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Synopsis

Keywords: Data Acquisition, Diffusion/other diffusion imaging techniques

Motivation: Diffusion-weighted MRI suffers from limited spatial resolution, residual geometric distortion, and long acquisition.
Goal(s): To develop high spatial-angular-temporal resolution DW-MRI at 7T.

Approach: We developed ky-shift encoding and navigated interleaved EPI (NAVIEPI) with consistent echo spacing, enabling efficient sampling and minimal distortion mismatch between echoes. We developed
joint reconstruction with locally low-rank regularization, encompassing multi-band slices and multiple diffusion directions.

Results: We achieved (1) whole brain 3-scan trace acquisition at a resolution of 0.5 x 0.5 x 2.0 mm?3 and 98 seconds, and (2) 3-shell 126 diffusion encodings with 1.0 mm isotropic resolution and 22 minutes scan
time.

Impact: JETS-NAVIEPI enables accelerated submillimeter resolution in vivo brain DW-MRI at 7T, offering both clinically relevant 3-scan trace and neuroscientific DTI protocols.

Background or Purpose

Diffusion-weighted MRI (DW-MRI) [1,2] is a non-invasive imaging modality sensitive to the intravoxel Brownian motion of water molecules. It has been widely used in acute brain ischemia diagnosis, tumor
detection and staging, and neuroscience [3]. However, despite wide spectrums of technique advances, including single-shot echo-planar imaging (SS-EPI) [4], simultaneous multi-slice (SMS) [5,6], gSlider [7], and
TOPUP [8], DW-MRI still suffers from limited spatial resolution, residual geometric distortion, and long acquisition. In this work, we aim to develop high spatial-angular-temporal resolution DW-MRI at 7T.

Methods

JETS-NAVIEPI
Figure 1 displays the proposed k-shifted NAVIEPI sequence. First, the interleaved EPI sampling pattern is shifted by one k, line per diffusion direction, with the cycling period being the in-plane undersampling

factor. This allows for complementary k-g-space sampling. Second, as inspired by readout-segmented EPI (rsEPI) [9], NAVIEPI enforces consistent effective echo spacing between imaging and navigator echoes,
enabling (1) minimal geometric distortion mismatch between echoes, and (2) accelerated acquisition and a flexible number of shots with reliable shot-to-shot phase estimation from navigators.

Figure 2 illustrates the construction of the forward operator in joint reconstruction. Shot phases are estimated from navigators via SMS parallel imaging and then fed into the forward operator, based on which
locally low-rank regularization [10] is employed in the spatial-diffusion dimension. All source codes are publically available on https://github.com/ZhengguoTan/sigpy and
https://github.com/ZhengguoTan/demo _jets diffusion _mri_7t.

Experiments
Experiment #1. To validate the effectiveness of the proposed joint reconstruction, 4-shot iEPI with fully-sampled in-plane acquisition and a multi-band factor of 3 was used to acquire DWI with 20 diffusion
directions at the b-value of 1000 s/mm?2 and 1 mm isotropic resolution. The data was reconstructed via MUSE [11], MUSE with the local PCA denoiser [12], JULEP [13], and our proposed method, respectively.

Experiment #2. To demonstrate the sampling efficiency of NAVIEPI, 5-shot NAVIEPI with three-fold in-plane undersampling and a multi-band factor of 2 was used for the 3-scan trace acquisition at 0.5 mm in-
plane resolution and a slice thickness of 2 mm. Single-shot EPI with the same acceleration as NAVIEPI was also acquired for comparison. For a total of 60 slices, NAVIiEPI took 98 seconds, whereas single-shot EPI
took 46 seconds.

Experiment #3. Three-shell DWI was acquired with 20, 30, 64 directions at the b-value of 1000, 2000, 3000 s/mm?, respectively. 2-shot iEPI was used with three-fold in-plane undersampling and a multi-band
factor of 3, yielding a total scan time of 22 minutes.

All experiments employed 6/8 partial Fourier. In vivo measurements were conducted at 7T (Terra, Siemens Healthineers, Erlangen, Germany) with a 32-channel head coil (Nova Medical) and the XR-gradient
system (80 mT/m @ 200 T/m/s).

