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Abstract

Susceptibility tensor imaging (STI) is a recently developed MRI technique that allows quantitative 

determination of orientation-independent magnetic susceptibility parameters from the dependence 

of gradient echo signal phase on the orientation of biological tissues with respect to the main 

magnetic field. By modeling the magnetic susceptibility of each voxel as a symmetric rank-2 

tensor, individual magnetic susceptibility tensor elements as well as the mean magnetic 

susceptibility (MMS) and magnetic susceptibility anisotropy (MSA) can be determined for brain 

tissues that would still show orientation dependence after conventional scalar-based quantitative 

susceptibility mapping (QSM) to remove such dependence. Similar to diffusion tensor imaging 

(DTI), STI allows mapping of brain white matter fiber orientations and reconstruction of 3D white 

matter pathways using the principal eigenvectors of the susceptibility tensor. In contrast to 

diffusion anisotropy, the main determinant factor of susceptibility anisotropy in brain white matter 

is myelin. Another unique feature of susceptibility anisotropy of white matter is its sensitivity to 

gadolinium-based contrast agents. Mechanistically, MRI-observed susceptibility anisotropy is 

mainly attributed to the highly ordered lipid molecules in myelin sheath. STI provides a consistent 

interpretation of the dependence of phase and susceptibility on orientation at multiple scales. This 

article reviews the key experimental findings and physical theories that led to the development of 

STI, its practical implementations, and its applications for brain research.
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Introduction

Magnetic susceptibility (χ) is defined as the degree of magnetization of a material in 

response to an applied magnetic field. The spatial variation of magnetic susceptibility of 

biological tissue inside an MRI scanner can lead to local magnetic field differences and thus 

resonance frequency variations over the tissue. Such field or frequency variations can be 

detected and mapped with high spatial resolution using gradient echo (GRE) signal phase 

imaging, especially at high field (1). However, the effect of locally varying magnetic 

susceptibility is non-local and can perturb the magnetic fields in distant voxels. As a result, 

susceptibility induced MR phase effects are non-local and depend on the object orientation 

with respect to the main magnetic field (2,3). Thus, the local MR phase cannot provide a 

direct quantitative measure regarding the molecular and cellular properties of tissue in the 

voxel. To overcome this limitation, quantitative susceptibility mapping (QSM) was 

developed to solve the ill-posed phase-to-susceptibility inverse problem and derive the 

voxel-based magnetic susceptibility (4-14). In recent years, QSM has been applied to 

investigate oxygenation levels in venous blood (15,16), cerebral hemorrhage and 

microbleeds (17,18), iron and myelin content changes in different neurodegenerative 

diseases, e.g. Alzheimer’s disease (19), Huntington disease (20,21), Parkinson’s disease 

(22-26) and multiple sclerosis (27-31).

One basic assumption of QSM is that the macroscopic susceptibility in an imaging voxel is 

isotropic. This assumption holds in gray matter or larger blood vessels where the source of 

susceptibility contrast mainly comes from non-heme iron or deoxyhemoglobin (11,32), 

respectively, and where any spatial orientation effect of smaller anisotropic structures (e.g. 

erythrocytes within blood or capillaries within tissue) is averaged at the macroscopic voxel 

level. However, in contrast to this apparent isotropic susceptibility of gray matter and blood, 

several studies have shown that the susceptibility of white matter depends on the orientation 

of fiber microstructure with respect to the main magnetic field (33-36), which persists at the 

macroscopic level. Such orientation dependence suggests that magnetic susceptibility of 

white matter is in fact anisotropic. On the one hand, the presence of susceptibility anisotropy 

significantly complicates the interpretation of susceptibility contrast obtained using single-

orientation QSM methods. On the other hand, this provides a unique opportunity to study 

white matter fiber integrity and to delineate fiber orientations using GRE signal phase 

(37-42).

Over the past few years, the basic principles of susceptibility tensor imaging (STI) have been 

developed to better understand this magnetic susceptibility anisotropy and to study white 

matter microstructures. This paper reviews the currently available evidence underlying such 

susceptibility anisotropy in brain white matter, its molecular and cellular underpinnings, 

biophysical models of the susceptibility tensor, and different tensor reconstruction methods. 

In addition a comparison between STI and diffusion tensor imaging (DTI) is given, and 

potential applications of STI in brain research are discussed.
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Evidence of susceptibility anisotropy in brain white matter

Even though magnetic susceptibility anisotropy has long been studied in liquid crystals and 

liquid solutions (43,44) and has been observed in biological tissue components such as 

proteins and lipid bilayers (45,46), it has only been very recent that the effects of 

susceptibility anisotropy on the scale of an MR imaging voxel in brain tissue, especially in 

white matter, have drawn attention (33-35). Some of the reasons for this delay may include 

the limited phase contrast observed at lower magnetic field strengths and the need for 

development of phase processing and voxel-wise dipole inversion for QSM. Several pilot 

studies have shown that the MR phase or resonance frequency (phase scaled by echo time) 

dependence on the orientation of white matter fibers with respect to the main magnetic field 

cannot be explained solely by its isotropic volume susceptibility (33-35). He and Yablonskiy 

introduced the concept of the generalized Lorentzian boundary and attributed the orientation 

dependence of MR phase in white matter to the elongated axonal and cylindrically shaped 

