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Abstract

Magnetic susceptibility-based MRI has made important contributions to the characterization of 

tissue microstructure, chemical composition, and organ function. This has motivated a number of 

studies to explore the link between microstructure and susceptibility in organs and tissues 

throughout the body, including the kidney, heart, and connective tissue. These organs and tissues 

have anisotropic magnetic susceptibility properties and cellular organizations that are distinct from 

the lipid organization of myelin in the brain. For instance, anisotropy is traced to the epithelial 

lipid orientation in the kidney, the myofilament proteins in the heart, and the collagen fibrils in the 

knee cartilage. The magnetic susceptibility properties of these and other tissues are quantified 

using specific MRI tools: susceptibility tensor imaging (STI), quantitative susceptibility mapping 

(QSM), and individual QSM measurements with respect to tubular and filament directions 

determined from diffusion tensor imaging (DTI). These techniques provide complementary and 

supplementary information to that produced by traditional MRI methods. In the kidney, STI can 

track tubules in all layers including the cortex, outer medulla, and inner medulla. In the heart, STI 

detected myofibers throughout the myocardium. QSM in the knee revealed three unique layers in 

articular cartilage by exploiting the anisotropic susceptibility features of collagen. While QSM and 

STI are promising tools to study tissue susceptibility, certain technical challenges must be 

overcome in order to realize routine clinical use. This paper reviews essential experimental 

findings of susceptibility anisotropy in the body, the underlying mechanisms, and the associated 

MRI methodologies.

Graphical abstract

Magnetic susceptibility anisotropy is observed in tissues throughout the body and spawns from a 

variety of organized molecular sources including the epithelial lipids in the kidney, myofilament 

proteins in the heart, and collagen fibrils in connective tissue. Two MRI tools, susceptibility tensor 

imaging and quantitative susceptibility mapping, have exploited this anisotropy to assess the 
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microstructure and orientation of renal tubules, myofibers, and articular cartilage. Measuring 

susceptibility anisotropy using MRI is a promising technique for studying healthy and diseased 

organ tissues.

Keywords

Anisotropic magnetic susceptibility; Quantitative susceptibility mapping; Susceptibility tensor 
imaging; Resonance frequency shift

INTRODUCTION

Over the past few years, major advances have been made to characterize tissue 

microstructure, chemical composition, and organ function using magnetic susceptibility 

MRI (1–14). Using this technology, recent studies have shown a link between the orientation 

of neuronal axons in white matter and the apparent magnetic susceptibility values with 

respect to the B0 field orientation (5,15,16). These findings have motivated a collection of 

studies to explore fibrous and tubular tissue in the body beyond the central nervous system. 

In particular, studies have examined the orientation-dependent magnetic susceptibility of 

nephron tubules in the kidney, myofibers in the heart, and collagen fibrils in connective 

tissue (17–22).

Local magnetic susceptibility properties of tissue have been calculated using a method called 

quantitative susceptibility mapping (QSM), assuming susceptibility is a scalar quantity. 

However, in structured tissues, anisotropic magnetic susceptibility at the molecular level 

(ΔχML) can give rise to macroscopic susceptibility anisotropy (Δχ), which indicates that 

magnetic susceptibility is a tensor quantity rather than a scalar quantity in those tissues. 
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Susceptibility anisotropy has been quantified at the molecular level with nuclear magnetic 

resonance and electron paramagnetic resonance spectroscopy (23–25). At the tissue level, 

susceptibility anisotropy has been characterized using a method called susceptibility tensor 

imaging (STI) (12,26,27).

In this review, we discuss the biological underpinnings of magnetic susceptibility anisotropy 

of organs and tissues in the body. We then review the MRI-based methods used to estimate 

properties of susceptibility anisotropy. Finally, we discuss the preclinical and clinical 

research implications, challenges, and opportunities associated with susceptibility anisotropy 

in the kidney, heart, and knee joint.

SOURCES OF MAGNETIC SUSCEPTIBILITY ANISOTROPY

Magnetic susceptibility anisotropy originates from a variety of molecular sources. Most 

biomolecules have diamagnetic (i.e. negative) susceptibility that is also anisotropic due to 

the non-spherical distribution of electrons. If these molecules are spatially arranged in an 

ordered fashion within a tissue, then they collectively will exhibit a bulk anisotropic 

susceptibility. A well-known example is the organized phospholipids in myelin that surround 

axons in the white matter of the central nervous system (12,27). In addition to lipid chains, 

other macromolecules and cellular contents (extracellular matrix, nucleic acids, and 

proteins) influence magnetic susceptibility anisotropy (12,28–32) and are found throughout 

the body. Here, we present the microstructural arrangement of tissue components that 

contributes to the MRI-observable macroscopic susceptibility anisotropy in the renal tubule, 

myofiber, and connective tissues such as ligament, tendon, and cartilage.

Renal tubule

The kidney is a highly structured system with organized units at the tubular and cellular 

level. Being the most basic functional unit, the nephron tubule is essential for solute 

filtration, reabsorption, secretion, and excretion. The number of nephrons is enormous, being 

~1,000,000 in the human, ~30,000 in the rat, and ~20,000 in the mouse (33–35). Nephrons 

consist of tubules, loops, and collecting ducts that point radially from the cortex to the inner 

medulla. The microstructure, the lengths of nephron segments, and the distribution of long- 

and short-loop nephrons can substantially influence structural organization and renal 

function (36,37). The cellular ultrastructure of the nephron is also highly organized (Fig. 1). 

The renal epithelium consists of a single layer of cells that rest on a basement membrane, 

which serves as an anchor between the tubules and peritubular capillaries (38). One unique 

feature of most renal epithelial cells is the large surface area—this is critical for fluid 

absorption and for increasing the number of membrane proteins in the kidney as well as 

other organs (39–42). The surface amplification is achieved through densely arranged 

microvilli of the brush border on the luminal (apical) plasma membrane and basement 

infoldings on the basolateral membrane (Fig. 1A–C). These structures significantly increase 

the percentage of lipids (Fig. 1D) pointing along the tubule’s long axis.

