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Assessment of Reduced Encoding Diffusion Spectrum Imaging Implemented with a
Bi-Gaussian Model Using Phantoms and Manganese-Enhanced Optic Tracts
Abstract
Diffusion spectrum imaging (DSI) can map complex fiber microstructures in tissues by
characterizing their 3-D water diffusion spectra. However, a long acquisition time is required for
adequate g-space sampling to completely reconstruct the 3-D diffusion probability density
function (PDF). Furthermore, to achieve a high q- or b-value encoding for sufficient spatial
resolution, the diffusion gradient duration and diffusion times are usually enlarged-lengthened on
a clinical scanner, whieh-resultings in a long echo time and low signal-to-noise ratio (SNR) of
diffusion images. To bypass long acquisition times and streng—strict gradient requirements, the
reduced-encoding DSI with a bi-Gaussian diffusion model (RE-DSI) is presented in this study.
The bi-Gaussian extrapolation kernel, whieh—is—based on the assumption of a bi-Gaussian
diffusion signal curves across biological tissues, is performed to fulfill a high g-value regquest
requirement on the reduced-encoding scheme. Beth—The intersecting capillaryies phantom

models and the manganese-enhanced rat models were—served as \standards for accuracy
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and the results were found to be close to the noise limit. Evidences from a human study
demonstrated that RE-DSI significantly decreased the acquisition times; required to meanwhile
resolve d-complex neural fibers. The presented acquisition method facilitates the application s-of

DSI analysis on a clinical magnetic resonance imaging (MRI) system.
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Introduction

Diffusion MRI has become an essential tool for contrast imaging mechanism—of the for

central nervouse system. This; has led to—and—made a—significant improvement in clinical

diagnosis. Further pregressadvancement to the technique has been made with the

destgnintroduction of diffusion tensor imaging (DTI) [1, 2],Fhe-technique makesfurther progress

atonewith the—desten—ol-diffuston—tensor—imagine (D H—2f—whieh—s—a feasible—valuable

technique ferin identifying te—medel—anisotropic diffusion as well as non-invasively te

delineateing the principle orientations of white matter tracts nen-invasively-[3-5]. ~However, the

in the ambiguous orientations of fibers in regions where they cross each other eentaining

erossingfibers-[6]. Thus, with the typical resolution of a MRI, it may be —becomes-intricate

difficult to interpret the complex neural connections between functional areas of athe human

brain-with-undertypicalresolution-ofan-MRE.

In recent years, various diffusion imaging strategies have been developed to improve the

depiction of water diffusion and to resolve the intravoxel fiber orientations.- Diffusion spectrum

imaging (DSI) [7]; for example, utilizes the 3-D spectra of water displacements to characterize

the heterogeneityities of fiber architectures. DSI wasis based on thelts theory established en-by

the g-space imaging technique-.; —techniquewhichThe theory describes the Fourier relationship
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between echo signal attenuation and the probability density function (PDF) —of the displacement

of water moleculess displacements-with the prerequisite of a narrow pulse approximation [8-10].

The DSI technique washas been used into map the mapping-tissue architecture of biological

allowing and-interpreting—the-physiological and structural conditions of the-neural tissues to be
interpreted. [In addition, 3-D tractography and comparative segmentation of human brain

structures have been identified based on DSI and the proceeding orientation distribution function

\
available gradient strength in clinical systems are limited, tFhe latter requirement is achieved by

\
prolonging the diffusion gradient duration (8) and the diffusion time (A)-since—the—available

gradient-strength-in-elinical systems—isHmited. Unfortunately, this weuld-aceompany-leads to a

long echo time (TE) and a decline in the SNR— level-due to a severe T2 decay in anthe echo

\ | quite tie into the rest of the paragraph but just
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planar imaging (EPI) sequence. As a consequence of this, Fhe—angular accuracy and
discrimination weuld—beare —unavoidably diminished —as—a—~censequenee—[11]. Both—The
lengthy acquisition times; eest—and the requirements of the gradient system; request—have

retardedhindered the further applications of DSI on clinical scanners. TThese limitations basically

A hemispheric encoding scheme (half-q-DSI) eesld-can be applied to halve the scan time in

DSI since the the-diffusion contrast is positive and spherical} (and thusy symmetrical) [7, 14].

