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Abstract

PURPOSE—To investigate the effect of sample orientation on T1rho and T2 values of articular 

cartilage in histologically confirmed normal and abnormal regions using a whole-body 3T scanner, 

providing information on the angular dependence of T1rho and T2 in clinical imaging.

MATERIALS AND METHODS—Eight human cadaveric patellae were evaluated using a 2D 

CPMG sequence for T2 measurement as well as a 2D spin-locking prepared spiral sequence and a 

3D magnetization-prepared angle-modulated partitioned-k-space spoiled gradient echo snapshots 

(3D MAPSS) sequence for T1rho measurement. Each sample was imaged at six angles from 0° to 

100° relative to the B0 field. T2 and T1rho values were measured for three regions (medial, apex 

and lateral) with three layers (10% superficial, 60% middle, 30% deep). Multiple 

histopathologically confirmed normal and abnormal regions were also used to evaluate the angular 

dependence of T2 and T1rho relaxation in articular cartilage.

RESULTS—Our study demonstrated a strong magic angle effect for T1rho and T2 relaxation in 

articular cartilage, especially in the deeper layers of cartilage. On average over eight patellae, T2 

values were increased by 231.8% (72.2% for superficial, 237.6% for middle, and 187.9% for deep 

layers) while T1rho values were increased by 92% (31.7% for superficial, 69% for middle, and 

140% for deep layers) near the magic angle. Both normal and abnormal cartilage showed similar 

T1rho and T2 magic angle effect.
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CONCLUSIONS—Changes in T1rho and T2 values due to the magic angle effect can be several 

times more than that caused by degeneration, and this may significantly complicate the clinical 

application of T1rho and T2 as an early surrogate marker for degeneration.
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Introduction

Osteoarthritis (OA) affects over 30 million Americans and has a substantial impact on the 

health care system with a cost estimated at over $60 billion per year (1). Magnetic resonance 

imaging (MRI) is routinely used for the characterization of advanced cartilage lesions such 

as defects or fissures. However, conventional morphological MRI techniques are less 

sensitive to the early stages of OA when cartilage is still present (2). There is increasing 

need to improve the detection of OA at this early stage to allow timely intervention prior to 

irreversible damage or complete loss of tissue. The most important early biochemical and 

microscopic signs of OA include loss of proteoglycans (PGs), and changes in collagen 

microstructure and water content (3).

Quantitative MRI has the potential to identify cartilage tissue components that change in the 

early stages of OA. In recent years, T2 and T1rho have been widely investigated as 

biomarkers for OA (4–9). T2 has been shown to be sensitive to degradation of the collagen 

matrix (4,5), while T1rho has been shown to be sensitive to changes in PG content (6). The 

magic angle effect is an extraneous variable which can contribute to changes in both T2 and 

T1rho, thus complicating evaluation of joint tissue degeneration (5). The ordered collagen 

fibers in joint tissues are associated with dipole-dipole interactions, which are modulated by 

the term 3cos2θ-1 (10). The dipole-dipole interactions are minimized when θ, which is the 

angle between the collagen fiber orientation and the main magnetic field B0, equals 

approximately 55° or 125°. At these angles, T2 and T1rho values are often increased relative 

to those obtained with fibers parallel to the main magnetic field (11–13).

While the magic angle effect in T2 relaxation is well understood, the literature regarding 

T1rho relaxation mechanisms is somewhat inconsistent (11–16). For example, Mlynarik et 

al. measured relaxation rates in the rotating frame (R1rho) and spin-spin relaxation rates 

(R2) in articular cartilage, and concluded that the dominant T1rho relaxation mechanism at 

B0 ≤ 3T is a dipolar interaction due to slow anisotropic motion of water molecules in the 

collagen matrix (11). Menezes et al. drew similar conclusions and reported that changes in 

collagen concentration alone could fully account for the variation in T1rho seen in human 

tissue (14). Wang et al. reported a significant magic angle effect in T1rho relaxation, as well 

as a bi-component T1rho decay when the fibers were parallel to B0 and a single-component 

T1rho decay when the sample was 54° relative to B0 (13). Meanwhile, Akella et al. reported 

that spin-lock radiofrequency (RF) pulses could reduce the laminar appearance of articular 

cartilage, with residual dipolar interaction from motionally-restricted water making a 

significant contribution to T1rho dispersion (15). More recently, Li et al. investigated the 
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effect of angular orientation on T1rho and T2 values, and found a relatively small angular 

dependence (16).