cellular structures and compartments in white matter fibers (33). Lee et al confirmed the 

dependence of MR phase or frequency on the white matter microstructure orientation using 

postmortem tissue samples and proposed an experimental design that allowed separation of 

microstructural effects from possible confounding macrostructural effects (34). In addition, 

they observed nonlocal phase variations outside the tissue sample caused only by changing 

the microstructural orientations of some tissue segments. As suggested by Lee et al, such 

phenomena are explained more appropriately by anisotropic susceptibility rather than the 

generalized Lorentzian approach (34). At about the same time, Liu also observed anisotropic 

frequency and susceptibility in mouse brains ex vivo and further proposed to use a 

symmetric second-order tensor to model this effect (35), which evolved into the STI 

methods to be described in later sections. Many later studies using single-orientation QSM 

methods have also reported consistently that magnetic susceptibility in brain white matter, 

both ex vivo in mouse brain or in vivo in human brain, is anisotropic and depends on the 

orientation of the tissue relative to the magnetic field (10,13,39,40). Figure 1 shows 

examples of the phase and susceptibility maps of a mouse brain ex vivo positioned at 

different orientations in an MR scanner. Different susceptibility contrast between white 

matter fibers and adjacent gray matter can be clearly seen (red arrows), with fibers more 

parallel to the main magnetic field (Figures 1 B and C) showing a more paramagnetic 

susceptibility.

Biophysical underpinnings of susceptibility anisotropy

The molecular and cellular source of the diamagnetic susceptibility in white matter can be 

attributed to myelin (1,47). The importance of myelin in generating the frequency and 

susceptibility contrast of white matter was convincingly illustrated in an MRI study of 

dysmyelinating shiverer mice (48). In such mice, a deletion of the gene encoding myelin 

basic protein leads to significantly reduced myelin content in white matter. As a result, the 

phase and susceptibility contrasts between gray and white matter were reduced by more than 

90% in shiverer mice compared to control mice (Figure 1). In comparison, DTI fractional 

anisotropy (FA) and other diffusivity contrasts were altered only slightly due to the less 

affected axonal structures in these mutant mice. This dependence of phase and susceptibility 

contrast on myelin orientation has also been observed in studies of cuprizone-induced 
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demyelination in mouse brains (49), shiverer mice of different ages (50), and mouse brain 

development (51). Together, these studies convincingly show that myelin is the predominant 

source of the phase and susceptibility contrast between gray and white matter.

In view of the above, it was logical to conclude that the susceptibility anisotropy of brain 

white matter should also be related to myelin, in particular to molecular myelin components 

with anisotropic susceptibility. Myelin has a multi-layered membrane structure composed of 

lipid and proteins, with myelin water filling the spaces between the lipid bi-layers. The 

magnetic susceptibility of a molecule is the three-dimensional tensor addition of the 

contributions of the individual molecular bonds. It is known that many lipids and proteins 

are asymmetric molecules and therefore have an anisotropic magnetic susceptibility. For 

example, the anisotropic magnetic susceptibilities of model lipid bilayers and crystals of egg 

lecithin were reported a long time ago (52-54). Second, the rotation of the myelin lipids 

(~70% dry weight of myelin) and membrane proteins (~30% dry weight) is restricted to the 

surface of the bilayer, so that their anisotropic magnetic susceptibility can possibly be 

observed at the macroscopic scale due to the highly organized microstructures of white 

matter fibers (55). In contrast, water molecules in myelin can rotate freely and, even though 

some partial average orientation may be induced upon them through binding, these are not 

expected to contribute significantly to the bulk susceptibility anisotropy. Relevant to 

physiological conditions, the susceptibility anisotropy of hydrated membrane lipids from 

isolated human lipoproteins has been estimated to be 0.223 ppm using NMR spectroscopy at 

37° C (56). This value is approximately an order of magnitude larger than the observed 

macroscopic susceptibility anisotropy in postmortem samples of white matter fibers 

(0.01~0.03 ppm) (34,48). These facts led to the hypothesis that the macroscopic magnetic 

susceptibility anisotropy in white matter originates from well aligned myelin lipids, while 

the quantitative relationship between the two is determined by the volume fraction of lipids 

and the patterns of their spatial alignment (39).

To derive the relationship between bulk susceptibility anisotropy in white matter and the 

anisotropy of lipid molecules, the spiraling myelin sheath (Figure 2A) has been modeled to 

consist of concentric cylindrical shells with lipid molecules radially aligned within these 

shells (Figure 2B) (39). Based on this model, the magnetization of each voxel can be 

calculated through the integration of molecular magnetization of all the radially aligned 

myelin molecules:

[1]

Here, mm is the molecular magnetization vector of a lipid molecule with molecular 

susceptibility tensor  in its diagonal molecular coordinate system 

(Figure 2C);  and  are the magnetic susceptibilities parallel and perpendicular to the 

lipid carbon chains, Rz is the rotation matrix around the z-axis with a rotation angle of φ 
relative to the fiber axon coordinate, which links the molecular and the axonal frames of 

reference; the applied main magnetic field is H = [H0sinα,0,H0cosα]T, with α being the 
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angle between the white matter fiber and the applied magnetic field, flipid is the volume 

fraction of myelin lipids. The bulk magnetic susceptibility can then be calculated as the 

voxel macroscopic magnetization vector M along the applied field direction divided by the 

corresponding field strength:

