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Abstract

Purpose—To investigate the B0 orientation-dependent magnetic susceptibility of collagen fibrils 

within the articular cartilage and to determine whether susceptibility tensor imaging (STI) can 

detect the three-dimensional (3D) collagen network within cartilage.

Methods—Multi-echo gradient echo datasets (100-micron isotropic resolution) were acquired 

from fixed porcine articular cartilage specimens at 9.4 Tesla (T). The susceptibility tensor was 

calculated using phase images acquired at 12 or 15 different orientations relative to B0. The 

susceptibility anisotropy of the collagen fibril was quantified and diffusion tensor imaging (DTI) 

was compared against STI. 3D tractography was performed to visualize and track the collagen 

fibrils with DTI and STI.

Results—STI experiments showed the distinct and significant anisotropic magnetic susceptibility 

of collagen fibrils within the articular cartilage. STI can be used to measure and quantify 

susceptibility anisotropy maps. Furthermore, STI provides orientation information of the 

underlying collagen network via 3D tractography.

Conclusion—The findings of this study demonstrate STI can characterize the orientation 

variation of collagen fibrils where diffusion anisotropy fails. We believe that STI could serve as a 

sensitive and noninvasive marker to study the collagen fibrils microstructure.
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Introduction

Articular cartilage is a thin layer that covers the end of bones in joints. It is a type of fine 

connective tissue composed primarily of water (65% to 80% of total mass), a complex mesh 

of collagen (10 to 20% of total cartilage mass) and proteoglycans (1). In normal adult human 

articular cartilage, the network of collagen fibrils consists of three distinct layers: the 

superficial zone, where the fibrils are mostly parallel to the cartilage surface; the middle 

zone, where the fibrils are relatively randomly distributed; and the deep zone, where the 

fibrils are mostly oriented perpendicular to the cartilage surface (2). In normal joints, this 

collagen network acts as the structural framework for tissue, providing the main source of 

tensile and shear strength. In diseased joints, the organization and arrangement of the 

collagen network is essential to the characterization of alterations in the extracellular matrix 

that relate to pathogenesis and osteoarthritis (3,4). Attempts have been made to image the 

collagen network by magnetic resonance imaging (MRI). The relaxation parameters of 

collagen were well investigated by NMR a decade ago (5-9). Structural imaging such as 

diffusion weighted imaging and diffusion tensor imaging (DTI) has been used to map the 

diffusion anisotropy (10,11) but rarely used to map the complex, three-dimensional (3D) 

collagen fibril tractography due to limited spatial resolution and relatively low signal-to-

noise ratio (SNR).

An alternative approach is to use susceptibility to evaluate the collagen network. 

Quantitative susceptibility mapping (QSM) images correlate strongly with local tissue 

properties in various organs (12-18). More recently, QSM has been successfully applied to 

probe the highly organized microstructure of cartilage and evaluate its magnetic 

susceptibility at different depths (19,20). 3D QSM maps are derived from 2D or 3D 

gradient-recalled echo (GRE) sequences (21-23), which can be quickly acquired at high 

resolution, especially at ultrahigh field strengths. However, QSM assumes that the 

macroscopic susceptibility in an imaging voxel is isotropic (24,25). Over the past few years, 

susceptibility tensor imaging (STI) has been developed to quantify susceptibility anisotropy 

and provide a unique structural contrast (15,18,26-32). For example, in the brain, STI shows 

strong anisotropy in the white matter fiber bundles, which is attributed to the aligned lipid 

chains in the myelin sheath surrounding the white matter axons (29,33,34). In the kidney, 

STI shows strong susceptibility anisotropy and assesses the highly organized nephron 

tubular structure throughout the kidney (18). In the heart, STI detects the microstructure of 

myofiber in the mouse heart and agrees with diffusion tensor data (12,35,36). Similarly, we 

reasoned that STI would also quantify susceptibility anisotropy of cartilage and tract its 

collagen network since susceptibility anisotropy exists in cartilage (19).

In the present study, a multi-echo GRE sequence was used to obtain STI data from two 

porcine articular cartilage specimens at 9.4 T. Phase images from 12 or 15 orientations with 

respect to the static B0 field were obtained to map quantitative susceptibility values and 

quantify the susceptibility anisotropy of collagen in local cartilage regions. The apparent 

magnetic susceptibility was plotted as a function of rotation angle referenced to the normal 

of the articular surface. Furthermore, we investigated the 3D estimation of voxel-wise 

collagen fibril orientation based on the STI data and compared that with results from DTI 

data. Our results reveal the layer-specific architecture of the 3D collagen fibril network 

Wei et al. Page 2

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



within the cartilage. This multi-layer structure is confirmed by atomic-force microscopy 

(AFM). These results demonstrate the potential of STI to noninvasively study 3D collagen 

structure and overcome the practical limitations of current MRI techniques.