Most of the studies demonstrating a strong angular dependence in T1rho relaxation in 

articular cartilage were performed on high performance NMR spectrometers (11–14), while 

those showing weak angular dependence were performed on clinical whole-body scanners 

(15,16). Since NMR spectrometers and clinical MR scanners have very different RF powers 

and gradient strengths, it is necessary to further investigate the angular dependence of T1rho 

relaxation in articular cartilage systematically using a clinical whole-body MR scanner. This 

would help elucidate the role of the magic angle effect in a clinical setting. Furthermore, the 

magic angle effects in normal and abnormal articular cartilage are still unknown.

In this study, we aimed to further evaluate the effect of sample orientation on T1rho and T2 

values of articular cartilage from cadaveric human patellae. Magic angle effects in 

histologically confirmed normal and abnormal regions were systematically investigated 

using a whole-body 3T scanner, providing information on the angular dependence of T1rho 

and T2 in clinical imaging.

Materials and Methods

Human patellae procurement

Eight fresh human patellae from eight donors (5 males, age range = 48 – 90, mean ± 

standard deviation of 63.4 ± 16.0 years; 3 females, age range = 50 – 92, 74.3 ± 21.8 years) 

were obtained from tissue banks approved by our Institutional Review Board. After 

harvesting, a transverse slab of ~5 mm thickness was cut from the specimens using a low-

speed diamond saw (Isomet 1000, Buehler) with constant water irrigation, and stored in a 

phosphate buffered saline (PBS) soaked gauze at 4°C prior to MR imaging.

MR data acquisition

All data acquisitions were performed with a 3T MRI system (Signa HDx, GE Healthcare, 

Waukesha, WI, USA) with a maximum gradient strength of 40 mT/m and a maximum slew 

rate of 150 mT/m/ms. A 3-inch receive-only surface coil was used for signal reception (body 

coil was used for signal excitation). Patella samples were placed in perfluorooctyl bromide 

(PFOB) solution to minimize susceptibility effects at tissue-air junctions. A single slice at 

the center of each patella sample was imaged. The imaging protocol is shown in Table 1, 

which included the following three sequences: 1) a standard clinical two-dimensional (2D) 

Carr-Purcell-Meiboom-Gill (CPMG) sequence with eight echoes (10 to 80 ms) for T2 

measurement; 2) a 2D spin-locking prepared spiral sequence for T1rho measurement (8); 3) 

a 3D magnetization-prepared angle-modulated partitioned-k-space spoiled gradient echo 

snapshots (3D MAPSS) sequence for T1rho measurement (9). Typical imaging parameters 

included: field of view (FOV) = 5 cm, matrix = 256×256, 2 mm slice thickness, spin-locking 

time (TSL) = 0, 10, 20, 40, 80 ms for 2D and 3D T1rho measurement, and TE = 10, 20, 30, 

40, 50, 60, 70, 80 ms for CPMG T2 measurement. A spin-locking field strength of 500 Hz 

was used for both 2D and 3D T1rho imaging. A TR of 1500 ms was used for 2D spiral 

T1rho imaging and a TR of 2000 ms was used for CPMG imaging. The scan time was 
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around 10 minutes for each sequence. The same imaging protocol was applied to each 

sample at six different angular orientations: 0°, 20°, 40°, 60°, 80° and 100° relative to the B0 

field, which took about ~9 hours for each patella specimen. At 0°, the apex of each patella 

was oriented parallel to the main magnetic field B0. Data acquisition at 0° was repeated 

twice, once at the beginning and once at the end of the scan to investigate potential tissue 

degeneration due to the long imaging protocol (~10.5 hours). One patella sample was 

scanned three times on three different days to examine reproducibility using the CPMG T2, 

spiral T1rho and MAPSS T1rho sequences.

Tissue processing

After MRI scans, each patella slab was immediately fixed in Z-Fix (Anatech, Battle Creek, 

MI) for three days followed by decalcification in TBD-2 (Thermo Scientific, Kalamazoo, 

MI). The center of each patella slab was marked with a tissue marking dye (Cancer 

Diagnostics, Morrisville, NC) on the lateral and medial edges in order to provide orientation. 

