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Abstract

Chondral lesions lead to degenerative changes in the surrounding cartilage tissue,
increasing the risk of developing post-traumatic osteoarthritis (PTOA). This study
aimed to investigate the feasibility of quantitative magnetic resonance imaging
(gMRI) for evaluation of articular cartilage in PTOA. Articular explants containing
surgically induced and repaired chondral lesions were obtained from the stifle joints
of seven Shetland ponies (14 samples). Three age-matched nonoperated ponies
served as controls (six samples). The samples were imaged at 9.4 T. The measured
gMRI parameters included T,, T, continuous-wave T;, (CWTy,), adiabatic T,,
(AdT4p), and T, (AdT5,) and relaxation along a fictitious field (Tragg). For reference,
cartilage equilibrium and dynamic moduli, proteoglycan content and collagen fiber
orientation were determined. Mean values and profiles from full-thickness cartilage
regions of interest, at increasing distances from the lesions, were used to compare
experimental against control and to correlate gqMRI with the references. Significant
alterations were detected by gMRI parameters, including prolonged T, CWT,,, and
AdT, in the regions adjacent to the lesions. The changes were confirmed by the
reference methods. CWT;, was more strongly associated with the reference mea-
surements and prolonged in the affected regions at lower spin-locking amplitudes.
Moderate to strong correlations were found between all gMRI parameters and the
reference parameters (o =-0.531 to -0.757). T4, low spin-lock amplitude CWTj,,
and AdT,, were most responsive to changes in visually intact cartilage adjacent to
the lesions. In the context of PTOA, these findings highlight the potential of T,

CWT 4, and AdT,, in evaluation of compositional and structural changes in cartilage.
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1 | INTRODUCTION

Joint injury is a well-established risk factor in the development of
post-traumatic osteoarthritis (PTOA), a chronic disease causing joint
pain and dysfunction.> Injury may be due to fractures, articular
cartilage lesions, cruciate or collateral ligament rupture, acute me-
niscal tear, or a combination of these. Early interventions, like
repairing the damaged tissue, or stabilizing the joint, can limit the
progression of PTOA.® Thus, early detection of articular cartilage
damage can constitute an advantage in the prevention and treatment
of the respective joint disease.*

In addition to direct visualization of articular cartilage, quanti-
tative magnetic resonance imaging (QMRI) provides numerical out-
come measures that can be used to nondestructively evaluate early
PTOA changes in the tissue.® MRI relaxation time mapping se-
quences such as Ty, Ty, continuous-wave Ty, (CWTy,), adiabatic T4,
(AdT4,), adiabatic T, (AdT,), and relaxation along a fictitious field
(Trarr) have been proposed as quantitative biomarkers for the as-
sessment of articular cartilage.”® Native T, has been linked to in-
terstitial water content of articular cartilage,” while T, has been
associated with collagen fiber orientation and tissue hydration.’®**
CWT, has been linked to changes in proteoglycan (PG) content and
collagen network of articular cartilage.">"® Moreover, CWT}, can be
measured at varying spin-locking radio frequency (RF) amplitudes,™*
and has been reported to be selectively sensitive to PG content.’®
Besides repetitive continuous-wave spin-locking method, T,, imaging
can be performed using adiabatic RF pulses, providing AdT,, and
Adep,16 enhancing robustness against field inhomogeneities and
reducing sensitivity to magic angle effects.’” Recent studies of AdT4,
and AdT,, have reported association of the parameters to early OA
changes in articular cartilage.”*® Tragr utilizes relaxation during sub-
adiabatic RF swept pulses, allowing substantial reduction of specific
absorption rate, making it a suitable imaging biomarker in clinical
settings.’

The aim of this study was to validate the feasibility of T4, To,
CWT 4, AdTy,, AdT,,, and Trarr relaxation time mapping for eva-
luation of multiple articular cartilage regions at increasing distances
from surgically induced and repaired lesions in an animal model of
PTOA. Equine stifle joints were chosen for this study because the
cartilage closely resembles that of a human knee.?° For reference,
the gMRI parameters were correlated with equilibrium and dynamic
moduli, PG content and collagen fiber orientation. We hypothesize
that the gMRI parameters capture the degenerative changes in vi-
sually intact cartilage caused by the nearby chondral lesions.

