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Abstract

This study evaluates the resolution-dependent influences of compressed sensing (CS) in MRI
quantification of T2 mapping in articular cartilage with osteoarthritis (OA). T2-weighed 2D
experiments of healthy and OA cartilage were fully sampled in k-space with five echo times at
both 17.6 um and 195.3 pm in-plane resolutions; termed as microscopic MRI (UMRI) and
macroscopic MRI (mMRI) respectively. These fully sampled k-space data were under-sampled at
various 2D CS accelerating factors (AF = 4 — 32). The under-sampled data were reconstructed
individually into 2D images using nonlinear reconstruction, which were used to calculate the T2
maps. The bulk and zonal variations of T2 values in cartilage were evaluated at different AFs. The
study finds that the T2 images at AFs up to 8 preserved major visual information and produced
negligible artifacts for uMRI. The T2 values remained accurate for different sub-tissue zones at
various AFs. The absolute difference between the CS (AF up to 32) and the Ground Truth (i.e.,
using 100% of the k-space data) of the mean T2 values through the whole tissue depth was higher
in mMRI versus puMRI. For mMRI (where the resolution mimics the clinical MRI of human
cartilage), the quantitative T2 mapping at AFs up to 4 showed negligible variations. This study
demonstrates that both clinical MRI and uMRI can benefit from the use of CS in image
acquisition, and PMRI benefits more from the use of CS by acquiring much less data, without
losing significant accuracy in the quantification of T2 maps in osteoarthritic cartilage.
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Ground Truth AF=4.0 AF =32.0

Clinical and pre-clinical MRI (UMRI) can both benefit from the use of compressed sensing (CS) in
image acquisition for quantitative T2 mapping. UMRI reaps greater benefit from the use of CS by
acquiring sufficient data in shorter time, without loss of significant accuracy in T2 changes due to
osteoarthritic cartilage.
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Introduction

Avrticular cartilage is a thin layer of load-bearing tissue that enables efficient movement of
the joints by reducing frictions!2. Microscopically, it is mainly composed of water,
proteoglycans, collagen, chondrocytes3. Conditional on the alignment of collagen fibers with
respect to the tissue surface, articular cartilage can be conceptually subdivided to three
histological zones: the superficial zone (SZ) with fibers parallel to the tissue surface, the
transitional zone (TZ) with fibers randomly oriented, and the radial zone (RZ) with fibers
perpendicular to the tissue surface*®. The mechanisms of degeneration of articular cartilage
is important to our understanding for the evolution of joint degenerative and traumatic
diseases®.

The relaxation parameters in MRI have been widely used to detect the tissue degradation,
such as T1 (spin-lattice relaxation time), T1p (spin-lattice relaxation time in the rotating
frame), and T2 (spin-spin relaxation time)’~12, In general, quantitative mapping of articular
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cartilage requires acquiring multiple relaxation weighted images for single- or multi-
exponential fitting!3. Higher number of weighted images may result in a more precise
determination of the relaxation times, with the penalty of linearly increased scan time.
Compressed sensing (CS) as an acquisition-accelerating technique in MRI has been
developed on the premise of reconstructing an image from a set of highly under-sampled
datal4-16, For example, since T1p attracts more attention due to its sensitivity to
proteoglycan content®17, Pandit et al accelerated T1p acquisition for knee cartilage up to 3
times without introducing major deviations in quantification relaxation time measurement
using a combination of CS and data-driven parallel imaging!8. Accelerating 3D-T1p
mapping of cartilage with CS is feasible up to acceleration factor (AF) of 10 with T1p error
below 6.5% when using the optimal regularization parameters for CS reconstruction3®.