After complete decalcification, dehydration with alcohol, immersion in Pro-Par Clearant 

(Anatech LTD, Battle Creek, MI), and infiltration with paraffin (Paraplast, McCormick 

Scientific, Richmond, IL), transverse sections covering the cartilage and subchondral bone 

were obtained. Each tissue block was then trimmed on a microtome using the orientation 

marks for reference. Finally, sections of 5 μm thickness were cut at the defined central 

location to match the MRI scans. Several sections from each patella slab were stained with 

Safranin O-Fast Green for histopathology.

Histopathology

Standard histopathology was performed on each patella slab after fixation. First, Safranin O-

Fast Green staining was applied to each sectioned slide. Then the stained slide was scanned 

with a Leica SCN4000 slide scanner (Leica Microsystems, Buffalo Grove, IL) and viewed 

with SlidePath software (Leica Microsystems, Buffalo Grove, IL). Since the patella slab 

might contain several regions with different histopathologic grades, multiple regions were 

chosen to cover different grades within each specimen. This was accomplished using 1–3 

regions of interest (ROIs) per patella, chosen for Spearman rank correlation between 

histopathological grading and MRI T2 and T1rho measurements. Each ROI was given a 

Mankin score ranging from 0 to 14 by an experienced musculoskeletal histopathologist (CP 

with 8 years of experience with a primary focus on articular cartilage), who was blinded to 

the MRI results (17). The ROI was chosen to cover each focal lesion and include the whole 

cartilage depth from the superficial to the deep radial layers. For simplicity, all ROIs were 

classified as normal or abnormal. A Mankin score of equal or less than 2 was considered 

normal, while a Mankin score of greater than 2 was considered abnormal.

Post-processing and image analysis

CPMG T2, spiral T1rho and MAPSS T1rho datasets acquired at six different angular 

orientations were first manually aligned using ImageJ software, and then automatically 

registered using FLIRT (Functional MRI of the Brain’s Linear Image Registration Tool) 

software using six parameter rigid body model and correlation ratio as the cost function (18).
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T1rho and T2 analysis algorithms were written in MATLAB (Mathworks Inc., Natick, MA). 

The T1rho and T2 values were determined using nonlinear least square mono-exponential 

curve fitting of average signal intensity from three regions (medial, apex and lateral) with 

three layers (10% superficial, 60% middle, 30% deep) as well as a global ROI comprising 

the entire region. The semi-automated home-developed MATLAB program allowed copying 

and pasting of ROIs to the registered images. This technical approach ensured that ROIs 

were identically located on images obtained at different angles and sequences. Multiple 

histopathologically confirmed normal and abnormal regions in each patella were used for 

analysis. The number of regions was determined by one author (CP) depending on the grade 

of OA severity. These ROIs were also subject to 2D and 3D T1rho as well as CPMG T2 

analyses. To investigate the magic angle effect, the maximal and minimal mean T1rho and 

T2 values for different layers as well as the global ROIs were calculated for normal and 

abnormal cartilage.

Statistical analysis

Goodness of fit statistics, including the R-squared value and standard error or fitting 

confidence level, were calculated. Fit curves along with their 95% confidence intervals (CI) 

and residual signal curves were created. The fitted T1rho and T2 values were correlated with 

Mankin scores. Spearman rank correlation was used, and its statistical significance assessed. 

Since multiple measurements were obtained from the same donor, non-parametric bootstrap 

was used to assess the significance of the Spearman correlation (19). The resampling in 

bootstrap replicates was done per-subject, to adjust for within-subject dependence. 

Significance of the correlation was assessed based on the bias-corrected, accelerated 

bootstrap confidence interval (CI) around the correlation coefficient. The p-values for the 

correlations were calculated based on the bootstrap. A p-value of less than 0.05 was 

considered statistically significant.

Results

The average coefficients of variation for quantitative analysis of one patella sample on three 

repeated acquisitions were 3.4% for CPMG T2 measurement, 2.1% for 2D spiral T1rho 

measurement, and 2.7% for 3D MAPSS T1rho measurement. These results show that all 

three quantitative measurement techniques provide reliable estimation of T2 and T1rho 

values of articular cartilage. T1rho values measured at the beginning and end of the magic 

angle study (~10.5 hours scan) varied by less than 5.0%, suggesting minor tissue 

degeneration in PFOB.

