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Abstract

T1ρ and T2 relaxation time constants have been proposed to probe biochemical changes in

osteoarthritic cartilage. This study aimed to evaluate the spatial correlation and distribution of T1ρ
and T2 values in osteoarthritic cartilage. Ten patients with osteoarthritis (OA) and 10 controls were

studied at 3T. The spatial correlation of T1ρ and T2 values was investigated using Z-scores. The spatial

variation of T1ρ and T2 values in patellar cartilage was studied in different cartilage layers. The

distribution of these relaxation time constants was measured using texture analysis parameters based

on gray-level co-occurrence matrices (GLCM). The mean Z-scores for T1ρ and T2 values were

significantly higher in OA patients vs. controls (P < 0.05). Regional correlation coefficients of T1ρ
and T2 Z-scores showed a large range in both controls and OA patients (0.2– 0.7). OA patients had

significantly greater GLCM contrast and entropy of T1ρ values than controls (P < 0.05). In summary,

T1ρ and T2 values are not only increased but are also more heterogeneous in osteoarthritic cartilage.

T1ρ and T2 values show different spatial distributions and may provide complementary information

regarding cartilage degeneration in OA.
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Hyaline articular cartilage plays an important role in the function of diarthrodial joints.

Degeneration of cartilage is also one of the most critical biomarkers in degenerative and

traumatic joint diseases such as osteoarthritis (OA) (1). Current clinical evaluation of cartilage

degeneration relies primarily on plain radiographs, which depict only gross osseous changes

that tend to occur late in the disease. Cartilage loss can only be indirectly inferred by joint-

space narrowing, and early changes in the articular cartilage may not be visible on plain

radiographs.

Magnetic resonance imaging (MRI) of cartilage has improved greatly during the past decade

(2). It offers multi-planar capabilities and high spatial resolution without ionizing radiation,

and provides superior depiction of soft- tissue details. Cartilage morphology can be examined
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qualitatively, and cartilage volume and thickness can be quantified using very high-resolution

MR images. The most active development in this field, however, lies in imaging cartilage

matrix biochemistry that is essential for detecting cartilage degeneration at the very early stages

of the disease (3,4).

Hyaline cartilage consists of a small number of chondrocytes and a large extracellular matrix

(ECM). The ECM is composed primarily of water and a mixture of amorphous and fibrous

components. The amorphous component predominantly contains proteoglycans (PGs) that

consist of highly negative-charged polysaccharide chains (glycos-aminoglycans [GAGs]). A

key function of these aggregates is to provide a stable environment of high fixed-charge density

(FCD), which is essential for imbibing and retaining water. The formed component of the

ground substance is composed of collagen fibers (mainly type II) that interact electrostatically

with the GAGs to form a cross-linked matrix. The distribution and orientation of collagen in

cartilage demonstrates anatomical zones at microscopy. The collagen fibers are oriented

parallel to the articular surface in the superficial zone, perpendicular in the radial zone, and

arcade-like in the transitional zone. Early events during cartilage breakdown include the loss

of PGs, changes in water content, and molecular-level changes in collagen (5). Early diagnosis

of cartilage degeneration would require the ability to noninvasively detect changes in PG

concentration and collagen integrity before gross morphologic changes occur.

Recent advances in imaging cartilage composition include T1ρ and T2 relaxation time constant

mapping. Immobilization of water protons in cartilage by the collagen-PG matrix promotes

T2 decay. Damage to the collagen-PG matrix and an increase of water contents in degenerating

cartilage can increase T2 values (6,7). The T1ρ parameter describes the spin-lattice relaxation

in the rotating frame (8). It probes the slow-motion interactions between motion-restricted

water molecules and their local macromolecular environment. Changes to the ECM, such as

PG loss, may be reflected in the elevation of T1ρ (9,10).

Although previous studies have observed elevated T1ρ and T2 values in OA patients, few studies

have documented quantitative evaluation of the spatial distribution of T1ρ and T2 values, and

the correlation between these two parameters (11). Texture analysis can be used to examine

the spatial distribution of pixel values and quantify the heterogeneity in an image (12). The

most commonly used texture analysis parameters are those extracted from the gray-level co-

occurrence matrix (GLCM) as proposed by Haralick et al. (13). The GLCM determines the

frequency at which neighboring gray-level values occur in an image. Parameters derived from

GLCM provide information on the variation between neighboring pixels and directly quantify

the distribution of the image signal. Some very recent studies used this method to characterize

the distribution of cartilage pixel values in anatomic images (14) and T2 relaxation maps

(15).