Methods

Specimen Preparation and Fixation

All animal preparation protocols were approved by the Duke University Institutional Animal 

Care and Use Committee. Fresh samples of two porcine knee joints were obtained from a 

local abattoir. A piece of each articular cartilage was removed from the central femoral 

condyles using a surgical knife. The cartilage was immersed in 10% formalin overnight and 

then immersed in 10 mM phosphate buffered saline (PBS) the next day. Cartilage was first 

fixed without contrast agent and scanned to acquire STI data while immersed in Galden® 

(perfluoropolyether; Solvay Specialty Polymer, Bruxelles, Belgium) to provide a 

background susceptibility properties similar to that of water. After this imaging session, the 

cartilage was stained by immersion in a saline solution of 2.5 mM ProHance (Gadoteridol; 

Bracco Diagnostics Inc., Princeton, NJ) to reduce the T1 relaxation time. This allows for a 

much shorter TR. This strategy is important for achieving high resolution in a relatively 

shorter acquisition time and improving SNR (37). The cartilage was then scanned to acquire 

contrast-enhanced DTI images.

MR Data Acquisition

The animal experiments were performed using a 9.4 T 8.9 cm vertical bore Oxford magnet 

controlled by an Agilent Direct Drive (VNMRJ 4.0 console). Each cartilage specimen was 

firmly affixed in an 11-mm cylindrical polyethylene cartridge. The specimen cartridge was 

placed inside a sphere, allowing for an arbitrary specimen orientation inside the coil (18,35). 

Magnitude and phase data were acquired using a 3D GRE sequence with 15 echoes (TE1/

ΔTE/TE15 = 10/2/38 ms). TR = 150 ms, flip angle = 35° matrix size = 150 × 150 × 150, 

isotropic voxel size = 100 μm, total scan time per orientation = 40 min. The specimen was 

repositioned in a new orientation prior to every image acquisition. To assess the B0 

orientation-dependent magnetic susceptibility, 12 or 15 image orientations were acquired for 

each specimen. For example, the unit vectors of 12 orientations from one specimen are 

included in Supporting Figure S1 and Table S1.

DTI datasets were acquired using two spin-echo (SE) scans with b = 0 s/mm2 and 16 

diffusion-encoded SE scans. The diffusion gradient pulses were half-sine shaped with a 

duration δ of 3 ms. In order to investigate the effects of varying diffusion time for detecting 

collagen fibrils with larger diameters or larger spaces in between neighboring fibrils, the 

time interval Δ between the start of the diffusion pulses was 4, 8, or 16 ms corresponding to 

the effective diffusion time (Δ–δ/4) of 3.25, 7.25, and 15.25 ms, respectively. A hard pulse 

was used for refocusing with a duration of 0.2 ms, and b = 1500 s/mm2 (TR = 150 ms, TE = 

7.8, 11.8, or 19.8 ms, matrix size = 128 × 128 × 128, isotropic voxel size = 100 μm, total 

scan time = 8h11min).
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Imaging Reconstruction and Processing

The raw k-space data from multi-echo GRE acquisition was used to generate magnitude and 

phase images. Phase images were processed by Laplacian-based phase unwrapping (38) and 

V_SHARP background phase removal methods (23,39). The filtered phase images were 

normalized by TE and then averaged across echoes to produce the SNR-enhanced phase 

image. The magnitude images acquired at different orientations were first co-registered to a 

chosen reference orientation (B0 vector = (0 0 1), 0° referenced to the normal of the articular 

surface) using rigid body transformation (FMRIB, Oxford University, UK, https://

fsl.fmrib.ox.ac.uk/). The six rigid-body transformation parameters were estimated then 

applied to SNR-enhanced phase images at different orientations. The 3D transformation 

matrices were used to calculate the rotation angles and Ĥ vectors (i.e., unit vector along the 

applied main static field at the different orientations in the specimen frame of reference). 

Once all phase maps are processed, the susceptibility tensor χ at each voxel was computed 

(30). There are six independent elements for a symmetric rank-2 susceptibility tensor, that is, 

χ11, χ12, χ13, χ22, χ23, and χ33 from the nine-element tensor matrix. Eigenvalue 

decomposition was performed on the tensor to define the three principal susceptibility values 

(χ1, χ2, χ3) with corresponding eigenvectors. The major eigenvector points in the direction 

with the most positive (paramagnetic) susceptibility and the minor eigenvector points in the 

direction with the most negative (diamagnetic) susceptibility. The three eigenvalues were 

averaged to produce the mean magnetic susceptibility (MMS) image χ̄ = (χ1 + χ2 + χ3)/3 

(28), and the magnetic susceptibility anisotropy (MSA), Δ χ = χ1 – (χ2 + χ3)/2, was 

calculated at each voxel.