Selected 2D spiral T1rho images of a histologically confirmed normal patella acquired at 

three different angular orientations of 0°, 40° and 80° relative to the B0 field are shown in 

Figure 1. The middle and deep layers of articular cartilage showed dramatic signal change: 

near zero signal when the collagen fibers were oriented parallel to the B0 field (arrows in 

Figure 1E) and high signal when the fibers were oriented near the magic angle (arrows in 

Figure 1I and 1M). The superficial layers of articular cartilage showed relatively less signal 

change as a function of angular orientation.
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Quantitative analysis of 2D spiral T1rho values of the superficial, middle and deep layers of 

articular cartilage, as well as a global ROI in the apex region (arrows in Figure 1), at three 

different angular orientations are shown in Figure 2. T1rho values were lowest when radial 

fibrils were near 0° relative to B0 (18.2 ± 0.6 ms for the deep layer, 38.7 ± 0.6 ms for the 

middle layer, 56.5 ± 0.9 ms for the superficial layer, 33.5 ± 0.6 ms for the global ROI) and 

increased to a maximum when radial fibrils were near 60° relative to B0 (51.7 ± 0.8 ms for 

the deep layer, 69.3 ± 0.9 ms for the middle layer, 86.2 ± 2.5 ms for the superficial layer, 

64.1 ± 1.2 ms for the global ROI). 3D MAPSS T1rho values were very close to those of 2D 

spiral T1rho values, with less than 10% difference. For a global ROI T2 values exhibited 

similar angle-dependency: ~33.2 ms near 0°, ~82.1 ms near the magic angle, and ~59.6 ms 

near 90° relative to B0.

Figure 3 shows the change in T1rho and T2 values across varying angle orientations; ROIs 

corresponding to the deep, middle and superficial layers are presented for the lateral, apex 

and medial regions of the same normal patella shown in Figure 1. A significant magic angle 

effect in both T1rho and T2 is clearly demonstrated for all three layers in all three regions, 

with maximal angular dependence for the deep and middle layers, and much less degree of 

angular dependence for the superficial layers.

Figure 4 shows selected 2D spiral T1rho images and 2D CPMG T2 images of another 

normal patella at two different angular orientations of 0° and 60° relative to the B0 field. 

Again, a strong magic angle effect was observed (arrows). T1rho showed a similar pattern of 

angular dependence as T2, further demonstrating its sensitivity to the magic angle effect.

Figure 5 shows a patella sample with histologically confirmed normal regions in the medial 

and apex regions as well as an abnormal region in the lateral region with a Mankin score of 

7. Strong magic angle effect was observed for both T1rho and T2 in the normal region. The 

abnormal region showed reduced magic angle effect, especially for T1rho relaxation.

Table 2 shows the averaged magic angle effects in T1rho and T2 relaxation times for normal 

(Mankin score ≤ 2) and abnormal (Mankin score ≥ 3) cartilage specimens, as well as the 

standard deviation. 2D spiral T1rho values from global ROIs were increased by 72% for 

normal cartilage and 63% for abnormal cartilage. 3D MAPSS T1rho values from global 

ROIs were increased by 67% for normal cartilage and 53% for abnormal cartilage. T2 values 

from global ROIs were increased by 158% for normal cartilage and 104% for abnormal 

cartilage. Similar changes were observed for both T1rho and T2 for different layers of 

articular cartilage. In general, abnormal cartilage showed slightly less (4~10%) magic angle 

effect.

Correlation between histopathological grading and T2, spiral T1rho and MAPSS T1rho is 

presented in Figure 6. There is little correlation between T2 and the Mankin score (Rho = 

0.29; P = 0.17) and low correlation between 2D spiral T1rho (Rho = 0.47; P = 0.06) and 3D 

MAPSS T1rho (Rho = 0.42; P = 0.06) and the Mankin score. The low correlation is most 

likely due to the strong magic angle effect in both T2 and T1rho relaxation times, as 

demonstrated in Table 2.
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Discussion

The biomechanical properties of articular cartilage are highly related to the composition of 

the extracellular matrix, which is composed of type II collagen with intertwined PGs. The 

architectural and molecular structures, as well as concentrations of collagen and PGs, are 

important parameters when evaluating articular cartilage. A series of techniques have been 

developed for this purpose, including T2 and T1rho. The magic angle effect on T2 is well 

known (5,10). However, the literature regarding T1rho relaxation mechanisms is 

inconsistent, with some groups finding strong residual dipolar interaction (11–14,20), and 

other groups reporting a reduced magic angle effect (15,16). Our study indicates that the 

magic angle effect plays a significant role in not only T2 relaxation, but T1rho relaxation. 

