Feasible 3-orientation acquisition for detecting susceptibility anisotropy in the human brain using prior structural information
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I ntroduction: Susceptibility tensor imaging (ST1) (1) reported in one human brain required 12 different orientations of the head (2),
which are very difficult to perform even in the most cooperative volunteers and are impractical to perform in patients. The general STI
problem with 6 unknowns isill-posed and requires the acquisition of many orientations. This number of unknowns can be reduced by
imposing a cylindrically symmetric susceptibility tensor (CSST) (3). The CSST may share the orthonormal basis with the diffusion
tensor obtained from DTI. Here we demonstrate the feasibility of using this prior information to

construct a susceptibility tensor using only 3 orientations, examine the effects of imposing cylindrical

symmetry, and report initial experience in a group of human subjects.

Theory: DTI provides the coordinate transformation R between the subject frame and the tensor

orthonormal basis: the susceptibility tensor in the subject frame ¥ is ¥ = R” ¥rR, where ¥r =

diag(x, xy, x1) isthe CSST in the tensor orthonormal basis (Fig. 1). The forward problem in k space

isthat the measured local field relative to By (AB) isthe magnetlzatlon induced by a unit applied field

(X - B,) multiplied by the dipole kernel, AB = XB" —k- Bok(x Bo) . Theinverse problem is solved as

X-B, - ~ k(XB
X0 = argming g Ypr [ Wy (1) [FT 7 (AB,, () — FT~ < =k By, (kzop))| ' Fig. 1: Relation between DTI and

Here p isthe index of the orientation of the subject head w.r.t. By, and wi(r) is aweighting accordingto s ellipsoid.

SNR in the p" orientation. This solver is generally applicable for STI, with and without symmetry.

M ethods: For validation, a phantom was constructed using a bundle of parallel carbon fibers with

aknown CSST (4) in an agarose background and imaged with a multiple echo gradient echo

(MEGRE) sequencein an 8 channel head coil with 12 evenly distributed orientations over a

sphere. A total of 5 volunteers (aged 26.4 + 1.8yrs) participated in this IRB approved study. The

subjects were asked to hold their heads with various left-right and forward- back orientationsin

supine and prone positions. Brain STI data was acquired at each orientation using the MEGRE

sequence and alarge bird cage head coil on a 3T scanner. 33-direction EPI DTI was acquired and

registered with STI datawith FLIRT and FUGUE (5). The inverse of susceptibility anisotropy Fig. 2: Eigenvaluesin the carbon fiber
degree (AD) was calculated as AD = In(|15]/|A1]), where the eigenvalues A; are ordered from phantom (ppm)
high to low (6). When the natural log is taken AD=0 for isotropic tensor. AD was measured in the

corpus callosum and internal capsules of all subjects. Summary

statistics and the p-value of a paired t test between 13 and 3

orientations in the same subject were obtained from AD maps.

Results: The eigenvalues (Fig.2) and AD values were similar in

STI and CSST reconstructions of the carbon fiber phantom (AD=

-2.35+1.66 and -2.62+.99 respectively). We succeeded in the 3-

orientation acquisition in all 5 subjects in supine and the full 13-

orientation acquisition only in 1 subject with both supine and

prone positions. The CSST between 3 and 13 orientations Fi.g. 3:AD mapsfrom the same voI'unteer, a, CSST from 3 orientations, b, CSST
(Figs.3a&b) showed similar AD values (p >.05) for both corpus ~ With 13 and ¢, STI with 13 orientations

callosum and internal capsules; The AD maps of CSST and ST1 at Table 1: Measured anisotropy of white matter

13 orientations (Figs.3b&c) showed similar pattern but different values (p<.05) for both  gyscepinility 13CSST scssT 13T
brain regions (Table 1). Anisotropy

Discussion: CSST issimilar to STI when thereis cylindrical symmetry in the Degee | Mean SD IMean SD [Mean S
susceptibility tensor, as confirmed in the carbon fiber experiment (Fig.2). Visually the3-  Cailonm | 100 o064 | 084 151 | 215 10
orientation and 13-orientation CSSTs and the 13-orientation STI demonstrated similar Internal

susceptibility anisotropy pattern in the AD maps, and the 3-orientation CSST is Capsules [ 087 075|092 117|047 03

surprisingly not that much noisier than the 13-orientation CSST (Fig.3). Cylindrical symmetry and the DTI principal eigenvector may
be used to generate a susceptibility tensor from data of only 3 orientations that are fairly well tolerated by cooperative subjects, which
may be useful for detecting susceptibility anisotropy in the human brain.

The quantitative differencesin AD between CSST and STI in human brain may be caused by either the biasin the poorly posed STI
due to the limited range of orientations near the Sl direction in the data acquisition and/or the inadequacy in the approximation of
cylindrically symmetry used in CSST. Further work is required to sort out these issues and evaluate the applicability of the cylindrical

symmetry for human brain susceptibility anisotropy study.
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