T2 mapping is one of the most studied MRI parameters for knee cartilage due to the
availability of imaging sequences on all major vendors19:12, It is known that T2 is sensitive
to water, collagen content, and tissue anisotropy*1°. Quantitative T2 mapping provides
information about the interaction of water molecules and the collagen network within the
articular cartilage. Alteration of T2 values have been shown to correlate with changes in
water content, as well as collagen structure, orientation, and organization, and to be
associated with changes in hyaline cartilage and its degradation?%:21. Peng et al accelerated
exponential parameterization of T2 relaxation with multi-coil Cartesian sampling and a mix
of sparsity and low-rank priors?2,

To the best of our knowledge, acceleration of the T2 mapping using CS has not been
reported yet for uMRI studies. A single high-resolution multi-component T2 relaxation scan
at microscopic resolution is very time-consuming, thus, reducing the scan time by CS is
higher desirable13. This study aimed to evaluate the resolution-dependent influences of
compressed sensing (CS) in MRI quantification of T2 mapping in articular cartilage with
osteoarthritis (OA). We aim to explore the potential benefits of CS (at different AFs) in T2
mapping between healthy and osteoarthritic animal cartilage at two spatial resolutions,
microscopic vs. macroscopic. Both resolutions are important in MRI of cartilage, since one
can characterize the sub-tissue zones, while the other mimics the whole-body MRI of human
joints. The quantification of T2 values in different layers of cartilage were quantified and
used as the criteria to access the performance of CS.

Materials and Methods

Specimen Preparation

Intact healthy and OA knee joints, harvested from sacrificed mature canines, were used for
this study with the approval of the institutional review committees. The OA knee was
sacrificed 12 weeks after ACL (anterior cruciate ligament) transection surgery. After
trimmed off excess tissues (muscles and skins), the intact knee joints were placed in a
sample holder and imaged using a Varian MRI system with a 7T/20 cm horizontal magnet
(Santa Clara. CA), at a 2D in-plane pixel size of 195.3 um. For the remaining of this report,
the resultant data from this system is labeled as low-resolution macro-MRI (mMRI). After
the imaging of the intact joints, each joint capsule was opened to harvest a number of
rectangular cartilage-bone plugs, each approximately 3 x 3 x 5 mm3 in size, from the medial
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tibial plateau, with each block representing a specific topographical location on the medial
joint surface. The blocks were immersed in the physiological saline solution, which also
contained 1mM Gd-DTPAZ- contrast agent and 1% protease inhibitor cocktail (Sigma, MO).
The specimens were maintained at 4°C (never frozen). The images from the cartilage-bone
plugs at a 2D in-plane pixel size of 17.6um were labeled as high-resolution micro-MRI
(UMRI) in this report.

Macroscopic MRl (mMRI) Protocols

Quantitative mMRI T2 imaging of the intact joints was performed using a spin-echo (SE)
multi-slice multi-echo (MSME) pulse sequence. The FOV was set at 5¢cm thickness with a
matrix size of 256x256, which yielded an in-plane 195.3um pixel size. The repetition time
was 3s with ten echo times at an increment of 10ms with the minimum echo time at 10ms.
Ten image slices, each with a slice thickness of 1mm and approx. 2.5mm apart from each
other, were acquired with the interleaved format. For this study, only one of the slices from
each of healthy and OA joints were used for analysis.

Microscopic MRI (LMRI) Protocols

Quantitative uMRI T2 imaging of the cartilage-bone plugs was performed at room
temperature on a Bruker AVANCE Il 300 NMR spectrometer, equipped with a 7T/89mm
vertical-bore magnet and microimaging accessory (Billerica, MA). The 2D spin-echo
imaging experiments were carried out with an acquisition matrix of 256x128 (which was
post-reconstructed into a 256x256 matrix) and a single slice thickness of 1mm. The Field of
View was 0.45cmx0.45¢m, resulting in the 2D in-plane pixel size of 17.6um. The repetition
time TR was 0.8523.

