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Abstract

Purpose—To develop a susceptibility-based MRI technique for probing the microstructure and
fiber architecture of magnetically anisotropic tissues—such as white matter of the central nervous
system, renal tubules, and myocardial fibers—in 3D using susceptibility tensor imaging (STI)
tools.

Theory—ST]I can probe tissue microstructure but is limited by reconstruction artifacts due to
absent phase information outside the tissue and noise. We propose a strategy for improving STI
accuracy through estimating a joint eigenvector from mutually anisotropic susceptibility and
relaxation tensors.

Methods—Joint eigenvector estimation was validated using numerical phantom simulations.
Gradient-recalled echo image data were acquired in multiple specimen orientations from the ex
vivo mouse brain, kidney, and heart. Susceptibility tensor data were reconstructed using STI,
regularized STI, and the proposed algorithm of mutually anisotropic and joint eigenvector STI
(MAJESTI). Fiber map and tractography results from each technique were compared to diffusion
tensor data.

Results—Phantom and specimen data show that MAJESTI improves the quality of susceptibility
tensor reconstruction, particularly for the purposes of tissue orientation mapping and
susceptibility-based fiber tractography.

Conclusion—MAJEST]I shows promise as a method for improved susceptibility tensor
estimation, more robust fiber mapping, and consistent tractography in the intact brain, kidney, and
heart.
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INTRODUCTION

Magnetic resonance imaging (MRI) can be used to probe the microstructure of magnetically
anisotropic tissues such as brain white matter (1-5), kidney (6), and heart (7). Understanding
the mechanisms governing both isotropic and anisotropic susceptibility in these tissues may
lead to improved techniques for assessing tissue structure, chemical composition, and
viability. One such technique is susceptibility tensor imaging (STI) (8). STI takes advantage
of gradient-recalled echo (GRE) phase information in order to reveal both the directionality
and strength of the underlying tissue susceptibility anisotropy. This technique has been
successfully applied as a preclinical imaging tool, particularly in magnetic resonance
histology studies, where methods for imaging a specimen at multiple orientations have been
developed (9). In this domain, the sensitivity of STI to the cellular content of tissues may be
useful for observing structural and chemical alterations induced by diseases and disorders in
the brain (8), kidney (10), and heart (7).

The structure and orientation of axon fiber bundles, renal tubules, and myocardial fibers play
important roles in the function and health of the brain, kidney, and heart, respectively.
Typically, preclinical structural fiber mapping is carried out through histological methods or
diffusion tensor imaging (DTI), each having its respective advantages and disadvantages.
For instance, histology provides extraordinary structural and chemical detail (11,12), but is
labor-intensive and requires the destruction of the organ. High-resolution, preclinical DTI
provides excellent structural information (13-21), but lacks sensitivity to chemical
properties that are highlighted by other methods. On the other hand, susceptibility-based
MRI yields nondestructive, 3D isotropic, high-resolution imaging that is sensitive to
chemical composition /n additionto structure (2,7,9). Based on our experience, however, we
have found that STI reconstruction is vulnerable to noise and to low-frequency artifacts in
reconstructed tensor images.

Sophisticated techniques, including regularization methods, have been proposed to improve
susceptibility tensor estimation (5,22,23). Still, further improvements are needed for
accurate, robust, and efficient tensor estimation and fiber tractography. Obtaining data at
more specimen orientations improves reconstruction quality at the cost of additional scan
time, and may have diminishing returns after exceeding the minimally required six
orientations (22). Alternatively, the effective spin-spin relaxation rate (R,*) may be
simultaneously acquired with image phase using a multi-echo GRE pulse sequence. In
addition to providing microstructural detail in high-field imaging (24), Ro* exhibits
orientation dependence in magnetically anisotropic tissues such as white matter (25,26) and
can be used to map fiber orientations (27-29).

Here, we propose an algorithm to improve susceptibility property maps of white matter fiber
bundles, renal tubules, and myocardial fibers by incorporating information from both
magnitude-derived relaxation and phase-derived susceptibility tensors. Specifically, we
estimate a joint eigenvector system of the two tensors. The method is first tested on a
numerical phantom to validate its effectiveness in mitigating image artifacts that appear in
tensor orientation maps reconstructed with STI. The technique is then applied to intact
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mouse brain, kidney, and heart. The resulting fiber tracts are compared to DTI-based fiber
orientation maps. In addition to improving susceptibility-based tractography of white matter
fibers and renal tubules, joint eigenvector estimation has allowed us to perform STI fiber
tracking of a whole heart successfully for the first time (30).