The organized tubular structures, the basement membrane, and the organized lipids in renal 

epithelia are all potential sources of susceptibility anisotropy. In one study, magnetic 

susceptibility was measured relative to the orientation of nephron tubules by rotating the 
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kidney with respect to the magnetic field, B0 (21). Here, susceptibility was found to be most 

diamagnetic when tubules were parallel with the magnetic field, and most paramagnetic (i.e. 

positive) when tubules were perpendicular to the field (χ‖ < χ⊥). This trend suggests that 

there is a diamagnetic content pointing in the direction of the long axis of the tubule. The 

epithelial lipids, which at the molecular level are more diamagnetic in the direction parallel 

to the lipid chain than in the perpendicular direction (χML,‖ < χML,⊥), predominantly point 

along the tubule axis (Fig. 1A).

Myofiber

Known as the “engine of life,” the heart is a complex muscular organ. Cardiac muscle is 

distinctive in that it combines the involuntary movement features of smooth muscle with 

many of the organized structural features of skeletal muscle. Myocardium, the layer of 

muscle in between the endocardium and the epicardium, is made up of striated muscle cells, 

or fibers, each comprising multiple myofibrils. Within each myofibril is a serially repeating 

structure known as the sarcomere (Fig 2A), which acts as the fundamental structural and 

functional unit for muscle contraction. The structure of the sarcomere is highly organized, 

characterized by a lattice of thick and thin myofilaments (Fig. 2B–C). The orientation of 

each individual filament is roughly parallel to the long axis of the myofiber (Fig. 2D). 

Myofilaments are primarily constructed of myosin, tropomyosin, and actin—three proteins 

that are replete with polypeptide chains in the α-helix form (Fig 2E).

The peptide groups that form α-helix structures are a source of diamagnetic anisotropy in 

muscle tissues (32,43,44). Consequently, these peptide groups may be a source of the bulk 

susceptibility anisotropy measured in myocardium using MRI (17). Peptide bonds in the α-

helix all lie in a plane parallel to the helix axis (Figure 2E). At the molecular level, each 

individual peptide group has an out-of-plane susceptibility that is more diamagnetic than its 

in-plane susceptibility (χML,⊥ < χML,‖). This gives the peptide group a theoretical molar 

susceptibility anisotropy value (ΔχML = χML,‖ – χML,⊥) of 6.74×10−11 m3/mol (SI units) or 

5.36×10−6 cm3/mol (CGS units) (45). Dibb et al. simulated the secondary and tertiary 

structures of the α-helix in sarcomeric myosin and tropomyosin (Fig. 2C–D) and showed 

that the aggregate effect of the magnetic asymmetry of peptide groups (ΔχML) produces 

bulk susceptibility anisotropy (Δχ) in myofibers similar to that observed with MRI (17). 

Cumulatively, the structure and organization of α-helix proteins also explain that myofibers 

perpendicular to the field appear diamagnetic (χ⊥ < 0) and myofibers parallel to the field 

appear paramagnetic (χ‖ > 0) relative to the reference susceptibility (17).

In addition to the peptide bonds in myosin and tropomyosin α-helices, other potential 

sources of anisotropy include actin, collagen, myoglobin, and lipids. Both globular and 

filamentous forms of actin contain α-helix structures, although they are much less uniformly 

organized (46) and only weakly align to an applied magnetic field (44). Collagen exhibits 

susceptibility anisotropy that is both directionally opposite and about half as strong as that of 

myofilament α-helices (32). Because it constitutes only a small fraction of myocardium 

relative to myofibrillar proteins (47,48), collagen’s influence on susceptibility anisotropy is 

likely minor in the healthy heart. In ischemic myocardium, however, elevated collagen 

content (49) may have greater influence over the observed bulk susceptibility anisotropy. 
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Deoxymyoglobin is a paramagnetic globular protein with a large molar susceptibility 

anisotropy of −1.22±0.05×10−8 m3/mol (SI units) or −9.73±0.38×10−4 cm3/mol (CGS units) 

(50). In heart tissue, myoglobin molecules are mobile and diffuse (51), so they are more 

likely to produce a bulk magnetic susceptibility shift instead of bulk susceptibility 

anisotropy in myocardium. Lastly, the lipids that form the sarcoplasmic reticulum 

surrounding individual myofibrils may be a source of susceptibility anisotropy, similar to the 

brain and kidney. In rodents, however, the lipid volume fraction is only ~0.03 in 

myocardium cells (52), whereas it is ~0.16 in brain white matter (53) and ~0.08 in the 

kidney (54). On the other hand, the cell volume fraction of myofibrillar mass is ~0.45–0.47 

in rodent myocardium (52,55); thus, myofibrillar peptide groups still appear to be the 

dominant contributor to the myocardial susceptibility anisotropy visualized with MRI (17).

Connective tissue

Connective tissues are highly structured to support different tissues in the body. Their 

layered organization allows organs and joints to resist stretching, shearing, and compression. 

A vast portion of connective tissue is characterized by the abundance of the fibrous, 

structural protein known as collagen. Collagen fibrils (Fig. 3A–B) are composed of many 

molecules (Fig. 3C), each of which comprises a right-handed bundle of three parallel, left-

handed polyproline II-type helices (Fig. 3D) (56–58). Unlike the right-handed α-helix 

proteins found in myofilament proteins, which have peptide group planes running parallel to 

the helix axis, the collagen triple helix contains peptide group planes oriented at 

approximately 45° to the fibril axis (Fig. 3E) (32). Because the most diamagnetic 

susceptibility is oriented normal to the peptide group plane, the net susceptibility of collagen 

fibrils is most diamagnetic in the direction parallel to the fibril axis (χ‖ < χ⊥) (32,59). This 

trend is the opposite of the susceptibility anisotropy observed in skeletal and cardiac muscle 

fibers.

