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Abstract

Non-invasive techniques for quantifying early biochemical and biomechanical changes in articular 

cartilage may provide a means of more precisely assessing osteoarthritis (OA) progression. The 

goals of this study were to determine the relationship between T1rho magnetic resonance (MR) 

imaging relaxation times and changes in cartilage composition, cartilage mechanical properties, 

and synovial fluid biomarker levels and to demonstrate the application of T1rho imaging to 

evaluate cartilage composition in human subjects in vivo. Femoral condyles and synovial fluid 

were harvested from healthy and OA porcine knee joints. Sagittal T1rho relaxation MR images of 

the condyles were acquired. OA regions of OA joints exhibited an increase in T1rho relaxation 

times as compared to non-OA regions. Furthermore in these regions, cartilage sGAG content and 

aggregate modulus decreased, while percent degraded collagen and water content increased. In OA 

joints, synovial fluid concentrations of sGAG decreased and C2C concentrations increased 

compared to healthy joints. T1rho relaxation times were negatively correlated with cartilage and 

synovial fluid sGAG concentrations and aggregate modulus and positively correlated with water 

content and permeability. Additionally, we demonstrated the application of these in vitro findings 

to the study of human subjects. Specifically, we demonstrated that walking results in decreased 

T1rho relaxation times, consistent with water exudation and an increase in proteoglycan 

concentration with in vivo loading. Together, these findings demonstrate that cartilage MR 

imaging and synovial fluid biomarkers provide powerful non-invasive tools for characterizing 

changes in the biochemical and biomechanical environment of the joint.
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1. Introduction

Osteoarthritis (OA) is a joint disease characterized by the degeneration of articular cartilage, 

osteophyte formation, and joint space narrowing (Duvvuri et al., 1997). Articular cartilage is 

composed of chondrocytes in a dense extracellular matrix that is primarily made up of water, 

collagen, and proteoglycans, and has a limited capacity for repair following damage. OA 

progression is associated with increases in synthesis and breakdown of the extra-cellular 

matrix components, although the precise changes in the biochemical and biomechanical 

environment of the tissue as OA progresses remain unclear.

Recent data suggests that major contributing factors to early OA are altered mechanical 

loading and abnormal cartilage physiology (Guilak, 2011; Rivers et al., 2000). However, the 

specific contributions and interactions of these factors are not fully understood (Guilak, 

2011). Both altered loading patterns and abnormal physiology can contribute to degradation 

of the cartilage matrix, which is reflected in the biochemical and biomechanical properties 

of the extracellular matrix. Specifically, one of the earliest detectable changes in animal 

models of OA is a loss of biomechanical properties, including decreased compressive 

stiffness and increased permeability (Appleyard et al., 1999; Setton et al., 1994). 

Additionally, in OA cartilage, proteoglycan content decreases and the collagen network 

becomes disrupted (Keenan et al., 2011). These breakdown products are evident in synovial 

fluid with varying proteoglycan concentrations and increased collagen type II cleavage 

(C2C) neoepitope concentrations, depending on the OA severity (Bolam et al., 2006; Prink 

et al., 2010; Ratcliffe et al., 1988). Additionally, matrix metalloproteinases (MMPs) are 

elevated in OA cartilage, promoting the enzymatic digestion of extra-cellular matrix 

components and forming degradation fragments that can be detected in synovial fluid 

(Catterall et al., 2010; Janusz et al., 2002; Settle et al., 2010).

While molecular biomarkers in the synovial fluid can provide measures of overall joint 

health (Kraus et al., 2010), it is unclear how these biomarkers relate to local changes in the 

biochemical or biomechanical properties of cartilage. In this regard, quantitative magnetic 

resonance (MR) imaging techniques have been used to track early OA in vivo (Tang et al., 

2011). T1rho and T2 relaxation times in particular have been shown to be sensitive to 

disruptions in the organization of proteoglycan and collagen within the cartilage 

extracellular matrix, respectively (David-Vaudey et al., 2004; Duvvuri et al., 1997). 