We previously observed significantly elevated mean cartilage T1ρ and T2 values in patients

with knee OA, and the increase was correlated with the severity of disease based on plain

radiographs and morphologic MRI findings (16). The goals of this study, using the same patient

cohort, were to 1) evaluate the spatial variation of T1ρ and T2 relaxation time constants and the

relationship of both techniques; and 2) investigate the spatial distribution of T1ρ and T2 values

using texture analysis.

MATERIALS AND METHODS

Subjects

Ten healthy volunteers (four female and six male, mean age = 41 years with a range from 28

to 74 years) and 10 patients with clinically diagnosed OA (three female and seven male, mean

age = 56 years with a range from 37 to 72 years) were studied. All patients had clinical
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symptoms and signs of OA (pain, stiffness or swelling of the joint) and demonstrated

radiographic changes consistent with OA. The inclusion/exclusion criteria for the control

subjects were no history of OA symptoms, no prior knee trauma, and no OA-related MR

findings. The study was approved by the committee for human research at our institution, and

all of the subjects gave informed consent.

Imaging Protocols

All MR exams were implemented on a 3T GE Excite Signa (GE Healthcare, Waukesha, WI)

MR scanner using a quadrature transmit/receive knee coil (Clinical MR Solutions, Brookfield,

WI). The protocol included six sequences: sagittal T1-weighted spin-echo (SE) imaging (TR/

TE = 700/13.5 ms, FOV = 16 cm, matrix = 288 × 224, bandwidth = 15.63 KHz, Number of

excitations [NEX] = 2), sagittal and axial 3D water excitation high-resolution spoiled gradient-

echo (SPGR) imaging (TR/TE = 15/6.7 ms, flip angle = 12, FOV = 16 cm, matrix = 512 × 512,

slice thickness = 1 mm, bandwidth = 31.25 kHz, NEX = 0.75), fat-saturated T2-weighted fast

SE (FSE) images (TR/TE = 3700/68 ms, FOV = 14 cm, matrix = 288 × 224, slice thickness =

3 mm, echo train length [ETL] = 8, bandwidth = 16.5 kHz, NEX = 2), and axial T1ρ-weighted

and T2-weighted images.

The multislice T1ρ-weighted images were obtained using the sequence we previously

developed based on spin-lock (SL) techniques and spiral image acquisition The technique was

detailed in a previous publication (17) and was summarized as follows: The SL pulse cluster

consisted of a hard 90° pulse followed by a SL pulse and a hard −90° pulse. The first 90° pulse

applied along the x-axis flipped the longitudinal magnetization into the transverse plane along

the y-axis. Then, a long low-power pulse was applied along the y-axis to spin-lock the

magnetization. The second 90° pulse flipped this spin-locked magnetization back to the z-axis.

The phase of the second half of the SL pulse was shifted 180° from the first half to reduce

artifacts caused by B1 inhomogeneity (18). Residual transverse magnetization was dephased

by a crusher gradient. Magnetization stored along the z-axis was read out by a multislice spiral

sequence. A spiral interleave from each prescribed slice was acquired in rapid succession. Any

residual longitudinal magnetization was then spoiled using magnetization reset pulses

consisting three sets of 90° excitations and spoiler gradients applied sequentially. This

magnetization reset was followed by an operator-defined recovery time in order to ensure that

the signal right before T1ρ preparation was the same independently of spin history. An RF

cycling technique was used to eliminate T1 contamination in the T1ρ-weighted images. The

duration of SL pulses, or the time of SL (TSL), determined the amount of T1ρ weighting in

acquisition. The strength of SL was defined as the SL frequency (FSL). The sequence was

validated in phantoms and in vivo, and the average coefficient of variation was 0.86% in

agarose phantoms and 4.8% in vivo, showing good reproducibility (17).