Reconstruction of Second-Order Relaxation and Susceptibility Tensors

Anisotropic tissue relaxation may be represented by a second-order tensor (see Supporting
Information). In relaxation tensor imaging (RTI1), a symmetric 3x3 relaxation tensor, R, is
derived from the effective Ro* values acquired at multiple orientations (/=1, 2, ... n)
following

. T NG
50@)=h" R@LY

r,“0(r) and () represent the observed relaxation rate and the unit vector of the applied
magnetic field, respectively, for the A1 orientation, r is the spatial position vector, and T is
the transpose operation. Since R is symmetric, these 7 equations can be rewritten as one
equation in terms of the six independent elements of the tensor,

H[ Ri(r) Rio(r) Ris(r) Raa(r) Ras(r) Ras(r) | =ri(r) [2]

H is an /7x6 system matrix populated with the magnetic field orientation information,
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In STI, tissue susceptibility is similarly described by a tensor. Normalized phase data in the
k-space, 6 k, are related to the magnetic susceptibility distribution (8),

. Af(k) 1.7 .1 kTx(k)h
O(k)=—"-—~=—h x(k)h—kTh=—2o—"—
Yhopo 3 x(k) kTk [4]

Here, Af(K) is the frequency shift (referenced to the Larmor frequency) transformed into k-
space, 7y is the gyromagnetic ratio for water proton, /1 is the amplitude of the applied
magnetic field, g is the permittivity of free space, x (K) is the second-order susceptibility
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tensor in the frequency domain, and k is the spatial frequency vector. This relationship is
rewritten in terms of the six independent elements of the symmetric susceptibility tensor,

x(K),

Al xii(k) xip(k) visk) x2(k) xask) yas(k) | =0(k) [5]

The system matrix, A, is fully detailed by Liu (8). One way to invert Egs. [2] and [5] is using
least-squares estimation which may be augmented by regularization terms to reduce error
due to imperfect registration and random noise (23) and suppress anisotropy in tissue
regions where susceptibility and relaxation are expected to be predominantly isotropic (22)
(see Supporting Information).

Joint Estimation of Susceptibility-based Tensors

Susceptibility and relaxation tensor data can be combined to effectively correct errors in
tensor orientation. The R,* relaxation rate of a set of parallel cylinders is positively
correlated with the magnetic susceptibility difference between the objects and the
surrounding medium (31). In magnetically anisotropic tissues, the orientation dependence of
susceptibility contributes to the orientation dependence of R,*. For instance, white matter
fiber bundles oriented perpendicular to the field direction have both larger susceptibility
differences with the surrounding tissue and larger R,* than when the fiber bundles are
parallel (25,26). This is commonly attributed to the susceptibility anisotropy of myelin
(3,4,32). Similar orientation dependence is observed in myofibers, which can be ascribed to
the susceptibility anisotropy of a-helix proteins in muscle tissue (7,33,34). Susceptibility
anisotropy is also present in the kidney, and it has been suggested that the numerous
infoldings of the lipid bilayer membranes of renal transporting epithelia produce the largest
magnetic susceptibility differences when the tubular structure of the nephron is parallel to
the applied magnetic field (9).

A key difference between susceptibility and relaxation tensors is that for white matter
bundles and myofibers, the fiber axis is represented by the major eigenvector of the
susceptibility tensor and the minor eigenvector of the relaxation tensor. This is because when
the white matter fiber bundle or myofiber is parallel to the applied field, the susceptibility is
the largest (i.e. most paramagnetic) (7,8) while relaxation is the smallest (27,29). For the
nephron, the opposite is true—the tubule direction is indicated by the minor eigenvector of
the susceptibility tensor (9). A second source of relaxation anisotropy may be superposed on
the inherent relaxation anisotropy of these tissues by using contrast agents, as shown in
myocardium (29). Contrast agents create strong, heterogeneous fields localized around
capillary vessels (29). Brownian motion of proton spins through these fields increases R,
dependent on the orientation of the vessel (35,36). This results in the minoreigenvector of
the relaxation tensor indicating the orientation of the capillaries (29). This signifies the
approximate direction of the underlying tissue structure, since blood vessels preferentially
orient parallel to axon fibers in white matter (37), the vasa recta capillaries align with the
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long loop of Henle in the nephron (38), and capillaries in the heart run parallel to myofibers
(39).

Establishing the constraint that the relaxation and susceptibility tensors share an eigenvector
that corresponds to the fiber direction could, theoretically, improve the accuracy of STI fiber
mapping and tractography. Though we have explored several ways to apply this constraint,
one method stood out as being both effective and efficient. It begins by calculating the joint
eigenvectors of a weighted combination of x and R through eigen decomposition:

vx-R=Q(vAx—AL)QT [g]

Here, v makes the units of x and R consistent and on a similar scale in order to facilitate
balanced joint eigenvector estimation, with |v| on the order of 1x108 Hz. Each column of Q
is a shared eigenvector of -R and vy, and Ay and AR are diagonal matrices of the
eigenvalues of x and R, respectively. Relaxation is defined as —R, and the sign of v is
selected to ensure that the diagonal entries of VAy and —AR are ordered from most positive
to least positive. This way, the major eigenvector of Q aligns with the tissue structure
orientation. This eigenvector can equivalently point in equal and opposite directions.