[2]

where  is the unit vector of the applied field and H0 the field strength; χ0 is the baseline 

susceptibility that corrects for susceptibility variations due to the selection of an internal 

tissue reference. A detailed derivation is provided in reference (39). This sine square 

relationship is derived assuming that the long axis of the myelin lipid is perfectly aligned 

with the radial direction of the cylindrical shell. The same sine square relationship, with 

different coefficients, can also be derived for proteins and other molecules that may not be 

perfectly aligned with the radial direction of the cylindrical shell, given the additional 

assumption that the molecule of interest can freely rotate along the radial direction of the 

cylindrical shell. Unlike myelin lipids, the peptide chains in proteins are much less aligned, 

and the volume fraction of proteins in myelin is significantly lower than that of lipids, so 

myelin proteins are expected to contribute significantly less to the overall magnetic 

susceptibility anisotropy of brain white matter.

Equation 2 has two direct implications. First, given the lipid molecular susceptibility 

anisotropy  (56), brain white matter is expected to be most 

paramagnetic along the fiber direction, i.e. when α is zero and the fiber is parallel to the 

main field. This is important for the assignment of the main direction of the tensor for STI-

based fiber tracking (37). Second, the macroscopic susceptibility of white matter relates to 

the fiber angle in a sine-squared relationship, and the maximum variation of macroscopic 

susceptibility, which is equivalent to the magnetic susceptibility anisotropy (MSA) defined 

in a later section using the second order tensor model, can be calculated as 

. Given a myelin lipid fraction of 16% and the molecular 

susceptibility anisotropy above, Δχ in normal brain white matter is predicted to be about 

0.02 ppm. Experimentally, the sine square relationship has been verified in ex vivo mouse 

brain (Figure 1B and C), with Δχ estimated at 0.026 ppm. In contrast, such a sine squared 

relationship is absent in the shiverer mice (Figures 1E and F), supporting the hypothesis that 

myelin is the major source for the macroscopic susceptibility anisotropy in white matter. 

Susceptibility anisotropy values of about 0.02 ppm were also obtained in the human brain 

(39,40). These measured susceptibility anisotropy values are consistent with those predicted 

from Eq. 2 indicating that the susceptibility anisotropies of myelin lipid molecules are likely 

the dominant source of the MRI-observed macroscopic magnetic susceptibility anisotropy. 

Furthermore, Eq. 2 also suggests that the macroscopic susceptibility of an imaging voxel can 

actually be modeled as a second-order tensor. The relationship between such a macroscopic 

susceptibility tensor and experimentally measurable MRI phase and the corresponding STI 

techniques are described below.

Li et al. Page 5

NMR Biomed. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The second-order susceptibility tensor model

For tissues with isotropic magnetic susceptibility, the off-resonance field b(r) in the imaging 

space of r can be related to the macroscopic flux density B0and scalar magnetic 

susceptibility distribution χ(r) as follows:

[3]

This equation can be calculated as a convolution of the magnetic susceptibility distribution 

with the magnetic field induced by a unit magnetic dipole. The evaluation of this equation is 

computationally intensive in image space (6). Alternatively, this convolution can be 

efficiently evaluated in the frequency domain (2,3,57):

[4]

where ϕ(r) is the MR phase measurement; γ is the gyromagnetic ratio of water proton, TE is 

the echo time; μ0 is the vacuum permeability; H0 is the magnitude of the applied magnetic 

field;  is the unit vector of the applied field (commonly defined as the z direction in the 

laboratory frame of reference), whose elements are Hi and i = x,y,z; k is the spatial 

frequency vector, with elements ki; FT represents the Fourier Transform, FT−1 represents the 

inverse Fourier Transform and the term 1/3 corresponds to a correction using the sphere of 

Lorentz. This is the well-known susceptibility to phase relationship commonly seen in the 

QSM literature.

For tissues with an anisotropic magnetic susceptibility, however, Eqs. 3 and 4 are no longer 

sufficient to describe the relationship between phase and susceptibility. In order to account 

for anisotropic susceptibility, Liu expanded Eq. 4 by replacing the scalar susceptibility with 

a rank-2 real symmetric magnetic susceptibility tensor, and derived the corresponding 

relationship between the field shift and susceptibility tensor χ in the Fourier domain (35):

[5]

, where the susceptibility χ now represents a real and symmetric 3×3 second order tensor, 

with elements) χij(i, j = 1,2,3), i.e.  This model uses the same 

Lorentzian sphere correction as in Eq. 4, which may need to be modified in the presence of 

oriented susceptibility inclusions of cylindrical symmetry (58). A detailed derivation can be 

found in references (35) and (40). Equation 5 provides the forward calculation from the 
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susceptibility tensor to a field or frequency shift and thus to MR phase, and provides the 

theoretical basis for susceptibility tensor reconstruction from MR phase measurements.

Image acquisition

STI involves quantifying the susceptibility tensors for each voxel from GRE phase 

measurements acquired at 6 or more different orientations of the brain with respect to the 

main magnetic field, as there are 6 unknown components in the symmetric susceptibility 

tensor as in Eq. 5. Since it is usually not feasible to rotate the magnet of modern MRI 

scanners, the image acquisition is typically achieved by physically rotating the brain inside 

the MRI scanner multiple times and collecting the GRE phase data at each brain position.