The acquisition parameters were: 14 interleaves/slice, 4096 points/interleaf, FOV = 16 cm,

effective in-plane spatial resolution = 0.6 × 0.6 mm, slice thickness = 3 mm, skip = 1 mm,

number of slices = 14 –16, TR/TE = 2000/5.8 ms, TSL = 20/40/60/80 ms, FSL = 500 Hz, NEX

= 1. The total acquisition time was approximately 13 minutes. The axial T1ρ-weighted images

were prescribed on sagittal SPGR images, covering regions from the top of the patellar cartilage

to the femoral-tibial cartilage.

The T2 quantification was also based on a magnetization preparation sequence with spiral

imaging (19,20), To briefly summarize, the T2 preparation pulses contained an MLEV train of

nonselective composite 90x180y90x refocusing pulses. The refocusing train was preceded and

followed by a composite 90x/90−x (360x270−x90y/45−x90−y90x45y) pulse pair for rotation of

magnetization into and out of the transverse plane. Simulation suggested that this design of

magnetization preparation, combining with effective correction for T1 signal decay during each

pulse, provided T2 measurement accuracy within 5%, given B1 offset within ±20% and B0
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offset ±2 ppm (21). All other prescription parameters of the T2 sequence were identical to the

T1ρ sequence except for TR/TE = 2000/6.7, 12, 28, 60 ms. The total acquisition time was

approximately 11 min. The T2 quantification was acquired subsequently and covered the same

region as the T1ρ sequence.

Image Processing

T1ρ maps were reconstructed by fitting the image intensity pixel-by-pixel to the equation below

using a Levenberg-Marquardt monoexponential fitting algorithm developed in-house:

[1]

T1ρ-weighted images with the shortest TSL (and therefore with the highest SNR) were rigidly

registered to high-resolution T1-weighted SPGR images acquired in the same exam using the

VTK CISG Registration Toolkit (22). Normalized Mutual Information (NMI) was used during

registration (23). The 2D images were interpolated using a trilinear interpolation algorithm

before the 3D volume registration. The transformation matrix was applied to the reconstructed

T1ρ map.

Cartilage was segmented semiautomatically from the high-resolution SPGR images using an

in-house-developed program with MATLAB based on edge detection and Bezier splines

(24). Seven compartments were defined as shown in Fig. 1: posterior lateral femoral condyle

(pLFC), posterior medial femoral condyle (pMFC), trochlea lateral femur (trLF), trochlea

medial femur (trMF), lateral patellar (LP), central patellar (CP), and medial patellar (MP). The

segmentation was corrected manually to avoid synovial fluid or other surrounding tissue. 3D

cartilage contours were generated and overlaid on the registered T1ρ map.

Similarly, T2 maps were reconstructed by fitting the image intensity pixel-by-pixel to the

equation:

[2]

T2-weighted images with the shortest TE were rigidly registered to SPGR images, and the

transformation matrix was applied to T2 maps using the VTK CISG Registration Toolkit. The

cartilage contours previously generated from SPGR images were also overlaid on the registered

T2 map.

To study the spatial variation of T1ρ and T2 values along cartilage depth, the line profile of

T1ρ and T2 values from cartilage/bone interface to cartilage surface was generated in the patellar

cartilage (Fig. 2). Eleven lines were generated, with four in LP, three in CP, and four in MP.

The data were interpolated into 30 data points on each line. The data were then fitted to the

function below as suggested by Smith et al. (25):

[3]

where y is the T1ρ or T2 values, and x is the cartilage depth normalized to 0 –1 (0: bone/cartilage

interface; 1: cartilage surface). The mean T1ρ and T2 data for each layer of cartilage were also

calculated based on these line profile data with data point 1–15 for the deep or radial zone, data

point 16 –25 for the transitional zone, and data point 26 –30 for the superficial zone.

To study the spatial correlation between T1ρ and T2 values, T1ρ and T2 Z-scores were calculated

as:
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[4]

where Voxel1 is the T1ρ or T2 in the voxel of interest, and Meannormal, comparment and

SDnormal, comparment are the mean and standard deviation of T1ρ or T2 for all voxels of the

normal knees in that compartment derived from healthy controls, respectively. The point-to-

point correlation between the Z-scores of T1ρ and T2 in each patient were calculated for each

compartment and for the overall cartilage using a Pearson correlation.

