Synergistic active and passive shimming to optimize B, field homogeneity in micro MR imaging
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Introduction: The active shimming methods developed for NMR spectroscopy in a uniform sample are Analytical Approximation
known to be less effective for high field in vivo MR imaging studies because of the local higher-order [ Choose initial solution | —l
gradients in regions near air-tissue interfaces, such as the paranasal sinuses and ear canals. Attempts have :
been made to address this issue with a passive shimming approach, but there are requirements that make r vorvx y o b X | | Vorvx vz X I
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implementation for general use difficult [1]. Here, we present a synergistic shimming algorithm that Passive Shimming Passive Shimming
simultaneously optimizes the linear active shim coil settings and the higher-order local passive shimming AB=AB,+Y AB,,,, AB=AB, +FT"((§—§—§)-FT(;())
configurations for a specific sample. This approach is expected to be applicable to standard high-field ) 3
MRI systems for both animal and human studies. Active Shimming Active Shimming
AB,, =A3-A((A’A)"A1AB) AB,, =AB-A((A'A)"A'AB)
Methods: The optimization method is comprised of two steps as shown in Figure 1: (1) a fast, but i i

. . . . . . Evaluate solution Evaluate solution
approximate analytical solution-based calculation and (2) a slower, but more accurate numerical Fourier
Transform-based calculation. Eight cylinders of fixed diameter (6.35 mm) and variable position, length,
and susceptibility were used as the shim elements. First, these shim elements were scattered around the
sample. The effects of the shim elements on B, were then approximated using the analytical solution for
the perturbation field of a sphere of homogeneous material with a given susceptibility and linearly
superimposed with the By field in the sample [2]. The optimal first-order active shim values
were calculated using the Moore-Penrose pseudo-inverse [3]. The suitability of the shim setup ®
was then evaluated by calculating the variance of the shimmed AB, field within the volume of  Bo
interest (VOI). The locations, lengths, and susceptibility values of the cylinders were then 3T
iteratively optimized by using a constrained numerical minimization function until a stopping
criterion was reached. The solution output from this round of optimization was then used as the
starting point for the next round of optimization, which used a Fourier transform-based method
to calculate the By field perturbation of the shim cylinders instead of the analytical solution [4].
All simulation experiments were performed in MATLAB (The MathWorks, Inc., Natick, MA)
on a 256x256x256 matrix, 0.5 mm voxel size 2% agar gel phantom model as shown in Figure 2.
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Figure 1. Workflow of the iterative optimization method.
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Results: Flgure 2 shows the optimized conf_"lguratlon of the shim elements with resp_ect to Fhe 28.5 mm diameter cylinder * 8-0mm cube
phantom. Figure 3 shows AB, maps of slices through the center of the model with active X=-9.04 ppm X =-8.80 ppm

shimming (left) and synergistic shimming (right). With linear active shimming alone, the B,

field in the cubical VOI remained highly inhomogeneous. Our algorithm was able to find
simultaneous configurations of linear active shims and passive shim elements that markedly
reduced the overall B, inhomogeneity in the VOI with a 3-fold reduction in AB, variance within

Figure 2. (Left) A cross-sectional diagram of the computer agar gel
model. (Right) A stylized 3D rendering of the cylindrical agar gel
phantom and optimized shim pieces.
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the VOI.

Calculated AB, Field
Discussion: Using simulations of an inhomogeneous sample, we have illustrated the potential to significantly Actively Synergistically
improve By, homogeneity over conventional active shimming alone with synergistic use of active and passive Shimmed Shimmed

shimming. In practice, this should allow for more effective artifact reduction in brain regions near air-tissue
interfaces. Though these results are entirely in simulation, the methodology and computer software are geared
towards real-time shimming for in vivo studies. The choice of cylindrical shim pieces of fixed diameter was made
with experimental implementation in mind. The susceptibility values of the shim materials were also chosen such
that they are commercially available. The materials that are under consideration are bismuth, zirconium, titanium,
and niobium. This was taken into account in the optimization routine by properly setting the bounds on the shim
susceptibility values in the MATLAB solver.

The algorithm makes some simplifying assumptions. The perturbations to the B, field from the shim elements and
from the subject are assumed to add linearly; due to the large difference in susceptibility value between the shim
elements and the subject tissue, this should not and does not appear to affect results significantly. In the case of the
analytical approximation, the cylinders are approximated using spheres of equal volume, and perturbations from
each sphere are added to the By field via linear superposition. This latter assumption holds to some extent far away
from the shim elements [1]. However, some shim elements are necessarily close to the target tissue, rendering this a
rough approximation. Therefore, the nimble analytical approximation is best used to provide an acceptable starting
point for the slower, but more accurate Fourier transform-based optimization. Future work includes using a global
optimization procedure in conjunction with the analytical approximation in order to provide an even better shimming
solution while keeping the time taken by the method low enough to be practical for real-time application in vivo.
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Figure 3. Synergistic shimming results in
markedly reduced B, field inhomogeneity as
compared to active shimming alone.
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