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Abstract

Purpose: To evaluate the complex fiber orientations and three-dimensional collagen fiber 

network of knee joint connective tissues, including ligaments, muscle, articular cartilage, and 

meniscus using high spatial and angular resolution diffusion imaging.

Methods: Two rat knee joints were scanned using a modified 3D diffusion-weighted spin echo 

pulse sequence with the isotropic spatial resolution of 45 μm at 9.4T. The b values varied from 250 

to 1250 s/mm2 with 31 diffusion encoding directions for one rat knee. The b value was fixed to 

1000 s/mm2 with 147 diffusion encoding directions for the second knee. Both diffusion tensor 

imaging (DTI) model and generalized Q-sampling imaging (GQI) method were used to investigate 

the fiber orientation distributions and tractography with the validation of polarized light 

microscopy (PLM).

Results: In order to better resolve the crossing fibers, the b value should be great than or equal to 

1000 s/mm2. The tractography results were comparable between DTI model and GQI method in 

ligament and muscle. However, the tractography exhibited apparent difference between DTI and 

GQI in connective tissues with more complex collagen fibers network, such as cartilage and 

meniscus. In articular cartilage, there were numerous crossing fibers found in superficial zone (SZ) 

and transitional zone (TZ). Tractography generated with GQI also resulted in more intact tracts in 

articular cartilage than DTI.

Conclusion: High resolution diffusion imaging with GQI method can trace the complex collagen 

fiber orientations and architectures of the knee joint at microscopic resolution.
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Introduction

Magnetic resonance imaging (MRI) plays a vital role in the evaluation of traumatic and 

degenerative musculoskeletal lesions. It holds the potential to assess the morphological and 

compositional variations of early osteoarthritis (OA) (1–3). For instance, the delayed 

gadolinium-enhanced MRI of cartilage (dGEMRIC) method, based on T1 relaxation, has 

been used to quantify the negative charged glycosaminoglycan (GAG) content (4,5). T1rho 

relaxation is a promising technique to detect the GAG loss in early OA, because of its 

sensitivity to the interactions between motion-restricted water and the local macromolecular 

environment (6–8). The transverse relaxation time (T2) is associated to the anisotropic 

motion of water molecules mediated by the collagen orientation via dipolar interaction (9–

11).

Although the individual relaxation time measurements exhibit the great sensitivity to either 

the collagen fiber orientation or the GAG content, the scalar metrics derived from diffusion 

tensor imaging (DTI) can be more readily to depict both the collagen architecture by 

fractional anisotropy (FA) and GAG concentration by mean diffusivity (MD) (12,13). In 

addition, diffusion based tractography has demonstrated the fiber pathways and anatomical 

connections in both human and animal central nervous system (CNS) (14–16). The 

application of DTI to musculoskeletal system has been growing recently but there are 

challenges for the knee joint, arising from the complex anatomy of knee joint, low FA 

values, and short T2/T2* values. DTI tractography has been used to detect the integrity of 

individual connective tissues, such as Achilles tendon, growth plate, and anterior cruciate 

ligament (ACL) graft in clinical scanners (17–20). Tractography of the articular cartilage in 

rat knee joint has also been reported with DTI at microscopic resolution (21).

A significant limitation of DTI is that it can only resolve the single fiber direction within 

each voxel and fails to accurately represent the complex architecture of crossing fibers (22). 

Both model-based and model-free methods have been developed to overcome this 

shortcoming, including spherical harmonic decomposition model, multiple Gaussian model, 

diffusion-kurtosis model, and spherical harmonic deconvolution model (23–28). Many of 

them are dependent on single shell or multi shell high angular resolution diffusion imaging 

(HARDI) acquisition protocol (29,30). The methods have been employed to estimate the 

fiber directions and used for tracking the individual pathway or the whole brain connectivity 

(27,31). Recently, the model-free generalized q-sampling imaging method (GQI) has been 

proposed to investigate the Fourier transform relationship between the diffusion MRI signals 

and the diffusion displacement of the spins (32). The spin distribution function (SDF) 

derived from GQI quantifies the density of diffusing water at different orientations and can 

be used to resolve the crossing fibers in CNS (32).