Texture analysis was performed on a slice-by-slice basis on the cartilage T1ρ and T2 maps in

four subcompartments: MFC, LFC, trochlea (combing trLF and trMF), and patellar (combining

LP, MP, and CP). The parameters were extracted from the GLCM. Analysis can be performed

at a defined orientation (e.g., 0° and 90°) and a defined spacing (e.g., spacing = 1 for nearest-

neighbor pixels). From GLCM, it is possible to calculate a set of at least 14 parameters. Three

first-and second-degree texture parameters were calculated in this study:

[5]

where P represents the probability of the co-occurrence of pixel values i and j in an image. N

represents the number of distinct gray levels in the quantized image. R is a normalizing constant.

The contrast feature is a measure of the contrast of the amount of local variation present in an

image. Angular second moment (ASM) is a measure of order in an image, while entropy is a

measure of disorder in an image. These parameters were chosen because we wanted to include

parameters from the different groups of texture measures. These groups are the contrast group

(which contains the contrast parameter) and the orderliness group (which contains entropy and

ASM).

Texture parameters of T1ρ and T2 maps were calculated at 0° (corresponding to the anterior–

posterior axis) and at 90° (corresponding to the superior–inferior axis), with pixel offsets

ranging from 1 to 3 pixels. The pixel offset range was chosen based on the fact that

approximately 3– 4 pixels span the cartilage thickness.

Statistical Analysis

Student’s t-test was used to compare the mean T1ρ and T2 Z-scores between control subjects

and OA patients in each subcompartment. The Pearson correlation coefficients of T1ρ and T2

Z-scores were calculated in each subcompartment. Student’s t-test was also used to compare

the texture parameters between controls and OA patients.

RESULTS

T1ρ and T2 Z-scores in Controls and OA Patients

The average Z-score for T1ρ and T2 values was significantly higher in patients with OA than

control subjects (2.14 ± 0.98 in OA vs. 0.004 ± 0.69 in controls, P > 0.0003 for T1ρ Z-scores,

and 2.08 ± 1.44 vs. −0.26 ± 0.50, P > 0.002 for T2 Z-scores, Table 1). Figure 3 shows

representative images of T1ρ and T2 maps for a healthy control subject and a patient with OA.
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In the femoral subcompartments, the T1ρ and T2 Z-scores were also significantly higher in OA

patients than those in controls. The difference was not significant, however, in the patellar

subcompartments, except for the T1ρ Z-score in the central patella compartment.

No significant difference was found in the correlation between T1ρ and T2 Z-scores of overall

cartilage between controls and OA patients (0.522 ± 0.183, ranging from 0.221 to 0.763 in OA

patients vs. 0.624 ± 0.060, ranging from 0.547 to 0.726 in controls, P > 0.173). In the

subcompartments, the correlation coefficients of T1ρ and T2 Z-scores were higher in the medial

compartments (pMFC and trMF) and lower in the patellar compartments (Fig. 4). This

difference was significant in trMF (P < 0.05). Figure 3 shows an example of a patient, where

T1ρ and T2 Z-scores had a low correlation coefficient of 0.289 in overall cartilage. The

correlation coefficients of T1ρ and T2 Z-scores in the patient in Fig. 3 were 0.435, 0.598, 0.225,

0.605, 0.477, 0.734, 0.294, and 0.289 for pLFC, pMFC, trLF, trMF, LP, MP, and CP,

respectively.

T1ρ and T2 Spatial Variation in Patellar Cartilage

T1ρ and T2 values increased significantly from the deep layer to the superficial layer of the

patella. The difference in T1ρ and T2 values between each layer were significant (P < 0.05).

Figure 5 shows the line profile of T1ρ and T2 values from bone cartilage interface to the cartilage

surface for both controls and patients. When the data were compared between controls and OA

patients within the subregions and sublayers of the patella, only T1ρ values in the superficial

layer of MP and in all the layers in CP, and T2 values in the deep layer of the MP, were

significantly higher in OA patients than those in controls. No significant differences were

observed on the lateral side, as shown in Table 2.