METHODS FOR MEASURING SUSCEPTIBILITY ANISOTROPY USING MRI

Measuring magnetic susceptibility anisotropy with imaging has only been conducted in a 

limited number of approaches. These include correlating quantitative susceptibility values 

with diffusion-tensor based fiber angle data, susceptibility tensor imaging (STI), and DTI-

aided calculation of a cylindrically symmetric susceptibility tensor.

Correlating quantitative susceptibility with diffusion-tensor-based fiber angle

Susceptibility anisotropy can be quantified by plotting the apparent magnetic susceptibility 

as a function of tissue orientation. Tissue orientation is typically computed as the angle 

between the major eigenvector of the diffusion tensor of the tissue and the B0 direction, 

assuming that DTI correctly identifies the tissue orientation; apparent magnetic 

susceptibility, on the other hand, is measured by quantitative susceptibility mapping (QSM) 

at either one or multiple object orientations. Specifically, a linear regression is performed on 

apparent magnetic susceptibility data as a function of the squared sine of the fiber angle with 

respect to the applied magnetic field. This regression can be performed for all voxels within 

the tissue together (especially when only one object orientation is available) or on a voxel-

by-voxel basis (when multiple object orientations are available). The bulk magnetic 
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susceptibility anisotropy can then be defined by the fitted correlation as Δχ = χ(0°) – 

χ(90°). This method has been used to identify magnetically anisotropic tissues in central 

nervous system white matter (27) and the renal tubule (Fig. 4) (21). Similar assessments of 

both single- and multiple-orientation QSM have confirmed the presence of susceptibility 

anisotropy in myocardium (Fig. 5) (17). Although single-orientation measurements require 

less scan time than multiple-orientation measurements, they assume homogeneous 

susceptibility anisotropy throughout the tissue. Susceptibility anisotropy assessments based 

on this method are affected by QSM quality, and thus can be limited by reconstruction 

artifacts that vary according to the orientation of the specimen (12,60,61). The need to 

acquire diffusion tensor data in addition to gradient-recalled echo (GRE) data also adds 

additional scan time.

Susceptibility tensor imaging

While susceptibility anisotropy can be suggested by correlating susceptibility measurements 

and tissue orientation, anisotropic magnetic susceptibility is better characterized using a 

second-order tensor. STI calculates this tensor from frequency image data acquired at a 

theoretical minimum of six object orientations (26). Magnetic susceptibility anisotropy can 

then be defined in terms of the susceptibility tensor eigenvalues as Δχ = χ1 – (χ2 + χ3) / 2. 

Here we define χ1, χ2, and χ3 as the primary (most positive), secondary, and tertiary (least 

positive) eigenvalues (Fig. 6). In STI, susceptibility tensor values are relative to a reference, 

so producing a normalized definition of susceptibility anisotropy is challenging even though 

the susceptibility anisotropy defined above (Δχ) is independent of reference. Hence, for the 

purposes of STI tractography, Liu et al. defined a susceptibility index, SI = (|χ1 – χ3| + γ) / 

, where |χ1 – χ3| is a direct measure of susceptibility anisotropy, γ s a tunable parameter to 

balance between susceptibility anisotropy and image contrast, and  is the mean 

susceptibility (62). Xie et al. used this definition for STI tractography of the kidney (21), but 

with γ = 0 so that SI could not be arbitrarily adjusted. This also facilitated comparisons 

between healthy and diseased kidney specimens (20). Both Δχ and SI do not rely on DTI 

data for tissue orientation information. This is particularly useful for tissues with complex 

chemical and structural features that may exhibit susceptibility and diffusion tensors with 

non-identical eigenvectors. In comparison to measures of susceptibility anisotropy, fractional 

anisotropy (FA) is used to identify tissue regions with substantially anisotropic diffusion 

(63).

DTI-aided calculation of a cylindrically symmetric susceptibility tensor

For cylindrical structures, one may assume that the secondary (χ2) and tertiary (χ3) 

eigenvalues are the same. Bulk tissue magnetic susceptibility can then be defined in the 

directions parallel (χ‖) and perpendicular (χ⊥) to the underlying tissue structure, with Δχ = 

χ‖ – χ⊥. Assuming cylindrical symmetry in the susceptibility tensor simplifies STI 

reconstruction by reducing the number of unknowns in the inverse problem from six to four 

(64). This number is further reduced to two (χ‖ and χ⊥) by incorporating DTI information, 

specifically by assuming that the principal susceptibility eigenvectors are equal to the 

principal diffusion eigenvectors (64–66). Having fewer unknown quantities improves the 

conditioning of the STI inverse problem, and a cylindrically symmetric susceptibility tensor 

can be defined, in practice, with as few as three GRE image orientations (66). Nevertheless, 
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these assumptions may not apply to most organ tissues. In the event that they do apply, 

diffusion tensor data are still required to estimate susceptibility anisotropy. Susceptibility 

anisotropy measurement techniques that are able to incorporate other types of information—

such as diffusion (66) or relaxation (18) tensor data—will aid in the discovery and 

understanding of the mechanisms underlying tissue susceptibility in healthy and diseased 

tissue. Such developments have the potential to increase the sensitivity of MRI in 

applications such as diagnosing and monitoring disease.

APPLICATIONS OF MAGNETIC SUSCEPTIBILITY ANISOTROPY

Mapping renal tubule orientations with susceptibility tensor imaging

STI has been successfully demonstrated to detect tubules in mouse kidney specimens (21). 