Specifically, previous studies have shown that increased T1rho relaxation times correspond 

to decreased proteoglycan concentration and increased water content (Keenan et al., 2011; 

Li et al., 2011; Regatte et al., 2006; Wheaton et al., 2005). T2 relaxation times are sensitive 

to changes in collagen content, collagen organization, and water content (Choi and Gold, 

2011; Chou et al., 2009; Dunn et al., 2004; Jazrawi et al., 2011).

However, there is limited data providing a comprehensive assessment of the compositional, 

biochemical, and biomechanical properties of OA cartilage related to T1rho relaxation 
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times. Additionally, while synovial fluid biomarkers have been used to reflect the health 

status of the entire joint, their relationship to T1rho relaxation times is unclear. A 

comprehensive evaluation relating T1rho relaxation times to the properties of OA cartilage 

and synovial fluid biomarkers would provide critical information for evaluating the changes 

in the biochemical and biomechanical environment of the joint as OA progresses in vivo. In 

addition, these measurements could be used to establish molecular biomarkers that reflect 

changes in local cartilage biomechanical function and composition.

The goals of this study were to relate T1rho relaxation times to changes in cartilage 

composition, cartilage mechanical properties, and synovial fluid biomarker levels in vitro. In 

order to demonstrate the utility of these findings to the study of human subjects, we sought 

to quantify the effects of in vivo mechanical loading on T1rho relaxation times. We 

hypothesized that T1rho relaxation times, water content, and permeability would be 

increased in OA regions compared to normal regions of OA porcine joints, while cartilage 

sGAG content and aggregate modulus would be decreased in the OA regions. Additionally, 

we hypothesized that OA joints would contain decreased concentrations of synovial fluid 

sGAG and increased levels of C2C and MMP activity compared to normal joints. Finally, in 

human subjects, we hypothesized that in vivo mechanical loading experienced during 

walking would cause decreased T1rho relaxation times due to compression of the cartilage 

matrix leading to exudation of water and increased proteoglycan concentrations.

2. Materials and methods

2.1. In vitro experimental design

Medial femoral condyles were isolated from 2 to 3-year old skeletally mature female pig 

knees obtained from a local abattoir. Condyles were visually assessed for cartilage 

degradation, and divided into groups containing condyles with focal OA regions, which we 

defined as OA joints (n = 19), and condyles with no visual evidence of OA (healthy joints, n 

= 9). Healthy joints were included to provide reference data for normal cartilage values. The 

cartilage was photographed and graded by three blinded graders for OA severity using the 

Collins scale (Collins and McElligott, 1960). During the dissection, synovial fluid from each 

joint was collected and stored at −80 °C. The harvested condyles were then adhered to the 

base of a plastic container, immersed in phosphate buffered saline (PBS), and MR scanned.

Sagittal GRE T1rho- and TSE T2-relaxation MR images were acquired using a 3T scanner 

(Trio Tim, Siemens) with an 8 channel knee coil using the parameters in Table 1 (Borthakur 

et al., 2003). After scanning, 5 mm diameter cartilage explants were harvested from the 

condyles. For condyles from OA joints, three explants (one each for histological, 

biochemical, and biomechanical testing) were harvested from both the OA region and from 

the normal region on the same condyle. For condyles from healthy joints, three total 

cartilage explants were harvested. The relative position of the biopsy punches for 

histological, biochemical, and biomechanical testing was varied for each joint to reduce site-

to-site variability in the outcome measures.
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2.2. Cartilage assessment

2.2.1. Histology and grading—For histology, the explants were frozen in OCT (Sakura 

Finetek) and cut into 8 μm thick sections. Tissue sections were formalin fixed and stained 

with Harris Hematoxylin with glacial acetic acid (Poly Scientific), 0.02% aqueous fast green 

(Sigma-Aldrich), and Safranin-O (Sigma-Aldrich) to identify cell nuclei, collagens, and 

proteoglycans, respectively. Stained sections were photographed and cartilage structure and 

Safranin-O staining were quantified by three blinded graders, using a Modified Mankin 

grading scale (Lim et al., 2011; Xie et al., 2006).

2.2.2. MR imaging analyses—T1rho and T2 relaxation times were determined for each 

pixel using a two-parameter least-squares regression for the following equations, 

respectively (Borthakur et al., 2003):

where S is the signal intensity, TSL is the spin lock time, and TE is the echo time.

