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Background: Diffusion magnetic resonance imaging (MRI) allows for the quantification of water diffusion 
properties in soft tissues. The goal of this study was to characterize the 3D collagen fiber network in the 
porcine meniscus using high angular resolution diffusion imaging (HARDI) acquisition with both diffusion 
tensor imaging (DTI) and generalized q-sampling imaging (GQI). 
Methods: Porcine menisci (n=7) were scanned ex vivo using a three-dimensional (3D) HARDI spin-echo 
pulse sequence with an isotropic resolution of 500 µm at 7.0 Tesla. Both DTI and GQI reconstruction 
techniques were used to quantify the collagen fiber alignment and visualize the complex collagen network of 
the meniscus. The MRI findings were validated with conventional histology.
Results: DTI and GQI exhibited distinct fiber orientation maps in the meniscus using the same HARDI 
acquisition. We found that crossing fibers were only resolved with GQI, demonstrating the advantage of 
GQI over DTI to visualize the complex collagen fiber orientation in the meniscus. Furthermore, the MRI 
findings were consistent with conventional histology. 
Conclusions: HARDI acquisition with GQI reconstruction more accurately resolves the complex 3D 
collagen architecture of the meniscus compared to DTI reconstruction. In the future, these technologies 
have the potential to nondestructively assess both normal and abnormal meniscal structure. 
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Introduction

The crescent-shaped menisci are important connective 
tissues positioned between the tibia and femur in the 
knee joint. While the menisci help provide stability to the 
knee, the main function of these tissues is to transmit and 
distribute forces during joint movement (1,2). The inner 
zone of the tissue contains both type I and type II collagen 
and proteoglycans, while the outer zone is predominantly 
composed of type I collagen (1). Within this inhomogeneous 
structure, there are interdigitated circumferential and 
radial collagen fibers that provide strength and resistance 
to tensile forces as the joint is loaded (2). Disruption of the 
complex 3D architecture alters the ability of the meniscus 
to transmit loads through the joint, and ultimately is a risk 
factor for the development of osteoarthritis (OA) (3). Thus, 
a methodology to quantify disruptions to the 3D fiber 
network of the meniscus would be an important advance in 
understanding the early structural changes that contribute 
to OA development.

Magnetic resonance imaging (MRI) is the primary 
imaging modality used for evaluating meniscus integrity  
(4-7). Multiple pulse sequences have been developed 
to detect meniscal tears, including gradient recalled 
acquisitions, proton density weighted spin echo sequences, 
fast spin echo proton density sequences, and T2 weighted 
sequences (8). However, a limitation of most conventional 
MRI techniques in clinical use is the short T2 relaxation 
times of many tissues within the knee, including the menisci 
(9-12). Quantitative MRI (qMRI) techniques, including T2 
mapping, T1ρ mapping, and delayed Gadolinium Enhanced 
MRI of Cartilage (dGEMRIC) have been investigated as 
tools to assess the biochemical alterations in the meniscus 
before morphological changes occur (13-18). More recently, 
Ultrashort echo-time T2* (UTE-T2*) mapping has 
been proposed as a novel quantitative technique with the 
potential to measure short-T2* relaxation times for joint 
tissues that are not well captured with standard T2 mapping 
(19,20). Although these measurements provide valuable 
quantitative parameters related to meniscus biochemical 
properties, directly identifying collagen fiber orientation 
and alignment remains challenging using these relaxation 
time-based techniques. 

Diffusion MRI (dMRI) allows for the quantification of 
water diffusion properties and the assessment of directional 
anisotropy in soft tissues (21,22). Recently, diffusion tensor 
imaging (DTI) and tractography have been performed to 
visualize the 3D collagen fiber network of the meniscus (23).  
However, a significant limitation of DTI is that only a 

single fiber orientation can be calculated within each 
imaging voxel (21,24). High angular resolution diffusion 
imaging (HARDI) with generalized q-sampling imaging 
(GQI) reconstruction is a dMRI technique that has been 
used in tissues such as brain and cartilage with the capability 
of resolving crossing fibers at the voxel level (25,26). 

As there is currently limited work quantifying the collagen 
fiber structure in the meniscus using dMRI (25), the goal of 
this study was to characterize the 3D collagen fiber network 
in the porcine meniscus using HARDI acquisition with 
both DTI and GQI reconstruction methods. Since GQI has 
been used to resolve crossing fibers in other tissues (27), we 
hypothesized that GQI reconstruction will resolve the radial 
and circumferential fibers in the meniscus, providing a more 
accurate representation of the structure of the meniscus 
compared to DTI. 