Typical GRE sequences used for QSM can be used directly for STI. For ex vivo experiments 

using fixed brain specimens, the rotation of the tissue sample inside the magnet is only 

constrained by the coil size, so the image acquisition is fairly straightforward. For example, 

a typical protocol for ex vivo mouse brain STI at 9.4T is as follows: a 3D spoiled-gradient-

recalled sequence, matrix size = 256 × 128 × 128, field-of-view = 22 × 11 × 11 mm3, flip 

angle = 40°, TE = 20 ms, TR = 200 ms, and multiple different head orientations roughly 

covering the spherical surface uniformly. For human brain in vivo, due to the physical 

constraints on head rotation and the uncomfortable positions with tilted head, STI 

acquisitions with large orientation coverage are usually much harder to achieve. In practice, 

effective head rotation can be performed around either the anterior-posterior (AP) axis, i.e. 

tilting the head to the left or right shoulder, or around the left-right (LR) axis, i.e. tilting the 

head to the chest or back, or a combination of these two types of rotation. Note that rotation 

around the foot-head (FH) axis alone does not create an effective angle change between the 

head and the magnetic field. As will be discussed in later sections, large head rotation angles 

are important to obtain a good STI inverse condition and thus good image quality. Therefore, 

for STI acquisition a larger quadrature head coil is often preferred over the modern tight-

fitting multi-channel head coils. The scan time using the quadrature head coil is typically 

longer since parallel imaging cannot be used. A typical protocol for human brain STI on 3T 

is as follows: a standard 3D gradient echo sequence, TE = 40 ms, TR = 60 ms, flip angle = 

20°, FOV = 256 × 256 × 256 mm3, matrix size = 128 × 128 × 128. Several scans are needed 

to allow a sufficiently large range of brain orientations with respect to the main magnetic 

field. In addition to the established single-echo acquisition protocol described above, multi-

echo GRE sequences can also be used.

Reconstruction of susceptibility tensors

Similar to QSM using multiple orientations, i.e. calculation of susceptibility through 

multiple orientation sampling (COSMOS) (59), after image acquisition, STI also requires 

image coregistration and proper phase preprocessing, which includes, 3D phase unwrapping 

and background phase removal. This two-stage phase preprocessing is of particular 

importance for the quality of STI reconstruction, which can be seen from the non-local 

relationship between phase and susceptibility tensor described in Eq. 5. For instance, local 

phase unwrapping errors will translate into non-local artifacts in the susceptibility tensor 
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map, while incomplete removal of low frequency background phase will bias the resulting 

tensor values.

For 3D phase unwrapping, either traditional path-based phase unwrapping, e.g. as described 

in reference (60) and the PRELUDE in FSL (FMRIB, Oxford University, UK) etc., or the 

Laplacian-based phase unwrapping (10,61) can be used. For brain tissues, path-based and 

Laplacian-based phase unwrapping yield the same gray and white matter contrast after 

background phase removal (62). Differences are usually limited to regions around veins 

where the phase varies rapidly as a result of the strong paramagnetic susceptibility of the 

venous blood. While it is often assumed that path-based phase unwrapping is more accurate 

for unwrapping the phase around the veins, local errors by this method can propagate to 

adjacent tissues and introduce significant artifacts. In contrast, the Laplacian based method 

is insensitive to phase unwrapping errors around the veins due to the utilization of sine and 

cosine functions. As such, the Laplacian unwrapped phase usually allows STI reconstruction 

with less artifacts.

The unwrapped phase is typically dominated by slowly-varying contributions originating 

from sources outside the regions of interest (ROIs), e.g. the receiver coil, tissue air 

interfaces, and etc. Such low-frequency phase contributions are conventionally contained in 

the term “background phase”. For background phase removal, traditional homodyne filtering 

or polynomial filtering is insufficient, since these approaches cannot differentiate low 

frequency tissue phase fluctuations from background phase. Several background phase 

removal methods initially developed for QSM phase preprocessing can be directly applied 

for STI. These methods are based on two closely related properties of the background phase: 

i) background phase is harmonic, so that the Laplacian of the background phase is zero and 

ii) background phase originates predominantly from magnetic susceptibility distributions 

outside the brain. The sophisticated harmonic artifact reduction for phase data (SHARP) 

(11), SHARP edges (63), variable-radius SHARP (V-SHARP) (12), harmonic (background) 

phase removal using the Laplacian operator (HARPERELLA) (62), the improved 

HARPERELLA (iHARPERELLA) (64), the Laplacian boundary value (LBV) (65) , and the 

iterative spherical mean value (iSMV) (66) approaches are all based on the first property. 

The projection onto dipole fields (PDF) method is based on the second property (67). All of 

these methods allow removal of background phase while keeping low frequency tissue phase 

differences. Since the two properties are fundamentally equivalent or at least closely related, 

the performance of these methods is similar for the majority of brain tissue. The main 

difference is on their ability to remove background phase around the edges of the brain. All 

of these methods are applicable for background phase removal for STI. We have 

successfully applied both V-SHARP and iHARPERELLA for STI phase pre-processing.