2 | METHODS
2.1 | Samples
In both stifles of Shetland ponies (N=7, 6 females, age =8.8+ 3.5

years), two 10 mm diameter cartilage lesions were surgically created

on the medial femoral ridge to study a cell-containing hydrogel for

cartilage repair.>>?? Each lesion was treated with a combination of
chondrons and mesenchymal stem cells (MSCs) in different carrier
hydrogels. After 12 months, the animals were sacrificed and trian-
gular wedge-shaped tissue blocks (14 samples), containing both
lesions as well as the surrounding tissues, were obtained from the
medial femoral ridge (Figure 1). The animal experimentations were
carried out at the Surgery division of the Department of Clinical
Sciences, Equine Division, Discipline of Orthopaedics and Surgery,
Utrecht University, the Netherlands. The procedures were approved
by the Ethics Committee of Utrecht University for Animal Experi-
ments in compliance with the Institutional Guidelines on the Use of
Laboratory Animals (Permission DEC 2014.111.11.098). As control,
similar osteochondral tissue blocks (six samples) were obtained from
stifle joints of nonoperated and untreated Shetland ponies (N =3,
age = 10.3 £4.7 years) acquired from a local slaughterhouse in the
Netherlands.

2.2 | Biomechanical measurements

Prior to MR, all samples (14 experimental and six control) under-
went biomechanical indentation testing of cartilage surrounding the
repaired lesions, as described before.?>?? In short, the samples were
submerged in phosphate-buffered saline (PBS) and glued on a
custom-made sample holder. First, a plane-ended indenter
(d=0.53mm) was driven in contact with the sample. Then, a step-
wise stress-relaxation test (5% strain, ramp velocity of 100%/s and
four steps with 10 minute relaxation time after each step), followed
by sinusoidal dynamic loading (frequency of 1.0 Hz and strain am-
plitude of 1%) was conducted to define the equilibrium (Eq) and
dynamic (Eg4yn) elastic moduli, respectively. The equilibrium and dy-
namic moduli were calculated in a predefined grid of 12 testing lo-
cations in each sample according to the Hayes equation®® with
Poisson's ratios of 0.1 and 0.5, respectively. In this study, a single MRI
slice, covering four of the 12 testing locations, was acquired for the

analysis (Figure 1E).

2.3 | Magnetic resonance imaging

MRI was performed in a 9.4 T vertical bore small animal scanner
(Oxford instruments Plc, Witney, UK) using a 19-mm diameter
quadrature volume RF transceiver (Rapid Biomedical GmbH, Rimpar,
Germany). To provide H signal-free background, the samples were
immersed in perfluoropolyether oil (Galden HS 240, Solvay Solexis,
Brussels, Belgium) and placed inside a thin latex container. To mini-
mize the magic angle effect, the samples were positioned in the
scanner so as to have the main magnetic field approximately per-
pendicular to the bone-cartilage interface in the area of interest.
During MR, a single slice was selected covering the full profile of
the cartilage along the four biomechanically tested points ranging
distally from the repaired lesion site (Figure 1F). Imaging was con-

ducted with modified magnetization preparation blocks (Table 1) for
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FIGURE 1 Extraction of the samples. A, Surgeon opened the stifle joint. B, The trochlea was exposed, and the medial ridge was cutoff from
the trochlea. C, The medial trochlear ridge. D, Smaller piece from the trochlear osteochondral sample was cutoff to fit it in to the MRI coil.