The crossing fiber problem has been extensively addressed in both human and animal CNS 

using diffusion MRI (dMRI), but probing the crossing fibers and tissue integrity in the 
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complex structure of the knee has been limited. Articular cartilage is a very thin layer soft 

tissue and can be divided into three sub-structural zones according to the complex 

morphological structure and collagen fiber orientations: the superficial zone (SZ) with the 

collagen fibers parallel with the tissue surface, the transitional zone (TZ) with mostly 

random fibers, and the radial zone (RZ) with the perpendicular fibers anchored to the 

underlining bone (8,33). Whether dMRI can unravel the complex zonal fiber orientations 

and map the 3D collagen fiber network is still unknown. In this study, we investigated the 

fiber orientations in various soft tissues of knee, including articular cartilage, meniscus, 

muscle, and ligaments at both high spatial resolution (45 μm) and angular resolution (147 

gradient encoding directions). The complex 3D collagen fiber networks generated by 

diffusion based tractography were compared using different models (GQI and DTI).

Methods

Specimen Preparation

All animal preparation protocols were approved by the local institutional animal care and 

use committee (IACUC). Two knee joints were harvested shortly after sacrifice from two 

mature, healthy rats. The specimens were stained by immersion in a PBS solution of 0.5% 

Prohance (Bracco Diagnostics Inc., Princeton, NJ) to shorten T1 (to about 110 ms) and 

reduce scan time (21).

Microscopic MRI (μMRI) Protocols

The specimens were scanned at 9.4 T Oxford 8.9-cm vertical bore magnet (Agilent VnmrJ 

4.0 imaging console) with maximum gradient strength of 2000 mT/m on each axis. Each 

specimen was fitted in an acrylic holder and then placed in a homemade solenoid RF coil (~ 

3.0 cm × 1.3 cm × 1.3 cm) for MRI scans. A modified 3D Stejskal-Tanner diffusion-

weighted spin-echo pulse sequence was used with under sampling the phase dimensions by 

4 times (21). The varied density k-space sampling pattern was illustrated in Supporting 

Information Figure S1 (34). The k-space points were fully sampled in the center of k-space 

(radius of about 16 pixels) and became gradually sparse with distance to the k-space center.

There were two protocols used in the current study: 1) multi-shell scan: matrix size = 400 × 

256 × 256, FOV = 18 × 11.52 × 11.52 mm3, 45 μm isotropic spatial resolution, TE = 9.1 ms, 

TR = 100 ms, 5 b values (250, 500, 750, 1000, and 1250 s/mm2) with the same 31 diffusion 

gradient encoding directions and 3 non-diffusion-weighted (b0) measurements at each b 

value (21). The scan time was 15.4 hours for each b value. 2) Single-shell scan protocol: 

matrix size = 400 × 256 × 256, FOV = 18 × 11.52 × 11.52 mm3, 45 μm isotropic spatial 

resolution, TE = 9.1 ms, TR = 100 ms, 147 unique diffusion directions with b value of 1000 

s/mm2 and 15 non-diffusion-weighted (b0) measurements. The scan time was about 73.4 

hours. The diffusion gradient orientations (distributed over half sphere) were optimized to 

ensure the uniformity of encoding directions on the shell (Supporting Information Figure 

S2). The gradient separation time was 4.6 ms and the diffusion gradient duration time was 

2.5 ms for all scans. The readout bandwidth was 62.5 kHz. The maximum gradient 

amplitude was about 1.33 T/m. Temperature was monitored throughout all the scans and the 

fluctuation was less than 1 °C. The maximum variation of DWIs signal (b0) is about ~ 4.0 % 
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in muscle and cartilage during the scans without notable signal drift (Supporting Information 

Figure S3).

Compressed Sensing (CS) Reconstruction

Reconstruction of the under sampled k-space data by minimizing the following function 

(21,34):

f x = ∥ Fx − y ∥2 + λ1 ∥ Ψx ∥1 + λ2TV x (1)

where x is the image and y is its corresponding k-space, F is the FFT, Ψ is the wavelet 

sparse transform, λ1 and λ2 are weighting factors, and TV is the total variation. The CS 

reconstruction was performed slice-by-slice in two phase dimensions with 200 iterations for 

each slice after performing FFT in readout direction. λ1 equals 0.0012 for the sparse 

solution and λ2 equals 0.006 for the data consistency. The images are reconstructed 

independently at each b value for multi-shell scan protocol.