Quantitative 2D T2 imaging experiments were performed at both 0° and 55° with respect to
the Bg and followed the previously established protocols. The elapsed time between the rf
pulses in the CPMG T2-weighting segment was 1ms and the five echo times in imaging
ranged from 2ms to 100ms*®. All quantitative relaxation images were calculated
subsequently by a single-component fit on a pixel-by-pixel basis?4. A 10-pixel column was
chosen from the center of each image and averaged to yield one depth-dependent relaxation
profile and standard deviations.

Compressed Sensing Reconstruction

The varied density k-space sampling pattern is generated from a probability density function
to maximize the incoherencel4. The k-space points in the center of k-space were fully
sampled (radius at least of 10 pixels), and the sampling became gradually sparse to the high
frequency areal6-25. The sampling patterns are generated for 4 different acceleration factors
(AF =4, 8, 16, and 32). The AF is the acquired k-space points divided by the total points of
the k-space, which result in sampling the k-space data from 25.0% (at AF = 4) to 3.125% (at
AF = 32) respectively. The sampling patterns are illustrated in the supplemental Figure 1.

Compressed sensing was applied on the k-space data of all individual T2-weighted 2D
images by minimizing the following function with nonlinear conjugate gradients algorithm
(and 200 iterations)16:
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FG)= I Fx=y 13 + 4 | Px I +4LTV(x) @

where xis the image and yis its corresponding k-space, F is the FFT, ¥ is the sparse
transform, A, and A, are regularization parameters, and TV/is the total variation. In this
study, A4 ranges from 0.002 to 0.010 for the sparse solution and A, ranges from 0.0012 to
0.011 for the data consistency, depending on the AFs (the supplemental Figure 2). Various
CS acceleration factors (AF = 1, 4, 8, 16, and 32, where 1 stands for the fully sampled data
and 32 stands for using 1/32 of the fully sampled data) were used to assess the accuracy for
quantitative T2 values in the cartilage.

mMRI T2-weighted images at various acceleration factors

Figure 1 shows the mMRI T2-weighted intensity images, comparing the fully sampled k-
space images (the ground truth (GT)) and the under-sampled images with AF of 4, 8, 16, and
32, including both control (CTRL, a-€) and osteoarthritis (OA, f-j) knee joints. The qualities
of the reconstructed T2 images were visually comparable with the ground truth at AF up to 8
with major information qualitatively preserved and negligible artifacts, while the qualities of
the constructed images became visibly inferior at AFs of 16 and 32 (white arrows, enlarged
images). With higher AFs (16 and 32), the image quality diminished, with exhibition of
spatial blurring.

mMRI T2 maps at various acceleration factors

Figure 2 shows the quantitative mMRI T2 maps and the error maps at different AFs.
Interpretations reached from this set of data are; firstly, T2 values showed strong depth-
dependent properties throughout the cartilage region, where SZ had higher T2 values than
RZ and secondly, the deviation from the ground truth gradually increased with higher AF,
where the images became blurring in both cartilage and bone regions, especially for AF of
16 and 32. The cartilage interface between tibia and femur (green arrows) were less distinct
due to the loss of high frequency information. The bone regions (yellow arrows and white
arrowheads) always exhibited higher difference compared to cartilage regions.

MMRI T2-weighted images at various acceleration factors

Figure 3 shows the UMRI T2-weighted intensity images, comparing the fully sampled k-
space images (ground truth) and the under-sampled images with AF of 4, 8, 16, and 32,
including both control (CTRL, a-e) and osteoarthritis (OA, f-j) knee joints at 0° respect to
the main magnetic field. Compared to CTRL, OA cartilage was much thicker, which was the
sign for an early stage degradation. The qualities of the reconstructed T2-weighted images
were visually comparable with the ground truth at AF up to 8 with major information
qualitatively preserved and negligible artifacts, while the qualities of the constructed images
became visibly inferior at AF of 32 (e, black arrows). With higher AF (16 and 32), the image
quality diminished, with exhibition of spatial blurring. T2 weighted images at different echo
times (2ms and 100 ms) at the magic angle showed the similar results for both CTRL and
OA (supplemental figure 3).
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MMRI T2 maps at various acceleration factors

