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Motivation: Conventional single-shot EPI (ssh-EPI) is fast, but often causes geometric distortions, especially near the
rectum.

Goal(s): In this research, a Dixon-msh-EPI technique is validated for prostate Diffusion-weighted Imaging (DWI).

Approach: Dixon-msh-EPI is proposed to reduce such distortions, while jointly separating water/fat components by a
special structured low-rank reconstruction that also corrects shot-to-shot phase variations.

Results: Experiments were conducted on 7 healthy male volunteers using a 3T scanner comparing DW-ssh-EPI and
Dixon-msh-EPI performance. The Dixon-msh showed significantly reduced geometric distortion and effective fat signal
suppression, as scored by two readers. While both methods provided comparable image quality, Dixon-msh-EPI
demonstrated improved motion-correction and geometric accuracy.

Impact: Dixon-msh-EPI offers improved prostate DWI by significantly reducing geometric distortions and enhancing
across b-value registration. This technique could lead to more accurate diagnoses and has the potential to refine clinical
MRI protocols, emphasizing precision in prostate diffusion imaging.

Introduction

Early detection and accurate characterization of prostate cancer are critical for effective treatment and thus improved
patient outcomes'-2. Diffusion-weighted imaging (DWI) with ADC mapping could provide a non-invasive insight into the
microstructure of prostate tissue?, aiding in the diagnostic process. While single-shot EPI (ssh-EPI) is generally preferred
for its speed in clinical prostate DWI, it is severely limited in image quality due to potential geometric distortions and T,"
blurring. Especially in the prostate, air/tissue susceptibility can vary significantly due to its close location to the rectum.
Multi-shot EPI® (msh-EPI) can potentially address all these issues and provide higher spatial resolution, although it faces
challenges with motion-induced shot-to-shot phase variations*. Moreover, in common with all EPI-based acquisitions,
unsuppressed fat is a confounding factor due to the spatial displacements of fat signals, resulting from the chemical-shift
effect>®.

To address these issues, we propose to use a Dixon-msh EPI acquisition combined with a structured low-rank
reconstruction to simultaneously address shot-to-shot phase variations and the fat-suppression problem’. The DW
Dixon-ms-EPI has notable advantages, including (1) effective phase-corrected averaging without fat-suppression pulse
and measuring 2D-navigators?; (2) correction for residual geometric distortions using estimated By map for free; (3)
improved fat suppression; and (4) better "fat-based" image registration across b-values. In this study, we also evaluate
Dixon-msh-EPI against standard fat-suppressed ssh-EPI for prostate DWI.

Methods

Dixon combined with msh-EPI (Dixon-ms-EPI) using structured low-rank reconstruction for DWI allows navigation-free
joint estimation of water, fat and Bo components. By applying two Hankel-matrix completions®, the data redundancy
along multi-shot/Dixon dimensions can be used to guide the reconstruction:
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the water/fat complex-valued images with L shots and N Dixon points, and A is the system matrix that enforces data
consistency, H represents the Hankel-matrix transformation. There are also some advantages of doing Dixon for
prostate DWI: after the reconstruction, residual geometric distortions can be further corrected using the Dixon By
fieldmap, with conjugate-phase reconstruction (CPR)? for free. Such By map is estimated during reconstruction from the
b=0 s/mm? data >~’. Separated fat signals can also be used for macroscopic motion tracking in DW Dixon-msh-EPI (Rigid +
diffeomorphic field registrations were used in previous work'?), and fat can be suppressed over the complete multi-peak
fat spectrum®11,

Experiments were conducted using a 3T scanner on 7 healthy male volunteers who provided informed consent. They
underwent a standard prostate 2D-T2w-TSE scan, followed by two baseline DWI scans and a few additional scans.
Detailed scan parameters for these sequences are presented in Table 1 (A). Reconstruction utilizing SENSE for the ssh-EPI
was compared to the structured low-rank for the Dixon 3-shot EPI. CPR was not used in this comparison.

The comparative analysis involved evaluating ADC values, which were obtained using a mono-exponential model in ROIs
placed in the transition zone areas while being free of susceptibility-related artifacts. Statistical significance was tested
using a paired Wilcoxon test. Two expert readers assessed image quality from both DWI protocols using a 5-point Likert
scale'?. Criteria included geometric distortion, prostate edge clarity, perceived SNR, and overall image quality.