Data Processing for DTI and GQI

All the diffusion-weighted images (DWIs) were registered to the baseline images (b0) to 

correct eddy currents using linear affine registration. The DTI model was used to 

characterize the primary diffusion direction of the fiber in different connective tissues of 

knee. The scalar indices including FA, MD, axial diffusivity (AD), and radial diffusivity 

(RD) were also calculated. The GQI method was used to quantify the diffusing water at 

different orientations (32) and the scalar metrics derived from GQI included quantitative 

anisotropy (QA), normalized quantitative anisotropy (NQA), color-QA, and isotropic 

comoponent (iso) (32). The major difference was GQI can resolve the crossing fibers in each 

voxel, while DTI only gave the primary fiber orientation. Deterministic fiber tracking was 

perfomed on the selected region of interestes (ROIs) in cartilage, meniscus, muscle, and 

ACL. The propagation direction was calculated by applying trilinear interpolation on the 

fiber orientations provided from neighborhood voxels. The next point was then determined 

by moving in the propagation direction 0.02 mm. The propagation process was repeated 

until the tracking trajectory exceeded either a turning angle greater than 45°, or the 

anisotropy value of the current position was below a predefined threshold (FA and NQA, 

ranging from 0.01 – 0.1). All fiber tracking operations were performed using DSI studio 

toolbox (32). For the single-shell scan (Protocol 2), both DTI and GQI were used for 

resolving fiber orientations and tractography; for the multi-shell scan (Protocol 1), only GQI 

was used to map the fiber orientations in cartilage to evaluate the effect of b values.

Simulation Study

To validate the accuracy of GQI for crossing fibers in both cartilage and meniscus, a mixed 

Gaussian model consisting of a component of isotropic diffusion and two fiber populations 

are based on the following equation (25):

S b, v = S0 f0 * exp −b vTD0v + f1 * exp −b vTD1v + f2 * exp −b vTD2v (2)
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Where b vand v are the b value and the unit vector of the applied diffusion gradient, f1 and f2 

are the volume fractions of the two fiber populations, and f0 is the volume fration of the 

isotropic diffusion. D0, D1, and D2 are the diffusion tensor matrices for these three diffusion 

components. The SNR values, FA values, and MD values are obtained by the ROI-based 

measurments. In particular, the SNR is measured using two-region approach: One is 

localized in the tissue region (ligament, cartilage, meniscus, or growth plate) for signal 

measurement and the other is localized in the object-free region for thel noise measurement. 

The b value (1000 s/mm2) and b vectors (147 directions) are derived from the single-shell 

scan (Supporting Information Figure S2). The Rician noise is added to the make the SNR 

values of 43.0 for cartilage and 18.0 for meniscus. The fiber orientations with much higher 

SNR (300) for both cartilage and meniscus are also simulated for comparison.

Polarized Light Microscopy (PLM)

After Microscopic MRI scanning, specimens were fixed in neutral buffered formalin 3 days, 

rinsed in phosphate buffered saline (PBS), and then decalcified in 14% 

ethylenediaminetetraacetic acid tetrasodium salt dihydrate (EDTA) for 14 days. Following 

decalcification, samples were dehydrated through a graded series of alcohols and processed 

for paraffin embedding and sectioning. Histological 5–8 μm thick slices were stained for 

Alcian blue/Picrosirius red staining using established protocols (35). Imaging of stained 

tissue sections was performed via polarized light microscopy (PLM) using a Leica DM 2000 

microscope with polarizing filters.

Results

Figure 1 illustrates the representative DTI metrics (FA, MD, AD, and RD, a-d), b0 image (f), 

and GQI metrics (NQA, iso-component, and Color-QA, e, g, h) with the b value of 1000 

s/mm2 at both high spatial resolution (45 μm isotropic) and high angular resolution (147 

DWIs). The image intensity variations of different connective tissues are apparent in b0 

image (f), where posterior cruciate ligament (PCL) exhibits lower signal intensity than 

muscle, growth plate, and cartilage (white arrows, f). Compared to PCL (green arrow, a), the 

FA values are lower in muscle, growth plate, and articular cartilage (red arrows, a). In 

contrast, the MD values are higher in muscle, growth plate, and articular cartilage (red 

arrows, b) than PCL (green arrow, b). Different connective tissues can also be distinguished 

in the Color-QA images according to the different fiber orientations (h).