Figure 4 shows the quantitative uMRI T2 images at different AFs (4, 8, 16, and 32) and the
corresponding error maps from the ground truth. T2 values showed strong depth-dependent
properties throughout both CTRL (a) and OA (j) cartilage regions, where SZ and TZ (red
arrows) have higher T2 values than RZ (yellow arrows). The deviation from the ground truth
gradually increases with higher AF, in cartilage regions for both CTRL (white arrowheads)
and OA (white arrows) specimens, especially at high AF.

T2 profiles at various acceleration factors

Figure 5 illustrates the quantitative depth-dependent T2 profiles of CTRL and OA cartilages
at both microscopic and macroscopic resolution. Several distinct features can be identified in
these complex T2 profiles at different orientations. First, cartilage had clear laminar
appearance in the T2 profiles at 0° for both CTRL and OA, and for both pMRI (a-b) and
mMRI (e-f), which shows the OA was at the early stage. The profiles showed similar trend
in both pyMRI and mMRI, where TZ had higher T2 values than SZ and RZ. The T2 values in
UMRI increased at 55° (c-d), while the laminar appearance was still apparent. Second, uUMRI
T2 values of OA (b, d) were always higher than the T2 values of CTRL (a, c) through the
whole tissue depth, regardless of the orientation. Third, the uMRI T2 profiles derived from
different CS acceleration factors were consistent with the fully sampled data even at AF of
32. The mMRI T2 profiles at different CS acceleration factors (e-f) had similar trends, while
the deviations were visually larger at SZ and deep part of RZ.

Quantitative Zonal Comparisons of T2 values

Figure 6 shows the zonal changes of T2 in articular cartilage at various AFs (4, 8, 16, 32) for
both uMRI (0° and 55°) and mMRI. In the zonal analysis, the whole cartilage thickness was
divided® to 4 sub-tissue structural zones for both mMRI and pMRI: SZ, TZ, and upper RZ
(RZ1) and lower RZ (RZII) in order to investigate the T2 variations in these sub-tissue zones
at different AFs for both CTRL and OA. In uMRI, the maximum variation was found at the
RZIl (OA) with 2.75 % difference from the ground truth with AF of 32 at 0°, while the
maximum variation was found at the RZIl (OA) with 2.2 % with AF of 32 at 55°. These
variations of zonal T2 values in UMRI were found to have no significant differences even at
AF of 32. In contrast, in mMRI of zonal T2 analysis, a number of statistically differences
existed in both SZ and RZIl when AF was at 32.

Figure 7 shows the percentage differences of the whole cartilage T2 between the ground
truth and various AFs (4, 8, 16, 32). In general, T2 values were found to increase with
increasing AFs, when compared to the ground truth. In uMRI images at both 0° and 55°
orientations (Fig 7a, 7b), both CTRL and OA images showed similar increases from the
ground truth linearly for each of AFs, all with very small variations. In mMRI images (Fig
7¢), both CTRL and OA images showed a much higher percent difference, with OA having
the highest variations (i.e., high deviations from the ground truth, i.e., over 20%) at high AFs
(8-132).
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Discussion

MRI of the knee joint is often challenging because of the complex anatomy, thin layer
tissues such as cartilage and meniscus, and short and depth-dependent T2/T2* values®13:26,
Therefore, high spatial resolution images are crucial to accurately identify knee anatomy and
pathology. The UMRI is suitable for preclinical studies but the acquisition time could take
hours depending on the scan protocols?’. In addition, we always use the magnetization-
prepared imaging sequences in our cartilage imaging, which generate the quantitative
relaxation data much less susceptible to the other experimental parameters in imaging
protocols®. In the past decade, CS has been applied in quantitative musculoskeletal MRI at
various resolutions to reduce the scan time16:18.22 However, the comparison of CS
performance between clinical MRI and uMRI has not been investigated in detail.