For the OA joints, T1rho and T2 analyses were performed as described above on the normal 

and OA regions of cartilage separately. Normal and OA regions of OA joints were identified 

visually from the MR images and confirmed from photographs of each condyle. Explants for 

histology, biochemistry, and mechanical testing were taken from these same visually 

identified regions. For the healthy joints, T1rho and T2 analyses were performed across the 

entire condyle.

2.2.3. Biochemical analyses—For biochemical analyses, explants were cut in half, wet 

weights were determined, explants were lyophilized, and then dry weights were measured to 

calculate the percent water content of each explant. One half of each explant was digested in 

1 mL of papain (Rowland et al., 2013) overnight at 65 °C and then sulfated 

glycosaminoglycan (sGAG) content in the tissue was measured using the 1, 9-

dimethylmethylene blue (DMB) assay (Farndale et al., 1982). Total micrograms of sGAG 

were corrected for the wet weight of the tissue.

In order to solubilize extractable or cleaved collagen in the tissue, the second half of each 

explant was digested overnight in 1 mg/mL α-chymotrypsin (Sigma) at 37 °C (Hosseininia 

et al., 2013). After chymotrypsin digestion, the supernatant was collected and stored at 

−20 °C and the remaining tissue was papain digested overnight at 65 °C (Rowland et al., 

2013). Collagen content in the chymotrypsin and papain fractions was measured using a 

hydroxyproline assay with trans-4-hydroxyproline standards (Sigma) (Detamore and 

Athanasiou, 2004; Woessner, 1961). Total collagen content was calculated as the sum of the 

collagen content in the papain and chymotrypsin digested fractions. The percentage of 

extractable collagen in each explant was calculated by dividing the collagen content in the 

chymotrypsin fraction by the total collagen content and multiplying by 100.
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2.2.4. Biomechanical analyses—For biomechanical testing, creep experiments were 

performed in a confined-compression configuration, using an ELF 3100 materials testing 

system (Bose). Explants were confined in a chamber containing PBS and compressive loads 

were applied with a rigid porous platen. Explants were loaded into the confining chamber to 

ensure that the samples were flat and parallel to the loading platen. Explants were loaded 

with a 2 gf tare load, then a step compressive load of 17 gf was applied, and samples were 

allowed to equilibrate until the change in displacement was less than 0.001 mm over a 

period of 100 s. The average coefficient of determination (r2) of the resulting creep curves 

was 0.96. A nonlinear least-squares regression procedure was utilized to determine the 

compressive modulus (HA) and hydraulic permeability (k) of the tissue (McNulty et al., 

2013; Mow et al., 1980).

2.3. Synovial fluid biomarkers

Synovial fluid sGAG concentrations were measured using an alcian blue assay (Kamiya 

Biomedical). C2C was measured in the synovial fluid using an enzyme-linked 

immunosorbent assay (Ibex) that detects a neoepitope created by the cleavage of type II 

collagen by collagenases. Total MMP activity in the synovial fluid was measured using the 

quenched fluorogenic substrate Dab-Gly-Pro-Leu-Gly-Met-Arg-Gly-Lys-Flu (Sigma-

Aldrich), as previously described (Backus et al., 2011; Carter et al., 2015; Liu et al., 2016; 

McNulty et al., 2009; Wilusz et al., 2008).

2.4. In vivo T1rho imaging

To further explore the relationship of T1rho relaxation times to changes in cartilage 

properties, we examined the effects of mechanical loading in response to in vivo conditions. 

In 6 healthy subjects, we measured T1rho relaxation times before and after a walking 

activity (Lad et al., 2016). Subjects arrived early in the morning (Coleman et al., 2013) to 

allow for baseline cartilage measurements following a 45 min relaxation period (Lad et al., 

2016). Subjects were then imaged with a 3T MRI scanner and an eight-channel knee coil 

using the parameters shown in Table 1. Subjects then walked on a treadmill for 20 min at 2.5 

mph (Lad et al., 2016). Immediately after walking, subjects received a post activity T1rho 

scan. The bony and articular surfaces of the MR images were traced and stacked to form a 

wireframe model. Solid modeling software (Geomagic, Studio, Geomagic, Inc.) was used to 

align the pre- and post-activity models (Abebe et al., 2011) to allow for site-specific 

comparison of T1rho relaxation times. A grid sampling system was created on the cartilage 

surface to span the entire tibial and femoral cartilage surfaces (Lad et al., 2016; Okafor et al., 

2014). T1rho values were calculated as described in the MR Image Analysis section above.

