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Abstract

Purpose: To validate the potential of quantifying R2-R1ρ using one pair of signals with 

T1ρ preparation and T2 preparation incorporated to magnetization-prepared angle-modulated 

partitioned k-space spoiled gradient-echo snapshots (MAPSS) acquisition and to find an optimal 

preparation time (Tprep) for in vivo knee MRI.

Methods: Bloch equation simulations were first performed to assess the accuracy of quantifying 

R2-R1ρ using T1ρ- and T2-prepared signals with an equivalent Tprep. For validation of this 

technique in comparison to the conventional approach that calculates R2-R1ρ after fitting both 

T2 and T1ρ, phantom experiments and in vivo validation with five healthy subjects and five 

osteoarthritis patients were performed at a clinical 3T scanner.

Results: Bloch equation simulations demonstrated that the accuracy of this efficient R2-R1ρ 
quantification method and the optimal Tprep can be affected by image SNR and tissue relaxation 

times, but quantification can be closest to the reference with an around 25 ms Tprep for knee 

cartilage. Phantom experiments demonstrated that the proposed method can depict R2-R1ρ changes 

with agarose gel concentration. With in vivo data, significant correlation was observed between 

cartilage R2-R1ρ measured from the conventional and the proposed methods, and a Tprep of 25.6 

ms provided the most agreement by Bland-Altman analysis. R2-R1ρ was significantly lower in 

patients than in healthy subjects for most cartilage compartments.

Conclusion: As a potential biomarker to indicate cartilage degeneration, R2-R1ρ can be 

efficiently measured using one pair of T1ρ-prepared and T2-prepared signals with an optimal 

Tprep considering cartilage relaxation times and image SNR.
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Introduction

Osteoarthritis (OA) is the most prevalent joint disease associated with pain and disability in 

middle-aged and older people, and its prevalence is rising due to an aging population and a 

rise in obesity.1,2 One distinctive feature of OA is articular cartilage degeneration, which has 

a progressive, irreversible course, and is associated with pathology of other joint tissues such 

as subchondral bone, synovial tissue, and meniscus.

Articular cartilage is hyaline cartilage, being composed of a sparse distribution of 

chondrocytes surrounded by a dense extracellular matrix (ECM). ECM is functionally 

responsible for the biomechanical roles of joints, and primarily comprised of water 

(65-80%), collagen (15-20%, primarily type II), and proteoglycans (PG) (3-10%).3-5 

Collagen forms a 3D fibrillar network, traps PG and water, and provides structural integrity.6 

PG is a macromolecule consisting of a protein core with bound glycosaminoglycan 

(GAG) side chains that provide cartilage with unique gel-like property.5,7 Cartilage can 

be divided into three layers, superficial, middle, and deep zones, from the articular surface 

to the subchondral bone, possessing varied collagen fiber ultrastructure and chondrocytes 

distribution.8-10 In the superficial zone, the collagen fibers are packed tightly and aligned 

parallel to the articular surface while the lowest PG content and the highest water content are 

present. In the middle zone, collagen fibers are less organized with oblique orientations. In 

the deep zone, collagen fibers are the most organized perpendicular to the articular surface 

while the highest PG content and the lowest water content are present.

Cartilage degeneration is characterized by alteration of collagen structure, loss of PG, and 

increase in water content, which usually occur prior to joint morphological changes.11,12 

Many quantitative MRI techniques have shown sensitivity to assess biochemical changes 

in cartilage. T2, spin-spin relaxation, is largely attributed by interaction between dipoles in 

spatially restricted water molecules in fiber collagen network, and can represent collagen 

structure and hydration.13-15 T1ρ, spin-lattice relaxation in a rotating frame, has been 

shown to be less affected by dipolar interaction.16 The sensitivity of T1ρ to PG loss was 

validated in enzymatically degraded cartilage specimens17-19 while some studies reported 

a negligible effect of PG loss with T1ρ in naturally-degenerate cartilage.20,21 A chemical 

exchange-dependent saturation transfer (CEST) technique can be also used to indirectly 

measure GAG content in cartilage by exploiting the exchange between hydroxyl (−OH) 