After phase preprocessing, with the coregistered phase from multiple head orientations, 

susceptibility tensors can be reconstructed using Eq. 5. There are two possible STI 

approaches, i.e. k-space based and image-space based. The first approach calculates the 

susceptibility tensor in frequency domain and the Fourier transform of the normalized field 

shift or relative magnetic field change  is expressed as a 

weighted sum of the six distinguishable susceptibility tensor components in k-space (37):
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[6]

where

[7]

In a shorter form, we can rewrite Eq. 6 as:

[8]

in which A is the coefficient matrix with elements aij and χ a vectorized tensor matrix of χij. 

Susceptibility tensor maps can then be estimated in the frequency domain by solving in 

least-square sense the linear equations composed of multiple versions of Eq. 8 at different 

head orientations, i.e. with different field change measurements. Such inverse calculation is 

usually done more conveniently in the subject frame of reference (35,40). In this frame of 

reference, the  is a different vector at each head orientation, giving different coefficients aij 

in Eq. 7, thus allowing the inverse calculation of the linear system described in Eq. 8 using 

all the acquired data. This k-space approach allows voxel-wise calculation of χ(k). The 

maps of susceptibility tensors can then be derived using an inverse Fourier transform.

This k-space-based STI method is simple to implement, and has been successfully used to 

reconstruct the susceptibility tensor of the mouse brain ex vivo (Figures 3A-C showing the 

diagonal tensor components). Notice that for the purpose of highlighting diamagnetic white 

matter, the intensity scale in these images is the reverse of that of QSM in which more 

strongly paramagnetic tissues are shown with a higher intensity. As a real symmetric second-

order tensor, the obtained susceptibility tensor can be decomposed into its eigenvalues (χ1, 

χ2, χ3) and the corresponding eigenvectors, i.e. in its diagonal frame of reference 

 (Figures 3D-F showing the three susceptibility eigenvalues). Here we 

use the first eigenvalue χ1 to represent the most paramagnetic susceptibility eigenvalue and 

to denote the corresponding eigenvector the principal eigenvector (PEV) of the susceptibility 

tensor. Several orientation independent tensor measures can also be derived with those 

eigenvalues, for example the mean magnetic susceptibility (MMS) or magnetic susceptibility 

anisotropy (MSA) as (38, 42)

[9]

,
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[10]

Similar to QSM (14), the quantification of each tensor component χij is relative due to the 

undefined k-space center in Eq. 5 and the limited spatial extent of the phase measurements, 

which are restricted to inside the brain, i.e. no phase measurement in the surrounding air 

region. Therefore, a reference value needs to be selected either implicitly or explicitly for the 

quantification of each tensor component. One possible reference selection is implicitly 

contained in the step of background phase removal, which essentially sets the susceptibility 

reference to the mean susceptibility value of the whole brain. The resulting susceptibility 

tensor can then be used directly for subsequent analysis. Alternatively, an explicit reference 

can be selected after the STI calculation. A common reference value, e.g. the mean 

susceptibility of a known isotropic region, may be selected for all the eigenvaluesχ1, χ2, χ3 

in the diagonal frame with the directions of the eigenvectors unchanged. This is equivalent to 

using a scalar reference instead of a full reference tensor. Note that under both 

circumstances, the MSA does not require a reference since it is a calculated difference 

between the eigenvalues as in Eq. 10.

Empirically, tractography of white matter fiber pathways using the susceptibility tensor was 

indeed found to be best performed using the PEV corresponding to the most paramagnetic 

susceptibility eigenvalue, i.e. χ1 (Figure 3D, note that darker color means positive or more 

paramagnetic), which is consistent with the molecular mechanism of the susceptibility 

anisotropy as described above. An example PEV colormap as in ref (37) is shown in Figure 

3I. Figure 3 G and H show the MMS and MSA, respectively. Shown in Figure 3J is an 

example map of fiber bundles of the anterior commissure of the mouse brain obtained by 

tractography using susceptibility-based PEVs.

The k-space-based STI method can also incorporate constraints in the frequency domain to 

stabilize and improve the STI reconstruction, e.g. to constrain the high frequency k-space 

regions, mostly corresponding to the structural boundaries, to be similar among those 

diagonal tensor components, and to constrain the high frequency k-space regions to be 

similar among those off-diagonal tensor components separately (39). The rationale is that 

the main susceptibility contrast is determined by low spatial frequency component, while 

any imperfect image registration is characterized by high frequency errors. Such constrained 

STI has been successfully applied to image the susceptibility tensor of the human brain 

(Figure 4). One limitation of the k-space based STI method is that it cannot include any 

spatial constraints derived in image space (40-42).

As compared to the k-space based STI method, image-space-based STI calculates the 

susceptibility tensor map χ (r) in image space directly by solving an optimization problem 

as

[11]
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where  with i =1…N indicating the i th head orientation; Ai represents the 

mapping relationship from susceptibility tensor χ(r) to field shift as described in Eq. 5. 