E, Osteochondral sample for MRI. The figure also depicts the biomechanical indentation points and the MRI slice location. F, MR image of the
osteochondral sample and the regions of interest that were used in the analyses. MRI, magnetic resonance imaging [Color figure can be viewed

at wileyonlinelibrary.com]

T4, To, CWTlp,24 AdTlp,16 Adep,16 and Trare.'? The preparation
block was coupled with a single-slice fast spin echo (FSE) readout
(TR=5s[7sfor T4], ETL=6[8 for Ty and CWT,], TEe¢ = 4.2 ms, slice
thickness = 1 mm, matrix size = 192 x 192, FOV = 19.2 x 19.2 mm?).
After collecting the raw MRI data, relaxation time maps (Figure 2)
were calculated with Aedes software (http://aedes.uef.fi/) and in-
house written plugins using mono-exponential two-parametric fitting
on a pixel-by-pixel basis for T4, Ty, CWT,,, AdT4,, and AdT,,, and
three-parametric mono-exponential fitting with a steady state for

TraFF-

TABLE 1 Sequence parameters for MRI protocols

2.4 | Digital densitometry and polarized light
microscopy

After the MRI, digital densitometry (DD) and polarized light micro-
scopy (PLM) analysis were performed as reported earlier.?” In brief,
the samples were formalin-fixed, decalcified, and sectioned to include
the biomechanical testing locations. Optical density (absorbance) of
safranin-O was assessed to reveal PG content.”® In addition, un-
stained sections digested with hyaluronidase were imaged using PLM
to determine collagen fiber orientation.?’

Acquisition
MRI contrast Preparation parameters Pulse power (kHz) time (min:s)
T1 TI =200, 500, 800, 1100, 1400, and 3000 ms 17:03
T, TE=8.7, 12.6, 18.2, 26.4, 38.2, 55.3, and 80 ms 18:82
CWT,, A composite spin-lock embedded between two hard pulses®* of +90 and -90, yB1=0.1,0.2,0.3,04, 0.5, 110:30
TSL=0, 4, 8, 16, 32, 64, and 128 ms 0.6,0.8, 1, and 2
AdT,, Trains of 0, 4, 8, 12, 24, and 36 HS1-AFP pulses,'® pulse duration 4.5 ms YB1max = 2.5 16:18
AdT, Trains of 0, 4, 8, 12, and 24 HS1-AFP pulses between AHP pulses,® pulse YB1max =2.5 13:50
duration 4.5 ms
RAFF Trains of 0, 2, 4, 8, and 16 RAFF pulses,'? pulse duration 9 ms YB1,max =0.625 26:83

Abbreviations: AdT1p, adiabatic T1p; AdT2p, adiabatic T2p; AFP, adiabatic full-passage; CWT 1p, continuous-wave T1p; RAFF, relaxation along a fictitious

field; TI, time to inversion; TE, time to echo; TSL, spin-lock time.
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FIGURE 2 Representative relaxation time maps of T4, T,,
continuous-wave (CW) Ty, at 0.1, 0.5, 1, and 2 kHz, adiabatic Ty,
(AdT4,), adiabatic Ty, (AdTs,), and relaxation along a fictitious field
(Trarr) for experimental and control samples. Optical density (OD)
images, indicative of proteoglycan (PG) content, and collagen
orientation (PLM) images represent reference measurements
(bottom). Regions R1-R4 indicate the locations of the ROIs and
biomechanical testing sites. Increased relaxation times in regions
closest to the lesion area were seen in all parameter maps. In line
with the prolonged relaxation times, reference images revealed lower
PG content and altered collagen fiber orientation in regions closest
to the lesion region. PLM, polarized light microscopy; ROls, regions of
interest [Color figure can be viewed at wileyonlinelibrary.com]

2.5 | Data analysis

Mean and depth-wise profiles of the relaxation time maps were
calculated using four full-thickness cartilage regions of interest
(ROIs), which were defined in visually intact cartilage at in-
creasing distances from the repaired lesions and carefully mat-
ched with the biomechanical testing points, DD and PLM
(Figure 1E,F). The ROIs had the same width but slightly varying
depths (due to varying cartilage thickness). The distance of the
first region (ROI1) from lesion edge was ~1.6 mm and the dis-
tances between the centers of the consecutive ROIs (ROI1-2,
ROI2-3, and ROI3-4) were ~3.25 mm. Since the number of pixels
along the cartilage depth varied between the samples (ranging
from 10 to 20 pixels), all the profiles were normalized along the
cartilage thickness. Similarly, depth-wise profiles of the PG con-
tent and collagen fiber orientation were obtained from ROIs in
the microscope images and normalized along the cartilage

thickness. The analysis was performed using a custom-made

algorithm in MATLAB (Matlab R2016b, MathWorks Inc, Na-
tick, MA).

