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Fig.2: Heating curves are shown for the 
four hottest voxels at focus (red), and 
for a voxel away from focus (blue). The 
acquisition rate was one 3D volume per 
s. Noise level was 0.2°C. 

Fig.1: Diagram of the 3D k-space
sampling function, for UNFOLD +
GRAPPA. Red slices represent
acquired data while green ones are
reconstructed using UNFOLD. Black
ones, on the other hand, are
reconstructed using GRAPPA.
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Introduction: Volumetric MR temperature imaging (MRTI) may be a very valuable tool to monitor Transcranial MR-guided focused ultrasound 
(TcMRgFUS) therapies, to avoid overheating the skull and to search for secondary heating sites away from the focal point [1]. Even when using a fast 
imaging technique such as interleaved-EPI [2], increases in temporal resolution are still very much needed in 3D MRTI applications. Reduced-FOV 
fast-imaging methods seem especially appropriate for this application, as a water bath surrounds the head (for acoustic coupling) and unusually large 
FOV would otherwise be required to accommodate it. For the present 3D MRTI application, we propose a multi-shot 3D-EPI sequence featuring 
combinations of three fast imaging techniques: 1) parallel imaging, 2) UNFOLD, and 3) 2DRF pulses. With only 1) and 2), a frame rate of about 1 fps 
was achieved, for a 64x64x50 matrix size and a temperature sensitivity of 0.2°C in a gel phantom.  
Theory and Methods: UNFOLD manipulates the time evolution of aliased signals by changing the 
sampling function from time frame to time frame in acquisition k-space [3]. Fig. 1 illustrates how the UNFOLD 
was applied in conjunction with GRAPPA [4] in the slice encoding direction. In the phase encoding direction, 
2DRF was applied to further reduced echo-train-length (ETL) and susceptibility artifacts. A GE product 2D EPI 
was modified to incorporate the hybrid method for 3D acquisitions (3T scanner, 8-channel head coil, gel 
phantom). The entire slab volume was excited at each TR while one slice data in the kx-ky-kz domain is acquired 
with standard EPI readout gradients (# of shots = # of kz). Initial baseline scans were acquired without heating, 
and then sonication was performed for 30s at 15W, using a 1.5MHz FUS transducer, and further images were 
acquired during cooling (TE/TR: 30/60ms, readout bandwidth: ±100kHz, flip angle: 15°, ETL: 64, FOV: 
192x192x150mm, spatial resolution: 3mm isotropic). Two different types of acquisitions were performed: a) 3D 
EPI without acceleration (matrix size: 64x64x50, temporal resolution per 3D volume: 2.9s). b) 3D EPI with 
2xUNFOLD and 2xGRAPPA acceleration (matrix size: 64x64x17, temporal resolution: 1s). High order shim (1st 
and 2nd order) was used to mitigate the distortion artifacts. To investigate the feasibility of using 2DRF to further 
reduce ETL, rFOV images using 2D EPI were acquired. The FOV was reduced to 1/3 with 2DRF pulses 
consisting of 5 Gaussian-modulated subpulses and a total pulse duration of 6 ms. Images were reconstructed 
off-line using UNFOLD and GRAPPA algorithms. Temperature changes were estimated through phase 
differences, based on temperature dependence of proton resonance frequency shift [5]. 
Results: MR temperature measurements for voxels at and away from the focal point for the accelerated 3D EPI 
case (2xUNFOLD and 2xGRAPPA along slice encoding) are shown in Fig. 2. Curves are shown for the four 
hottest, adjacent voxels in the plane perpendicular to FUS beam (curves in red). Measurements in a voxel 12 mm 
away from the focus are also shown, in blue. A temporal resolution of 1s was achieved for the accelerated case, a 
3x improvement compared to the fully-acquired case (4-fold subsampled outer k-space regions and 
fully-acquired central region, for a net acceleration of 3). The noise level was measured at 0.2°C (standard 
deviation through time, averaged over the box shown in Fig. 3b). Fig. 3 shows temperature maps for both 
imaging scenarios, for the time point with maximum heating, overlaid on magnitude images. The temporal 
resolution could be further improved by applying GRAPPA in a second encoding direction. This extra 
acceleration allowed the ETL to be reduced from 64 to 40, and scan time from 1s to 0.82s (results not shown).   
Disussion:As compared to regular gradient echo sequences, EPI allows higher frames rates at a price in terms 
of image distortion (see Fig. 4). As shown in Fig. 4c, distortion can be mitigated to a large degree through the use 
of high order shimming. But in addition to good shimming, the use of acceleration methods as done here can also 
help reduce distortion, through a reduction in the ETL. Fig. 4d shows a 1/3 rFOV image, where the ETL was 
reduced from 52 to 30. If needed the proposed method is quite compatible with 2DRF pulses featuring 
fat-suppression capabilities [6, 7]. Combining this method with multiresolution acquisition strategies [8] may 
permit higher spatial resolution in the region of the focal heating while maintaining volumetric coverage. 
Conclusion: Combining the strengths of UNFOLD, GRAPPA, and 2DRF methods, 3D MRTI could be performed here with a frame rate of about 1 
fps, while maintaining reasonable values for the matrix size and ETL. 
References: [1] N. McDannold, et al. TUFFC 57:1967-76 (2010). [2] A. Holbrook, et al. MRM 63:365-73(2010). [3] B. Madore, et al. MRM 
42:813-28(1999). [4] MA. Griswold, et al. MRM 47:1202-10(2002). [5] Y. Ishihara, et al. MRM 34:814-823(1995). [6] J. Yuan, et al. MRM 
63:1092-97(2010). [7] C-S Mei, et al, 18th ISMRM 5716(2010) [8] MH. Aljallad, et al., 16th ISMRM 1230(2008)  
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Fig.3: Temperature maps at
maximum heating, for a) a full 3D
acquisition, and b) an accelerated 3D
acquisition. Temperature noise was
estimated over the box.  

Fig.4: Magnitude images of a) SPGR,
b) EPI, c) EPI after high order shim
(HOS), and d) rFOV EPI with 2DRF
after HOS. HOS was applied only on
the phantom. The 2DRF pulses
consisting of 5 Gaussian-modulated
subpulses. The total duration of the
2DRF was 6 ms. Distortion was
mostly removed in c and ETL was
reduced by 58% in d. 
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