The susceptibility eigenvalues are further estimated in the frame of reference of the joint
eigenvectors, Q. A 6x3 matrix, V, which is defined from the entries of Q as follows:

i 1 Qi3 -‘
QuQ21 Q12Q22 Q13Q2s
Ve ‘ Q11Q31 Q12Q3z2 Q13Qs3
Q3 Q3 Q33
{ Q21Q31 Q20Q32 Q23Qs3 J
3 [7]

2 2
31 Q32 Q33

The diagonal entries of A, are estimated by inverting a modified version of Eq. [5] using the
known eigenvector terms in V:

AFT{V[ Ay, Ay, Ay, 1'}=0(k) [g]

Here, FT denotes the Fourier transform. The algorithm, mutually anisotropic and joint
eigenvector susceptibility tensor imaging (MAJEST]I), is summarized in Fig. 1.

METHODS

Numerical Simulations

To validate MAJESTI, a 3D 64x64x64 numerical phantom was created with each voxel
represented by cylindrically symmetric susceptibility and Ro* tensors. These tensors have
common eigenvectors that vary gradually in orientation for both the horizontal and vertical
directions. The tensor orientations in the lower portion of the phantom were patterned after
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the heart wall, and the upper portion contains three uniformly anisotropic tensor regions,
represented in the phantom by red, green, and blue cylinders with the color representing
eigenvector orientations (Fig. 2A). Ro* and frequency shift maps were calculated from the
tensor-valued data using Eqgs. [1] and [4], respectively. This was done for 12 magnetic field
orientations (Fig. 2B), each having one of six uniformly distributed azimuth angles (0°, 60°,
120°, 180°, 240°, and 300°) and one of two zeniths (35° and 70°). Ry* error due to bulk
inhomogeneity effects was simulated as yAB/2, where AB is the full width at half maximum
of field inhomogeneity within a voxel. AB was generated from smoothly varying field effects
in the range of —0.1 to 0.1 ppm to mimic field inhomogeneity in the narrow field of view of
the specimen scans. Complex-valued, multi-echo image data were then generated according
to

S=Spe 92T AITE (—R3TE [9]

where, for each individual echo and orientation, Sis the complex-valued image array, & is
the initial signal magnitude (referred to as Sp jnt and Sp ex; to distinguish between the interior
and the exterior of the phantom, respectively), jis the unit imaginary number, Afis the
frequency shift map, and TE is the echo time (TE{/ATE/TEg = 3.0/5.5/41.5 ms). The images
were then transformed into k-space, where Gaussian noise was added to the real and
imaginary data separately to yield a magnitude image signal-to-noise ratio (SNR) of 30 at
TE = 0 ms. After the data were transformed back into the image domain, R,* maps were
recalculated from the noisy magnitude data using a log-transformed linear regression model
with SNR weighting. The multi-echo phase data were unwrapped using a Laplacian operator
(40), normalized by TE, and then combined into a single frequency map using Ro*-weighted
averaging to improve SNR (41). Regularized RTI using Eq. [2] augmented with Supporting
Egs. [S1-S4] was performed on the Ro* data before and after introducing bulk
inhomogeneity and noise. ST data were reconstructed with Sp e = 1 and no noise, with
So.ext = 0 and no noise, and with Sy ex¢ = 0 and noise. Regularized STI (rSTI) using Eq. [5]
augmented with Supporting Egs. [S1-S4] was then performed on the phase data with Sp ext =
0, both with and without noise. The rSTI results should be similar to those achieved by Li et
al. using mean magnetic susceptibility regularized ST (42). For each set of simulated data,
the results of the regularized RTI and rSTI reconstructions were then used to estimate a joint
eigenvector system using the proposed MAJESTI reconstruction algorithm (Fig. 1).

The mean susceptibility and susceptibility anisotropy were calculated as x = tr(x)/3 and Ay
=x1~ (x2 + x3)/2, where x 1 3 are the primary, secondary, and tertiary susceptibility
eigenvalues. For the simulated data, a voxelwise calculation of percent error was used to
determine bias in the reconstructed x and Ay following

" [10]
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where £ is percent error, and yyand y are the true and reconstructed values, respectively.
The angular difference between the reconstructed primary eigenvector (ﬂx,l) and the true
eigenvector (0 1) was measured with the two spherical coordinate angles (¢1, ¢2) in the
coordinate system of (0t1 Ot 0t 3). Tensor error measurements were calculated only within
the voxels defined by the anisotropic tissue region (M) to emphasize the effect of each
reconstruction algorithm in this region.

Animal Models

All animal studies were approved by the Duke University Institutional Animal Care and Use
Committee. Only adult C57BL/6 mice (Charles River Labs, Durham, NC) were used for this
study.

Brain Specimen—An 18-month-old, female mouse was anesthetized with Nembutal
(Lundbeck Inc. Deerfield, IL, USA) and transcardially perfused with a peristaltic pump first
with 0.9% saline and then 50 mM of Gd-HP-DO3A (ProHance; Bracco Diagnostics,
Monroe Township, NJ) in 10% buffered formalin (Buffered Formalde-Fresh; Fisher
Scientific, Hampton, NH) according to the “active staining” procedure detailed by Johnson
et al. (43). The head was removed with the brain intact and immersed in 10% buffered
formalin overnight. The specimen was then stored in 2.5 mM Gd-HP-DO3A in 10 mM
phosphate-buffered saline (PH 7.4, SIGMA P-3813).