2.5. Statistical analyses

Statistical analyses were performed using Statistica version 7 (StatSoft). The normal regions 

and OA regions in the OA joints were compared using the Wilcoxon matched pairs test. 

Healthy and OA joints were compared using the Mann-Whitney U test. In order to normalize 

the data to plot linear correlations, we used Mankin grade to categorize the data from the 

different outcome measures (9 groups ranging from Mankin grades 0–9). Within each group, 

outcome measures (T1rho relaxation time, sGAG, water content, modulus, permeability, and 
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SF sGAG) were averaged. Pearson’s correlations were then performed to assess the 

relationship of T1rho with the various outcome measures. Single mean t-tests were used to 

analyze the effects of treadmill walking on in vivo T1rho relaxation times across the 

tibiofemoral joint. Differences were considered statistically significant where p < 0.05.

3. Results

3.1. Collins and histological grading

Visual grading of cartilage showed that there was a significant difference in Collins grade 

between healthy and OA joints (Fig. 1A, p < 0.0001). In healthy joints and the normal 

regions of OA joints, histological staining of cartilage explants revealed intact cartilage 

structure and robust Safranin-O staining, indicative of a proteoglycan rich extracellular 

matrix (Fig. 2). However, the OA regions of OA joints demonstrated substantial tissue 

degeneration, loss of proteoglycan staining, and disruption of the collagen network (Fig. 2). 

Modified Mankin grading of the tissue sections revealed significantly higher Mankin scores 

in the OA regions of the OA joints, compared to the normal regions of the OA joints (Fig. 

1B, p = 0.0002).

3.2. Imaging biomarkers

The T1rho color maps illustrate higher relaxation times, particularly in the surface layer in 

the OA regions of the OA joints (Fig. 2). Overall, there was a significant 5% increase in 

median T1rho relaxation times in the OA regions compared to the normal cartilage regions 

of OA joints (Fig. 1C, p = 0.001). On the other hand, overall median T2 relaxation times 

were significantly decreased in the OA regions of OA joints by approximately 36% (Fig. 1D, 

p = 0.002).

3.3. Biochemical composition of cartilage

The median cartilage sGAG content was 47% lower in the OA regions of cartilage compared 

to the normal regions of cartilage in the OA joints (Fig. 3A, p = 0.0002). The total collagen 

content was not significantly different between these groups (Fig. 3B). However, the 

percentage of extractable collagen was significantly elevated in the OA regions compared to 

the normal regions of OA joints (Fig. 3C, p = 0.002). The percent water content was 5% 

higher in OA regions of cartilage compared to the normal regions of cartilage in OA joints 

(Fig. 3D, p = 0.0004).

3.4. Biomechanical properties

The cartilage aggregate modulus was significantly decreased by 56% (Fig. 4A, p = 0.0002) 

in the OA region compared to the normal region of cartilage in OA joints. Hydraulic 

permeability was increased by 35% in the OA regions of the OA joints (Fig. 4B, p = 0.06).

3.5. Synovial fluid biomarkers

Synovial fluid sGAG concentrations were nearly 63% lower in the OA joints compared to 

the healthy joints (Fig. 5A, p = 0.01). C2C concentrations, indicative of collagen breakdown 

by collagenases, in the synovial fluid were significantly elevated in the OA joints compared 
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to the healthy joints (Fig. 5B, p = 0.006). MMP activity trended towards being increased in 

the synovial fluid from OA joints compared to healthy joints (Fig. 5C, p = 0.12).

3.6. Correlations

T1rho relaxation times were positively correlated with Mankin grade (Fig. 6A, R = 0.90, p = 

0.001). In addition, T1rho relaxation times were negatively correlated with tissue sGAG 

content (Fig. 6B, R = −0.88, p = 0.002) and positively correlated with water content (Fig. 