Methods

Specimen preparation 

Seven porcine menisci were harvested from the knee joints 
of skeletally-mature female pigs obtained from a local 
abattoir. The menisci were fixed in 10% formalin (VWR, 
Radnor, PA, USA) for 3 days at 4 ℃. Then the menisci 
were immersed in a phosphate-buffered saline (PBS) 
solution containing 0.5% Prohance (Bracco Diagnostics 
Inc., Princeton, NJ, USA) to shorten T1 relaxation times to 
about 105 ms, allowing for a reduction in scan time. 

Microscopic MRI (µMRI) protocols

The menisci were scanned at 7.0 Tesla in a small animal 
MRI system (Magnex Scientific, Yarnton, Oxford, UK) 
equipped with 650 mT/m gradient coils (Resonance 
Research Inc., MA, USA) (Figure 1). The orientation of 
each sample was kept consistent within the magnet in 
order to minimize magic angle effects. A 3D HARDI spin-
echo pulse sequence was performed for all scans. Radio 
frequency (RF) transmission and reception were achieved 
using a custom-made coil. The acquisition parameters were 
as follows: matrix size =96×60×40, FOV =48×30×20 mm3,  
500 µm isotropic spatial resolution, echo time (TE)  
=10.8 ms, repetition time (TR) =100 ms, b value of  
1,000 s/mm2. In order to explore the effects of the b value 
on tractography, measurements were performed at b values 
of 100 and 1,000 s/mm2. Specifically, the same 61 diffusion 
gradient encoding directions and 6 non-diffusion-weighted 
(b0) measurements were performed for each b value. 
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The scan time was about 4.5 hours for each b value. The 
diffusion gradient orientations were optimized to ensure 
the uniformity of the encoding directions. The gradient 
separation time was 5.5 ms and the diffusion gradient 
duration time was 4.7 ms for all scans. The maximum 
gradient amplitude was about 56 G/cm. The temperature 
was monitored throughout all scans and the fluctuations 
were less than 1 ℃. Following MR imaging, menisci were 
processed for histological analysis as described below. 

Tractography and track density imaging (TDI)

All diffusion-weighted images (DWIs) were registered 
to the baseline b0 images using the affine transformation 
model in Advanced Normalization Tools (ANTs) (28). 
Two different diffusion MRI models were used to analyze 
the data. First, the DTI model was used to characterize 
the primary fiber direction in the meniscus (24,29). Next, 
generalized q-sampling imaging (GQI) was used to quantify 
the water diffusion properties at different orientations. 
Deterministic fiber tracking was performed for the whole 
meniscus (30). The tracking was repeated until the tracking 
trajectory exceeded the turning angle by more than 45˚. 
A threshold of 0.05 was set for both fractional anisotropy 
and quantitative anisotropy with the maximum streamline 
length of 200 mm. TDI was also used to visualize the 

microstructure of the whole meniscus after tractography was 
generated (30). The total number of tracks present in each 
element of the grid was then calculated. Super-resolution 
TDI maps were generated at grid sizes of 500, 250, 125, 
and 62.5 µm. Because the grid element can be smaller than 
the acquired voxel size, the resolution of the final map 
can be higher than that of the original dMRI data (31).  
All fiber tracking operations were performed using DSI 
studio toolbox (30). 

Histology 

Menisci were sliced radially (perpendicular to the tibial 
plateau) to allow cross-sectional analysis. Tissue samples 
were then dehydrated, embedded in paraffin, and sectioned 
at 8 µm. The sections were stained with Safranin-O (Sigma-
Aldrich, St. Louis, MO, USA), 0.02% aqueous fast green 
(Electron Microscopy Sciences, Hatfield, PA, USA), 
and Harris hematoxylin (Electron Microscopy Sciences)  
(32-35). The stained sections were imaged using a 
brightfield Olympus BX53F microscope.