Kidney Specimens—Four 15-week-old, male mice were anesthetized with isoflurane, a
midline abdominal incision was made, and a catheter was inserted into the heart for
transcardial perfusion fixation. As described in (9), each animal was perfused with saline
and 0.1% heparin (1,000 USP units/ml, SAGENT Pharmaceuticals, Schaumburg, IL)
followed by 10% formalin, each at 8 ml/min for 5 minutes. The kidney from each mouse
was excised, immersed in 10% formalin overnight, and later stored in a solution of 2.5 mM
Gd-HP-DO3A in 10 mM phosphate-buffered saline.

Heart Specimen—An 18-week-old, male mouse was anesthetized with Nembutal. A
catheter was inserted into the jugular vein, and the animal was perfused by a peristaltic
pump with 0.2% heparin in 0.9% saline solution at a rate of 8 ml/min for 5 minutes to flush
out the blood (44). The tissue was perfusion-fixed using a 150 ml solution of 50 mM Gd-
HP-DO3A in 10% buffered formalin at a rate of 8 ml/min. Finally, to preserve the shape of
the heart, the specimen was perfused with a heated 1.3% liquid agarose gel (SIGMA
A9414-25G) solution at a rate of 8 ml/min for 2.5 minutes. After the gel cooled, the heart
was excised and stored for three days in a solution of 2.5 mM Gd-HP-DO3A in 10 mM
phosphate-buffered saline.

MR Microscopy—Each specimen was firmly secured in an acrylic specimen cartridge and
immersed in Galden (Solvay Specialty Polymers, Alpharetta, GA, USA) to limit
susceptibility artifacts at the tissue boundary and provide a dark background in the images.
The cartridge was placed inside a sphere, allowing for an arbitrary specimen orientation
inside the coil. The brain specimen was positioned in a quadrature volume coil with a 32-
mm internal diameter (m2m Imaging, Cleveland, OH) for data acquisition usinga 7.0 T,

Magn Reson Med. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dibb and Liu

Page 8

210-mm horizontal bore Magnex magnet. The coil apparatus (9) for the heart and kidney
specimens supported a solenoid RF resonator (21-mm diameter, 21-mm length) for data
acquisition using a 9.4 T, 89-mm vertical bore Oxford magnet. Each magnet was controlled
by an Agilent VnmrJ 4.0 console. The scan protocols and their respective parameters are
listed in Table 1. Prior to every multiple-gradient-recalled echo (MGRE) image acquisition,
the specimen was manually repositioned in a new orientation with respect to the magnetic
field. Each orientation approximated one of the simulated phantom orientations described
earlier, and the exact orientations were later determined using registration. After STI
acquisition, the specimen cartridge was next placed inside a smaller RF resonator (14-mm
diameter; 21-mm length). DTI data were then acquired with a 3D spin-echo sequence with
monopolar, half-sine-shaped diffusion gradients: one image without diffusion weighting
followed by twelve diffusion-weighted images with gradient orientations selected based on
the electrostatic repulsion model (45).

MR Image Reconstruction and Analysis—Tissue masks were created from magnitude
data to aid in phase processing. Additionally, regions of anisotropic susceptibility (M) were
defined to include white matter tracts in the brain, all tissues excluding large vessels in the
kidney, and myocardial tissue excluding large vessels in the heart. Ro* maps were calculated
from the MGRE magnitude image data for each specimen orientation using a least-squares
regression model with SNR weighting. The phase data of each individual echo image
underwent unwrapping and background phase removal using iIHARPERELLA in STI Suite
(46). The frequency data from the multi-echo images were normalized by TE and then
combined into a single frequency map using an Ro*-weighted average (41). The MGRE
magnitude images were registered to the By image of the DTI dataset using FSL (47). The
corresponding affine image transformations were then applied to both the R,* and processed
frequency maps.

As described in the phantom simulation, relaxation tensor data were calculated using
regularized RTI, and the susceptibility tensor data were calculated with STI, rSTI, and
MAJESTI. MAJESTI’s sensitivity to v was determined by estimating joint eigenvectors
using a range of values: 1x10% < |v| < 1x1012. Since data were acquired from only one brain
and one heart specimen, sensitivity analyses were performed on data from these organ
specimens i) as acquired, ii) with added noise to halve the image SNR, and iii) with the
isotropic resolution decreased by a factor of two. Property maps for x, Ay, and ﬁx,l were
calculated for each susceptibility tensor reconstruction as described previously. The
spherical angles (91, ¢») between the primary susceptibility eigenvector and diffusion
eigenvector were calculated in the anisotropic region (V). Eigenvector orientation
comparisons to DTI in the kidney were limited to the inner medulla (IM) because diffusion
tensor fractional anisotropy in the outer medulla (OM) and cortex (CO) is too low to provide
reliable diffusion eigenvector data (9). The effect of each algorithm on tractography was
analyzed using Diffusion Toolkit and TrackVis (48). The tractography was generated for
voxels within the defined anisotropic region (M) using an angle threshold of 45°. All other
simulations, image reconstructions, and analytical calculations were performed in MATLAB
R2015b (MathWorks Inc., Natick, MA, USA).
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RESULTS