All statistical analyses were performed using SPSS (ver 25,
SPSS Inc, IBM Company, Armonk, NY). Normality test (Shapiro-
Wilk) confirmed normal distribution of gMRI data but non-normal
distribution of the reference data. Thus, differences in gMRI data
between experimental and control groups were tested using an
independent samples t-test. Regional differences as a function of
distance from the repaired lesions were tested using one-way
analysis of variance with Tukey post-hoc test. For the non-
normally distributed reference data, differences between ex-
perimental and control groups were compared using nonpara-
metric two-tailed Mann-Whitney U test, and the regional
differences were tested using Kruskal-Wallis test with Dunn-
Bonferroni (post-hoc) correction for multiple comparisons. The
associations between MRI and reference parameters were stu-
died using Spearman's rank correlation analysis. A P-value of .05

was considered as the limit of statistical significance.

2.6 | Data availability

All of the raw data, documentation, and related codes of the study
are available for download at the Zenodo archive (http://doi.org/10.
5281/zenodo.3893218).

3 | RESULTS
3.1 | Reference methods

Histological analysis presented larger differences between experi-
mental and control groups in regions closest to the repaired lesions
(Figures 2-4). Although differences were nonsignificant, lower PG
content and collagen fiber orientation were noted in all regions of the
experimental group compared to the corresponding regions in con-
trols (Figures 3 and 4). Comparing the profile plots, collagen fibers in
deep cartilage were more aligned with the surface in the regions
nearby the lesions in the experimental group, as compared with the
corresponding regions in controls, but again these differences were
nonsignificant (Figure 3). In general, the farther away from the le-
sions the smaller the differences between the two groups were.

Overall, significantly lower mean values of dynamic and equili-
brium moduli were noted in all regions of the experimental group
compared to the corresponding regions in the controls (P<.05)
(Figure 4). The largest differences were noted in the regions nearby
the lesions.

Analyzing regions separately within each group, region 1 (closest
to the lesions) had significantly lower equilibrium and dynamic
moduli, PG content and collagen fiber orientation compared with
regions 3 and 4 in the experimental group (P < .05) (Figure 4). In the
controls, only equilibrium modulus was significantly lower in region 1

compared to region 4 (P <.05) (Figure 4).
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FIGURE 3 Mean profiles along cartilage depth (0 = cartilage surface, 1 = bone-cartilage interface) for proteoglycan content and collagen
fiber orientation at increasing distances from the lesion area. Region 1 (R1) is closest to the lesion and region 4 (R4) is furthest away from the
lesion. Dark yellow lines depict profiles from control samples and black lines from experimental samples [Color figure can be viewed at

wileyonlinelibrary.com]

3.2 | Magnetic resonance imaging

Overall, visually elevated relaxation time values for all gMRI para-
meters were observed in the experimental group in regions nearby

the lesions, as compared with the regions further away from the
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lesions on the same sample and in the corresponding regions in the
control group (Figures 2, 5-8). T, CWTy,, and AdT;, had significantly
prolonged relaxation time values along the cartilage depth in the
experimental group as compared with the control group (P <.05)