Comparison between DTI and STI Tractography

To compare the DTI and STI, b0 image (DTI scan with b value = 0 s/mm2) was registered to 

the one of the GRE magnitude images, then transformation matrices were applied to all 

diffusion weighted images. Diffusion fractional anisotropy (FA) and mean diffusivity (MD) 

were computed as previously described (40). DTI and STI tractography were performed 

using a streamline tracking algorithm developed for DTI (41). For STI, the vector fields 

were defined by the minor eigenvector. Both DTI and STI vector fields were propagated 

based on anisotropy measures and an angle threshold of 60° between neighboring voxels. 

Tracking was conducted using Diffusion Toolkit and TrackVis (http://www.trackvis.org/dtk/; 

Martinos Center for Biomedical Imaging; Massachusetts General Hospital, Boston, MA).

Data Analysis

Regions of interest (ROIs) for quantitative analysis were defined at different depths within 

the cartilage using STISuite (University of California, Berkeley; https://

people.eecs.berkeley.edu/∼chunlei.liu/software.html). The mean apparent magnetic 

susceptibility within the ROIs was calculated. Mean susceptibility values at different rotated 

orientations were plotted as a function of angle between the normal of the cartilage surface 

and the B0 field. Susceptibility values were referenced to the mean susceptibility of the 

whole specimen.
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Atomic-force Microscopy

In its most basic setup, AFM is a characterization technique used to determine the surface 

topology of a variety of materials (42), and can specially be used to measure the collagen 

fibril orientation at high resolution (43,44). In this study, following MRI experiments, 

specimens were decalcified, paraffin-embedded and sectioned serially into 5-μm-thick 

sections. Xylene was used to remove paraffin and unstained sections were mounted with 

DPX on glass slides as previously described (45). The articular cartilage topography was 

imaged by AFM (Dimension Icon from Bruker Corporation) at a scanning rate of ∼0.7 Hz. 

Samples at different locations within the superficial zone, middle zone and deep zone were 

analyzed.

Results

Fig. 1a shows examples of apparent magnetic susceptibility (AMS) maps measured at 4 out 

of the 15 different orientations. The susceptibility maps exhibit local contrast specific to 

different cartilage layers. Moreover, the magnetic susceptibility maps clearly indicate an 

orientation dependency. Fig. 1b plots AMS at different cartilage depths as a function of 

angle (α) between the normal of the cartilage surface and B0. For example, at orientation #1 

(B0 = [0 0 1]), collagen fibrils are perpendicular and parallel to B0 in the superficial zone 

and deep zone, respectively. Magnetic susceptibility is more paramagnetic when collagen 

fibrils are perpendicular to B0 and are relatively more diamagnetic when fibrils are parallel 

to B0. Specifically, the AMS displays a monotonic decrease in the superficial zone (in black, 

y = -0.059 + 0.043), a relatively constant value in the middle zone (in blue, y = -0.006 

+ 0.004) and a monotonic increase in the deep zone (in green, y = 0.065 - 0.05) (Fig. 1b). 

These findings suggest that there is a diamagnetic content in the collagen that points along 

the long axis and confirms that the STI eigenvector pointing along the collagen axis is the 

minor eigenvector (most diamagnetic). This result is consistent with a previous simulation 

study on a collagen model (19) and similar results are observed in the magnetic 

susceptibility of kidney tubules (18).

Fig. 2 compares the susceptibility and diffusion tensors. There are dramatic visual and 

quantitative differences between the susceptibility and diffusion tensors. The susceptibility 

tensor provides higher image contrast than the diffusion tensor. Interestingly, they share 

similar cartilage layer patterns as indicated by the white arrows. The susceptibility 

anisotropy inherent to the tensor is evident from the varying contrast between different 

tensor elements.