Numerical Phantom Tensor Reconstruction

The STI results in Fig. 2 show that when the exterior phase information is present (i.e., Sp ext
= 1) and noise is absent, the reconstructed susceptibility tensor data was almost identical to
the original phantom data. Ax was slightly underestimated in the red and green circles and
overestimated in the blue circle (Fig. 2D, yellow single arrows), likely due to small errors in
phase processing (see Supporting Information). When exterior phase information was absent
(i.e., Spext = 0), reconstructed tensor errors were most visible near the phantom boundary in
the Gy 1 and Ax maps (Fig. 2C-D, yellow double arrows). This also shifted x to be more
positive throughout the phantom and changed and the - contrast between different phantom
regions (Fig. 2E). The absence of exterior phase resulted in median error measurements of
Epy =—34.5%, E;=85.5%, and ¢; = 12.3° (Fig. 3D-F). Following the addition of noise,
these figures grew to —43.7%, 90.6%, and 15.9°, respectively (Fig. 3J-L). In the data
simulated with noise, rSTI reduced the median ¢, to 15.2° (Fig. 3B,F), but introduced
additional bias to Ay (Fig. 3D, median £p, of =52.2%). MAJESTI (using v = 7x108) was
most effective in correcting the voxels with large orientation error (yellow arrows in Fig.
3A,G) and produced median ¢4 values of 7.2° and 11.7° in the noiseless and noisy data,
respectively (Fig. 3F,L). Increasing the relative weight of R using smaller values of v
improved the accuracy of the joint eigenvector when the simulated bulk inhomogeneity
artifacts were minor. Decreasing the relative weight of R by using larger values of v
improved accuracy when these artifacts were major. Although the recalculated susceptibility
eigenvalues from MAJESTI still underestimated the true anisotropy (Fig. 3J; median £, of
-37.4% without noise, —52.1% with noise), the jointly estimated eigenvectors were a
substantial improvement compared to the STI and rSTI reconstructions of the noisy phase
data.

MAJESTI of the Brain

The STI, rSTI, and MAJESTI results in the mouse brain are shown in Fig. 4. STI produced
the largest fiber orientation differences with DTI (median ¢ = 47.4°). rSTI and MAJESTI
decreased the median ¢4 to 36.4° and 30.4°, respectively. The improvement was seen
throughout the anisotropic region (M), but was most noticeable in the corpus callosum (CC)
and hippocampal commissure (HC, yellow arrows, Fig. 4C). The x map (Fig. 4D) was
virtually unaffected by the choice of reconstruction algorithm. Regarding anisotropy,
MAJESTI resulted in lower median Ay (69.3 pbb) than STI (107.5 ppb) but higher than
rSTI (59.1 ppb). Based on these values and the median Eny values from the simulated STI
reconstructions (Fig. 3G), a better range for the true median Ay is approximately 120-190
ppb. This agrees somewhat with a QSM-based calculation of mean Ay in Gd-enhanced
white matter (approximately 140 + 20 pbb) from a mouse brain specimen prepared using the
same protocol (49). The sensitivity analysis found that the median ¢, was smallest when v =
~4x108, and was consistent within 1° for the image resolutions and SNRs tested when 4x108
< v <6x108 (Fig. 4H). The corrected fiber angles from the MAJEST] tensor data yielded
modest improvements to the white matter fiber bundle tractography in the mouse brain. Fig.
5 shows that MAJESTI more thoroughly tracked fibers in the CC, HC, and anterior
commissure (orange arrows); corrected the orientation of tracts in the CC (white arrows) and
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HC (yellow arrows); and better delineated the cingulum (yellow double arrowheads) and the
genu of the CC (white double arrowheads).

MAJESTI in the Kidney

Fig. 6 shows the STI, rSTI, and MAJESTI results from one representative kidney specimen.
Fig. 6C shows that tensor orientation differences between STl and DTI in the IM are
actually quite large for STI (median ¢ = 50.6+2.1°) and, surprisingly, worse for rSTI
(55.1+2.7°). MAJESTI drops the median ¢, to 30.4£7.6°, which can be attributed to the
similar eigenvector orientations of the RTI and DTI data in the IM. Compared to STI, both
rSTI and MAJEST]I reduced the median Ay in the IM from 74.9+10.1 to 41.7+5.2 and
25.4+3.7 ppb, respectively. Anisotropy was approximately 40% lower in the OM and CO.
Based on the errors values from simulation, the data suggest a true median Ay of
approximately 50-130 ppb in the Gd-enhanced renal tissue of the IM. The sensitivity
analysis found that the median ¢4 was both smallest and consistent within 1° for all four
kidney specimens when v < ~4x107 (Fig. 4H). Thus, the optimal joint eigenvector estimate
in the Gd-enhanced renal tissue relied almost entirely on the relaxation tensor orientation.
As in the brain specimen data, the x distributions (Fig. 6D) from each reconstruction were
visually indistinguishable. Fig. 7 shows the STI, MAJESTI, and DTI tractography in the IM
and OM of the kidney. Even in the highly anisotropic IM, STI tracts exhibited large
differences with DTI. MAJESTI improved tractography congruity (white arrows, Fig. 7) and
continuity (orange arrows, Fig. 7) to better resemble DTI.