Global T1rho was increased by ~70% for normal articular cartilage and 50 – 60% for 

abnormal cartilage. In contrast, moderate degeneration lead to a T1rho increase of less than 

20%, which is far less than that induced by the magic angle effect. T2 showed significantly 

higher magic angle effect than T1rho. T2 for a global ROI was increased by 156% for 

normal articular cartilage and 104% for abnormal articular cartilage, nearly twice the 

increase in T1rho relaxation times for both normal and abnormal cartilage. The superficial 

layers showed relatively less magic angle effect, while the middle and deep layers showed 

markedly increased magic angle effect for both T1rho and T2 relaxation times.

Our study shows more magic angle effect in T1rho relaxation in articular cartilage than 

reported in recent studies. Akella et al. investigated the influence of RF spin-lock pulse on 

the laminar appearance of bovine cartilage, which has more organized collagen fibers with 

less complex structures than that of human cartilage (15). They observed strong laminar 

appearance in T2-weighted images but absence of laminar appearance in T1rho-weighted 

images with a spin-lock field strength of 500 Hz. They concluded that the residual dipolar 

coupling constant in cartilage was less than 500 Hz. T1rho became angular independent 

when the spin-lock field strength was stronger than 2 kHz. T1rho was about 25% higher 

when the fiber was oriented 55° to the B0 field over parallel orientation. More recently, Li et 

al. investigated the angular dependence of T1rho and T2 relaxation times in cadaveric 

human femoral-tibial cartilage (16). They observed only a minor magic angle effect, with 

less than 21% increase for T2 (from 47.3 ± 13.3 ms at 0° to 57.4 ± 11.6 ms at 54°) and 16% 

for T1rho (from 59.4 ± 9.2 ms at 0° to 68.8 ± 4.7 ms at 54°) at 500 Hz. They only observed a 

moderate correlation between R1rho (1/T1rho) and PG contents (R = 0.45, P = 0.002), 

which might be due to the magic angle effect (16). Wang et al. reported a bi-component 

T1rho decay when the fibers were oriented 0° relative to B0 (39.8 ± 3.0 ms and 94.1 ± 2.8 

ms with a fraction of 18.8% and 81.2%, respectively) and a single-component T1rho decay 

when the fibers were 54° relative to B0 (105.4 ± 2.2 ms) (13). This orientation dependent 

multi-component behavior in T1rho relaxation in cartilage further complicates the 

interpretation of T1rho relaxation.

Our results using a whole-body clinical 3T MR scanner are largely inconsistent with the 

results by Mlynarik et al., who conducted a systematic study on T1rho relaxation 

mechanisms in articular cartilage using high performance NMR spectrometers at two field 

strengths: 2.95 T and 7 T (11). At 2.95 T, T1rho increased by 62% for the radial zone and 

5% for the transitional zone due to the magic angle effect. Results from the Mlynarik study 
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suggest that the dominant T1rho and T2 relaxation mechanisms at 3T or lower field strength 

is the dipolar interaction. Furthermore, they found negligible T1rho dispersion between 300 

Hz and 2500 Hz in the transitional zone, suggesting that exchange between OH and NH 

protons with water is unlikely a dominant contributor to the scalar relaxation.

The mechanisms contributing to T1rho relaxation include dipolar interactions, scalar 

coupling and chemical exchange processes. The strong angular dependence in T1rho 

relaxation is very similar to that in T2 relaxation in articular cartilage (21), suggesting that 

the dominating factor is dipolar interactions. The variation in T1rho values amongst different 

layers of articular cartilage is consistent with the above hypothesis. In the deep radial layers, 

the collagen fibers are highly organized and radially oriented, leading to very strong dipolar 

interactions and thus much reduced T1rho values (i.e., around 20 ms). In the middle layer, 

the collagen fibers are less organized with a mix of radially and obliquely oriented fibers, 

leading to reduced dipolar interactions and thus longer T1rho values (i.e., around 50 ms). In 

the superficial layer, the collagen fibers are largely randomly distributed and oriented 

parallel to the surface, leading to much reduced dipolar interactions and thus much longer 

T1rho values (i.e., around 80 ms) (21). Special attention should be given when using T1rho 

to probe macromolecular slow-motion interactions, i.e., minimizing angular dependence by 

comparing T1rho from regions of articular cartilage with similar collagen fiber orientations. 