Examples of tensor eigenvalues, MD, FA, MMS and MSA maps are shown in Fig. 3. White 

arrows indicate the similarities shared by STI and DTI for detecting the cartilage layers. Red 

arrows point to the layers observed on STI and not on DTI. MSA values were 0.2 ± 0.02 

ppm in the superficial zone, 0.05 ± 0.02 ppm in the middle zone and 0.16 ± 0.03 ppm in the 

deep zone. The MMS values in the corresponding zones were 0.04 ± 0.02 ppm, -0.02 ± 0.01 

ppm and 0.02 ± 0.03 ppm, respectively. The mean diffusivity decreased from 1.7 ± 0.2 × 

10-3 mm2/s near articular surface to 1.1 ± 0.15× 10-3 mm2/s at a depth of 50 - 90% and 

finally increased to 1.5 ± 0.12 × 10-3 mm2/s near the tide mark region. The absolute values 

of FA were relatively small increasing from 0.02 ± 0.02 near articular surface to 0.09 ± 0.03 
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at a depth of 50 - 90%, and finally decreasing to 0.03 ± 0.02 near the tide mark. The MSA is 

further color coded (cMSA) based on the direction of the eigenvector associated with the 

tertiary (most diamagnetic) susceptibility. The predominant orientation of cMSA is parallel 

to the cartilage surface in the superficial zone. Similarly, in a ribbon-like area close to the 

tidemark zone, a predominantly tangential alignment of the eigenvectors can be seen. In 

between these two regions, the predominant orientation of the eigenvectors is perpendicular 

to the cartilage surface. This area accounts for about 50% - 60% of the total thickness of the 

cartilage. The difference between DTI and STI for measuring the collagen fibril orientation 

is also observed from tensor fields as shown in Supporting Figure S2.

Finally, Fig. 4 compares 3D fiber tracts of collagen fibrils reconstructed using DTI and STI. 

STI can characterize the orientation variation of collagen fibrils at different depths where 

DTI fails. Blue color shows where collagen fibrils are perpendicular to the cartilage surface 

while yellow and red show where collagen fibrils are parallel to the cartilage surface. A 

zoomed-in portion of the middle slice of cartilage better depicts the collagen fibril 

orientation, as shown from the white rectangle in Fig. 4c. STI shows well organized collagen 

fibril orientation in the deep zone and superficial zone. Similar magnetic susceptibility 

anisotropy and 3D collagen tracks are also observed in another specimen (Supporting Figure 

S3).

The observed multi-layer cartilage structure pattern and collagen fibril orientation (Fig. 5a) 

are verified by the AFM experiment. As shown in Fig. 5b, the collagen fibril orientations 

(indicated by the double-headed arrows) are perpendicular and parallel to the cartilage 

surface in deep zone and superficial zone, respectively. Collagen fibrils are randomly 

distributed in the middle zone (Fig. 5b) and the net susceptibility anisotropy is close to zero. 

The fiber tracking algorithm stopped when the fiber angle is above the threshold resulting in 

no visualized fiber in the middle zone as shown in Fig. 5a.

Discussion

In this study, we assessed the ability of STI to analyze articular cartilage and investigated 

whether STI can probe regional structural properties of the collagen matrix. We first 

hypothesized that magnetic susceptibility anisotropy is a reliable marker of oriented 

ultrastructure of cartilage based on orientation-dependent magnetic susceptibility. We 

compared susceptibility measurements to diffusion measurements and concluded that 

susceptibility has a higher sensitivity to collagen fibril orientation as measured by tensor 

eigenvector orientations. We then used STI to achieve the first high resolution 3D collagen 

fibril tractography with MRI. Finally, we confirmed the underlying collagen fibril layer 

structure by AFM.

Tensor imaging Results Explained by the Collagen Fibril

Susceptibility anisotropy offers much higher sensitivity to the chemical composition of 

collagen fibril structure than diffusion anisotropy, thus confirming that DTI and STI 

anisotropy rely on an entirely different contrast mechanism.
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In cartilage, the right-handed collagen-typical triple helix is ∼1-1.5 nm in diameter (46). The 

staggered assembly of five triple helices yields a microfibril segment and 14 microfibrils 

make up a complete collagen fibril (∼20-40 nm diameter) (47). The mature single collagen 

fiber in the cartilage is reported to have a diameter up to 200 nm. The fibril-fibril separation 

is reported to be a few hundred nanometers (48) and the spaces measured here using AFM is 

∼1 μm as shown in Fig. 5b. The mean diffusion distances of water molecular are determined 

via the Einstein equation, as , where t = Δ–δ/4 is the effective diffusion time with half-

sine-shaped gradient and D is the diffusion coefficient. For example, with measured mean 

diffusivity ∼1.7 × 10-3 mm2/s in the superficial zone, the mean diffusion displacement is ∼5 

μm and ∼7.2 μm for the given diffusion time of 8 ms and 16 ms, respectively. With this 

timescale we should be able to probe the microstructural boundaries of interest. However, as 

shown by the cFA, low FA values and randomly distributed diffusion eigenvectors cannot 

probe the highly organized collagen fibrils well (Supporting Figure S4). One explanation is 

that proteoglycans restrict water molecule diffusion. Proteoglycans consist of a protein core 

and highly charged anionic chains. These chains vertically align with collagen fibrils, 

occupying narrow spaces among neighboring parallel collagen fibrils and attract water 

molecules (49). As a result, the proteoglycans affect the diffusivity of water molecular 

within the interfibrillar spaces. Thus, we may conclude that DTI lacks the sensitivity of 

detecting the orientation of collagen fibril in the cartilage compared to STI.