Figure 2 shows the FA, MD, and SNR values (f-h) at different connective tissues, including 

cartilage, meniscus, ACL, PCL, and muscle. These values are derived from the ROIs 

delineated in b0 images (a-e) by different colors. Meniscus and ligaments have higher FA 

values (~ 0.3) than muscle (~ 0.14) and cartilage (~ 0.15), while muscle (~ 1.3 x 10−3 

mm2/s) and cartilage (~ 1.0 x 10−3 mm2/s) show higher MD values than meniscus and 

ligaments. Both cartilage and muscle exhibit higher SNR values than meniscus and 

ligaments at both b = 0 s/mm2 (b0) and b = 1000 s/mm2 (h). The SNR values in the 

superficial zone of cartilage are 51.4 at b = 0 s/mm2 and 20.0 at b = 1000 s/mm2; the SNR 

values in the deep zone of cartilage are 35.4 at b = 0 s/mm2 and 13.3 at b = 1000 s/mm2
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In order to assess the performance of DTI and GQI methods for detecting fiber orientations, 

simulation results at both low SNR (43 for cartilage and 18 for meniscus, derived from 

Figure 2h) and high SNR (300 for both cartilage and meniscus) are shown in Figure 3. The 

FA and MD values are also obtained from the ROI-based measurements in Figure 2f–2h. 

First, DTI only shows single fiber orientation in each voxel and the fiber orientation is 

randomly distributed even with SNR of 300 (b, d, f, and h). On the contrary, GQI is able to 

resolve the crossing fibers at both high and low SNRs (a, c, e, g). At SNR of 300, the 

angular deviations are less than 2° in both cartilage and meniscus. The angular deviations 

become to 10.5° at the SNR of 43 for cartilage (i) and 16.8° at the SNR of 18 for meniscus 

(j).

Figure 4 shows the DWI images (a, f), fiber orientation images (b-c, g-h), and the 

corresponding tractography results (d-e, i-j) of ACL and muscle. The ROIs of ACL (black 

arrow, a) and muscle (white arrow, f) in DWI images are used for tractography. The fiber 

orientations derived from GQI and DTI show visually consistent in both ACL and muscle, 

where few crossing fibers can be observed. The tractography results are also comparable 

between GQI and DTI in these two connective tissues.

Figure 5 depicted the DWI images (a, f), fiber orientation images (b-c, g-h), and the 

corresponding tractography results (d-e, i-j) of meniscus and articular cartilage. The ROIs of 

meniscus and cartilage for tractography are shown in DWI images (a, f). Compared to DTI, 

there are numerous crossing fibers existing in meniscus using GQI (b). The following 

tractography yields more intact tracts (red arrows, d) than DTI (red arrows, e). Crossing 

fibers are also explicit in SZ and TZ of articular cartilage by GQI (g), but minimal in RZ. 

However, only the major fiber orientation can be resolved by DTI model (h). The 

tractography in articular cartilage by GQI also exhibits more intact tracts than DTI (yellow 

arrows, i-j), which is similar to the tractography results found in meniscus.

Figure 6 demonstrates the tractography results at different anisotropy (NQA or FA) 

thresholds in articular cartilage. The cartilage region is enlarged in DWI image (a). 

Tractography by GQI (e-g) always shows more intact tracts than DTI (red arrows, b-d) at the 

same anisotropy threshold. The tracts become sparser with higher anisotropy threshold (red 

arrows) for both DTI and GQI. Compared to GQI tractography, more tracts from RZ are 

terminated in TZ (yellow arrows, d) using DTI model. The quantitative tract length (h) 

gradually decreases with higher anisotropy threshold for both DTI and GQI, while GQI 

shows higher tract length than DTI at the same anisotropy threshold.

To examine the effect of b values on the resolution of crossing fibers, the Color-QA (a-b), b0 

images (f-g) and the fiber orientation images (c-j) of articular cartilage at different b values 

(250 – 1250 s/mm2) using GQI method from the multi-shell acquisition are shown in Figure 

7. The superficial zone and radial zone are well distinguished in Color-QA images by the 

distinct fiber orientations: parallel to the cartilage surface in SZ (red color) and 

perpendicular to the cartilage surface in RZ (green color). The fiber orientation images from 

the multi-shell data (c, GQI with all the b values) also show the similar fiber orientations in 

SZ and RZ. The crossing fibers are more evident in the cartilage regions with b value higher 
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than 750 s/mm2, mainly in the SZ and TZ. When the b value is lower than 750 s/mm2, few 

crossing fibers can be unraveled through the whole cartilage thickness.