One subtle but important reason to use two resolutions in this MRI CS study of cartilage
came from the imaging scaling in MRI of cartilage?”. The mMRI resolution in this study
was about 200um, which can resolve the canine cartilage with 5 pixels inside the thickness
of the cartilage (Fig 5). The percentage thickness, where each pixel accounts for the portion
of cartilage thickness, in this mMRI study of canine cartilage is therefore similar to the
percentage thickness of each pixel in whole-body clinical MRI of human cartilage in an
intact joint, where a thicker cartilage is typically resolved by 4-5 larger pixels. Therefore,
the low-resolution mMRI of canine cartilage mimics almost exactly the tissue averaging
situation in clinical MRI of human cartilage?’. The results in this mMMRI (i.e., pseudo-
clinical MRI) study should reflect the consequence of using CS approach in clinical MRI of
cartilage degradation in OA research, which is compared with the results from the much
higher resolution uMRI.

The superficial zone of articular cartilage has distinct structural features and unique
mechanical properties*®:28. The collagen fibers are aligned parallel to the articular surface
compared to the perpendicular fibers in the deep radial zone. The proteoglycan content and
fixed charge density are lower than in the deep zone?°. Early to mild OA change could be
characterized by the loss of proteoglycans in the surface area39-32. Although these changes
were not accompanied by significant structural disturbances in the tissue, they were
associated with increased type 11 collagen and aggrecan synthesis33. It has been reported that
early OA articular cartilage degeneration can be observed focally, thus, high spatial
resolution MR is ideal to detect early OA more accurately830:31.34 However, clinical MRI
suffers from lower spatial resolution in a reasonable scan time, where various acceleration
methods can become useful35-38, The results in this study suggests that more efficient data
acquisition using CS in clinical MRI can be used to improve spatial resolution14:16.25.39,

Although both T2-weighed images and T2 maps of uUMRI exhibits qualitatively good image
quality even at AFs of 16, the images begin to blur at high AFs, which may be caused by the
reduction of high frequency components in k-space, hence, making it more difficult to
recover the fine details of the imagel. The blurring effects have much more severe
consequences for mMRI when AF is higher than 4. The reason for the AF difference
between pMRI and mMRI is the number of pixels for the important features in the images.
In mMRI, there are only a few pixels through the whole cartilage thickness, the blurring
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effects may have a major impact due to the partial volume effect and further affect the
quantification in SZ and RZII. Indeed, significantly higher T2 percent difference was
confirmed in these two regions in mMRI (Fig 7¢), which calls attention for the application of
CS to detect the zonal differences in early OA at macroscopic resolution. In contrast, there
are about 60 pixels in uMRI (10 times of mMRI) through the whole cartilage thickness,
which results in better tolerance to the blurring effects. The uUMRI T2-weighted images
exhibits relatively plain structure in each layer without sharp edges and fine structures; the
high frequency component leaking is also reduced compared to the complex anatomy of the
whole knee joint with various types of connective tissues and bones in mMRI.

An experimental note should be made here. As evident from Figure 3, the OA samples,
which came from approximately the same location on the medial tibial surface as the healthy
cartilage, were thicker than the healthy cartilage. This increase in cartilage thickness was
largely due to the disease itself. At the early stage of OA, cartilage is known to swell,
because OA cartilage had less proteoglycans and higher fibrillation due to the disease. At the
same time, swelling of tissue in the buffer solution cannot be ruled out. In our imaging
practice, we paid attention to a few experimental details, which make the influences of
swelling small. First, both healthy and OA samples were placed in the same batch of the
buffer solution. Second, we always keep the interface between cartilage and bone intact, to
minimize the swelling. Finally, our quantitative comparisons always come from the middle
part of the specimens, away from the horizontal edges where swelling are more likely.

