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Diffusion-weighted imaging
Single-shot imaging (fast, motion insensitive)
§ Limited resolution and SNR
§ Heavy distortion

Multi-shot imaging
§ Motion sensitive
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Multi-shot DWI
§ Motion-induced phase GNH@($,O) (random and spatially smooth)

§ MUSE/POCS-MUSE

• Step1: parallel imaging on each shot*

and take the low-resolution** results to estimate GH@I

• Step2: estimate 2
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Multi-shot DWI
§ Motion-induced phase GNH@($,O) (random and spatially smooth)

§ Shot locally low-rank (shot-LLR)

• “calibration-less parallel imaging*”

• Spatial-shot matrices

• Slow-phase variations = low-rank
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*Trzasko J, et al. IEEE TMI 2011.

Data consistency term LLR regularization



Multi-shot DWI
§ Motion-induced phase GNH@($,O) (random and spatially smooth)

§ MUSE/POCS-MUSE (non-convex)

§ Shot locally low-rank (shot-LLR) (convex)
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Multi-shot DWI
§ Motion-induced phase GNH@($,O) (random and spatially smooth)

§ MUSE/POCS-MUSE (non-convex)

§ Shot locally low-rank (shot-LLR) (convex)
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Flowchart of shot-LLR reconstruction with virtual conjugate shots
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4-shot, nex = 6
a-c: normal

d-f: with severe motion



Non-convex model

§ Using shot-LLR as initialization

§ Regularization terms on magnitude          
and phase 

• to improve the results

• constraints on phase helps avoid                  
partial Fourier reconstruction

§ Phase cycling to solve artifacts from 
phase wrapping*
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m: real-valued image to be reconstructed

_: motion-induced phase to be estimated

bc def gc: the sampling operator and

acquired data of the ihi shot.

F: Fourier transform

S: sensitivity map

jk and jl : regularization terms on
magnitude and phase

*Ong, F., Cheng, J. Y., & Lustig, M., MRM 2018.
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4-shot brain DW images (res: 0.85 x 0.85 x 3 mm3, b-value = 1000 s/mm2,
nex = 1) reconstructed by Fourier transform (a), shot-LLR (b), proposed
method with zero-filled data as initialization (c), proposed method with shot-
LLR as initialization and without/with phase cycling (d/e).The yellow triangles
point where the errors are.

Fourier transform shot-LLR
0 initialized 

no phase cycling
shot-LLR initialized 

no phase cycling
shot-LLR initialized 
with phase cycling
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4-shot DTI
res = 0.8 mm isotropic
b-value = 1000 s/mm2

#directions = 45
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4-shot double-diffusion 
encoding imaging

res = 1 x 1 x 2 mm3

b-value = 2000 s/mm2

#directions = 120



Summary
To solve inter-shot phase variations in multi-shot DWI without navigator

§ MUSE/POCS-MUSE/POCS-ICE

• two steps: 1) explicit phase estimation; 2) final image reconstruction

§ Shot-LLR

• a relaxed model without phase estimation 

§ Shot-LLR initialized non-convex method

• works well when SNR is low (high resolution/high b-value brain imaging)

• inherits the property of handling big phase variations from shot-LLR. 


