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Target Audience: Researchers interested in navigator-free high resolution DWI or DTI  
Purpose: To achieve a high spatial resolution, multi-shot techniques are commonly used in diffusion imaging. However, due to the application of 
diffusion gradients, the reconstruction of multi-shot DWI data needs to correct the phase errors induced by shot-to-shot motions. An intuitive phase 
correction approach, SENSE+CG [1], has been proposed and implemented for navigator-free spiral DWI. SENSE+CG uses parallel imaging to 
initially calculate the image of each shot, from which the phase information can be obtained and the motion-induced artifacts can be removed in the 
final iterative image reconstruction. However, there are two major drawbacks of SENSE+CG when a large number of shots is used. The first one is 
that the phase calculation is inaccurate since a large acceleration factor is used in the initial reconstruction; the second one is that the convergence 
behavior is unstable due to the ill-conditioning of the inverse problem [2]. A recently proposed method, POCS-enhanced Inherent Correction of 
motion-induced phase Errors (POCS-ICE) [3], treats both the phase and image as unknowns and solves them simultaneously. It can not only correct 
motion-induced phase errors more reliably, but also have a more stable convergence behavior; hence it is easier to determine the stopping criterion 
without manual interventions. Despite of these advantages, POCS-ICE requires a long reconstruction time due to the slow convergence of the POCS 
algorithm, making SENSE+CG a better choice if the speed of the reconstruction is more important than its accuracy. This study aims to introduce the 
adaptive regularization scheme into SENSE+CG to alleviate the ill-conditioning and change the semi-convergence behavior.  
Methods: 1) Regularized SENSE+CG: We propose to incorporate the regularization based on 
Lanczos iteration process and inner regularization [4] into the SENSE+CG algorithm. By using this, 
the CG iteration process is controlled by thresholding the smaller singular value component to avoid 
the noise amplification. 2) Simulation: A noise-free T1 weighted digital phantom with matrix size of 
256×256 downloaded from BrainWeb (http://www.bic.mni.mcgill.ca/brainweb/) and 8-channel 
complex coil sensitivity maps computed using the Biot-Savart law were used to generate simulated 
DTI data via the following procedures: multiplication of the phantom with a second-order spatially 
varying phase map (random for different shots), modulation using the sensitivity maps, transferal to 
8-shot spiral k-space and addition of spatially uncorrelated Gaussian noise. 3) In vivo experiment: 
Brain DTI data were acquired on a 3T scanner (Philips Healthcare, Best, The Netherlands) using an 
8-channel RF coil. A spin-echo diffusion-weighted spiral sequence without navigator was used. The 
imaging parameters were: number of spiral shots=8, spiral readout duration=24ms, b=800s/mm2, 
FOV=212×212mm2, slice thickness=4mm, TR/TE=2680/54ms, in-plane resolution=0.95×0.95 mm2. 
4) Image reconstruction: Both the simulated data and in vivo data were reconstructed using 
SENSE+CG, regularized SENSE+CG and POCS-ICE.  
Results and Discussion: 1) Simulation: The normalized root mean square 
errors (NRMSE) during the iteration of different methods are plotted in 
Fig. 1, which shows that the regularized SENSE+CG has a more stable 
convergence behavior than SENSE+CG, and converges faster than 
POCS-ICE in the first 50 iterations plotted. 2) In vivo experiment: The 
diffusion weighted images reconstructed by three different methods with 
different iteration numbers are compared in Fig. 2. Using the traditional 
SENSE+CG, the SNR of the image drops out when the iteration number 
is larger than about 10; using the regularized SENSE+CG, the noise 
amplification problem is solved. Although the regularized SENSE+CG 
image has less accuracy and a lower SNR than the POCS-ICE image 
when a large iteration number is used (e.g., 150), it is more suitable to be 
used when the reconstruction speed is critical.  
Conclusion: In this study, regularization was introduced into the 
SENSE+CG algorithm to solve the semi-convergence problem. The in 
vivo results show that it can generate diffusion-weighted images with a 
fast and stable convergence, which is helpful to determine the stopping 
criterion without manual intervention. 
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Fig. 1 The NRMSE plot of each iteration in the
simulation using different reconstruction method.
Regularized SENSE+CG provides more stable
convergence behavior than that without regularization
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