(Figures 5 and 7). The differences between the two groups were most
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FIGURE 4 Boxplots of the biomechanical properties, proteoglycan content and collagen fiber orientation at multiple locations from the
lesion area. Region 1 (R1) is closest to the lesion and region 4 (R4) is furthest away from the lesion. Dark yellow bars indicate results from the
control and black bars from the experimental samples. The whiskers and the boxes indicate full and 25% to 75% ranges, respectively.
Transversal lines and small squares in the boxes represent the median and mean values, respectively. The black solid diamonds are outliers.
Pair-wise significant differences are indicated with solid lines (**P <.01) and dotted lines (*P <.05) [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 7 Mean profiles along cartilage depth (0 = cartilage surface and 1 = bone-cartilage interface) for continuous-wave (CW) T, (0.1 Hz),
CWT, (0.5 Hz), CWT,, (1 kHz), and CWT,,, (2 kHz) relaxation time at increasing distances from the lesion area. Region 1 (R1) is closest to the
lesion and region 4 (R4) is furthest away from the lesion. Dark yellow lines depict profiles from the control and black lines from the experimental
samples. Black lines at the bottom of the plots indicate regions where the difference between the control and experimental groups was

significant (P <.05) [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Spearman's rank correlation coefficients (r) between
MRI parameters (all data pooled), and equilibrium modulus (E.),
dynamic elastic modulus (Eqyyn), optical density (DD, reflective of
proteoglycan content), and collagen fiber orientation (PLM)

MRI

parameters Eeq Edyn DD PLM

Ty p=-757" p=-708" p=-573" p=-.630"
T2 o=-.602" p=.531" p=-.607" p=-.642"
CWT 1, (100 H2) p=-.620" p=-559" p=-601" p=-.692°
CWT1, oot p=—687" p=-629" p=-617" p=-711"
CWT 1, (300 Hz) p=-.696" p=-.645" p=-.602" p=-.698"
CWT 1, (400 H2) p=-702" p=-.662" p=-596° p=-.682"
CWT 1, (500 Hz) p=-.682" p=-627" p=-594" p=-682"
CWT 1, (600 Hz) p=-.643" p=-.623" p=-592" p=-.665"
CWT 1, (800 Hz) p=-.613" p=-572" p=-557" p=-.632"
CWT 1, (1000 Hz) p=-595" p=-597" p=-538" p=-.602"
CWT 1, (2000 Hz) p=-592" p=-561" p=-534" p=-594"
AdT,, p=-.608" p=-564" p=-532" p=-563"
AdT, p=-.634" p=-559" p=-611" p=-.685"
TRAFF p=-733" p=-678" p=-570" p=-.616"

Abbreviations: AdT,,, adiabatic T,,; AdT,,, adiabatic To,; CWTy,
continuous-wave T,,; RAFF, relaxation along a fictitious field.
*P<.001.

pronounced in the upper half of the cartilage depth and in the regions
nearest to the lesions (Figures 5 and 7). For CWTy, the differences
between the experimental and control groups were mostly noted at
spin-lock amplitudes of 0.2 to 1 kHz (Figure 7). When comparing the
mean values, no significant differences between the two groups were
detected in their respective regions (Figures 6 and 8).

In the regional analysis, all gMRI parameters had wider ranges
across the regions in the experimental group compared with the
regions in the controls (Figures 6 and 8). T; and CWT,, were sig-
nificantly prolonged in region 1 (closest to the lesions) compared
with region 4 (furthest away from the lesions) (P <.05) (Figures 6
and 8). In the experimental group, the regional difference was sig-
nificant for T, and CWT4, at spin-lock amplitudes (100-600 Hz), and
in case of the control group, the difference was significant with
CWT, at spin-lock amplitudes (P <.05) (200-300 Hz).

3.3 | Correlation analysis

For pooled data (experimental and control groups together), all the
correlation coefficients between the gMRI and reference parameters
were statistically significant and ranged from -0.531 to -0.757
(Table 2). The highest correlation was found between T, and equili-
brium modulus (o = -0.757). Moreover, Trage, T1, and CWT,, at spin-
locking amplitude (200 Hz) were strongly correlated with the equi-

librium modulus, dynamic modulus, and collagen fiber orientation,

respectively (Table 2). In general, CWT, had stronger correlations
with the reference parameters towards the lower spin-locking am-
plitudes (200-600 Hz) (Table 2).

