Optimal Acquisition Protocol for White Matter Fiber Orientation Mapping using Generalized CSA-ODF Reconstruction
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Introduction: Several reconstruction algorithms for high angular resolution diffusion imaging (HARDI) data have been proposed to estimate complex
white matter fiber configurations. This work builds on an extension of the CSA-ODF model [1] to define an optimal diffusion MRI acquisition protocol.
We exploit the incremental staggered gradient tables previously developed in [2]. The Camino toolkit [3] is used to perform realistic simulations and
identify optimal regularization parameters, b-values and number of gradients directions as functions of the signal-to-noise ratio (SNR) and spherical
harmonic (SH) approximation order. We conclude that, for this particular ODF reconstruction technique, the b-value combinations [1,2,3], [1,2,4], [1,2,5]
and [1,2,6] x 1000 s/mm? are optimal candidates. Moreover, a total number of 200 gradient directions appears sufficient for accurate reconstruction and
angular accuracy. Experimentations on human brain datasets acquired at 3T are also performed.

Method: The CSA-ODF algorithm uses a mono-exponential approximation for the diffusion signal when a single point (b-value) along any given radial
direction in the g-space is available. The bi-exponential decay model is known to better fit the diffusion signal, but requires at least three radial data
points to estimate its parameters. This necessitates the acquisition protocol to include points on three distinct shells, of which the choice of b-value is
crucial for accuracy. For each b-value, the diffusion signal is approximated by a SH series. Due to the inverse-problem nature of this approximation, the
optimal regularization parameter (based on the Laplace-Beltrami formalism) was exhaustively investigated using the generalized cross-validation (GCV)
method [4] for nine scenarios (SH orders 4, 6, 8, and 1-, 2-, and 3-fiber configurations). For each scenario, eleven b-values ranging from 1000 s/mm?to
6000 s/mm? with 500 s/mm? increments and five SNRs (5, 15 25, 35, and 45) were used, yielding a comprehensive list of regularization parameters. In
all experiments, a maximum of 300 non-collinear directions was chosen, and distributed between the shells in a staggered fashion [2]. The synthetic
data was generated using the Camino toolkit [3]. Based on a compartment model [5], we used a fixed radius cylinder model with Gaussian phase
distribution and a zeppelin model respectively for the intra- and extra-axonal
components of each fiber compartment, and a dot model for the isotropic
component. Two- and three-fiber orthogonal configurations were chosen as
ground truth (generated using 11 b-values and SNR=40), and used to evaluate
the reconstruction accuracy of various choices of b-values and number of
gradients. In each case, the optimal regularization parameter identified using
GCV was used. The error metrics are the L, distance between the SH
coefficients, and the Kullback-Leibler divergence between ODFs. Human
brain data from two healthy volunteers was acquired on a 3T Slemens scanner
with the following parameters: (S1) Voxel size 1.5 x 1.5 x 1.5mm?® with three
shells: b =[1, 2, 3] x 1000 s/mm?, 133 aligned gradient directions and 10 b0; Choice of bvalue set (set of three), in 1000 s/mm’

(S2) Voxel size 1.25 x 1.25 x 1.25mm3 with three shells: b =[1.5, 2.5, 3.5] x Figure 1. Reconstruction error for order 6, single-fiber configuration.
1000 s/mm?, 128 aligned gradient directions and 15 b0.
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Figure 2. ODFs in the corpus callosum and (ie. total number of 150 gradients). Tractography
centrum semiovale for 150 (top) and 399 (bottom) (Figure 3) experiments on S2 also demonstrate robust
total gradient directions. results from ODFs estimated with 192 vs. 384 directions.

Conclusion: Using the CSA-ODF reconstruction technique for multi-shell HARDI data, we showed that specific
sets of three b-values including 1000, 2000, and a third shell in the range [3000, 6000] s/mm?, yield significantly
better fiber orientation estimates, and that 200 total gradient directions appear sufficient to achieve good angular
accuracy.

Figure 3. Tractography with 192
(top) and 384 (bottom) total
gradient directions.
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