6C, R = 0.72, p = 0.03). Furthermore, T1rho relaxation times were negatively correlated 

with aggregate modulus (Fig. 6D, R = −0.75, p = 0.02) and positively correlated with 

hydraulic permeability (Fig. 6E, R = 0.93, p < 0.001). Finally, synovial fluid sGAG 

concentrations were negatively correlated with T1rho relaxation times (Fig. 6F, R = −0.74, p 
= 0.02).

3.7. In vivo T1rho imaging

Following 20 min of treadmill walking, T1rho relaxation times decreased in both the medial 

and lateral tibiofemoral compartments (Fig. 7, p < 0.05), suggesting a decrease in the water 

content and an increase in the proteoglycan concentration.

4. Discussion

Our results demonstrate that non-invasive MR imaging correlates to changes in the 

compositional, biochemical, and biomechanical properties of cartilage in OA joints. In OA 

regions of cartilage, T1rho relaxation times increased, corresponding to decreased sGAG 

content in the tissue. Additionally, these changes in the T1rho relaxation times were 

associated with alterations in the mechanical properties of the tissue. Elevated T1rho 

relaxation times were also correlated to decreased levels of sGAG in the synovial fluid, 

demonstrating an important relationship between imaging and molecular biomarkers of 

cartilage health. Finally, we demonstrated an in vivo application of T1rho in human subjects, 

indicating that walking results in decreased T1rho relaxation times, consistent with water 

exudation and a corresponding increase in proteoglycan concentration with in vivo loading.

OA regions and normal regions of cartilage within the same porcine joint showed significant 

differences in both biomechanical and biochemical properties. Furthermore, the similarities 

between the cartilage from healthy joints and the normal regions of cartilage from OA joints 

suggest that cartilage degeneration in this porcine animal model is relatively focal and is not 

occurring uniformly throughout the condyle. In a previous study, the properties of healthy 

appearing cartilage from the patellar groove of porcine knee joints were compared to the 

arthritic cartilage of the medial femoral condyle within the same joint (Hennerbichler et al., 

2008). The authors found relatively small changes in the modulus and histologic appearance 

of the normal appearing regions of cartilage across a wide range of OA severities. These 

results are consistent with our findings of localized changes in cartilage composition and 

properties within the OA regions, and similar values between cartilage in the normal regions 

of OA joints and healthy joints.

The alterations in the biochemical and biomechanical properties reported in this study align 

with changes in cartilage that have been previously associated with OA (Appleyard et al., 
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1999; Guilak et al., 1994; Rivers et al., 2000; Setton et al., 1994). We found that the OA 

cartilage showed a decrease in sGAG content, an increase in degraded collagen, a decrease 

in the aggregate modulus, and an increase in water content. In the synovial fluid of OA 

joints, decreased sGAG concentrations and increased C2C concentrations corresponded with 

joint degradation. A study using enzymatic depletion to induce the degradation of articular 

cartilage found results that are consistent with our study, showing a decrease in sGAG 

content as cartilage degraded and no change in the total collagen content (Grenier et al., 

2014). For the biomechanical properties, a decrease in the aggregate modulus and an 

increase in the permeability of enzymatically degraded cartilage was also found. Similarly, 

Wheaton et al. used cytokine-induced cartilage degradation and found a decrease in sGAG 

content and compressive modulus, an increase in hydraulic permeability, and only small 

changes in collagen content (Wheaton et al., 2005).

Our results show that T1rho relaxation times were increased in the OA regions compared to 

normal regions of OA joints and were negatively correlated with sGAG content in the tissue. 

These results are consistent with a previous study reporting that proteoglycan-degraded 

specimens had a 33% increase in T1rho relaxation time over collagen-degraded or normal 

articular cartilage (Duvvuri et al., 1997). Regatte et al. (2004) demonstrated higher T1rho 

relaxation times for OA subjects when compared to their healthy counterparts, and the T1rho 

values varied depending on the degree of cartilage degeneration. In another study, T1rho 

relaxation times were also correlated with OA severity (Li et al., 2007). In the present study, 

we confirmed that T1rho relaxation times positively correlated with OA severity, but also 

found that T1rho relaxation times negatively correlated with mechanical properties.

