
Figure 2: Representative comparisons of the original TOF vs the proposed 
TOFu.  Note that venous flow is evident in TOFu due to insufficient TSat 
application with the current 1-per-shot scheme.  

Figure 1: ky-kz plot of a variable density spiral phyllotaxis trajectory for 
the representative TOFu imaging slab, with net acceleration factor 3.8, 
21 shots and 94 segments per shot. The blue dots represent acquired 
points on a regular Cartesian grid, while the green dots show skipped 
points.  Each shot (brown line) begins near the center of the ky-kz plane 
at one of the red dots, and then spirals outward. 
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Target Audience: Clinicians and researchers with interest in non-
contrast MRA (Time-of-Flight) and in practical compressed sensing 
MR applications with a modest acceleration. 
Purpose: The MRI applications of compressed sensing (CS) [1] have 
shown promises in significantly reducing the scan time, far beyond 
conventional MRI acceleration methods (e.g. parallel MR, partial 
Fourier, etc.).  Despite their potential, the CS MR applications have 
yet to reach daily clinical usages due to impractical acceleration 
expectations and needs for computationally intensive off-line 
reconstructions.  This work introduces Time-of-Flight with sparse 
undersampling (TOFu), a practical CS application for non-contrast 
MRA, and demonstrates the feasibility of a fully integrated 
implementation (i.e. both sequence and image reconstruction) on a 
clinical 3.0T scanner.  
Methods: In order to bring CS to real life clinical usage, we consider 
the application of 3D Time-of-Flight (TOF) MR Angiography [2] with a 
modest acceleration factor of ~2x compared to conventional TOF. 
TOF is an excellent candidate for acceleration by CS because it 
meets basic CS requirements (e.g. sparse object with excellent 
vessel-background contrast, and relatively immune to reordering 
changes with steady-state imaging) and requires long scan times.  In 
the proposed method, each slab of the MOTSA (multiple overlapping 
thin slab acquisition) protocol will be acquired with a variable density 
spiral phyllotaxis trajectory in ky-kz phase-encoding directions [3] 
(Fig.1). The trajectory features segmented multi-shots with travelling 
venous saturation pulse (TSat) applied in between the shots.  
Acquired sparse data are then reconstructed iteratively with the 
FISTA algorithm [4].   

The sequence and the reconstruction prototype were both 
implemented online on a 3.0T scanner (Magnetom Skyra, Siemens 
Healthcare, Erlangen, Germany). The standard scanner 
reconstruction computer system (64-bit Linux OS, Quad-core Xeon 
3.2GHz, 64GB 1333MHz DDR3, 300GB RAID, no GPU acceleration) 
was utilized. The technique was validated with healthy volunteers 
(n=5) under a local IRB approved protocol.  Typical clinical 
intracranial TOF protocol (FOV = 199 x 220 cm2; image matrix 
338x384; 36 partitions with 25% slab overwrap; 5 axial slabs; 
acquisition voxel size = 0.57 x 0.57 x 1.03  mm3 (slice interpolated to 
0.6mm); flip angle = 18°; TR/TE = 21.0/3.46 msec; BW 200 Hz/pixel; 
total scan time 8:19 min) and the parameter-matched TOFu protocol 
with the additional CS parameters (net acceleration factor of 3.8, 
FISTA iteration 40, regularization factor 0.02, 21 shots, total scan 
time 4:20 min) were acquired on the each volunteer.  The resulting 
multi-slab MRA data sets were compared for overall image quality, 
delineation of vessel details, and presence/absence of artifacts. 
Results: All volunteer scans and reconstructions were performed 
successfully. The results from TOFu showed an image quality 
comparable to that of the original TOF.  All of the main vessels were 
accurately displayed as intact.  The current implementation of FISTA 
completes the reconstruction in reasonable 2:50 min per slab.   
Discussion: Under the current scanner coil configuration, the 
acceleration factor achievable with the parallel MR in original TOF 
had reached the practical maximum at 2.  The proposed TOFu (net 
acceleration factor of 3.8) cuts the acquisition time to half of the 
original TOF. Despite this, image quality of the TOFu remains 
excellent, comparable to the original TOF.  While 2:50 min reconstruction time per slab is reasonably fast, it can be further improved by taking 
an advantage of the GPU, which is available in the current scanner reconstruction system. 
Conclusion: With a reasonable acceleration factor expectation and with a careful selection of the intended application, the CS can be fully 
implemented on clinical MR scanners. The proposed TOFu method proves this with encouraging results, and further R&D efforts are warranted.    
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