Texture Analysis

OA patients had greater overall contrast and entropy, but lower overall GLCM ASM of

cartilage T1ρ and T2 than controls at 0° and 90° in all pixel offsets. These differences were

significant (P < 0.05) in the GLCM contrast (0°, 1– 4 pixel offset and 90°, 1– 4 pixel offset),

and entropy (0°, 1 pixel offset and 90°, 1 pixel offset) of cartilage T1ρ, while no significant

difference was found in cartilage T2. Figure 6 shows the GLCM contrast, entropy, and ASM

of T1ρ and T2 in 0° and 1 pixel offset as an example.

The texture measurements in all the compartments, except for the entropy and ASM of the

patella T1ρ and T2, coincided with the overall trends. Contrast was significantly different

between control and OA patients in the medial femur T2 (P < 0.05). ASM was significantly

different between control and OA patients in the trochlea T1ρ (P < 0.05).

The ASM was the lowest and entropy was the highest in MFC compartments for both T1ρ and

T2 values. The difference was significant in patients (P < 0.008, the significance level was

adjusted for multicomparison) but not in controls. As an example, Fig. 7 shows the T1ρ ASM

and entropy at 90° and 1 pixel offset in each compartment in controls and in OA patients.

DISCUSSION

In this study the spatial correlation and distribution of in vivo T1ρ and T2 relaxation time

constants in osteoarthritic and normal cartilage were investigated. Previously, Regatte et al.

(11) compared average T1ρ and T2 values in bovine (26) and human cartilage specimens. To

our best knowledge, this study is the first documentation correlating pixel-by-pixel in vivo

T1ρ and T2 values in controls and OA subjects, and quantifying the spatial distribution of these

relaxation time constants using texture analysis based on co-occurrence matrices.
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Cartilage T1ρ and T2 Z-scores were significantly higher in patients with knee OA than in healthy

control subjects, which is consistent with previous observations of elevated T1ρ (16,27) and

T2 values in degenerated cartilage (6,7,16). This result suggests that T1ρ and T2 may be valuable

diagnostic tools in evaluating early stages of cartilage degeneration by detecting biochemical

changes in the cartilage matrix.

Previous studies showed that collagen structure and orientation are dominating factors that

affect T2 relaxation in cartilage. This results in the “magic angle” effect and the commonly

seen laminar appearance in cartilage imaging (28,29). During cartilage degeneration, T2 has

been found to correlate poorly with PG content in controlled in vitro studies (26,30). In T1ρ
quantification experiments, the SL techniques reduce dipolar interactions and therefore reduce

the dependence of the relaxation time constant on collagen fiber orientation (31). This may

enable more accurate diagnoses of early degenerative changes in cartilage. T1ρ relaxation rate

(1/T1ρ) has been shown to decrease linearly with decreasing PG content in ex vivo bovine

patellae (9) and has been proposed as a more specific indicator of PG content than T2 relaxation

in trypsinized cartilage (26).

The mechanism of T1ρ relaxation time in biological tissues, particularly in cartilage, is not fully

understood yet. Using native and immobilized protein solution, Makela et al. (32) suggested

that proton exchange between the protein side-chain groups and bulk water contribute

significantly to the T1ρ relaxation. Based on spectroscopy experiments with peptide solutions,

GAG solutions and bovine cartilage samples before and after PG degradation, Duvvuri et al.

(33) further suggested that in cartilage hydrogen exchange from NH and OH groups to water

may dominate the low frequency (0 –1.5 KHz) water T1ρ dispersion. They speculated that

increase of the low-frequency correlation rate with PG loss could be the result of increased

proton exchange rates. Other evidence of a proton exchange pathway is the PH dependency of

T1ρ values in the ischemic rat brain tissues (34). Mlynarik et al. (35), on the other hand, have

suggested that the dominant relaxation mechanism in the rotating frame in cartilage at B0 ≤ 3T

seems to be dipolar interaction. The contribution of scalar relaxation caused by proton exchange

is only relevant at high fields, such as 7T. Clearly, further investigations are needed to better

understand this relaxation mechanism.

Although further work is needed to elucidate the different mechanisms that contribute to T1ρ
and T2 relaxations, we hypothesize that these two parameters may provide complementary

information regarding macromolecular changes in cartilage. In order to study the relationship

between the spatial distribution of these two parameters, T1ρ and T2 values were normalized

with the concept of the Z-score. The Z-score conversion normalizes the T1ρ and T2 values for

each subject with the mean value of the control subjects in each defined compartment. This

method allows the differences between cartilage compartments, if present, to be removed and

compared on a common standard, and the T1ρ and T2 images may be correlated pixel-by-pixel

in any given region. A high correlation coefficient implies a high degree of agreement between

these relaxation time constants, while a low one suggests discrepancy between these two

parameters.

