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Synopsis
We describe a comprehensive pipeline for super-resolution reconstruction of clinical di�usion-weighted MRIs acquired with isotropic di�usion encoding (IDE), or spherical tensor encoding. The pipeline

integrates blip-up/down EPI distortion correction and slice-to-volume registration (SVR). Multiple low-resolution IDE-MRIs with di�erent slice orientations relative to the brain are processed to reconstruct

high-resolution IDE-MRIs. From high-resolution IDE-MRIs with a wide range of b-values we estimate spectra of subvoxel MD values to describe the distribution of water mobilities in microscopic brain tissue

microenvironments. Integrating SVR-reconstruction with IDE is an important step in the clinical translation of MD spectroscopic MRI for fetal MRI applications.

Introduction
The heterogeneous di�usive motions of tissue water in each voxel can be described with an ensemble of microscopic di�usion tensors  with distinct sizes, shapes, and orientations, determined

speci�cally by the local tissue microenvironments sampled by the di�using water molecules. Mapping spectra of subvoxel mean di�usivity (MD) values, i.e., the size distribution of these microscopic

di�usion tensors , may provide speci�c clinical information about tissue water mobility in stroke, cancer, brain injury, epilepsy , and neurodegenerative diseases. We can estimate the spectrum of MDs in

subvoxel microenvironments  from multiple DWIs acquired with isotropic  di�usion encoding (IDE), a.k.a. spherical tensor encoding , over a wide range of b-values (0-4000s/mm ).

However, acquiring clinical IDE-MRIs with a su�ciently high signal-to-noise ratio (SNR) and large dynamic range to disentangle multi-exponential signal decays is very challenging. Because averaging

complex di�usion MRI signals in vivo is impractical due to shot-to-shot variations in the signal phase induced by physiological motions, the SNR must be increased by using a larger voxel volume, which

comes at the cost of lowering the spatial resolution.

Recently, several techniques  have been proposed that use slice-to-volume registration (SVR) to concurrently correct for head motion and reconstruct a 3D volume with high spatial resolution from

multiple low-resolution scalar imaging volumes acquired with di�erent relative slice orientations. Since IDE completely removes the e�ects of both macroscopic and microscopic di�usion anisotropies ,

IDE-MRIs can be viewed as scalar imaging volumes, i.e., T2-weighted images, and are therefore well-suited for super-resolution reconstruction using SVR.

We describe a pipeline for SVR-based super-resolution reconstruction of IDE-MRIs with a wide range of b-values needed for MD spectroscopic MRI. By combining SVR with MD spectroscopic MRI we

signi�cantly extend the ability to quantify water mobilities in speci�c tissue microenvironments suitable for important clinical applications such as detecting fetal brain injury in utero.

Methods
We scanned a healthy volunteer using an MD spectroscopic MRI protocol consisting of IDE scans with 32 di�erent b-values between 0-4000s/mm . Multiple short (1:45min) whole-brain IDE scans (Fig. 1A)

were acquired using a multi-slice EPI acquisition with a cubic FOV of 192x192x192mm , GRAPPA factor of 2, 96x96 imaging matrix, 32 slices, 2mm in-plane resolution, and 6mm slice thickness. We acquired

consecutively 6 IDE-MRI scans with positive (blip-up) and negative (blip-down) EPI phase encoding directions using axial, sagittal, and coronal slice orientations. We repeated these 6 scans for three

di�erent head positions relative to the scanner coordinates.

The raw IDE-DWIs were reconstructed using the pipeline in Fig. 1B. First, all DWIs in each IDE-MRI scan were corrected for Gibbs ringing  and B  variations, denoised , and rigidly aligned to the �rst

volume in the scan. Next, the multi-b-value IDE scans with opposite EPI phase encoding directions were combined to correct for EPI distortions due to magnetic �eld inhomogeneities . Subsequently, the 9

distortion corrected multi-b-value IDE-DWI scans acquired with di�erent slice orientations and head positions were processed using SVRTK  to reconstruct IDE-DWI volumes at all b-values with a nominal

1.5mm isotropic resolution. Finally, from the super-resolution IDE-DWIs with a wide range of b-values we estimated whole-brain maps of subvoxel MD spectra  and visualized important spectral

components.