Some studies show that T1rho is a sensitive marker for detecting PG changes in articular 

cartilage (6,22), likely because they were comparing T1rho values of cartilage with similar 

fiber orientations.

The strong angular dependence of T1rho relaxation may explain the inconsistencies in the 

literature regarding the correlation of T1rho with cartilage degeneration. Menezes et al. 

reported no correlation between T1rho and PG concentration in cartilage (14). Their results 

also showed that T1rho is sensitive to collagen content, which may have a greater impact on 

T1rho than PG content. Wheaton et al. reported a strong correlation between T1rho and PG 

content (R2 = 0.926) in one ex vivo study (23), however, the agreement between T1rho and 

arthroscopically documented cartilage degeneration was only modest for Outerbridge grades 

1 and 2 damage (24), likely because ex vivo studies were subject to minimal magic angle 

effect while in vivo studies of femoral-tibial cartilage were subject to strong magic angle 

effect. Another study by Regatte et al. showed up to 30 – 120% increase in T1rho values in 

OA subjects over the control group (25). Li et al. showed a 19% increase in T1rho values in 

OA subjects over the healthy control group (16). In a multicenter trial, Mosher et al. showed 

a 4 – 7% increase in T1rho values in mild OA subjects, and a 16 – 35% increase in T1rho 

values in moderate OA subjects over the healthy control group (26).

Our study suggests that, similar to T2 relaxation, T1rho relaxation is subject to strong magic 

angle effect, which may significantly complicate its clinical interpretation. Both normal and 

abnormal articular cartilage showed similar strong magic angle effects, although the 

abnormal regions showed slightly reduced angular dependence. Similar to the substantial 

heterogeneity across healthy cartilage seen with T2 (27), T1rho may also require more 

elaborate definitions for spatial variation (28). T1rho profiles across healthy and abnormal 

articular cartilage may show a significant difference and might be a useful parameter for 

clinical interpretation.
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There are several limitations to this study. First, only eight specimens were scanned due to 

the long scan time associated with MR imaging of each specimen. Second, each cadaveric 

patella was scanned for more than 10 hours, covering six angular orientations using three 

different sequences. Cartilage degeneration during the scanning process might have changed 

quantitative MR measurements. However, we measured T1rho at 0° both at the beginning 

and end of the scan, and found changes less than 5%. Third, patellar cartilage may show a 

multi-component behavior (13,29,30), but only a single component analysis was performed. 

Multi-component analysis has a high signal-to-noise ratio demand and may require longer 

scan time (31), which is difficult with this protocol, which is already 10 hours long. Fourth, 

the ROIs were chosen by a single person who was blinded to MR imaging, and were 

registered between MRI and histology sections through visual assessment using landmarks. 

There is potential for inconsistency in data analysis introduced via this method. Fifth, 

radiograph and Kellgren-Lawrence (KL) grading was not performed and therefore no 

correlation was performed between T1rho/T2 and KL score. Sixth, the ROI size is likely to 

affect the magic angle behavior in both T1rho and T2 relaxation times. However, the ROI 

sizes are different between the different magic angle studies, complicating the quantitative 

comparison. Seventh, the magic angle effect in clinical studies of OA patients was not 

included in this study, and the clinical significance remains to be investigated. Eighth, 

techniques to minimize the magic angle effect in T1rho relaxation were not investigated in 

this study. One approach is to increase the spin-locking field strength (15,20), which may 

also increase the specific absorption ratio (SAR) and thus require longer TR and longer total 

scan time. Another approach is to use the adiabatic T1rho preparation (32), which is a 

promising magic angle insensitive technique. The clinical significance of adiabatic T1rho 

imaging remains to be investigated.