Additionally, we demonstrated that T2 mapping has significantly lower relaxation times in 

the OA regions of cartilage compared to the normal regions of cartilage in the OA joints. 

Histology of the OA cartilage showed that the superficial layer was missing in most samples; 

therefore, the lower T2 relaxation times may be due to the loss of the highly organized 

superficial zone (Nieminen et al., 2000). T2 values in the superficial zone are significantly 

higher than the deep zone values (Hannila et al., 2009; Nieminen et al., 2001), so the 

absence of the superficial layer in the OA cartilage would likely cause lower T2 relaxation 

times in these samples. Others have also found that T2 values were higher in tibial cartilage 

with moderate OA compared to severe OA (David-Vaudey et al., 2004). Interestingly, we did 

not detect any changes in the total collagen content of the cartilage in the OA regions. 

However, the percentage of degraded collagen in the tissue, as measured using chymotrypsin 

digestion, and in the synovial fluid, as measured using the C2C assay, was increased. 

Previous studies have also shown increased collagen degeneration in OA tissue using 

chymotrypsin digestion (Bank et al., 1997; Hosseininia et al., 2013). Our findings highlight 

the complexity of factors and interactions that contribute to the T2 relaxation time. Since T2 

relaxation times are sensitive to changes in water content, collagen content, and the 

organization of collagen fibrils in the extracellular matrix (Choi and Gold, 2011), our 

findings suggest that in this model, the disruption of the collagen network due to loss of the 

superficial zone in the OA regions is contributing more strongly to the T2 signal than the 

contribution of water content changes alone.
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Although many studies have investigated the changes in synovial fluid during OA 

progression, very little data is available on synovial fluid biomarker levels related to MR 

imaging biomakers. Previous data has shown that sGAG concentrations are decreased in 

synovial fluid from OA patients compared to their healthy counterparts (Hollander et al., 

1991). In our study, there was a negative correlation between synovial fluid levels of sGAG 

and T1rho relaxation times. The decreased sGAG concentrations in the synovial fluid of the 

OA joints in this study reflected the severe degradation that was also seen histologically, by 

T1rho imaging, and in sGAG tissue content. Overall, in this study the synovial fluid 

biomarkers reflect the focal changes in tissue composition and mechanical properties that 

were correlated with changes in the imaging biomarkers. Together, these imaging and 

molecular biomarkers provide powerful tools to non-invasively measure tissue changes 

associated with OA. Future studies will help to further elucidate the relationship of MR 

imaging biomarkers and synovial fluid biomarkers during OA progression. Such data is 

critical to establishing molecular biomarkers that reflect changes in the local tissue 

environment and could be used to identify those at high risk for the development and 

progression of OA.

In order to relate our in vitro findings from the porcine joints to analysis of human subjects, 

we examined the effects of mechanical loading on T1rho relaxation times in vivo. In this 

study, we found that walking in human subjects results in decreased T1rho relaxation times. 

Our previous work has shown that walking causes compressive strains of the cartilage (Lad 

et al., 2016), consistent with water exudation from the matrix (Lai et al., 1981). Thus, the 

decreased T1rho relaxation times observed in the present study are likely reflecting 

increased apparent proteoglycan concentrations due to loss of water with in vivo loading, 

which are consistent with the in vitro correlative relationships that we demonstrated in this 

study with porcine cartilage. In addition, our findings are consistent with previous work 

demonstrating decreased T1rho and T2 relaxation times following running (Mosher et al., 

2005; Subburaj et al., 2012). These studies highlight the utility of T1rho in quantifying 

physiologically relevant changes in proteoglycan concentration experienced in vivo and in 

tracking changes associated with OA. Additionally, these results also emphasize the 

importance of controlling for loading history prior to imaging when using T1rho relaxation 

times in clinical studies monitoring cartilage health. Finally, when coupled with in vivo 
measures of cartilage strains (Carter et al., 2015; Coleman et al., 2013; Sutter et al., 2015; 

Widmyer et al., 2013), these imaging and synovial fluid biomarkers could be used to track 

the relationship between altered mechanical loading and changes in the composition of the 

tissue. Such information could provide invaluable data characterizing the interplay between 

mechanical loading and biological processes that occur with OA.