In this study, T1ρ and T2 Z-scores showed a large range of correlations in both controls and

patients. In OA patients, the correlation coefficients range from 0.2 to 0.7. In vivo T1ρ and

T2 mapping may be valuable for assessing regional heterogeneity in cartilage degeneration in

OA. When we examined each subcompartment separately, trMF and pMFC showed higher

Z-score correlation coefficients in patients than in controls, while the correlation coefficients

were lower in patellar subcompartments in patients than in controls. In OA, the femoral-tibial

joint normally has more advanced degeneration than the patellar-femoral joint. We hypothesize

that at early stages of degeneration, T1ρ may be more sensitive to PG loss, while T2 may be

more sensitive to collagen network modification. Thus, a decreased correlation may be
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observed, as shown in patellar compartments. However, at relatively late stages of

degeneration, T1ρ and T2 values are both affected by severe PG loss, collagen destruction, and

hydration changes, and therefore T1ρ and T2 values can be correlated to each other.

We further examined the spatial variation of T1ρ and T2 values in patellar cartilage. Patellar

cartilage was selected because it contains the thickest cartilage in the knee and on average

includes four pixels crossing the cartilage in both controls and patients. After interpolation, the

cartilage was divided into deep, transitional, and superficial zones, and lateral, medial, and

central regions, resulting in a total of nine subregions. The line profiles of T1ρ and T2 values

show that these relaxation time constants increase from the bone/cartilage interface to the

cartilage surface.

This relatively monotonic increasing trend of T2 values and the range of T2 values (from 20 to

60 ms) are consistent with prior work at 3T (6,36). In a more recent work, however,

investigators observed high T2 values at the bone/cartilage interface (74.1 ± 5.4 ms) (25). It

decreased at a normalized distance of 0.33, and then increased monotonically to the articular

surface. The authors attributed the high T2 values in the deep zone to the potential partial

voluming and chemical shift misregistration artifact at the bone/cartilage interface. In this

study, a spectral-spatial RF pulse was used to suppress the fat signal. Therefore, the chemical

shift misregistration artifact was minimized.

The spatial variation of the T1ρ values was consistent with previous observations in bovine

cartilage (10) and human cartilage specimens (11). To our knowledge, no in vivo T1ρ line

profiles in human cartilage have been reported. Although the trends of T1ρ and T2 values are

similar, T1ρ shows a larger dynamic range from the bone/cartilage interface to the cartilage

surface, and a larger difference between controls and patients, particularly in the superficial

layer, as shown in Fig. 5. When the data were further compared between controls and OA

patients within the subregions and sublayers in patellar cartilage, T1ρ showed significant

differences in the central regions of all layers. The T1ρ values were also significantly higher in

the superficial layers on the medial side, but not in the transitional or deep layers. No significant

differences were observed in T2 values, except for the deep layer on medial side. These results

suggest that 1) in patellar cartilage, the degeneration in cartilage may start from the central

regions; and 2) T1ρ is more sensitive for detecting early degeneration than T2 values.

As spatial variation was observed in this study and a number of previous studies, texture

analysis provides a means to quantify their distribution. In this study, overall elevated contrast

and entropy measurements, and lower ASM measurements of both T1ρ and T2 values were

observed in patients with OA when compared to controls. These differences, however, again

appear more prevalent in T1ρ measurements, as shown in Fig. 6. The results indicate that these

relaxation time constants are not only increased but are also more heterogeneous in

osteoarthritic cartilage.

This observation of increasing T2 heterogeneity in degenerated cartilage is consistent with

results from Blumenkrantz et al. (15). They demonstrated that mild OA patients (N = 8) had

significantly higher GLCM entropy and lower ASM of cartilage T2 values than controls (N =

14). To our knowledge, no previous studies have documented in vivo T1ρ spatial heterogeneity

in OA cartilage quantitatively. Our results suggest that the texture analysis provides

information on spatial heterogeneity of T1ρ and T2 values, and may be a valuable tool for

detecting cartilage degeneration in OA.