4 | DISCUSSION

This study investigated the potential of gMRI relaxation time map-
ping for the assessment of the development of PTOA induced by
surgically created-and-repaired chondral lesions in the stifle of po-
nies. The most important finding was that gMRI relaxation properties
of cartilage were altered due to PTOA and were dependent on the
distance from the lesions. The changes were coincident with those
found with the reference methods, which included an increase in
biomechanical moduli and PG content and changes in the collagen
fiber network architecture towards typical healthy cartilage as a
function of increasing distance from the lesions. Moreover, the
analysis revealed moderate to strong correlations between the gMRI
and reference parameters.

As reported previously in separate studies of the same speci-
mens,?>?° biomechanical indentation testing as well as quantitative
microscopy (DD and PLM) revealed degenerative changes in regions
nearby the chondral lesions. Quantitative microscopy showed large
variations in the depth-wise profiles between the experimental and
control groups in the regions closest to the chondral lesions, while
the depth-wise profiles of the two groups almost overlapped one
another in the regions further away from the lesions. Previous stu-
dies using the equine chondral lesion model have also reported al-
terations in the composition and biomechanical properties of
articular cartilage.?®%?

In this study, multiple gMRI parameters, including T4, T, CWTj,
AdT 1, AdT,,, and Trarr, Were used to study degenerative changes in
articular cartilage due to presence of adjacent lesions. The depth-
wise profiles of gMRI parameters revealed the changes between the
two groups in the upper half of the cartilage depth and in regions
adjacent to the lesions and followed the same trend as quantitative
histology. It is known that degenerative OA changes in articular
cartilage are progressive and commonly initiate from the superficial
zone.*>*2 The results of this study suggest that degeneration in
PTOA propagates from the lesions to the adjacent tissues starting
from the superficial zones. These findings suggest the potential of
gMRI parameters in tracking the progression of PTOA from a carti-
lage lesion towards the surrounding cartilage tissue.

The number of studies on T4 relaxation time constant without
contrast agent is very limited.”'%%*>3% |n the present study, T, along
with CWT,, and AdTy, were the only gMRI parameters to differ-
entiate affected regions adjacent to the chondral lesions from least
affected regions further away from the lesions. Previous studies of T4
have also reported the sensitivity of the parameter to degenerative
changes in cartilage.***° Moreover, T, had the strongest correlation
with the biomechanical modulus of cartilage, which is consistent with
previous studies.®** T, relaxation is most effective when the time

component of the local field fluctuations matches the resonant
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frequency of the water protons. High concentration of macro-
molecules in healthy cartilage increases the probability of the mac-
romolecular interactions with water protons, shortening T,
relaxation due to effective energy transfer between the spins and the
lattice. In case of degenerated cartilage, depleted extracellular matrix
induces an increase in the tissue hydration, which can lead to re-
duced mechanical stiffness as well as result in prolonged T,.”%*¢
These findings suggest that T, is sensitive to the degenerative al-
terations in articular cartilage and may deserve more attention in the
evaluation of cartilage than it has received so far.

T, is generally considered to be sensitive to changes of the
collagen fiber network of articular cartilage.'®*”*% In the present
study, T, could visually reveal differences in affected regions nearby
the lesions from similar regions in controls, although changes were
nonsignificant. Moreover, the relaxation time parameter was mod-
erately correlated with biomechanical stiffness, PG content and the
collagen fiber orientation angle. Similarly, Hirose et al®*” reported no
significant change in T, values with cartilage degeneration compared
to healthy cartilage. However, numerous studies have used T, in
clinical studies demonstrating its ability to reveal -cartilage
degeneration.****