Figure 8 illustrates the Alcian blue/Picrosirius red stain (c, f) and PLM images (b, e) of 

ligament, the b0 image (a), and the corresponding tractography results (d). The ligaments are 

indicted by the white arrows (a-c) and enlarged in Figure 8d–8f. The collagen fiber 

orientation in ligament is relatively uniform, which is consistent with the tractography 

findings (d).

Figure 9 shows the Alcian blue/Picrosirius red stain (c, f) and PLM images (b, e) of articular 

cartilage, the b0 image (a), and the corresponding tractography results (d). The cartilage 

region is enlarged in Figure 9d–9f. The RZ of articular cartilage exhibits the highest 

intensity in PLM images, while TZ has the lowest intensity (e, white arrows), probably due 

to the relatively isotropic fiber distributions in TZ. The collagen fiber orientation in RZ from 

PLM is found to be perpendicular to the surface of the cartilage in both femur and tibia, 

which agrees with the tractography results (d, white arrows).

Discussion

DTI has become a powerful tool for delineating axonal tracts within the CNS by capturing 

the local diffusion phenomenon of water molecules (14). However, DTI fails to accurately 

represent the complex architecture of crossing white matter fibers. HARDI, capable of 

discriminating multiple fiber populations crossing within the same voxel, has been 

developed for fiber tracking and brain structure connectivity in both human and animal 

studies (23,30). The use of HARDI with high spatial resolution to probe the complex 

collagen fiber orientations in cartilage and meniscus is still limited. In this study, we 

investigated the collagen fiber orientation distributions and 3D fiber networks of the whole 

knee joint, including ligaments, articular cartilage, muscle, and meniscus using both the 

basic DTI model and a higher order GQI method.

The meniscus, a fibrocartilaginous cartilage, has a unique collagen structure orientation with 

three different layers (superficial, the lamellar, and deep layer) (36). Both superficial layer 

and lamellar layer contain randomly orientated collagen fibers, while the deep layer consists 

both circumferentially oriented fibers and a small amount of fibers oriented radially (36). 

This high-ordered structure has been well studied using scanning electron microscopy and 

polarized light microscopy (PLM) (36–38). Although these methods afford higher spatial 

resolution than MRI, they are destructive and the images are often presented in 2D instead of 

3D. Alternatively, dMRI allows one to observe the tissue microstructure nondestructively 

leveraging the unique water molecular diffusion properties. The complex crossing fibers 

existing in meniscus illustrate the complex collagen fiber networks and may help to 

understand its intrinsic functions for shock absorption, force transmission, and stability 

within the knee joint (39). dMRI may help visualize complex meniscal tears that are 

challenging with conventional imaging, and the tractography further helps to visualize the 

ultrastructure and probe the integrity of the soft tissue.
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Articular cartilage also has a zonal architecture determined by the alignment of its collagen 

fibers, which plays a critical role in the biomechanical functions and morphological 

properties of the tissue as a load-bearing material in joints (40–42). PLM has been used to 

study the alignment of collagen fibers in cartilage and remains the standard of reference 

(43). However, the birefringence derived from PLM can be affected by the collagen fiber 

orientations, thickness, and density. There is significant interest in developing non-

destructive imaging techniques (such as MRI) for the observation of microstructure and 

molecular integrity of cartilage (21,44). Among the quantifiable parameters in MRI, the 

anisotropy of T2 relaxation is particularly important because of its sensitivity to the collagen 

fiber structure and orientation (45,46). The use of T2 to quantitatively monitor the collagen 

distributions in cartilage requires the rotation of the tissue block respect to the main 

magnetic field and the complicated modeling of the anisotropy of T2 at different orientations 

(45). In a recent study, Wei et al. demonstrated that susceptibility tensor imaging (STI) can 

characterize the orientation variation of collagen fibers in cartilage (47). However, STI also 

requires acquisition of phase images at different angles with respect to the main magnetic 

field, which may limit its clinical application, especially for high angular resolution studies.

DTI, as a non-destructive imaging modality, has been performed to investigate the collagen 

fiber orientation in articular cartilage (43). The first eigenvector (EV) derived from DTI 

model likely reflects the predominant orientation of the collagen fibers and is correlating 

with the orientation of polarization in PLM (48). This has also been confirmed by a recent 

DTI tractography study, where the collagen fibers are aligned parallel to the cartilage surface 

in SZ and become perpendicular to the cartilage surface in the RZ (21). Compared to DTI, 

the GQI results in the current study clearly show distinct crossing fibers in SZ and TZ. The 

tractography is also benefitted by the capability of resolving the crossing fibers, where more 

continuous and intact tracts from RZ to SZ are observed.