Results
Combining images acquired with positive (blip-up) and negative (blip-down) phase encoding polarity removed orientation-dependent EPI artifacts due to magnetic �eld inhomogeneities, signi�cantly,

providing consistent anatomical accuracy in IDE-DWIs acquired with di�erent slice orientations and head positions (Fig. 2). After SVR reconstruction, the 9 EPI distortion corrected low-resolution multi-b-

value IDE-MRI datasets with di�erent slice orientations and head positions were successfully co-registered and combined to obtain corresponding 1.5mm  DWIs with signi�cantly improved anatomical

detail and good SNR even in high-b DWIs (Fig. 3). SVR-reconstructed 1.5mm IDE-DWIs were spatially consistent (co-registered) and showed b-value-dependent brain tissue contrasts in GM, WM, CSF, basal

ganglia, and cerebellum (Fig. 4). Subvoxel MD distributions allow clear separation of spectral peaks in the parenchyma and CSF (free water), and reveal a higher fraction of lower MD values in the basal

ganglia and cerebellar gray matter, in good agreement with previous studies  (Fig. 5).
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Discussion
The proposed pipeline corrects for static and dynamic imaging artifacts, i.e., that vary with the relative position of the head such as EPI distortions or B  inhomogeneities. Combining multiple low-resolution

measurements of the same multi-b-value IDE-DWI volumes using various imaging planes and/or head positions yields an e�ective SNR su�cient for reliable SVR reconstruction of high-resolution multi-b-

value IDE data needed for MD spectroscopic MRI. Unlike conventional dMRI, which uses linear tensor encoding , the IDE signal measures di�usion-di�usion correlations very e�ciently and allows us to

spectrally decompose/disentangle di�usion properties in microscopic tissue domains or environments. Multiband imaging  could be combined with SVR reconstruction to further accelerate data

acquisition for clinical applications in fetal MRI, stroke, cancer, epilepsy, or brain injury.

Conclusion
This study represents an important next step in the clinical translation of MD spectroscopic MRI  and multidimensional MRI , which promise to provide model-free and tissue-speci�c assessments of

healthy and pathological brain tissues. While other super-resolution techniques are available , the SVR-based methods are particularly well-suited for fetal MRI applications, in which fetal motion can be

an intractable problem.
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Figures

Fig. 1: A. Multi-slice isotropic di�usion encoded (IDE) EPI pulse sequence diagram. DWIs with isotropic (i.e., spherical tensor) encoding at multiple b-values are acquired by scaling the gradient amplitude. B.

Low-resolution scans using multiple slice orientations (axial, coronal, sagittal) and head positions can be reconstructed using SVR.

Fig. 2: Blip-up/Blip-down EPI distortion correction of IDE-DWIs acquired with di�erent slice orientations and head positions.
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Fig. 3: SVR-based super-resolution reconstruction of whole-brain IDE-DWIs with b=2000 s/mm  from multiple blip-up/blip-down corrected low-resolution IDE-DWI scans with di�erent slice orientations and

head positions.

Fig. 4: SVR-based super-resolution reconstruction of whole-brain IDE-DWIs with a wide range of b-values, from multiple IDE-DWI datasets with 3 di�erent slice orientations and 3 di�erent head positions.

Fig. 5: Signal fraction maps of the low (MD<0.8µm /ms), intermediate (0.8µm /ms <MD<1.4µm /ms), and large (MD>1.4µm /ms) mean di�usivity components derived from the voxel-wise MD spectra

estimated using SVR-based super-resolution IDE-DWIs.
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