Briefly, STI was achieved by acquiring phase image data using a 3D multi-echo GRE 

sequence at 12 object orientations with respect to the magnetic field (9.4 T). DTI was 

acquired using a 3D diffusion-weighted spin-echo sequence and 12 gradient directions 

(diffusion time of 17 ms without contrast agent and 5.7 ms with contrast agent). The b-value 

was maintained at 1,500 s/mm2. An isotropic resolution of 55×55×55 mm3 was acquired for 

both STI and DTI of kidneys with contrast agent. STI and DTI tractography were then 

performed based on the eigenvectors associated with the tertiary (most diamagnetic) 

susceptibility and the primary (most positive) diffusion eigenvalue, respectively.

STI was able to track more tubular segments throughout the organ compared to a traditional 

DTI protocol. This is because STI exhibited strong anisotropy throughout the kidney. In 

kidney specimens with contrast agent, SI (γ = 0) was measured at 0.36 in the inner medulla 

(IM), 0.29 in the outer medulla (OM), and 0.19 in the cortex (CO). Based on a different 

calculation of anisotropy, FA from DTI was measured at 0.27 in the IM, 0.17 in the OM, and 

0.14 in the CO. STI detected tubular tracts in the IM and OM, while DTI was mostly limited 

to the IM (Fig. 7).

The difference between STI and DTI can be explained by the length scale and dimensions of 

the renal tubules throughout the kidney. The kidney has both straight and tortuous segments 

of the nephron tubule. Anisotropy measurements are greater and tractography succeeds 

mostly in the straight segments. These segments consist of the ascending thin limbs, the 

medullary thick ascending limbs, and the collecting ducts (inner diameters included in Table 

1) (37,67). In general, DTI performed well in thin coherent structures and was governed by 

the average displacement of a Brownian particle:

where  is the mean squared displacement, D is the water diffusion coefficient, and t is the 

time of diffusion or time between diffusion gradients used for DTI. The average 

displacement was 5.2 μm based on the diffusion time of 5.7 ms with contrast agent. At this 

length scale, DTI was mostly limited to the ascending thin limbs. In the large tubules, water 

diffusion would appear to be isotropic and DTI was not successful in representing the 

anisotropic structures. In order to detect such large diameter structures, diffusion times 
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would need to be greater than 470 ms, when the MRI signal is significantly depleted. Spin-

echo DTI represents only one form of diffusion imaging, and alternative methods such as 

diffusion imaging using stimulated echoes (68), q-ball imaging (69), and diffusion spectrum 

imaging (70) might be able to detect larger structures. STI detected all straight segments 

regardless of the length scale.

Reduced susceptibility anisotropy in models of kidney disease

STI studies of diseased kidneys indicate that injury can occur at the microstructural level. 

Susceptibility anisotropy changes were measured in an angiotensin receptor knockout model 

(AT1a −/− AT1b −/−) and a diabetic nephropathy model (Akita) (20). Studies were limited 

to one kidney per model and one control. Here, susceptibility anisotropy was significantly 

reduced compared to diffusion anisotropy (Fig. 8). In the center of the IM, FA from DTI was 

reported as 0.22 in C57BL/6 (wild type), 0.21 in Akita, and 0.17 in AT1a −/− AT1b −/−. In 

contrast, SI from STI (γ = 0) was reported as 0.29 in C57BL/6 (wild type), 0.03 in Akita, 

and 0.04 in AT1a −/− AT1b −/−. This is equivalent to a SI reduction of 86–90% in diseased 

kidneys compared to normal. On the other hand, FA was reduced by only 5–23%. Similarly, 

tractography with STI was reduced relative to DTI (Fig. 9). Compared to the normal kidney, 

DTI revealed fewer tracts in the IM of diseased kidneys. STI virtually did not track any 

tubules in the same area. The similar diffusion anisotropy in the normal and diseased 

kidneys suggests that the renal tubules were mostly intact. Conversely, the large 

susceptibility anisotropy changes suggest injury to the microstructure inside the epithelium. 

With more sensitive susceptibility anisotropy measurement tools (see Technical 
Considerations), it may be possible to detect microstructural damages in patients with 

angiotensin receptor deficiency and diabetic nephropathy.

The origin of susceptibility anisotropy has been hypothesized to be the organized lipids on 

the microvillis, basolateral infoldings, and mitochondria (21). This hypothesis can be 

supported in part by disruption of the aligned lipids leading to reduced anisotropy and 

limited tubular tracking. Ischemia reperfusion of the kidney is an injury that leads to tubular 

obstruction and damage, inhibition of cellular metabolism of mitochondria, mitochondrial 

swelling, brush border swelling, membrane destruction, and loss of cell polarity (71–76). 

This model of cellular disorganization may also explain some of the results in the 

angiotensin receptor knockout and diabetic nephropathy models. Future work in this area 

will be critical to the understanding of susceptibility anisotropy in the renal system.

Susceptibility-based myocardial fiber mapping

Myocardial fiber organization and structure are integral elements of myocardial stress and 

strain (77) and are altered by cardiac hypertrophy (78) and infarction (79,80). Using MRI to 

verify the susceptibility anisotropy of myocardium and its underlying mechanisms may lead 

to more sensitive and/or complementary techniques for examining the myofiber content and 

structure of healthy and diseased hearts. Though DTI is typically used for myocardial fiber 

mapping (80–84), susceptibility contrast MRI has demonstrated additional sensitivity to 

chemical and structural tissue properties, such as the presence of lipids in bilayer 

membranes and renal epithelia (5,21).
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Susceptibility-tensor-based tractography of a whole heart specimen was demonstrated by 

Dibb et al. (18). Briefly, STI data were reconstructed from phase data acquired at 9.4 T 

using a GRE sequence with 8 echoes (array = 512 × 512 × 512, isotropic resolution = 30 μm, 

TR = 50 ms, flip angle = 50°, TE1/ΔTE/TE8 = 3.0/5.5/41.5 ms) with the Gd-enhanced 

myocardium specimen positioned in 18 different orientations with respect to the magnetic 

field. DTI data were acquired with a 3D diffusion-weighted spin-echo sequence (array = 400 

× 300 × 300, isotropic resolution = 30 μm, TR = 50 ms, TE=15.4 ms): one scan with b = 0 

s/mm2, 12 diffusion-encoded scans with b = 1,000 s/mm2 and diffusion time = 9.6 ms. 