MAJESTI in the Heart

Fig. 8 shows the STI, rSTI, and MAJESTI results for the heart specimen data. Analogous to
the simulated phantom data, the reconstructed myofiber orientations are strongly affected in
the boundary regions between the specimen and the exterior (Fig. 8A). Agreement between
the primary STI and DTI eigenvectors is limited to the interventricular septum (IVS) (Fig.
8C, yellow double arrow). Regularization and joint eigenvector estimation reduced these
artifacts, diminishing the median ¢, from 45.4° in ST1 to 37.5° in rSTI and 25.0° in
MAJESTI (Fig. 8E). These improvements are evident throughout the organ (Fig. 8C, yellow
single arrows). Fig. 8G shows that MAJESTI produced a smaller median Ay (32.9 ppb) than
STI (54.6 ppb) and rSTI (38.5 ppb). Using the simulation error values as a guide, these
calculations suggest a true median Ay of approximately 70-100 pbb in the Gd-enhanced
myocardial tissue. The sensitivity analysis found that the median ¢1 was smallest when v =
~2x108, and was consistent within 1° for the image resolutions and SNRs tested when 1x108
< v <5x108 (Fig. 8H). MAJESTI markedly enhanced susceptibility-based tractography in
the heart relative to rSTI. Improvements included more continuous fiber tracts in the RVW
(orange arrows; Fig. 9A-B, D-E), and tract orientations in the epicardial (white arrows, Fig.
9A-F) and endocardial (yellow arrows, Fig. 9A—F) regions of the left ventricle that closely
resembled DTI. The tensor glyph maps show how MAJESTI produced smoothly
transitioning tensor orientations in the LVW (Fig. 9G-I) by improving the fiber eigenvector
orientation while only slightly reducing anisotropy.
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DISCUSSION

Regularization improves susceptibility tensor orientation accuracy, and MAJESTI goes a
step further by incorporating mutual eigenvector information in order to mitigate
susceptibility tensor reconstruction artifacts. MAJESTI is more robust than our previous
algorithm, conjoint relaxation and susceptibility tensor imaging (30), for estimating the
complete susceptibility tensor because it calculates susceptibility eigenvalues using the
original multi-orientation frequency image data (Eq. [8]). As a result, MAJESTI calculates x
maps that are nearly identical to STI and rSTI (Fig. 31,K), though Ay is still underestimated.
This is because the eigenvalues describe the degree to which a unit sphere either stretches or
shrinks in the direction of the corresponding eigenvectors. If the eigenvectors are changed to
better describe the tissue structure, the eigenvalues will change in order to fit the acquired
data. This tradeoff between reconstructing a tensor image that has desired characteristics and
one that fits the data is inherent in STI regularization in general.

MAJESTI’s sensitivity to the selected v value was demonstrated in Figs. 4H, 6H, and 8H.
These analyses give the optimal value and range for v for the Gd-enhanced organs, SNR
values, and image resolutions tested. They also suggest that image SNR has a greater impact
on RTI than STI, but that RTI greatly outperforms STI in resembling DTI eigenvector
orientations in Gd-enhanced renal tissue. Contrarily, RTI and STI reconstruction quality are
more comparable in the brain and heart, which leads to synergistic joint eigenvector
estimates in these two organs (Figs. 4H and 8H).

Sources of Error

The most significant source of error in STI reconstruction spawns from incomplete and/or
incorrect phase information (Fig. 2). Even though STI produces a very good fit to the
available phase data from each specimen—forward calculations of image frequency from the
reconstructed STI tensor generally yielded less than 10% error—the phantom simulation
shows that STI reconstruction without external phase information results in overestimated
underestimated Ay, and increased ¢1. A potential solution for absent exterior phase is to
embed tissue specimens in agarose gel or another susceptibility-matched medium prior to
scanning in order to preserve phase information outside the specimen. This, of course, would
not be suitable for in vivo studies or even for many ex vivo studies. Alternatively, MAJESTI
attempts to compensate for the lost phase information by integrating relaxation tensor data
into the STI reconstruction. STI errors may also result from phase processing (see
Supporting Information).