In the present dMRI scans (TE of 9.1 ms), articular cartilage shows higher signal intensity 

than ligaments and meniscus but has lower FA values, and thus requires higher angular 

resolution for delineating the fiber orientations (21). While the exhaustive dataset acquired 

with 147 DWIs exceeds recommendations (45 DWIs) to fully characterize the diffusion-

weighted signal (49,50), it provides a foundation for exploration of the 3D pattern of water 

diffusion in SZ and TZ more accurately. In general, applying diffusion MRI for the knee 

joint is technically challenging due to the short T2 relaxation times, magic angle effect, 

complex anatomy, and the presence of multiple tissue types. However, the capability of 

revealing the complicated 3D collagen network in cartilage and meniscus suggest the 

importance of high spatial resolution, high angular resolution, high b value, and short TE for 

knee joint studies using dMRI.

It is well known that biological tissues frequently contain different water compartments 

(51,52). There are two components found in menisci using biexponential T2* fitting, where 

the T2* value of the short component is about 0.82 ms and the T2* value of the long 

component is about 15 ms at 3T (51). The bi-exponential short and long T2 relaxation times 

were 4.2 ms and 30.4 ms in skeletal muscle at 3T (53,54). The short T2* component has also 

been demonstrated in human cartilage using UTE bi-component analysis (55,56). TE of 9.1 

ms in the current preclinical study is much shorter than traditional clinical DTI studies 
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(18,19). However, this TE value is still too long to capture the short T2/T2* components in 

the connective tissues, and thus, the fiber orientations and tractography are mostly 

contributed from the long T2/T2* component. Combining short TE acquisition strategies to 

reduce the echo time may help to capture the diffusion properties from the short T2/T2* 

component and achieve better image quality due to the SNR increase (56). Higher SNR can 

also reduce the estimation errors of fiber orientations, which has been demonstrated in the 

simulation results.

The specimens were equilibrated in the Gd ion solution to reduce the T1 relaxation time and 

the total scan time, the scan time would increase dramatically without Gd administration. 

However, the scan time is still relatively long in order to probe the zonal architecture in 

articular cartilage at microscopic spatial resolution. The scan time may become even longer 

with higher angular resolution in order to unravel the crossing fibers more accurately. An 

acceleration factor of 4.0 means the acquisition time is 1/4th the scan time for a fully 

sampled dataset. For example, the scan time for protocol 1 (details in Microscopic MRI 

protocol) took 15.4 hours at each b value, the scan time for the fully sampled dataset would 

take 15.4 × 4 = 61.6 hours (~ 2.6 days). The scan time for protocol 2 took about 73.4 hours, 

the scan time for the fully sampled dataset would take 73.4 × 4 = 293.6 hours (~ 12.2 days).

There are a few limitations in our study. First, CS was only performed in k-space in this 

study, under sampling in q-space may further reduce the scan time. Another limitation is the 

long TE (9.1 ms) for the current 3D diffusion pulse sequence, which does not measure the 

diffusion properties of water molecules with short T2 values. To achieve both high spatial 

and angular resolution, the sample size is relatively small due to the extremely long scan 

time. In addition, only healthy rat knees were used to probe the crossing fibers in different 

connective tissues, detecting fiber orientation alterations in OA models are warranted in 

future studies.

In summary, this study demonstrated that high spatial and angular resolution diffusion 

imaging with GQI model can nondestructively characterize the complex collagen fiber 

orientations and architectures of articular cartilage and meniscus at microscopic resolution. 

The capability of resolving crossing fibers in different connective tissues may address 

critical questions about knee diseases related to the alignment of the collagen fibers. It may 

offer a powerful tool for tissue pathology evaluation and more effective tissue engineering 

approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The representative b0 image (f), DTI metrics (FA, MD, AD, and RD, a-d) images and GQI 

metrics (NQA, iso, and Color-QA, e, g, h) images with the b value of 1000 s/mm2 at 45 μm 

isotropic resolution (protocol 2). The image intensity variations of different connective 

tissues are apparent in b0 images (f). Compared to PCL (green arrow, a), the FA values are 

lower in muscle, growth plate, and articular cartilage (red arrows, a). Compared to PCL 

(green arrow, b), the MD values are higher in muscle, growth plate, and articular cartilage 