The MR imaging and molecular biomarkers of both cartilage and synovial fluid presented in 

this study have the potential to provide new insights into the mechanisms leading to OA 

development and progression. Specifically, these measurements provide powerful non-

invasive tools for comprehensively characterizing changes in the biochemical and 

biomechanical environment of the joint. Additionally, by comparing molecular biomarkers 

to imaging biomarkers of cartilage composition and mechanical properties, we can establish 

new non-invasive clinically relevant molecular biomarker measurements of cartilage health. 
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Ultimately, a better understanding of the changes associated with OA development and 

progression may lead to new interventions aimed at slowing this devastating disease.
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Fig. 1. 
Median (A) Collins grades of healthy and OA joints, (B) Modified Mankin grades, (C) 

T1rho relaxation times, and (D) T2 relaxation times of normal and OA regions of the 

cartilage from OA joints (*p < 0.05). The error bars show the interquartile range. The hashed 

box indicates the interquartile range for the healthy joints.
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Fig. 2. 
Representative histology, T1rho imaging, and T2 imaging for a healthy joint and normal and 

OA regions of cartilage from an OA joint. Histological staining with Safranin-O 

(proteoglycan = red), fast green (collagen = blue), and hematoxylin (nuclei = black). Scale 

bar = 500 μm. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the web version of this article.)
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Fig. 3. 
Quantification of cartilage biochemical composition showing median (A) sGAG content, (B) 

Total collagen content, (C) % Extractable collagen, and (D) % Water content of normal and 

OA regions of cartilage from OA joints (*p < 0.05). The error bars show the interquartile 

range. The hashed box indicates the interquartile range for the healthy joints.
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Fig. 4. 
Quantification of cartilage mechanical properties showing median (A) Aggregate modulus 

and (B) Hydraulic permeability of normal and OA regions of cartilage from OA joints (*p < 

0.05). The error bars show interquartile range. The hashed box indicates the interquartile 

range for the healthy joints.
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Fig. 5. 
Quantification of synovial fluid content showing median (A) sGAG content, (B) C2C levels, 

and (C) MMP activity in fluorescence units/mL from healthy and OA joints (*p < 0.05). The 

error bars show the interquartile range.
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Fig. 6. 
Pearson’s correlations demonstrating significant relationships of T1rho relaxation times with 

(A) Mankin grade, (B) tissue sGAG content, (C) water content, (D) aggregate modulus, (E) 

hydraulic permeability, and (F) synovial fluid (SF) sGAG. Circles indicate individual data 

points and diamonds represent the mean data points categorized by Mankin grade.
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Fig. 7. 
(A) A grid system was used to span the tibial (depicted here) and femoral cartilage surfaces 

(Lad et al., 2016) in order to measure T1rho relaxation times across the joint. The color map 

illustrates changes in T1rho relaxation values before and after walking on a treadmill. (B) 

Percent change in T1rho relaxation times resulting from the walking activity in both the 

medial and lateral compartments of the tibiofemoral cartilage. * indicates a statistically 

significant change in T1rho relaxation times after walking (p < 0.05).
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Table 1

T1rho and T2 MR imaging parameters.

Parameter In vitro imaging In vivo imaging T1rho

T1rho T2

Repetition time (TR) 3500 ms 3500 ms 3500 ms

Echo time (TE) 5.9 ms 13.8, 27.6, 41.4, 55.2, 69.0, 82.8, 96.6 ms 5.9 ms

Field of view (FOV) 140 × 140 mm 140 × 140 mm 140 × 140 mm

Matrix size 256 × 256 256 × 256 256 × 256

Slice thickness 3 mm 3 mm 3 mm

Slice gap 0 mm 0 mm 0 mm

Spin-lock frequency 500 Hz – 500 Hz

Spin lock times (TSL) 5, 10, 20, 40, 60, 80, 100 ms – 5, 10, 40, 80 ms
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