In conclusion, we have shown that there is a significant angular dependence of T1rho 

relaxation in patellar articular cartilage, with the strongest variation in the deeper layers of 

cartilage, and reduced variation in the superficial layers of cartilage when evaluated using a 

clinical 3T MR system. Both normal and abnormal articular cartilage showed strong angular 

dependence in T1rho relaxation, with slightly less variation in abnormal cartilage.
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Figure 1. 
Histology (1st row) and 2D spiral T1rho imaging of normal patellar cartilage. MR images 

from 0° (2nd row), 40° (3rd row) and 80° (4th row) relative to B0 are shown at increasing 

TSLs of 0, 10, 40 and 80 ms (left to right). MR signal shows strong angular dependence, 

most evident in the middle and deep layers of articular cartilage, with minimal signal at 0° 

(arrow in E) and high signal at 40°and 80° (arrows in I and M, respectively).
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Figure 2. 
2D spiral T1rho image (A) from Figure 1J shows the three ROIs and a global ROI (all three 

layers) used for fitting of T1rho at 0° (1st row) for the deep (B), middle (C), and superficial 

(D) layers of cartilage as well as global ROI (E); at 40° (2nd row) for the deep (F), middle 

(G), and superficial (H) layers of cartilage as well as global ROI (I); and at 80° (3rd row) for 

the deep (J), middle (K), and superficial (L) layers of cartilage as well as global ROI (M). 

T1rho increases from the deep layer to the superficial layer for all angular orientations.
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Figure 3. 
Spiral T1rho profiles for the lateral (A), apex (B) and medial (C) regions including the 

superficial (black), middle (pink) and deep (blue) layers. CPMG T2 profiles for the lateral 

(D), apex (E) and medial (F) regions including the superficial (black), middle (pink) and 

deep (blue) layers. The angular dependence for both T1rho and T2 in patellar cartilage is 

apparent.
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Figure 4. 
Spiral T1rho imaging: apex parallel to B0 with three TSLs of 0 (A), 20 (B) and 60 ms (C), 

and 60° relative to B0 with five TSLs of 0 (D), 10 (E), 20 (F), 40 (G) and 80 ms (H). CPMG 

T2 imaging: apex parallel to B0 with three TEs of 10 (I), 20 (J) and 60 ms (K), and 60° 

relative to B0 with five TEs of 10 (L), 20 (M), 40 (N), 60 (O) and 80 ms (P). The regions 

indicated by the arrows show dramatic signal enhancement when the fibers are oriented at 

~55° relative to B0, consistent with strong magic angle effect for both T2 and T1rho 

relaxation. Superficial, middle and deep ROIs in the medial region (arrows) chosen for 

T1rho (Q) and T2 (R) analysis. Strong magic angle effects are seen in the middle and deep 

layers.
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Figure 5. 
Histology (A), spiral-T1rho and CPMG T2 for normal (H, J) and abnormal (I, K) cartilage 

indicate strong angular dependence.
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Figure 6. 
Low to moderate correlation was seen between histopathologic grading (Mankin score) of 

patellar cartilage specimens and T2 (A), spiral T1rho (B), and MAPSS T1rho (C) values. A 

Mankin score of equal or less than 2 was considered normal, while a Mankin score of 

greater than 2 was considered abnormal.

Shao et al. Page 17

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shao et al. Page 18

Ta
b

le
 1

M
R

 im
ag

in
g 

pr
ot

oc
ol

 f
or

 a
rt

ic
ul

ar
 c

ar
til

ag
e 

fr
om

 c
ad

av
er

ic
 h

um
an

 p
at

el
la

e.

F
O

V
 (

cm
)

T
R

 (
m

s)
T

E
, T

2 
pr

ep
 o

r 
T

SL
 (

m
s)

R
ec

on
 M

at
ri

x
Sl

ic
e 

(m
m

)
B

W
 (

kH
z)

A
ng

ul
ar

 O
ri

en
ta

ti
on

s 
re

la
ti

ve
 t

o 
B

0
Sc

an
 t

im
e 

(h
ou

rs
)

2D
 S

pi
ra

l T
1ρ

5
20

00
0,

 1
0,

 2
0,

 4
0,

 8
0

25
6 

×
 2

56
2

12
5

0°
, 2

0°
, 4

0°
, 6

0°
, 8

0°
, 1

00
°

~3

3D
 M

A
PS

S 
T

1ρ
6

10
0,

 1
0,

 2
0,

 4
0,

 8
0

25
6 

×
 2

56
2

62
.5

0°
, 2

0°
, 4

0°
, 6

0°
, 8

0°
, 1

00
°

~3

2D
 C

PM
G

 T
2

5
20

00
10

, 2
0,

 3
0,

 4
0,

 5
0,

 6
0,

 7
0,

 8
0

25
6 

×
 2

56
2

62
.5

0°
, 2

0°
, 4

0°
, 6

0°
, 8

0°
, 1

00
°

~3

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 December 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shao et al. Page 19