Compared to the k-space-based STI method, the image-space-based STI method is more 

complicated to implement and computationally more intensive. However, the advantage of 

this method is that constraints based on image space features can be easily incorporated into 

the STI inverse problem as regularization terms to improve the reconstruction quality. For 

example, for brain tissue with isotropic magnetic susceptibility or negligible susceptibility 

anisotropy at the voxel level, the susceptibility tensor becomes diagonal, i.e. within tissues 

such as CSF and gray matter, and χ12 = χ13 = χ23 = 0 and χ11 = χ22 = χ33. In addition, 

anatomical a priori information such as the tissue morphology that can be extracted from 

other available images, e.g. QSM images, can be used to constrain certain linear 

combinations of the six tensor components. One example of these is the first tensor 

invariant, i.e. the tensor trace, as used in the mean magnetic susceptibility regularized 

susceptibility tensor imaging (MMSR-STI) (42). Use of these regularizations in the STI 

inverse problem has been demonstrated to improve the image quality and reconstruction 

accuracy of STI. As compared to STI without any regularization (Figure 5A-C), MMSR-STI 

incorporating a priori spatial constrains (Figure 5 D-F) gives less variations in both MMS 

and MSA maps and gives a susceptibility PEV estimation that better resembles the DTI PEV 

map (Figure 5I).

In addition, using image space priors such as the fiber orientation information that can be 

obtained by DTI and assuming cylindrical symmetry of the susceptibility tensor in white 

matter fibers, we can further simplify the STI problem and reduce the number of required 

head orientations (40,41,68). Such cylindrical symmetrical susceptibility tensor mapping has 

been demonstrated to give more accurate quantification of susceptibility anisotropy than STI 

without regularization and can give a good estimation of MSA with MR phase data collected 

at minimum of 3 head orientations (40,41). Example MMS and MSA maps obtained by 

assuming cylindrical symmetry in white matter fibers in human brain at 7T are shown in 

Figure 6, with mostly positive MSA values around 0.01-0.02 ppm observed in major white 

matter fiber bundles. These values are consistent with previous findings that the magnetic 

susceptibility anisotropy of white matter mainly originates from the radially oriented myelin 

lipids.

Susceptibility tensors versus diffusion tensors

Since the development of DTI for tracking the white matter pathways more than two 

decades ago (69,70), STI is the second method that enables noninvasive mapping of white 

matter tracks with reasonable accuracy. While both DTI and STI rely on highly anisotropic 

white matter microstructures, the biophysical underpinnings underlying diffusion anisotropy 

and susceptibility anisotropy in white matter fibers are fundamentally different. Diffusion 

anisotropy originates from the hindered diffusion of water molecules due to structural 

barriers (predominantly axonal membrane and filaments and some myelin contributions), 

while the susceptibility anisotropy is related to ordered myelin lipids with an anisotropic 

molecular susceptibility. Given the different biophysical underpinnings, imaging results 

using DTI and STI have been compared in detail to gain more insight into their accordance 

and differences in normal and abnormal brains (38,71).
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The eigenvalue maps of the susceptibility tensor and the diffusion tensor both provide 

excellent gray and white matter contrast. When using the susceptibility PEV (corresponding 

to the most paramagnetic eigenvalue) and diffusion PEV (corresponding to the largest 

diffusion eigenvalue) for fiber tractography, STI can provide a smooth reconstruction of 

major white matter fiber bundles in the mouse brain, with a similar number of fibers and 

slightly shorter fiber length (average/maximum) as compared to DTI using DTI Studio 

(Figure 7). However, STI in its current form provides less coherent fiber tracking results than 

that of DTI. This difference is partly due to current technical challenges of STI, which will 

be discussed in the last section of this review.

In terms of the difference between STI and DTI, first, as discussed earlier, the values of the 

diagonal susceptibility tensor components χ1, χ2, χ3 and the parameter MMS are relative 

and depend on the selection of a proper tissue reference. They can be either positive (more 

paramagnetic) or negative (more diamagnetic) with respect to the selected reference. In 

comparison, diffusion tensor components D1, D2, D3 and the mean diffusivity (MD) are 

absolute measures of a physical constant and always positive.

More fundamental differences can be found between susceptibility and diffusion 

anisotropies. According to Eq. 2, MSA is predominantly determined by the fraction of 

myelination of brain white matter, while the diffusion FA is predominantly due to axonal 

restrictions and only affected partially by myelination (72). This is evident from the shiverer 

mouse studies (39,48). The significantly reduced myelin lipids in shiverer mouse were 

associated with nearly complete loss of MSA (39), while the FA was only reduced 

moderately (48). Similar lack of correlation between MSA and DTI FA has also been 

reported in human brain (40). Additional evidence comes from studies of white matter 

development in mouse brain (51), in which the MSA of the fornix system was assessed on 

postmortem brains from animals sacrificed at post natal days 2, 7, 14, 22 and 56. It was 

observed in this study that the MSA did not change significantly from zero until 14 days 

after birth, and then increased progressively to days 22 and 56. In contrast, the DTI-based 

FA of this fiber started with a medium value of approximately 0.5 and plateaued at day 22 

with a value of 0.62 (51). These results confirm that MSA and DTI FA have a dramatically 

different sensitivity to brain myelination, which is not unexpected in view of the domination 

of FA by the axonal membrane barrier.

In addition to its sensitivity to myelin, the MSA has also been shown to have a unique 

sensitivity to gadolinium, while GdDTPA has not shown significant effect on the 

determination of diffusion MRI parameters (73). Depending on the concentration of 

gadolinium-based contrast agent, the MSA of brain white matter can be altered several fold 

compared to that without gadolinium perfusion (38,74).