MAJESTI Tractography

MAJEST]I successfully enhanced the continuity and conformity of susceptibility-based
tractography (Figs. 5, 7, and 9). Despite these improvements, the MAJESTI results still
show substantial differences between susceptibility- and diffusion-based tractography. This
may be indicative of the different structural and chemical mechanisms underlying
anisotropic susceptibility and diffusion tensors. In the heart, for example, the primary
eigenvector of the diffusion tensor indicates the myofiber orientation, whereas the fiber sheet
structure of the heart dictates that the secondary and tertiary eigenvectors consistently point
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in the transmural direction and in a direction parallel to the epicardial tangent plane,
respectively (79). The fiber sheet structure may have a much different influence over the
primary, secondary, and tertiary susceptibility eigenvectors. Furthermore, the influence of
myofilament proteins, collagen, and lipids may play a more prominent role in determining
the tissue susceptibility tensor due to the chemical sensitivity of susceptibility imaging. In
the brain, different cell types and organizations may likewise lead to dissimilar susceptibility
and diffusion tensors. Additional work is necessary to uncover the roles that tissue geometry,
organization, and composition play in influencing the susceptibility tensor and
susceptibility-based tractography.

Limitations and Future Directions

Though MAJESTI is a significant step towards the robust estimation of tensor-valued
susceptibility in the brain, kidney, and heart, the technique would benefit from further
development. Ideally, MAJESTI would solve for Q and Ay simultaneously. This is difficult
due to the nonlinear nature of applying an image-domain eigenvector constraint on the
frequency-domain relationship between phase and susceptibility (Eq. [5]). An iterative
solver that updates eigenvectors while simultaneously solving for both susceptibility and
relaxation tensors may potentially yield a more accurate solution. One limitation of this
study is its small sample size, which diminishes the inference that can be made regarding
MAJESTI. However, we consistently demonstrated improved fiber orientation and
tractography with MAJESTI in multiple organs with varied degrees of image quality, which
supports the efficacy of the algorithm. Lastly, STI is currently limited to preclinical research,
and is most feasible ex vivo. Each specimen in the study was prepared with Gd, shortening
the T1 and T,* relative to similarly prepared specimens and enhancing anisotropy (7,9,49).
STl is also feasible without the use of contrast agents (8,9). The practical considerations of
performing this technique are discussed in the Supporting Information.

CONCLUSIONS

STl is a tool for studying magnetic susceptibility anisotropy in the brain, kidney, and heart,
although it is prone to artifacts spawning from incomplete and/or incorrect phase image data.
These artifacts disguise the true susceptibility properties of tissues and limit susceptibility-
based tractography, especially when compared to DTI. MAJESTI improves ST1 by taking
advantage of the information shared by susceptibility and relaxation tensors, resulting in
higher quality tensor orientation estimates and enhanced continuity and conformity of
susceptibility-based fiber tracts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Algorithmic flow chart for mutually anisotropic and joint eigenvector susceptibility tensor

imaging (MAJESTI). Multi-echo GRE image data are acquired and used to calculate

normalized phase maps (8) and effective transverse relaxation maps (r,*) at /7specimen

orientations. Following registration, susceptibility () and relaxation (R) tensor data is

reconstructed using regularized STI and RTI. Weighted combination eigen decomposition of
these tensors yields a system of joint eigenvectors (Q). Q and 6 are used to calculate the

susceptibility eigenvalues (Ax)'
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Fig. 2.

Phgantom simulation results for STI reconstruction. Multi-echo GRE image data were
simulated for a (A) spherical phantom at (B) 12 orientations relative to the magnetic field.
(C) Susceptibility tensor orientation, (D) susceptibility anisotropy, and (E) mean
susceptibility results were calculated for three simulation scenarios: with exterior phase
information and without noise (first row), without exterior phase information and without
noise (second row), and without exterior phase information and with noise (third row). The
true tensor property maps are included for comparison (fourth row).
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Fig. 3.

Phantom simulation results for the STI, rSTI, and MAJESTI reconstructions performed on
the data without exterior phase information. Yellow arrows indicate reconstruction artifacts
in (A) principal eigenvector maps. (B) Susceptibility anisotropy and (C) mean susceptibility
maps from rSTI and MAJESTI show large differences compared to the truth. Histograms of
(D) susceptibility anisotropy and (E) mean susceptibility error show that all three algorithms
underestimate the true anisotropy and overestimate the true mean value. (F) Angular error
histograms show the distribution of orientation differences between STI, rSTI, and
MAJESTI eigenvectors and the ground truth using spherical coordinate angles (¢1,¢2). The
addition of noise amplified artifacts in the (G) principal eigenvector, (H) susceptibility
anisotropy and (I) mean susceptibility maps. Error histograms for (J) anisotropy and (K)
mean susceptibility are similar to the case without noise. (F) Angular error histograms for
each tensor reconstruction with noise show that MAJESTI yielded the smallest principal
eigenvector orientation error.
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Sugsceptibility tensor reconstruction of the mouse brain using STI, rSTI, and MAJESTI. (A)
Principal eigenvector maps from each reconstruction algorithm are compared to (B) DTl in
the anisotropic region, M. (C) Angular error maps show MAJESTI’s improvement over STI
(yellow arrows), particularly in the corpus callosum (CC) and hippocampal commissure
(HC)— structures that are delineated in (D) the mean susceptibility map. (E) Angular
difference histograms show that the MAJESTI principal eigenvectors were most similar to
DTI. (F) Susceptibility anisotropy maps for each reconstruction algorithm are quantitatively
represented in (G) histograms of susceptibility anisotropy in the anisotropic region, M. (H)
Sensitivity analysis showing the relationship between the median ¢, and -v in original brain
data, the data with the SNR halved, and the data with reduced spatial resolution.
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MAJESTI

Fig. 5.