Susceptibility tractography was then performed based on the eigenvector associated with the 

primary (most paramagnetic) susceptibility eigenvalue. The study showed that STI could 

resemble DTI fiber mapping and tractography in normal mouse hearts (Fig. 10). 

Susceptibility-based myofiber tractography breaks down in thin-walled regions of the heart, 

such as the right ventricle wall. STI fiber mapping also suffers from artifacts spawning from 

incorrect or incomplete phase data, although these errors are mitigated by incorporating 

orientation-dependent R2* relaxation information (18). Despite these improvements, the 

study still showed substantial differences between STI and DTI. Tractography differences 

may be indicative of the different structural and chemical mechanisms underlying 

anisotropic susceptibility and diffusion tensors. In the diffusion tensor, for instance, the 

primary eigenvector indicates the myofiber orientation, whereas the fiber sheet structure of 

the heart dictates that the secondary and tertiary eigenvectors consistently point in the 

transmural direction and in a direction parallel to the epicardial tangent plane, respectively 

(83). 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.

The susceptibility anisotropy of the myofiber has been attributed to the arrangement of 

magnetically anisotropic peptide bonds in myofilament proteins (17). This hypothesis may 

be tested in a model of cardiac hypertrophy. Though hypertrophy is characterized by a 

thickening of the heart wall and an increase in total heart mass, it also yields higher actin and 

myosin concentrations in myocardium (49). Detecting increased susceptibility anisotropy in 

hypertrophic myocardium would support the claim that these myofilament proteins are the 

source of the orientation-dependent susceptibility contrast in MRI. Measurements of 

susceptibility anisotropy may also be useful in assessing increases in myocardial collagen 

content, which is associated with ischemia (49), infarction (85), and hypertension (86).

Quantitative susceptibility mapping of the knee joint

Collagen-containing connective tissues exhibit anisotropic susceptibility (87)—

Krasnosselskaia et al. demonstrated that the frequency contrast produced by bovine tendon 

varied according to the orientation of the specimen with respect to the magnetic field (Fig. 

11) (88). Investigating and evaluating the anisotropic susceptibility properties of connective 

tissue structures in the knee joint could potentially aid in assessing knee joint diseases and 

disorders. The knee is one of the most important joints in the human body and has complex 

interfaces between bones, muscles, and fat and several connective tissue structures including 

tendons, ligaments, cartilage, and menisci. Each connective tissue has distinct functional 
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requirements that determine the orientation and arrangement of its collagen fibrils. For 

example, Fig. 12 shows that collagen fibril orientations in articular cartilage vary from radial 

in the deeper layers to isotropic in the middle layers to tangential in the superficial layers. 

The radial fibrils resist compression within the joint, whereas the tangential fibers resist 

shear at the interface between the femoral and tibial cartilage (89). This produces 

particularly interesting QSM contrast, since the apparent magnetic susceptibility of 

connective tissue depends on the collagen fibril orientation in the external magnetic field 

(87).

Wei et al. found that QSM reveals the multilayer structure of articular cartilage (22). This 

finding is supported by R2* mapping, which is a commonly used indicator of connective 

tissue integrity (90). Fig. 13A–B shows that susceptibility and R2* yield a similar, 

symmetric contrast pattern in the femoral cartilage (from femur bone surface to synovial 

fluid) and tibial cartilage (from tibia bone surface to synovial fluid) (22). Such susceptibility 

variation may be due to the orientation of collagen fibrils within the cartilage (compare to 

Fig. 12) relative to the static magnetic field, B0. Fig. 13D shows that layers where collagen 

fibers are mostly parallel to B0, the susceptibility values are more diamagnetic, as seen in the 

deep zone (yellow). Where collagen fibrils are mostly oriented perpendicular to the B0 field, 

the susceptibility values are more paramagnetic, as seen in the superficial tangential zone 

(blue). This finding is supported by a previous study, which explained that collagen has the 

smallest numerical diamagnetism when it is perpendicular to the applied magnetic field (32). 

Alternatively, the susceptibility gradients observed in the cartilage layers may be a 

consequence of varying of isotropic susceptibility.

The macroscopic susceptibility anisotropy (Δχ) of collagen comes from the diamagnetic 

anisotropy of the peptide group at the molecular level (ΔχML). Cumulatively, these 

organized peptide groups yield the greatest diamagnetism in the direction of the collagen 

molecule long axis (32). Though these peptide groups also underlie the bulk susceptibility 

anisotropy of myofibers, the directionality is opposite in collagen due to the oblique 

orientations of the peptide groups relative to the fibril axis (compare Fig. 3D and Fig. 4E). 

This is analogous to how the molecular level susceptibility anisotropy (ΔχML) of the lipid 

chain generates bulk susceptibility anisotropy (Δχ = χ‖ – χ⊥) that is positive in axon fiber 

bundles and negative in the renal tubule. Hence, both the molecular susceptibility anisotropy 

sources and their microstructural organization are important determinants of the 

macroscopic susceptibility anisotropy observed with MRI. Elucidating these and other 

molecular and organizational sources of anisotropy is one of the many challenges currently 

being addressed in susceptibility anisotropy research.

