperpolarized Helium-3 (hp He-3) was polarized using the same system, with final polarization levels of 35-40%. 
For correlation with the CSI results, each animal was also scanned at the same time points (in the same MR scanner) using a 2D contrast-enhanced MRA sequence 
(first-pass ce-MRA), with 3cc of a gadolinium chelate delivered through an ear vein, followed immediately by a 3D ce-MRA with higher in-plane resolution (Fig. 1E, 
1F). Within a week of the Xe-129 scan, a hyperpolarized Helium-3 (hp He-3) ventilation scan (Fig. 1G, 1H) was obtained using the same inhalation and breath-hold 
technique as those for Xe-129, and a computed tomography (CT) scan was obtained with a resolution of 0.5x0.5x1.5mm3 (Fig. 1C, 1D). For the hp Xe-129 CSI and He-
3 ventilation, each animal was scanned during an inhalation of 50cc of the respective gas. For the CSI acquisition, a matrix of 32x32 voxels was positioned over the 
lungs, and for each excitation an RF pulse with duration 1280μs and bandwidth 3125 Hz was applied at the frequency of the Xe-129 dissolved-phase tissue and blood 
peaks, approximately 200 ppm from that for hp Xe-129 gas in the airspaces.  The free-induction decay (FID) corresponding to each voxel was filtered with a Gaussian, 
zero filled to 2048 points, Fourier transformed and corrected for frequency shifts. Subsequently, each peak in the spectrum was fitted with a Gaussian and the areas 
under the peaks were determined.  CSI maps based on the integrals of the dissolved and gas peaks were calculated separately for each animal and for each time point. 
The histogram, mean, median and standard deviation for the maps and their ratios were calculated and analyzed statistically.  From this data, the mean percent 
differences were calculated between the fraction of hp Xe-129 dissolved in the tissue of the right lungs treated with radiosurgery and that dissolved in the left (non-
irradiated) lungs, used as internal controls. 

Results: At baseline the mean differences between the lungs were statistically identical for both groups, with 1.3% ±1.0% (mean±SD) for the control group 
(radiosurgery only) and 3.2%±3.5% for the group that received radiosurgery and the radio-protector. At 4 weeks post radiosurgery, the mean differences between the 
lungs were 6.2% ±2.3% and 4.6%±3.2% for the control and radio-protector groups, respectively. At 8 weeks post, the mean difference between the lungs increased to 
16.7%±3.2% for the control group, while for the animals that received the radio-protector the value remained identical to baseline, at 3.4%±2.6%.  These Xe-129 CSI 
results of the pulmonary tissue changes correlate well with the focal perfusion and tissue-density changes observed with multiple modalities including ce-MRA and CT 
scans (Fig. 1D, 1F). He-3 images showed normal ventilation throughout the lungs for all animals. The results from these multiple modalities lead to the conclusion that 
ventilation–perfusion mismatches developed in the irradiated areas, which is well supported and characterized by the CSI technique showing a focal increase of the hp 
Xe-129 dissolved in the lung tissue (Fig. 1J, arrow). 

Discussion: Hyperpolarized Xe-129 CSI detected radiation-induced pulmonary injury at 4 and 8 weeks post treatment, and was able to detect reduced early treatment 
toxicity as a result of a clinically used radioprotector. This study again demonstrated the feasibility of optimizing the CSI technique for hp Xe-129 to obtain spatially-
localized spectral data from the lung in a single short breath-hold acquisition. Further optimization of the pulse sequence and higher gas polarization will permit even 
higher spatial resolutions and multiple slices. Animals will be followed up to week 16 post radiation, and then the lungs will be processed for histo-pathology. 
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