In summary, MSA provides valuable contrast for quantification of brain myelination with a 

unique sensitivity modulation by gadolinium.
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Applications of STI in brain research

The potential of STI as a high-resolution fiber tracking technique has already been 

demonstrated in preclinical brain research, e.g. for MR based histology, using ex vivo 

specimens or mouse models (37,51,75). Tracks of major white matter fiber bundles in mouse 

brain obtained by STI have revealed anatomical structures comparable to DTI. In addition, 

due to its unique sensitivity to oriented lipid molecules, STI could provide a completely new 

tool to assess the white matter integrity especially myelin formation during development 

(51) and myelin break down in different neural diseases such as fetal alcohol spectrum 

disorder (FASD) (75) or multiple sclerosis (30). For example, a recent study has shown that 

the susceptibility contrast and susceptibility anisotropy of brain white matter can be 

significantly reduced by prenatal alcohol exposure while such changes could not be detected 

by DTI (75).

Challenges and future directions

Although STI has been available for a few years, there are still many challenges to overcome 

before it can be routinely applied with a quality comparable to DTI. The greatest challenge 

is the requirement of rotating the brain inside the magnet. While this is not a significant 

concern for ex vivo animal or human specimens, it is the major challenge for in vivo human 

brain STI due to the long scan time, and the inconveniences and restrictions associated with 

brain rotation. Practically, only a limited range of head rotations can be achieved due to the 

spatial constrains inside the MR head coil and due to the patients being uncomfortable for 

head positions other than supine (76). The latter has led to motion issues and a consequent 

poor STI inverse condition. The angular range of rotation has been shown to have a larger 

influence on STI reconstruction than the number of head orientations (42). One way to deal 

with this problem is to speed up the scan. Currently, several fast GRE acquisition methods 

are available for STI acquisition, e.g. multi-echo multi-shot spiral sequence (77), the Wave-

CAIPI sequence (76,78), etc. Another more promising approach is to develop STI methods 

that do not require brain rotation. A spectrum analysis on the multi-pole magnetic response 

or p-space MRI has been proposed to achieve the susceptibility-based white matter fiber 

orientation determination without rotating the brain (79). By applying a gradient field before 

the normal GRE sequence or by shifting the k-space reconstruction window, the p-space 

method can detect a difference in sub-voxel field variations for white matter fibers at 

different angles relative to the main field. However, the practical utility of this approach for 

human brain imaging in vivo is still a subject of debate (80).

The second challenge comes from the inaccuracy of phase pre-processing. Similar to QSM, 

STI relies on accurate preprocessing of MR phase data. Any background phase removal 

error will propagate into the STI calculations leading to errors in the estimated susceptibility 

tensor orientations (38). It is expected that more accurate background removal combined 

with additional image-space constraints may further improve the accuracy of STI.

Finally, there are still several important sources or effects that the current theoretical 

framework of STI does not take into account. For example, recent studies have shown that, 

in addition to its contribution to the macroscopic susceptibility anisotropy as described in 

Li et al. Page 13

NMR Biomed. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Eqs. 1 and 2, the molecular susceptibility anisotropy of myelin lipids also plays an important 

role in the nonlinear phase evolution in white matter (81,82). Such a phenomenon originates 

from the different properties of the distinct micro-compartments of white matter causing the 

water protons in axonal, myelin and extracellular space to have different relaxation rates and 

susceptibility induced frequency shifts. As a result, the GRE signal magnitude shows a 

multi-exponential decay, and the GRE phase evolves nonlinearly with echo time in white 

matter. Such magnitude and phase evolutions have been successfully modeled using a 

hollow cylinder model, which can be explained well in terms of the anisotropic 

susceptibility of myelin lipids (81). Fitting this hollow cylinder model to experimental GRE 

signal collected in human brain at 7T yields a susceptibility anisotropy estimate of 0.012 

ppm. The convolved evolution of GRE signal from multiple compartments with different 

transverse relaxation rates, i.e. as a multi-exponential function of TE, has also been 

investigated in monkey brain and human brain, which gave a susceptibility anisotropy of 

0.028 ppm in human brain (82). Though these susceptibility estimates are in general 

consistent with the predictions using Eq. 2 and support the notion that the susceptibility 

anisotropy of myelin lipids is the major source of the orientation dependent macroscopic 

susceptibility, STI would give a biased estimation of the underlying macroscopic 

susceptibility tensor (83) without considering such microstructure effect. In addition, the 

current STI method uses the Lorentzian sphere correction, which might not be sufficient to 

describe the underlying microstructure anisotropy induced by the elongated white matter 

axons, and a more generalized Lorentzian correction may need to be incorporated 

(33,58,84). With careful consideration of these effects in STI modeling, it is anticipated that 

better fitting of experimental data and better estimation of white matter structures should be 

possible in the future.

Currently, the quality of STI is still not as good as that of DTI. However, STI offers powerful 

advantages in terms of higher spatial resolution, reduced gradient strength requirements and 

lower SAR compared to diffusion weighted MRI. Therefore, there is sufficient scientific and 

practical motivation to solve the aforementioned technical challenges. In addition, the strong 

sensitivity to myelin and its unique modulation by gadolinium-based contrast agents also 

makes STI a useful complementary tool to probe microstructural changes in various white 

matter diseases. Last but not least, further development and validation of the biophysical 

models linking susceptibility tensors at multiple anatomical scales should allow us to gain a 

deeper understanding of various orientation dependent gradient echo contrasts, ultimately 

leading to a more accurate interpretation of the findings observed using phase and 

susceptibility MRI in various research and clinical settings.