-

result in the a-misunderstandingmisinterpretation of the g-space analysis and inaccurate ODF's in
half-q-DSI [15, 16]. Instead of a Cartesian lattice, a body-centered cubic lattice (}BBGBCCD4 o

sampling scheme iswas proposed to gain-improve the imaging efficiency of DSI by 30% [17].
pling prop gam-1mp ging y Yy

also been employed for DSI-PDF reconstruction. This scheme was-comprisesd of five concentric

spherical shells and may be applied to multiple types of diffusion analysies [18]. ;—whieh—is

comprising—five—coneentrie—spheriealshellsfor DSI-PDE reconstruetion—Although it wasis

possible to shorten the the-acquisition times eceuld-be-shertened-with all-ef-the abeve-g-space
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tissue eonditionsshape and orientations.

- {Formatted: Indent: First line: 33 px

In this study, it is proposed that the-reduced-encoding DSI implemented-complemented with

a bi-Gaussian model (RE-DSI), is-propesedbe used to trim down the drawbacks of DSI as—wel

aswhile —te-retaining g-space information. In RE-DSI, a reduced Cartesian sampling scheme,

gradient system demands in DSI. To achieve sufficient resolution fer—to reselving

determiningdetermine the fiber—orientations of fibers, the 1-D bi-Gaussian model fitting—is

high g-—space. Previous studies on animal and human brains have demonstrated that

diffusion-attenuated curves eewld—can be characterized as a bi-exponential function [28-31].

Accordingly, we hypothesized that the diffusion signal attenuation along each radial direction in

g--space was a bi-Gaussian function. Fhe-This assumption is similar to with-that used in the DOT

technique [25]; which straightforwardly—directly converts the diffusivity function into

displacement probabilities at a particular distance away from the origin, while RE-DSI tends to

reconstruct a diffusion PDF from g-space signals.
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The performance of RE-DSI in terms of clearly defining the orientations of eeherent-and

heterogeneous fibererientationsfibers —iswas assessed using the capillary phantom models and

the manganese-enhanced (ME) rat models.; Bboth of whieh-these models have been previously

utilized to validate the DTI and DSI methedstechniques [5, 11]. The hnagnetic resonance (MR)
images of capillary phantoms and the ME rat optic tracts were-served as the standard for the the
measurement of angular uncertainties in RE-DSI. The results showed that the eonsequential
resulting PDF profiles and ODF patterns reconstructed by RE-DSI were comparable with-to
thatthose byachieved by DSI. The merits of RE-DSI in a clinical environment are twofold: (a)
the scan time can be remarkably shortened to a half or a quarter of its original time; and (b)
clinical the-feasibility of --RE-DSI, this technique —was performed on a healthy subject at the

end of this study.
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Materials and Methods

Reduced-Encoding Scheme

In DSI, the g-space sampling scheme consists of 515 diffusion wave vectors (q), where q =
vgd/2m (y: gyromagnetic ratio, g: gradient vector, 6: duration of diffusion gradient), placed on a
Cartesian lattice within a sphere that has a radius of the-sphere-of-five lattice units-in—radius [7].
The framework of the g-space acquisition scheme in RE-DSI is the same as with-that #n-of DSI;
except that the encoding wave vectors are within a radius of feur-three or three-four lattice units.
lThe finalresultant encoding numbers are 257 and 123, respectively. E .

Bi-Gaussian Model

s

studies on bi-exponential analyses of high b-value diffusion data [28-31]. The bi-exponential
diffusion model, also called the erse-ealled-two--compartment model, ascribes the contribution
of MR signal attenuation to the weighted sum of fast and slow water diffusion. The general

formula is shown as follows [32]:

-
P

fitting ofer undersamplinged data. ‘The slightly increased errors of 4.70° + 3.51° for the ///

/
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case of 45° crossing in RE-DSI-{123} mightmay have resulted from fewer q-space acquisitions.| 4//
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