In conclusion, to the best of our knowledge, this is the first study that comparing the CS
performance of T2 values in cartilage at both uMRI and mMRI (i.e., pseudo-clinical MRI)
using the same specimens. The use of CS in quantitative T2 MRI is still very much an open
field and we reveal the challenges of using CS for quantitative imaging of cartilage,
especially in the SZ and deep RZ of cartilage. We show that both uMRI and mMRI can
benefit from the use of CS in image acquisition; we also show that the time-consuming
UMRI can benefit more from the use of CS in imaging acquisition. The reduction of the scan
time can be translated into achieve higher spatial resolution with the same scan time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ground Truth

Figure 1.
The fully sampled k-space mMRI T2-weighted images (ground truth GT) and the under

sampled images with AF of 4, 8, 16, and 32, including both control (CTRL, a-€) and
osteoarthritis (OA, f-j) knee joints. The qualities of the reconstructed images were visually
comparable with the GT at AF up to 8 with major information qualitatively preserved and
negligible artifacts, while the qualities of the reconstructed images became visibly inferior at
AFs of 16 and 32 (white arrows, enlarged images). With higher AFs (16 and 32), the image
quality diminished to some extent, with exhibition of spatial blurring.
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Figure 2.
Quantitative mMRI T2 maps at different AFs. T2 values showed strong depth-dependent

properties throughout the cartilage region, where SZ had higher T2 values than RZ. The
deviation from the GT gradually increased with higher AF, where the images became
blurring in both cartilage (green arrows) and bone (white arrowheads) regions, especially for
AF of 16 and 32. The while arrows in the 5x difference maps mark the interface between the
femoral and tibial cartilage.
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Figure 3.
The fully sampled k-space UMRI T2-weighted images (GT) and the under sampled images

with AF of 4, 8, 16, and 32, including both control (CTRL, a-€) and osteoarthritis (OA, f-j)
knee joints at 0° respect to the main magnetic field. Compared to CTRL, the thickness of
OA cartilage was much larger. The qualities of the reconstructed T2-weighted images were
visually comparable with the GT at AF up to 8 with major information qualitatively
preserved and negligible artifacts (black arrows mark the cartilage surface). With higher AF
(16 and 32), the image quality diminished to some extent, with exhibition of spatial blurring.
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Figure 4.
Quantitative UMRI T2 at different AFs (4, 8, 16, and 32) and the corresponding error maps

(5x) from the ground truth (a, j), where the images a-e are healthy cartilage while the images
j-n are diseased cartilage. The color arrows in a and j mark the surface tissue and deep
tissue. The white arrows and white arrowheads in the difference maps mark the regions with
high deviations from the ground truth.
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The quantitative depth-dependent T2 profiles of CTRL and OA cartilages at both
microscopic (a-b at 0°, c-d at 55°) and macroscopic resolution (e-f). The tissue had clear
laminar appearance in the T2 profiles at 0° for both CTRL (a) and OA (b), and for both
UMRI (e) and mMRI (f). The UMRI T2 profiles derived from different CS acceleration
factors were consistent with the fully sampled data even at AF of 32. The mMRI T2 profiles
(e-f) at different CS acceleration factors had similar trends, while the deviations were

visually larger at SZ and RZ.
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Figure 6.

The zonal changes of T2 in articular cartilage at various AFs (4, 8, 16, 32) for both pMRI
(0° and 55°) and mMRI. The whole cartilage thickness was divided to 4 sub-tissue structural
zones for both mMRI and pMRI: SZ, TZ, and upper RZ (RZI) and lower RZ (RZI1) in order
to investigate the T2 variations in these zones at different AFs for both CTRL and OA. The
asterisks indicate the statistical significance from the pair-wise comparisons using a Tukey

HSD test with p<0.05 as significant.
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Figure 7.

The percent changes of T2 values across the whole articular cartilage thickness at various
AFs (4, 8, 16, 32), when comparing with the T2 values at the ground truth.
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