Summary

The magnetic susceptibility of white matter is anisotropic, which originates predominantly 

from the myelin lipids with anisotropic susceptibility at molecular level. As a result, the 

most paramagnetic susceptibility is along the white matter fiber direction, and the magnetic 

susceptibility of white matter is dependent on the fraction of myelin lipids and the sine 

square of fiber angle with respect to the main magnetic field. This anisotropic susceptibility 

can be described using a symmetric rank-2 susceptibility tensor. The development of STI 

techniques allows the investigation of white matter integrity especially its myelination status 
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and enables reconstruction of white matter fiber pathways exclusively using GRE signal 

phase. The STI formalism, currently still being developed further, is expected to provide a 

theoretical basis for the application and interpretation of both single and multi-orientation 

QSM studies of white matter disease.
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Figure 1. Orientation dependence of susceptibility in brains of normal and dysmyelinating 
shiverer mice
A and D: frequency maps from 3 selected brain orientations. A representative selection of 

ROIs is shown in the lower panel of A, with ROIs in white matter labeled red, magenta, and 

blue, and ROIs in adjacent gray matter green, cyan, and yellow. B and E: magnetic 

susceptibility maps calculated from the frequency shifts shown in A and D using QSM. C 

and F: susceptibility of white matter referenced to adjacent gray matter. All data points are 

shown as mean ± standard error over the voxels in each selected ROI. Susceptibility 

anisotropy is observed in those control mice but not in shiverer mice. The angles shown on 

the images are the angles between the direction of the white matter segment at the red ROI 

and the main field as determined by DTI, i.e., 0º means that the selected fiber segment is 

parallel to the main magnetic field. The ROI color in panel A corresponds to the data point 

color in panels C and F. Reprinted, with permission, from Figure 2, reference (39).
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Figure 2. The axon and molecular coordinate systems
(A) Schematic representation of the spiraling myelin sheath around an axon. (B) Schematic 

representation of the radial alignment of myelin lipid molecules. (C) The axon coordinate 

system (x, y and z) and the molecular susceptibility tensor of a myelin lipid molecule in its 

molecular coordinate system.
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Figure 3. STI of a mouse brain ex vivo
A-C: Maps of the diagonal terms of the susceptibility tensors in the subject frame. D-F: 

Maps of the eigenvalues of the susceptibility tensors, i.e. the susceptibilities in the local 

diagonal frame. G: Mean magnetic susceptibility (MMS, i.e.χ). H: magnetic susceptibility 

anisotropy (MSA, i.e. χχ). I: Color map of the principal eigenvector (PEV) corresponding 

to the most paramagnetic eigenvalue of the susceptibility tensor weighted by susceptibility 

index as in (37). J: Anterior commissure (corresponding to the blue arrow in G) 

reconstructed using STI. In panels A-G, higher intensity indicates more diamagnetic 

susceptibility (opposite from QSM). The mouse brain was perfused with a mixture of 0.9% 

saline and ProHance (10:1, v:v) (Bracco Diagnostics, Princeton, NJ), then followed by a 

mixture of 10% buffered formalin and ProHance (10:1, v:v). This figure was reproduced 

with permission from reference (37).
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Figure 4. STI of the human brain
A-C: Maps of the diagonal terms of the susceptibility tensors in the subject frame. D-F: 

Maps of the eigenvalues of the susceptibility tensors, i.e. the susceptibilities in the local 

diagonal frame. G: MMS color coded using the PEV corresponding to the most 

paramagnetic eigenvalue of the susceptibility tensor. H: DTI fractional anisotropy (FA) map 

color coded using the largest diffusion eigenvector. This figure was reproduced with 

permission from reference (39). In panels A-F, higher intensity indicates more diamagnetic 

susceptibility (opposite from QSM).
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Figure 5. Comparisons of STI, MMSR-STI and DTI in human brain
A-C: MMS, MSA and PEV obtained by STI in a healthy control subject using GRE phase 

data collected at 10 head orientations at 3T. D-F: corresponding MMS, MSA and PEV 

obtained by MMSR-STI method that uses image space constraints to regularize the STI 

inverse. G-I, mean diffusivity (MD), FA and PEV obtained by DTI. All the PEV maps were 

masked by a white matter mask generated by thresholding the DTI FA map (FA>0.25). In 

panels A and D higher intensity indicates more diamagnetic susceptibility (opposite from 

QSM). This figure was reproduced with permission from reference (42).
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Figure 6. Susceptibility tensor mapping of human brain assuming cylindrical symmetry
A-D: different views of the MMS obtained in a healthy control subject using phase data at 4 

head orientations at 7T. E-H: corresponding MSA map. I-L: DTI color maps, i.e. DTI FA 

map color coded using DTI PEV. This figure was reproduced with permission from 

reference (40).
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Figure 7. Comparison of STI and DTI fiber tracts in selected pathways
(A) The anterior commissure; (B) the hippocampal commissure; (C) the posterior corpus 

callosum. In general, similar fiber tracts are reconstructed with both techniques while DTI 

tracts appear to be smoother at the edges of the fiber bundles. This figure was reprinted, with 

permission, from reference (37).
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