For ASM and entropy measurements of T1ρ and T2, the findings in the patellar cartilage behaved

in an opposite manner of the overall trend. ASM of the patellar cartilage was significantly

different between control and OA patients in T1ρ and T2 at 0° and 90° at all pixel offsets. In

OA, the cartilage degeneration occurs more often and more profoundly in weight-bearing areas
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of the femoral-tibial joints. The unique behavior of patellar cartilage could be related to its

reduced load-bearing requirements during stance and level walking compared to the

tibiofemoral compartments, and therefore develops different degeneration behavior or may be

at a different stage of degeneration compared to the tibiofemoral joints.

There are several limitations of this study. Both T1ρ- and T2-weighted images were acquired

in an axial orientation. The spiral acquisition does not allow the use of an anti-aliasing filter,

which is necessary for sagittal or coronal plane acquisition with a knee coil. Thus, only the

anterior (trochlea) and posterior femoral condyle regions in the tibiofemoral joint are available.

The tibia and the central portion of the femoral condyle could not be adequately analyzed.

Further, the acquisition was in a 2D mode with 1-mm gap between slices. 3D information can

be obtained only after interpolation between slices. T1ρ- and T2- weighted images with 3D

acquisition may help to reduce slice thickness and obtain the true 3D information (27,37). Due

to the limited image resolution (0.5 mm in-plane), only the patellar cartilage was analyzed for

the spatial variation of relaxation time constants along different depths of cartilage. Other

limitations include that the T1ρ and T2 quantification was based on monoexponential decay.

Errors may be introduced due to contribution from short relaxation time constant components

(38).

In conclusion, T1ρ and T2 quantification are valuable diagnostic tools for early detection of

OA. These relaxation time constants are not only increased but are also more heterogeneous

in osteoarthritic cartilage. T1ρ and T2 show different spatial distributions and may provide

complementary information regarding cartilage degeneration in OA. Combining these two

parameters may further improve our capability to diagnose early cartilage degeneration and

injury.
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FIG. 1.

Definition of subcompartments of cartilage. trLF: lateral side of trochlea; trMF: medial side

of trochlea; LFC: lateral femoral condyle; MFC: medial femoral condyle; LP: lateral side of

patella; CP: central part of patella; MP: medial side of patella.
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FIG. 2.

Line profile definition from bone/cartilage interface to cartilage surface in patellar cartilage.

There are four lines defined in LP, three in CP, and four in MP, resulting in a total of 11 lines.

There are 30 data points on each line after interpolation.
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FIG. 3.

T1ρ (left) and T2 (right) maps of a healthy control (upper row) and an OA subject (lower row).

Significantly elevated T1ρ and T2 values were observed in the patient. T1ρ and T2 showed

different spatial elevations in the patient.
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FIG. 4.

Correlation coefficients of T1ρ and T2 Z-scores in overall cartilage and in each subcompartment.

The overall correlation co-efficient decreased in patients, but not significantly (P > 0.05). The

correlation coefficient increased in pMFC and trMF (P < 0.05 in trMF) and decreased in patellar

subcompartments.
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FIG. 5.

T1ρ and T2 line profiles in patellar cartilage in controls (a) and OA patients (b). Both T1ρ and

T2 values increased significantly from the bone/cartilage interface to the cartilage surface.
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FIG. 6.

Texture parameters of T1ρ and T2 values in overall cartilage in controls and OA patients in 0°

and 1 pixel offset. OA subjects had greater overall contrast and entropy, but lower overall ASM

of cartilage T1ρ and T2 than controls at 0° and 90° in all pixel offsets. These differences were

significant (P < 0.05) in the GLCM contrast, and entropy of cartilage T1ρ as indicated by * in

the figure, while no significant difference was found in cartilage T2.
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FIG. 7.

T1ρ ASM and entropy at 90° and 1 pixel offset in each compartment in controls and OA patients.

The ASM was the lowest and the entropy was the highest in MFC compartments for both

T1ρ and T2 values. The difference was significant in patients (P < 0.008, the significance level

was adjusted for multicomparison) but not in controls. T2 ASM and entropy parameters showed

similar patterns (data not shown).
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