Ta
b

le
 2

2D
 s

pi
ra

l T
1r

ho
, 3

D
 M

A
PS

S 
T

1r
ho

 a
nd

 C
PM

G
 T

2 
va

lu
es

 a
nd

 s
ta

nd
ar

d 
de

vi
at

io
ns

 in
 n

or
m

al
 a

nd
 a

bn
or

m
al

 p
at

el
la

r 
ar

tic
ul

ar
 c

ar
til

ag
e.

N
or

m
al

 C
ar

ti
la

ge
A

bn
or

m
al

 C
ar

ti
la

ge

Su
pe

rf
ic

ia
l (

10
%

)
M

id
dl

e 
(6

0%
)

D
ee

p 
(3

0%
)

G
lo

ba
l R

O
I

Su
pe

rf
ic

ia
l (

10
%

)
M

id
dl

e 
(6

0%
)

D
ee

p 
(3

0%
)

G
lo

ba
l R

O
I

2D
 S

pi
ra

l T
1r

ho
 [

m
s]

M
ax

10
5.

7 
±

 1
5.

6
88

.4
 ±

 1
1.

8
59

.2
 ±

 7
.3

81
.2

 ±
 1

2.
4

10
9.

7 
±

 1
6.

6
96

.9
 ±

 1
2.

1
66

.4
 ±

 1
0.

5
86

.9
 ±

 1
4.

0

M
in

86
.6

 ±
 1

1.
3

50
.7

 ±
 9

.4
23

.5
 ±

 5
.2

47
.1

 ±
 1

0.
1

88
.7

 ±
 1

4.
5

60
.1

 ±
 7

.3
24

.8
 ±

 5
.4

53
.3

 ±
 1

2.
8

R
at

io
12

3%
17

4%
25

2%
17

2%
12

4%
16

1%
26

8%
16

3%

3D
 M

A
PS

S 
T

1r
ho

 [
m

s]
M

ax
11

4.
9 

±
 1

6.
3

98
.1

 ±
 1

3.
6

65
.1

 ±
 8

5.
7

89
.8

 ±
 1

1.
7

13
4.

0 
±

 1
8.

9
10

4.
9 

±
 1

3.
5

69
.3

 ±
 1

1.
5

92
.1

 ±
 1

3.
7

M
in

94
.1

 ±
 1

2.
1

58
.3

 ±
 1

0.
9

27
.4

 ±
 6

.1
53

.8
 ±

 1
0.

6
10

5.
2 

±
 1

7.
1

67
.7

 ±
 1

2.
8

28
.8

 ±
 7

.4
60

.1
 ±

 1
1.

6

R
at

io
12

2%
16

8%
23

8%
16

7%
12

7%
15

5%
24

1%
15

3%

2D
 C

PM
G

 T
2 

[m
s]

M
ax

85
.3

 ±
 1

2.
5

78
.4

 ±
 1

3.
0

55
.1

 ±
 7

.9
71

.5
 ±

 1
0.

3
93

.7
 ±

 1
4.

3
75

.2
 ±

 1
2.

6
53

.4
 ±

 8
.2

69
.4

 ±
 1

1.
4

M
in

66
.6

 ±
 8

.7
28

.7
 ±

 8
.7

21
.4

 ±
 4

.7
27

.9
 ±

 6
.6

66
.2

 ±
 1

0.
1

38
.2

 ±
 9

.4
17

.6
 ±

 7
.4

34
.1

 ±
 8

.8

R
at

io
12

8%
27

3%
25

8%
25

6%
14

2%
19

7%
30

3%
20

4%

Osteoarthritis Cartilage. Author manuscript; available in PMC 2017 December 15.


	Abstract
	Introduction
	Materials and Methods
	Human patellae procurement
	MR data acquisition
	Tissue processing
	Histopathology
	Post-processing and image analysis
	Statistical analysis

	Results
	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2