SL?sceptibiIity- and diffusion-based tractography in the mouse brain specimen. (A) Fiber
tracts generated by rSTI were noisy and discontinuous. (B) MAJESTI tractography more
closely resembled (C) DTI tractography in regions indicated by the white arrows. Compared
to rSTI, MAJESTI better delineated the cingulum (yellow double arrowheads) and genu of
the corpus callosum (yellow double arrowheads). (D), (E), and (F) show the tractography
results in the hippocampal commissure and anterior commissure for the rSTI, MAJESTI,
and DTI reconstructions, respectively. Yellow arrows indicate regions where MAJESTI more
closely resembled DTI compared to rSTI. Orange arrows show regions where MAJESTI
tracked fibers that rSTI did not. For clarity, only 20% of white matter fiber tracts longer that
1 mm are shown for the whole-brain tractography.
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Fig. 6.

Sugsceptibility tensor reconstruction of a representative mouse kidney specimen using STI,
rSTI, and MAJESTIL. (A) Principal eigenvector maps from each reconstruction algorithm are
compared to (B) DTI in the anisotropic region, M. (C) Angular error maps of the inner
medulla (white rectangle in panel B) show MAJESTI’s improvement over STI (yellow
arrows). The inner medulla (IM), outer medulla (OM) and cortex (CO) of the kidney are
delineated in (D) the mean susceptibility map. (E) Angular difference histograms show that
the MAJESTI principal eigenvectors were most similar to DTI, while rSTI performed worse
than STI. (F) Susceptibility anisotropy maps for each reconstruction algorithm are
quantitatively represented in (G) histograms of susceptibility anisotropy in the anisotropic
region, M. (H) Sensitivity analysis showing the relationship between the median ¢; and v in
the four kidney specimens.
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Fig. 7.
Susceptibility- and diffusion-based tractography in the mouse kidney specimen. (A) Fiber

tracts generated by rSTI were discontinuous and incongruent to DTI. (B) MAJESTI
tractography more closely resembled (C) DTI tractography in the inner medulla (white
arrows). Orange arrows show regions where MAJEST] tracked fibers that rSTI did not. For
clarity, only 50% of tubule tracts longer than 1 mm are shown.
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Sugsceptibility tensor reconstruction of the mouse heart using STI, rSTI, and MAJESTI. (A)
Principal eigenvector maps from each reconstruction algorithm are compared to (B) DTl in
the anisotropic region, M. (C) Angular error maps show MAJESTI’s improvement over STI
throughout the heart (yellow arrows). The right ventricle wall (RVW), interventricular
septum (1VS), papilliary muscles (PM), and left ventricle wall (LVW) are delineated in (D)
the mean susceptibility map. (E) Angular difference histograms show that the MAJESTI
principal eigenvectors were quite similar to DTI, especially when compared to rSTI and STI.
(F) Susceptibility anisotropy maps for each reconstruction algorithm are quantitatively
represented in (G) histograms of susceptibility anisotropy in the anisotropic region, M. (H)
Sensitivity analysis showing the relationship between the median ¢, and v in original heart
data, the data with the SNR halved, and the data with reduced spatial resolution.
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MAJESTI

Fig. 9.

Sugsceptibility- and diffusion-based tractography in the mouse heart specimen. Wholeheart
fiber tractography generated from (A) rSTI, (B) MAJESTI, and (C) DTI (2% of myofiber
tracts longer that 0.75 mm shown). (D), (E), and (F) show 1-mm slices of the tractography
data through the middle of the heart for rSTI, MAJESTI, and DTI, respectively (5% of
myofiber tracts longer than 0.75 mm shown). MAJESTI exhibited fewer tractography
artifacts than rSTI, as indicated by the white and yellow arrow on the outside and inside of
the left ventricle, respectively. The orange arrows show regions where MAJESTI tracked
fibers in the right ventricle wall that rSTI did not. Glyph plots of the (G) rSTI, (H)
MAJESTI, and (1) DTI tensor data in the left ventricle wall (yellow rectangle, 0.3x1.2 mm
region) show how the fiber angles transition from endocardium (top) to epicardium
(bottom). The primary eigenvector direction is indicated by the glyph color, and the shape is
determined by the eigenvalues. MAJESTI modestly improves the rSTI myofiber eigenvector
orientations that are nearly correct without impacting the anisotropy (single pink arrows).
The pink double arrows indicate where these fiber eigenvector orientation corrections were
more substantial; green rSTI glyphs become purple MAJESTI glyphs, which better
resembles DTI. The glyph plots were downsampled from 10x39 voxel region to 5x13 voxels
in order to display the entire thickness of the LVW for each set of tensor data.
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