CHALLENGES, LIMITATIONS, AND OPPORTUNITIES

Technical considerations

One of the major challenges of measuring susceptibility anisotropy using STI or other 

similar methods is the range of object orientations that must be sampled. Ideally, a large 

range of angles is desired to improve the conditioning of the inverse problem. In STI studies 

of the mouse heart and kidney (18,21), the orientations cover a hemisphere fairly equally 

(manually reoriented specimen positions were determined by registration). For example, the 
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unit vectors of 12 orientations from a study of the mouse kidney ex vivo (21) are included in 

Fig. 14A. By contrast, the unit vectors of 12 orientations from a study of the brain in vivo 
(91) are included in Fig. 14B. While STI may be performed using a very limited range of 

angles as demonstrated in the brain, the poor conditioning of the inverse problem can result 

in tensor calculation errors (92). These errors would be especially prevalent in body STI, 

where achieving a minimum of six independent body positions would be very challenging. 

Realistically, body STI may only be practical if the number of orientations were reduced to 

three or fewer. The DTI-aided calculation of a cylindrically symmetric susceptibility tensor 

method described earlier in this review (66,93) reduces the number of orientations needed to 

solve the susceptibility tensor elements to two or three. In addition to the challenge of angle 

coverage in vivo, the acquisition time is equally important. Maintaining a certain orientation 

of the torso during a scan, for instance, can be uncomfortable. To compensate, tools have 

been developed to speed up STI acquisition time. Accelerated imaging using Wave-CAIPI 

permits imaging a 240 × 240 × 168 array in 90 seconds per orientation with very little noise 

amplification (91).

Object reorientation and image acquisition for ex vivo STI are facilitated by specialized 

hardware and a large coil-to-object volume ratio. Fig. 15 shows an apparatus designed for 

STI data acquisition of mouse kidney and heart specimens in a 9.4 T vertical-bore magnet 

(21). In between each GRE scan, the sphere containing the specimen (Fig. 15C) is manually 

repositioned in a new orientation relative the applied magnetic field. Preferably, this 

reorientation would be mechanically automated in order to ensure consistent rotation angles 

and minimize disruption to the experimental settings. Such a setup would require two axes 

of rotation in order to provide adequate orientation coverage. Automatic sample 

reorientation has been demonstrated with one axis of rotation for a study of orientation-

dependent MRI signal in articular cartilage (90) and with three axes of rotation using a 

goniometer for electron spin resonance studies (94). While these approaches are important 

for understanding physical mechanisms, they do not directly translate to clinical usage.

In addition to hardware, tools such as contrast agent and multi-echo pulse sequences 

accelerate STI data acquisition. Though not necessary, contrast agent decreases the scan 

time needed for ex vivo STI by shortening the T1 of the tissue and allowing for shorter 

repetition times. In a study of the mouse kidney, contrast agent reduced the acquisition time 

per orientation by a factor of four while even improving SNR relative to non-contrast 

acquisitions (21). Imaging without contrast agent, however, is desirable for clinical settings. 

One alternative to contrast agent that can be used in both clinical and preclinical STI is 

averaging multi-echo frequency map data (95). Interestingly, the SNR gains of multi-echo 

averaging may be greater in the absence of contrast agent (21) since Gd and similar agents 

shorten T2* and effectively reduce the number of echo images with usable signal. In our 

experience, the benefits of multi-echo frequency map averaging coupled with the sensitivity 

of GRE image phase allow for quality non-contrast STI data to be acquired ex vivo with 

relatively short repetition times (~150–200 ms when acquiring 12 object orientations with 

~50-μm isotropic resolution at 9.4 T).
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Limitations of STI in the kidney

In the kidney, the source of susceptibility anisotropy is hypothesized to originate from 

epithelial microstructure and cellular lipid organization. Segments of renal tubule have 

varying epithelial ultrastructure, changing microvilli density, and distinct microfolds across 

the proximal tubules, thin limbs, distal tubules, and collecting ducts (37,96–99). All of these 

can affect the lipid organization and structural anisotropy. Thus, a reduction in susceptibility 

anisotropy in one segment of the nephron may be due to normal physiology and not 

necessarily due to renal injury. The susceptibility anisotropies in (20,21) were reported using 

the susceptibility index (SI), and were calculated using an unreferenced mean susceptibility. 

On the other hand, Δχ does not depend on a reference value. SI can be very helpful for 

tractography purposes (62). Nonetheless, selecting a reference susceptibility for mean values 

or SI will be critical for comparing healthy and diseased kidney tissues in the future. For STI 

to be conducted in clinical studies, careful baseline data will need to be acquired to assess 

kidney disease.

Limitations of measuring susceptibility anisotropy in the heart

Myocardium has two anatomical compartments with distinct signal contributions: 

intracellular and extracellular (100). One microstructural model study suggests that multi-

pool relaxation strongly affects susceptibility contrast and anisotropy in muscle tissue (17) 

similar to what is seen in models of central nervous system white matter (16,101). This 

relaxation is potentially affected by intracellular pH changes and tissue fixation. 

Furthermore, one must use caution when interpreting data from Gd-enhanced STI of the 

myocardium, since it has been shown that contrast agent remains highly concentrated in the 

extracellular volume of muscle tissue, where it disproportionally shortens relaxation times 

relative to the intracellular volume (102). As myocardial susceptibility imaging is a 

relatively new field, the impact of pH changes, tissue fixation, and contrast agents on 

susceptibility anisotropy in the heart remains unclear.

Future directions

STI may be beneficial in a variety of other coherent and fibrous structures in the body. These 

include bone, skeletal muscle, and epithelia of duct systems in the liver, pancreas, breast, 

and gall bladder. More studies are needed to verify the molecular sources that contribute to 

the bulk susceptibility anisotropy observed in the body. In particular, studies of animal 

models and human patients with known alterations in the relevant molecular sources are 

critically needed.

CONCLUSION

Magnetically anisotropic tissues are prevalent throughout the body. Studies suggest that the 

organized molecular mechanisms of this susceptibility anisotropy include epithelial lipids in 

the renal tubule, myofilament proteins in the myofiber, and collagen in connective tissues. 