Results

Figure 3 displays the results from Experiment #1. The residual noise from MUSE can be largely removed by the denoiser. However, when compared to JETS, the denoiser shows residual noise patterns within the
globus pallidus (indicated by the red arrow). JETS also shows better denoising than JULEP. The reason is that JETS enforces spatial-diffusion regularization, whereas JULEP formulates structured low-rank
regularization of the four shots for one diffusion encoding.

As shown in Figure 4, NAVIEPI achieves sub-millimeter resolution (voxel size 0.5 x 0.5 x 2.0 mm?) with the use of a 5-shot acquisition. When compared to a single-shot acquisition with the same voxel size, the
acquisition time of NAVIEPI is about two times longer, but the image quality of NAVIEPI is remarkably improved. In the sub-millimeter imaging scenario, the increased base resolution requires longer TE (143 ms)
in the single-shot acquisition, which results in significant signal loss due to T2 relaxation. Therefore, sub-millimeter DWI necessitates multi-shot acquisition, which is subject to shot-to-shot phase variation and
long scan time. However, NAVIEPI solves both challenges. The 5-shot acquisition reduces TE to 58 ms, and thus retains SNR significantly compared to the single-shot acquisition. Moreover, the JETS
reconstruction can help to reduce noise and improve structural visibility.

Experiment #3 yields an acceleration factor of 6 x 3 per shot, resulting in severe noise amplification in MUSE reconstructed DWIs, as shown in Figure 5. Here, a slice that highlights the corpus callosum is
displayed, and the diffusion direction at the b-value of 3000 s/mm? with bright signals within the corpus callosum is shown. The local-PCA denoiser substantially removes noise, but the DWI at high b-values still
illustrates more noise, compared to the proposed JETS reconstruction.

Conclusions

We demonstrated the JETS-NAVIEPI technique, which integrates a ky-shifted encoding navigator-based interleaved EPI sequence and joint reconstruction with overlapping locally low-rank regularization for high
spatial-angular-temporal resolution DW-MRI at 7T. This technique allows for high-quality DW image reconstruction with accelerated acquisitions.
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Figure 1. (A) An example DW-MRI acquisition with three-shot iEPI. (B) The proposed ky shifted diffusion encoding scheme. This example employs three shots per DWI, so every three columns have the same
color. (C) NAVIEPI: navigated iEPI with consistent effective echo spacing, where iEPI meets rsEPI. SMS is utilized for the acquisition of both imaging and navigator echoes.

Figure 2. The forward operator in our joint k-g-slice reconstruction. The indices 'x' and 'y' denote the image size, 'z' denotes the multi-band slices, 'q' denotes the diffusion encoding, 's' denotes the shots, and 'c'
denotes the coil sensitivities.

8th DW image from 4-shot iEPI @ 1 mm IS0

Figure 3. Reconstructed DW images (the 8th diffusion encoding) based on 4-shot iEPI acquisition with 1 mm isotropic resolution. Four reconstruction methods are compared (from left to right): JETS, MUSE, MUSE
with denoiser, and JULEP. The 2nd row displays the magnified views of the yellow square. The image from the denoiser (3rd column) shows residual noise patterns within the globus pallidus (indicated by the red
arrow). The JULEP reconstruction (4th column) shows signal dropout in the central region (indicated by the red arrow).

3-scan trace acquisition with voxel size 0.5 X 0.5 X 2.0 mm?*

single-shot EPI @ 46 sec NAVIEPI & 98 sec ETS-NAVIEP! @ %8 sec

Figure 4. Sampling efficiency of the proposed NAVIEPI sequence. 5-shot NAVIEPI acquisition with the voxel size 0.5 x 0.5 x 2.0 mm?> was compared with single-shot EPI acquisition. Both the 1st and the 2nd
columns were reconstructed via parallel imaging without LLR regularization, whereas the 3rd column was reconstructed via JETS.

Figure 5. Comparison of three-shell DWIs and cFA maps. Reconstruction methods from top to bottom were MUSE, MUSE with the local-PCA denoiser, and the proposed JETS method.
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