CWTy, at different spin-locking amplitudes demonstrated vari-
able responses to tissue changes induced by the chondral lesions.
Towards the lower spin-lock amplitudes (0.2-1 kHz), CWT, was able
to discriminate tissue alterations in regions nearby the lesions from
regions further away from the lesions. This could be due to large
contribution of dipolar interactions and chemical exchange to the
relaxation time at lower spin-lock amplitudes.'>*? On the other hand,
moderate to strong correlation was found between all the applied
spin-lock amplitudes and the reference methods. The quantitative
microscopy results were of particular interest, showing an increasing
association of PG content and collagen fiber orientation with CWTy,
towards the lower spin-lock amplitudes, which is consistent with the
findings of a previous ex vivo human study.® Thus, current results on
low spin-locking amplitude CWT, indicate that the parameter is
more correlated with collagen orientation than with the PG content.
Furthermore, the correlation of CWT, with the collagen orientation
is comparable with that of T,. However, numerous studies have
primarily demonstrated the relation between CWT,, and PG
content'?121542; 3lthough the association of the relaxation para-
meter with the collagen network have also been reported.’**® The
findings of the present study suggest that CWT,, at lower spin-lock
amplitudes (yBy< 1kHz) are more sensitive to the degenerative
changes in cartilage compared with the higher amplitudes (yB; > 1
kHz), which supports the use of CWTy, imaging in the clinical setting,
where higher spin-locking amplitudes may not be achievable.

In contrast to CWT,,, where constant spin-lock amplitude RF is
applied, in AdTq, AdT,, and Tgrarr the spin-lock amplitude is
modulated over time, creating a wide range of effective frequencies
and extending the sensitivity of these parameters to molecular
fluctuations.”**® Previous studies of AdTy,, AdT,,, and Trarr have
demonstrated the high sensitivity of the MRI parameters to cartilage

degeneration.”"®%/*® Recent clinical studies of AdTs, and AdTy,

Research®

reported the association of these parameters with cartilage loss,
clinical OA features and meniscal tear.”®*° In the current study,
AdT4, was one of the three parameters, besides T, and CWT,, to
reveal PTOA changes in multiple locations adjacent to the lesions.
Examining the correlation analyses, Trarr Was strongly associated to
equilibrium modulus, with AdT4, and AdT,, showing moderate cor-
relations with the reference parameters.

Though the experimental setup and the sequence parameters were
optimized for the gMRI, certain limitations were identified in this study.
The sample size for the control group was relatively small (six samples),
which reduces the statistical power and resulted in asymmetric com-
parison with the experimental group (14 samples). The relatively small
sample size of the control group did not significantly impair this study,
however, as the goal was to investigate the feasibility of the gMRI
methods in detecting chronic changes due to lesions in the experimental
group. The size of the lesion has been reported to be critical in the
disease progression.”® In this study, the lesions were of approximately
the same size, limiting the assessment and discussion of the effect of the
lesion size on the extension of the degeneration in the surrounding
cartilage tissue. In addition, the data points from biomechanical in-
dentation and histology were not coregistered with the gMRI ROls.
However, visual markers (Figure 1E,F) were used to indicate the loca-
tions of the biomechanical indentation testing, which were then care-
fully and consistently followed through in histology and gMRI
measurements and analysis. Finally, the conclusions drawn in this
ex vivo study were based on high resolution images acquired at 9.4 T.
Further in vivo clinical studies are needed to prove the technical
translatability and clinical utility of the gqMRI parameters. In particular,
T, relaxation is field dependent and measurements at varying field
strengths may probe different properties of cartilage tissue.

In conclusion, this study reports the potential of multiple gMRI
relaxation parameters in noninvasive monitoring the progression of
PTOA in the cartilage surrounding surgically induced lesions. T4, low
spin-lock amplitude CWT4, and AdT,, were most responsive to the
degenerative changes, corresponding with biomechanical stiffness
and histological measurements of the cartilage tissue. Moreover, T,
had the strongest association with the biomechanical properties of
the cartilage tissue, which deserves more attention in clinical studies
of articular cartilage. CWT,, was more sensitive to the degenerative
changes towards the lower spin-lock amplitudes. T, values did not
significantly change in the affected regions and were less correlated
to collagen orientation compared with CWT4,. In the context of
PTOA, these findings highlight the potential of T;, CWTy, at clinically
feasible spin-lock amplitudes and AdT,, for the evaluation of
structural changes of articular cartilage.
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