(red arrows, b). Different connective tissues can also be distinguished in the Color-QA 

images due to different fiber orientations (h).
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Figure 2. 
The FA, MD, and SNR values at different connective tissues, including cartilage, meniscus, 

ACL, PCL, and muscle. These values are derived from the ROIs delineated in b0 images (a-

e) by different colors. Meniscus and ligaments have higher FA values (f) than muscle and 

cartilage, while muscle and cartilage show higher MD values than meniscus and ligaments 

(g). Both cartilage and muscle exhibit higher SNR values than meniscus and ligaments at 

both b = 0 s/mm2 (b0) and b = 1000 s/mm2 (h).
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Figure 3. 
The simulation results at both low SNR and high SNR to assess the performance of DTI and 

GQI methods for detecting crossing fibers. The SNR, FA and MD values are obtained from 

the ROI-based measurements in Figure 2f–2h. DTI only shows the primary fiber orientation 

in each voxel and the fiber orientation is randomly distributed (b, d, f, and h). GQI resolves 

the crossing fibers at both high and low SNR values (a, c, e, g). The angular deviations 

become higher with lower SNR (j).
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Figure 4. 
The DWI images (a, f), fiber orientation images (b-c, g-h), and the corresponding 

tractography results (d-e, i-j) from the single-shell acquisition (protocol 2). The ROIs for 

ACL and muscle tractography are shown in DWI images. Both GQI and DTI models show 

similar fiber orientations in each voxel, where few crossing fibers are unraveled. The 

tractography results are visually comparable between GQI and DTI in both muscle and 

ACL.
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Figure 5. 
The DWI images (a, f), fiber orientation images (b-c, g-h), and the corresponding 

tractography results (d-e, i-j) of meniscus and articular cartilage from the single-shell 

acquisition (protocol 2). The ROIs for muscle and ACL tractography are shown in DWI 

images. Compared to DTI, there are numerous crossing fibers existing in meniscus using 

GQI. The subsequent tractography yields more intact tracts (red arrows, d-e). Crossing fibers 

are shown in the SZ and TZ in cartilage by GQI, while the crossing fibers in RZ are 

minimal. The tractography in articular cartilage by GQI also exhibits more intact tracts than 

DTI, which is similar to meniscus.
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Figure 6. 
The tractography results at different anisotropy (NQA or FA) thresholds in articular cartilage 

from the single-shell acquisition (protocol 2). The cartilage region is enlarged in the DWI 

image (a). Tractography by GQI (red arrows, e-g) always shows more intact tracts than DTI 

(red arrows, b-d) at the same anisotropy threshold. Most tracts from RZ are terminated in TZ 

(yellow arrows, d and g) with higher FA using DTI. The quantitative tract length (h) 

gradually decreases with higher anisotropy threshold for both DTI and GQI, while GQI 

shows higher tract length than DTI at the same anisotropy threshold.
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Figure 7. 
Color-QA (a-b), b0 images (c-d) and the fiber orientation images (c-j) of articular cartilage 

at different b values using the multi-shell acquisition (protocol 1) The superficial zone and 

radial zone are well distinguished in Color-QA images by the distinct fiber orientations. 

Cartilage fiber orientation in the radial zone (green sticks) is perpendicular to the superficial 

zone (red sticks). The fiber orientations images from the multi-shell data also show the 

similar results. There are more crossing fibers in the cartilage regions with b value higher 

than 750 s/mm2. When the b value is lower than 750 s/mm2, few crossing fibers can be 

resolved through the whole cartilage thickness.
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Figure 8. 
The Alcian blue/Picrosirius red stain (c, f) and PLM images (b, e) of ligament, the b0 image 

(a), and the corresponding tractography results (d). The ligaments are indicted by the white 

arrows (a-c) and enlarged in Figure 8d-8f. The collagen fiber orientation in ligament is 

relatively uniform, which is consistent with tractography findings.
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Figure 9. 
The Alcian blue/Picrosirius red stain (c, f) and PLM images (b, e) of articular cartilage, the 

b0 image (a), and the corresponding tractography results (d). The cartilage region is enlarged 

in Figure 9d-9f. The RZ of articular cartilage exhibits the highest intensity in PLM images, 

while TZ has the lowest intensity (e, white arrows). The collagen fiber orientation in RZ 

from PLM is found to be perpendicular to the surface of the cartilage in both femur and 

tibia, which agrees with the tractography results (d, white arrows).
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