Results

Distinct differences were observed in the fiber orientation 
images derived from DTI and GQI. Specifically, DTI only 
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Figure 1 A 3D diffusion-weighted spin-echo pulse sequence with the diffusion-encoding directions (black arrows) (A) was employed to 
image the meniscus (B) using a specimen container and custom-made RF coil (C). TE is the echo time, G is the strength of the gradient 
pulse, δ is the duration of the pulse, and ∆ is the time between pulses. 3D, three-dimensional; MRI, magnetic resonance imaging; RF, radio 
frequency.
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Figure 2 There are numerous crossing fibers evident in each voxel of the meniscus using GQI and only a single fiber direction in each voxel 
using DTI. The colors represent different fiber orientations, with red denoting a horizontal fiber orientation, green denoting a vertical fiber 
orientation, and blue denoting a fiber orientation perpendicular to red and green. Results are depicted with a b value of 1,000 s/mm2. DTI, 
diffusion tensor imaging; GQI, generalized q-sampling imaging.

provided a single fiber orientation in each voxel (Figure 2). 
In contrast, using GQI, both circumferential fibers and 
radial fibers could be detected. 

Differences in tractography were also observed between 
DTI and GQI (Figure 3). Using GQI reconstruction, 
numerous crossing fibers were resolved in the meniscus. 
However, DTI failed to accurately quantify the 3D fiber 
architecture in regions where crossing fibers were observed 
with GQI.

Furthermore, using GQI, better organized tracts 
were observed at a b value of 1000 s/mm2 compared to a 
b-value of 100 s/mm2 (Figure 4). Tractography of the whole 
meniscus is also presented in Video S1. 

Importantly, the fiber orientations measured from 
GQI were consistent with fiber orientations observed 
from Safranin O/Fast Green stained histological sections  
(Figure 5). Fiber orientations varied with location 
throughout the meniscus. The central region of the 
meniscus towards the femoral side was dominated by 
circumferential fibers, as well as some radial fibers, and on 
histological sections the matrix alignment appeared similar. 
The surface of the meniscus adjacent to the tibia was 
primarily composed of collagen fibers parallel to the tissue 
surface, with some circumferential fibers. 

Finally, it was possible to derive high resolution tract 
density images with GQI reconstructions (Figure 6). Both 
circumferential and radial fibrils were resolved from TDI. 
Not surprisingly, the complex fiber structures were better 
resolved at higher spatial resolution.

Discussion

In this study, we successfully used dMRI to probe the 
microstructure of porcine menisci using a HARDI 
acquisition with both DTI and GQI reconstruction 
methods. Importantly, we were able to resolve both radial 
and circumferential collagen fibers with GQI reconstruction 
in different regions throughout the meniscus. In contrast, 
for DTI, only a single fiber orientation was observed in each 
voxel. These findings demonstrate the advantage of GQI 
over DTI to visualize the complex collagen fiber orientation 
in menisci. 

Previous assessments of meniscal architecture have used 
techniques such as scanning electron microscopy, polarized 
light microscopy, and reflectance confocal microscopy to 
quantify the collagen fiber organization throughout the 
meniscal tissue (2,36,37). These previous studies have 
documented the presence of radial and circumferential 

https://cdn.amegroups.cn/static/public/QIMS-23-1355-Supplementary.pdf
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Figure 3 Tractography images were derived from DTI and GQI throughout the meniscus. Numerous crossing fibers were resolved in 
the meniscus using GQI (white arrows). DTI failed to accurately quantify the 3D fiber architecture in regions where crossing fibers were 
observed with GQI (black arrows). The colors represent different fiber orientations, with red denoting a horizontal fiber orientation, green 
denoting a vertical fiber orientation, and blue denoting a fiber orientation perpendicular to red and green. Results are depicted with a b value 
of 1,000 s/mm2. DTI, diffusion tensor imaging; GQI, generalized q-sampling imaging; 3D, three-dimensional.

fibers that vary with location within the meniscus. Although 
these methods provide much higher spatial resolution than 
MRI, the images often only capture a small region of the 
meniscus in 2D and can suffer from geometric distortions 
introduced by sectioning (36,37). In contrast, MRI offers a 
non-invasive means to investigate 3D tissue organization. 