The basic principle of STI tractography of a collagen fibril is that the magnetic susceptibility 

anisotropy lies along the collagen long axis. The macroscopic susceptibility anisotropy of 

collagen comes from the diamagnetic anisotropy of arranged peptide groups at the molecular 

level. Collagen in cartilage is a polypeptide chain rich in left-handed polyproline type-II 

helices. These peptide group planes orient at approximately 45° to the fibril axis and have an 

out-of-plane susceptibility that is more diamagnetic than their in-plane susceptibility (50). 

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 (50,51). This finding is consistent with the fact that the minor eigenvector of the 

susceptibility tensor is pointed along the collagen long axis. Note that this behavior of 

susceptibility anisotropy differs from that observed in brain white matter, in which 

myelinated axons appear more paramagnetic when parallel to the B0 field.

Application and Future Directions

The characteristics of STI, such as high SNR, high spatial resolution and the low specific-

absorption rate of GRE scans, make it an attractive method for high resolution tensor 

imaging of in vivo human organs. However, STI requires rotating tissue at different angles 

with respect to B0 field. This is the major challenge for in vivo human cartilage STI scans 

due to the difficulties of knee rotation in clinical MRI scanner. Recently, a spectrum analysis 

of the multipole magnetic response or p-space MRI has been proposed to achieve 

susceptibility-based white matter fiber orientation determination without rotating the brain 

(52). In vivo human cartilage STI scans can also be achieved with novel design of open 

magnet by being capable of rotating the direction of the B0 filed (53). The practical utility of 

this promising approach for in vivo human articular cartilage imaging needs further 

investigation.
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Conclusions

Our results indicate the feasibility and applicability of STI experiments to study collagen 

fibril orientation in the cartilage in high-field-strength MRI. MRI is a promising tool to 

understand the complex structures of cartilage because it is nondestructive, has the ability to 

assess the collagen network in 3D, and STI provides rich structural contrasts and 

quantitative analysis. More importantly, the potential of STI methods can answer critical 

questions about knee diseases related to the alignment of the collagenous fibrils in cartilage, 

which may offer a powerful tool to evaluate structure-modifying therapeutic approaches in 

knee diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) Apparent magnetic susceptibility maps measured at 4 out of 15 orientations. The 

magnetic susceptibility within the cartilage varies markedly from one orientation to another. 

(b) Plots of apparent magnetic susceptibility at different layers vs. collagen fibril angle with 

respect to B0 (black: superficial layer; blue: middle layer; green, deep layer). α was defined 

by the angle between the normal of the articular surface and B0.
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Fig. 2. 
Representative maps of susceptibility tensors and diffusion tensors. The arrows point to the 

similar layer pattern between STI and DTI. Obvious differences between STI and DTI can 

also be seen at different cartilage depths.
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Fig. 3. 
Representative images of (a) diffusion tensor eigenvalues, MD, FA, color-coded diffusion 

anisotropy and (b) susceptibility tensor eigenvalues, mean magnetic susceptibility, 

susceptibility anisotropy, and color-coded magnetic susceptibility anisotropy. The color is 

defined by the eigenvector associated with the maximal principal diffusivity for DTI and 

minimal susceptibility for STI. Red, green and blue colors represent the local orientation of 

the collagen fibril, which indicate up-down, left-right and anterior-posterior, respectively.
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Fig. 4. 
Comparison of DTI and STI fiber tracts of collagen fibrils in 3D. STI can characterize the 

orientation variation of collagen fibrils at different cartilage depths where DTI fails. Blue 

color shows that collagen fibrils are perpendicular to the cartilage surface while yellow and 

red colors show collagen fibrils that are parallel to the cartilage surface.
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Fig. 5. 
(a) A zoomed-in view of the region illustrates fine collagen fibril structure in the deep zone, 

middle zone and superficial zone of STI tracts. (b) AFM sections at different locations from 

the deep zone to superficial zone are shown for comparison. Collagen fibril directions are 

indicated by double-headed arrows in each layer.
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