Susceptibility-based tools such as STI and QSM can assess nephron segments in the kidney 

where DTI fails, yield alternative methods for myocardial tissue analysis and fiber mapping, 

and reveal in detail the structure of connective tissues such as articular cartilage. Despite the 

practical challenges of these techniques, including object reorientation and prolonged scan 
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time, quantitatively assessing susceptibility anisotropy is a promising method for studying 

healthy and diseased organ tissues.
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Fig. 1. 
Molecular and microstructural basis of susceptibility anisotropy in the renal tubule. (A) 

Essential structural features of the renal transporting epithelia. The diagram insets 

accentuate the lipid bilayer in the microvillus of the brush border, the mitochondrion, and 

the basolateral infolding. (B) Electron micrograph of rat epithelium showing the brush 

border. Mitochondria are oriented perpendicular to the basement membrane. (C) 

Transmission electron micrograph of interdigitated lateral folds and neighboring 

mitochondria (M) perpendicular to the basal lamina (BL). Scale bar = 100 nm. (D) 

Individual phospholipids are more diamagnetic in the direction parallel to the chain structure 

than in perpendicular direction. Figure is adapted with permissions from (21,37,98).
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Fig. 2. 
Molecular and microstructural basis of susceptibility anisotropy in the myofibril. (A) 

Diagram of a cardiac myofibril segment showing the serially repeating sarcomere unit, 

which lies between two Z-lines. (B) An electron microscopy image of a cross-section of the 

sarcomere highlights the myofilament lattice in myocardial tissue (image courtesy of 

Margaret Goldstein, PhD, Baylor College of Medicine and Robert Perz-Edwards, PhD, Duke 

University). (C) A rendering of myosin and tropomyosin in the myofilament lattice section 

highlighted by the red box in (B) that repeats throughout the sarcomere. (D) Thick (light 

blue) and thin (dark blue) filaments are represented by the secondary and tertiary α-helical 

structures. (E) The α-helix peptide groups lie in a plane that runs parallel to the helix axis. 

For each individual peptide group, the molecular level out-of-plane susceptibility (black 

arrow) is more diamagnetic than the in-plane susceptibility (gray arrows). Figure is adapted 

from (17).
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Fig. 3. 
Molecular and microstructural basis of susceptibility anisotropy in collagen. Electron 

microscopy of (A) longitudinal and (B) transverse sections of human Achilles tendon fibrils 

(images used with permission from (103)). The black marker (*) corresponds to the length 

of one repeating light and dark band, which together represent the axial 67 nm D-

periodization of collagen fibrils. (C) A collagen fiber is composed of many fibrils. The light 

and dark bands within an individual fibril correspond to overlap and gap regions of collagen 

molecules. (D) A zoomed-in view of the solid rectangle from (C) shows the detail of the 

right-handed triple helix structure. The triple helix structure is composed of left-handed 

polyproline II-type helices. (E) A zoomed-in view of the dotted rectangle in (D) highlights 

the planar peptide groups in the polyproline helix, which have an out-of-plane susceptibility 

(black arrow) that is more diamagnetic than the in-plane susceptibility (gray arrows).
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Fig. 4. 
Measuring susceptibility anisotropy of the renal tubule using multi-orientation QSM and 

DTI. (A) Representative QSM of the kidney at one field orientation shows the susceptibility 

contrast between the inner medulla (IM), outer medulla (OM), and cortex (CO). MR phase 

image data were acquired from an excised mouse kidney with contrast agent at 12 

orientations using a 3-D spoiled GRE sequence with 6 echoes (TE1/ΔTE/TE6 = 3.4/2.9/17.9 

ms, TR = 50 ms, α = 50°, array size = 256 × 256 × 256, isotropic voxel size = 55 μm, scan 

time per orientation = 0.9 hours). Tubule orientation was calculated from the principal 

eigenvector of diffusion tensor data. (B) Susceptibility values as a function of tubule angle 

between the major eigenvector of the diffusion tensor and B0. Susceptibility values (χ) are 

determined in the IM region and expressed in units of ppb (both y-axis and equation). Error 

bars represent one standard deviation within each bin. Scale bar = 1 mm. Figure used with 

permission from (21).
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Fig. 5. 
Detecting susceptibility anisotropy in myofibers using single-orientation QSM and DTI. (A) 

QSM calculated from MR phase image data acquired using a 3-D spoiled GRE sequence 

with 16 echoes (TE1/ΔTE/TE16 = 1.7/3.0/46.7 ms, TR = 200 ms, α = 35°, array size = 256 × 

256 × 256, isotropic voxel size = 45 μm, scan time = 3.6 hours). (B) Myofiber orientation 

with respect to B0 was calculated from the principal eigenvector of diffusion tensor data (one 

image with b = 0 s/mm2, 12 diffusion-encoded images with diffusion time = 5.5 ms, pulse 

separation = 17.0 ms, b = 1850 s/mm2, TE = 23.6 ms, TR = 2000 ms, array size = 64 × 64 × 

64, isotropic voxel size = 180 μm total scan time = 29.6 hours). (C) Two-dimensional 

histogram of the voxelwise apparent magnetic susceptibility as a function of the squared sine 

of the myofiber angle. The black line represents the fitted correlation described by the 

equation. Figure adapted from (17).
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Fig. 6. 
STI reconstruction of an excised mouse heart. The specimen was prepared by perfusion 

fixation via jugular vein, after which the chambers of the heart were filled with agarose gel 

according to the protocol in (17). MR magnitude and phase image data were acquired at 12 

specimen orientations using a 3-D spoiled GRE sequence with 16 echoes (TE1/ΔTE/TE16 = 

2.2/4.2/65.2 ms, TR = 150 ms, α = 35°, array size = 400 × 300 × 300, isotropic voxel size = 