Multiple MRI techniques have been used to characterize 
meniscal structure. T2 values decreased steadily from the 
outer to the inner zone of the meniscus (38). Furthermore, 
T2 and T2* relaxation times have been used to estimate 
the collagen fiber alignment in the meniscus (12,39,40). 
However, in order to accurately estimate the collagen fiber 
alignment in 3D, these measurements require separate scans 
at different orientations with respect to the main magnetic 
field (39). Alternatively, dMRI provides a straightforward 
method to quantify the meniscus diffusivity properties and 
to visualize the 3D fiber alignment (22). The diffusion 

signal decay can be detected at different gradient encoding 
directions, which do not require physical rotation of the 
specimen. Unfortunately, multiple orientations of fibers 
within a voxel are poorly detected using DTI. However, 
our results demonstrate that tractography using GQI and 
super-resolution TDI have the ability to probe the 3D fiber 
architecture at the intravoxel level. Notably, only one major 
fiber orientation was detected in each voxel using DTI, 
whereas using GQI allowed for multiple fiber directions to 
be detected in different regions of the meniscus.

Prior work has demonstrated higher diffusivity values 
in the inner zone of the meniscus (23), which may be 
related to the less restricted water molecules in this 
region due to higher concentrations of negatively charged  
proteoglycans (41). Additionally, prior work has shown that 
there is a higher fractional anisotropy in the outer zone, 
which may be related to the dense fibular network (23).  
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These differences in meniscus structure with location 
are consistent with the inhomogeneous tractography 
measurements in the current study. Importantly, these 
tractography results were consistent with histological 
assessments.

Meniscal damage is a risk factor for the development of 
OA (3). Loss of meniscus integrity predisposes the adjacent 
articular cartilage to increased axial and shear stresses, which 
may result in cartilage degeneration (42,43). Recently, Seitz 
et al. demonstrated that OA-related degeneration alters 

b=100 s/mm2 b=1000 s/mm2B

C D

A

Figure 4 Tractography results of the meniscus were generated using GQI reconstruction at different diffusion gradients (100 and  
1,000 s/mm2). (A,B) are superior views and (C,D) are inferior views. The tractography is visually comparable at the two different b values, 
with better organized tracts at the higher b value. GQI, generalized q-sampling imaging.
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Figure 5 Fiber orientation images of meniscus were generated using GQI (A,B,C), with corresponding Safranin O (red = proteoglycans)/
fast green (blue = collagen) stained histology (D,E). The green box is near the femoral surface and the yellow box is adjacent to the tibial 
surface. The matrix orientation in histology is similar to the MRI findings (red, yellow, white, and purple arrows). The colors (panels A,B,C) 
represent different fiber orientations, with green denoting a horizontal fiber orientation, blue denoting a vertical fiber orientation, and red 
denoting a fiber orientation perpendicular to green and blue. GQI, generalized q-sampling imaging; MRI, magnetic resonance imaging.
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500 μm 250 μm 125 μm 62.5 μmA B C D

Figure 6 Representative TDI generated from GQI reconstruction at different spatial resolutions in 2D (A-D), ranging from 500 to  
62.5 µm. The complex fiber structures (including the presence of crossing fibers) are better resolved with higher spatial resolution TDI 
(purple arrows). TDI, track density imaging; GQI, generalized q-sampling imaging; 2D, two-dimensional. 

the biomechanical properties of human menisci before 
the articular cartilage (44). However, these mechanical 
property measurements can currently only be performed 
on ex vivo tissues. The capability to measure multiple fiber 
directions within each voxel with HARDI acquisition and 
GQI reconstruction could potentially be utilized in vivo to 
identify early-stage disruption of the 3D architecture of 
the meniscus, which may lead to subsequent meniscal tears, 
joint degeneration, and the development of OA.

This study is not without limitations. Scans were 
performed on a preclinical magnet with a high diffusion 
gradient coil and high magnetic field. While the scan 
time was very long for the current study, it could be 
reduced with lower spatial resolution, angular resolution, 
and novel acquisition methods. Furthermore, a contrast 
agent was utilized to improve the signal to noise ratio. 
Thus, translating these techniques to clinical scanners will 
likely require both novel acquisition and reconstruction 
techniques (45). Despite these hurdles, the use of these 
imaging techniques to investigate early changes in 
meniscal tissue structure and organization warrants further 
investigation.

In summary, using HARDI acquisition with GQI 
reconstruction, we could resolve crossing fibers in the 
meniscus. On the other hand, only a single fiber orientation 
was measured within each voxel using the conventional 
DTI method. Therefore, GQI reconstruction is able to 
better assess the complex 3D structure of the meniscus. In 
the future, these technologies may have the potential to 
nondestructively assess both normal and abnormal meniscal 
structure in the clinical environment. 
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