Results

Dixon-ms-EPI showed less geometric distortion than ssh-EPI as scored by both readers; however, only reader 2 perceived
the SNR of ssh-EPI to be significantly higher than Dixon-ms-EPI, as shown in Table 1(B). Figure 1 shows a slice illustrating
the reduced geometric distortion of Dixon-msh-EPI versus ssh-EPI, compared to the T2w-TSE reference image. It is also
evident that the CPR + By map can further correct the remaining geometric distortions. In Figure 2, Dixon ssh-EPI
effectively suppressed fat signals, unlike fat-suppressed SPAIR'3 ssh-EPI, which failed in this chosen case. In Figure 3, the
prostate scan exhibited motion-induced deformities in the water-registered images, which can be much better registered
using fat images. Figure 4 shows comparable ADC values between Dixon-ssh-EPI and ssh-EPI (top table), but ssh-EPI had
certain regions with noticeable ADC mapping degradation (bottom).

Discussion and conclusion

This study confirmed that Dixon-msh-EPI outperforms ssh-EPI with regard to reduced geometric distortions, whereas
other factors of overall image quality were comparable. Note that scan time was kept constant. The inherent ability of
Dixon-msh-EPI to access fat information can aid in motion correction by applying more robust fat-based registration.
Dixon-msh-EPI also allowed a further reduction in geometric distortion by exploiting the jointly estimated By map, and
showed its effectiveness in fat suppression. Therefore, it presents a valuable alternative to fat-suppressed ssh-EPI. In
addition, eliminating the SPAIR pulse saved 130 ms per shot, which improved scan efficiency. Notably, this initial study
was based on healthy volunteers, further clinical studies with patients are needed to understand its diagnostic efficacy.
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Table 1. (A) sequence parameters, and (B)
Qualitative comparison between DW-
Dixon-3shot-EPI and ssh-EPI. In total 92
slices were evaluated by two readers
based on various scoring criteria. There
was significantly less geometric distortion
in Dixon-3shot-EPI compared to ssh-EPI
evaluated by both readers (P<0.05).
Reader 2 scored the perceived SNR of ssh-
EPI significantly higher than that of Dixon-
3shot-EPI (P<0.05), whereas there was no
significant difference in the first reader's
report (P>0.05). There was no significant
difference in all other aspects (P>0.05).
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Figure 1. Comparison of ssh-EPI, Dixon-
msh-EPI (with and without CPR) results for
one slice of a volunteer. The left column
shows T2w TSE images for reference, and
Dixon-msh-EPI| water/fat merged b=0
s/mm? image which may offer a different
fat-present contrast. The right column
shows the three techniques and their ADC
maps. Using SPAIR means: no fat images
for ssh-EPI. The increased bandwidth in
Dixon-msh-EPI's reduces geometric
distortions, and its Bo map helps to
further correct distortion via CPR. Red
lines on T2w TSE highlight geometric
distortions on water DWIs (b=0 s/mm?).
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Figure 2. Comparison between Dixon-
msh-EPI and SPAIR-ssh-EPI for fat
suppression in a single subject. While
SPAIR is commonly used in prostate DWI
for fat suppression, it failed in this
measurement, showing undiffused but
unsuppressed fat signals (red arrow). In
contrast, Dixon-msh EPI effectively
suppressed them. If unsuppressed fat
signals are superimposed on the prostate
in routine scans, remeasurement may be
required, e.g., by retuning the shimming
or changing the SENSE factor. In practice,
immediate correction during clinical
sessions is challenging and time-
consuming.

Figure 3: Gross motion and b-value based
correction. Subjects were instructed to
move between b-value acquisitions,
resulting in spatial discrepancies. A slice
displayed from a subject’s prostate over 4
b-values, (A) shows water DWI, and (B)
shows fat DWI. The top of (A) shows the
original data and its ADC map. Two
registration methods follow: using fat (fat-
registered) and water images (water-
registered). When fat images are used for
registration, the structure aligns well (red
arrows and zoomed areas). However,
direct water registration can distort
structures and blur ADC maps.
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Figure 4: ADC mapping. (top table) Mean
ADC values from 6 slices for each
technique, showed no significant

difference. (bottom Figure) Prostate T2w

TSE images and ADC maps from Dixon-

msh-EPI and ssh-EPI of three volunteers.

In the first volunteer, ssh-EPI shows signal
pile-up leading to erroneous ADC values
(red arrows) whereas Dixon-msh-EPI
reduces such artifacts. In the second,
Dixon-msh-EPI reduces susceptibility
artifacts (red arrows) and provides stable
ADC mapping. In the third case, Dixon-
msh-EPI better matches the TSE image in
prostate position and shape (red bars).
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