45 μm, scan time per orientation = 3.75 hours). Following eigen decomposition of the 

susceptibility tensor, the primary (χ1), secondary (χ2), and tertiary (χ3) eigenvalues were 

used to calculate bulk susceptibility anisotropy (Δχ).
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Fig. 7. 
Tractography from DTI and STI in medullary regions of the kidney. (A–B) DTI tracts 

overlay the b0 image and (C–D) STI tracts overlay the susceptibility trace image. (A,C) 

Sagittal view from outer medulla (OM) towards papilla tip. (B,D) Coronal view shows that 

both DTI and STI detect tubules in the inner medulla (IM) but not the cortex (CO). Black 

arrows point to tracts in mediolateral (ML) direction and white arrows point to tracts in 

anteroposterior (AP) direction. Yellow arrow indicates additional STI tracts in dorsoventral 

(DV) direction. Insets show tensor glyphs. White arrows in the insets point in the overall 

direction of glyphs. Figure is used with permission (21).
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Fig. 8. 
Comparison of DTI and STI in healthy and diseased mouse kidneys. Columns left to right: 

C57BL/6 (wild type), Akita (diabetic nephropathy), and AT1a −/− AT1b −/− (angiotensin 

receptor knockout). Rows top to bottom: mean diffusivity (MD) from DTI, fractional 

anisotropy (FA) from DTI, mean susceptibility (MS) from STI, and susceptibility index (SI) 

from STI (γ = 0). Green arrows point to anisotropic diffusion and susceptibility changes in 

the inner medulla (IM) of diseased kidneys. Susceptibility changes are subtler in the outer 

medulla (OM) and cortex (CO). Scale bar = 1 mm. Figure is adapted with permission (20).
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Fig. 9. 
DTI- and STI-based tractography in healthy and diseased mouse kidneys. Columns left-to-

right: C57BL/6 (wild type), Akita (diabetic nephropathy), and AT1a −/− AT1b −/− 

(angiotensin receptor knockout). Rows top-to-bottom: DTI and STI. Green arrows point to 

the inner medulla (IM) of diseased kidneys where DTI and STI tracts are markedly reduced. 

The number of STI tracts in the outer medulla (OM) is also reduced in the disease models. 

AP = Anteroposterior, DV = dorsoventral, ML = mediolateral. Figure is adapted with 

permission (20).
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Fig. 10. 
Myofiber tractography derived from MRI of a mouse heart specimen (18). The continuity 

and consistency of tracts (> 1 mm in length) from (A) susceptibility-based tensor data 

compare well to (B) diffusion tensor data, except in the thinnest regions of the right ventricle 

wall (yellow arrow). A 1-mm thick segment reveals that tract orientations in (C) 

susceptibility-based tensor data closely resemble those from (D) diffusion tensor data.
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Fig. 11. 
Central frequency shift as a function of bovine tendon orientation, θ. The central frequency 

was determined as the frequency of the maximum amplitude of the Fourier-transformed FID. 

Circles: experimentally obtained values. The solid line is a fit to the function: f(θ) = a1y + 

a2, where y = (1/2)(3 cos2(π/2) + θ) − 1), a1 = −2.08, and a2 = 9.45. Error bars are 10% of 

the central line width. The dashed line is the position of a water peak in the external 

reference sample. Figure obtained with permission from (88).
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Fig. 12. 
(A) Diagram of articular cartilage layers highlighting the collagen fiber orientation of the 

superficial tangential, middle, and deep cartilage zones. The tangentially oriented collagen 

fibers in the superficial layers resist shear, whereas the more vertically oriented fibers in the 

deeper layers resist compression. The calcified layers (tide mark and calcified cartilage) 

adhere the cartilage to bone.
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Fig. 13. 
QSM reveals the layers of articular cartilage in the knee joint. Color maps of (A) QSM and 

(B) R2* from the knee joint in a healthy, 30-year-old male. Multi-echo GRE image data 

were acquired using the following scan parameters: TE = [2.2, 2.5, 2.8, 4.4, 4.7, 5.0] ms, TR 

= 35 ms, α = 15°, bandwidth = ±651 kHz, array size = 380 × 384 × 88, voxel size = 0.4 × 

0.4 × 1.6 mm3, GRAPPA factor = three, total scan time = 16 minutes. (C) A detailed view of 

the solid black rectangle in (A) exhibits the susceptibility variation in articular cartilage. (D) 

Susceptibility values are plotted against the vertical position from femoral to tibial cartilages 

within the dotted black rectangle in (C). The size of the box is 17 × 10 (row × column). Each 

χ value in the plot represents the mean of all 10 voxels in one row. The rows are numbered 

from femur bone surface to tibia bone surface. Figure is adapted from (22).
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Fig. 14. 
STI orientation sampling. The unit vectors of 12 object orientations are shown for (A) an ex 
vivo study of the mouse kidney and (B) an in vivo study of the human brain. B0 is aligned 

with the inferior-superior direction.
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Fig. 15. 
Hardware designed for preclinical STI at 9.4 T of tissues and organs as large as the mouse 

kidney and heart. (A) Inset showing a silver solenoid coil inside the tube. (B) Center 

shielded cable connects to the pick-up loop adjacent to the RF solenoid resonator. (C) 

Drawing of the cartridge that contains the immersed specimen. The cartridge is placed inside 

the sphere, which may be manually repositioned to any orientation inside the coil. Parts are 

not drawn to scale. Figure is adapted with permission (21).
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Table 1

Comparison of DTI and STI on straight nephron segments of the mouse kidney. Inner diameters are 

approximated from previous literature (37,98).

Segment Inner diameter (μm) DTI STI

Ascending thin loop ~ 10 * *

Medullary thick ascending limb > 47 *

Collecting ducts > 50 *

*
detectable length scale
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