protons on GAG and bulk water protons22,23 although capturing the CEST signal below 3T 

magnetic field strength can be a challenge.24

T1ρ variation with the spin-lock frequency, known as T1ρ (or R1ρ (= 1/T1ρ)) dispersion, 

results from a reduction of relaxation due to dipolar effects and chemical exchange at 

a stronger spin lock field strength.25,26 Based on experiments using protein gels, which 

mimic biological tissues, chemical exchange between macromolecules and bulk water was 

shown to contribute significantly to T1ρ dispersion.26,27 Furthermore, Duvvuri et al28 also 

reported that in cartilage chemical exchange from NH and OH groups to bulk water 

dominates water R1ρ dispersion in the low frequency range (0 - 1.5 kHz). However, 

Mlynarick et al29 and recently Pang et al30 claimed that dipolar interaction would be 

the dominant relaxation mechanism at B0 ≤ 3T in cartilage. Even though distinguishing 
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different relaxation mechanisms is not straightforward, R1ρ difference between two spin-

lock frequencies has been suggested as a potential parameter to characterize the dispersion 

curve, which might reflect alteration in cartilage resulted from reduced dipolar interaction or 

chemical exchange.30-32 Russell et al33 and Pedoia et al34 demonstrated a composite metric 

R2-R1ρ, R1ρ difference between 0 Hz and 500 Hz spin lock frequencies, has high correlation 

with patient clinical outcome and cartilage lesion progression compared to either T2 or T1ρ, 

respectively.

Magnetization-prepared angle-modulated partitioned k-space spoiled gradient echo 

snapshots (MAPSS)35,36 combines magnetization preparation such as T1ρ or T2 preparation 

with gradient-echo snapshot 3D acquisition, and T1ρ or T2 can be quantified after acquiring 

images at multiple preparation times. With MAPSS, R2-R1ρ can be derived after quantifying 

both T1ρ and T2 separately; however, it requires a long acquisition time. A more efficient 

approach would be to estimate R2-R1ρ using one pair of T1ρ- and T2-prepared signals with 

equivalent preparation times as discussed in Russell et al.33 In this work, we demonstrated 

the feasibility of quantifying R2-R1ρ efficiently in the knee cartilage in a presence of B0 and 

B1 inhomogeneities and background noise using Bloch equation simulations. For validation, 

a phantom study and an in vivo knee MRI study with healthy subjects and OA patients were 

performed.

Methods

R2-R1ρ Quantification Using MAPSS

For the MAPSS sequence, T1ρ or T2 preparation was followed by 3D RF-spoiled gradient-

echo (SPGR) acquisition in a segmented radial centric view ordering during a transient 

state35 (Figure 1). T1ρ preparation used the composite RF pulse method proposed by Dixon 

et al,37 applying a hard RF pulse with a 135° flip angle and an RF phase same as the 

spin-locking RF pulse right after the 90° tip-down pulse and right before the 90° tip-up 

pulse to improve robustness to B0 variation. In addition, two acquisitions with ± signs of 

the 90° tip-up pulse and the subtraction of two acquired signals (RF phase cycling) was 

used to reduce B1 inhomogeneity effects.38 The RF phase cycling also reduced errors on T1ρ 
quantification resulted from T1 relaxation during multiple view acquisition.35 T2 preparation 

used a Malcolm Levitt (MLEV) train of nonselective composite 90°-180°-90° refocusing 

pulses to provide robustness to B0 and B1 inhomogeneities,39 and RF phase cycling was also 

applied. The effective TE (TEeff) for each T2 preparation was determined considering T1 and 

T2 decay during composite refocusing pulses39 as follows,

TEuncorr = N∗TSP, [1]

TEeff = TEuncorr − TREFOC ∗N∗(1−T2 ∕ T1) ∕ 2, [2]

where N was the number of the refocusing pulses, TRFFOC was the duration of one 

composite refocusing pulse, and TSP is the spacing between the two consecutive refocusing 

pulses. The ratio between T1 and T2 in cartilage was assumed40 to be 34. A chemical 
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selective fat suppression pulse was applied after either T1ρ or T2 preparation to provide 

similar fat suppression quality to acquisitions regardless of magnetization preparation.

As a conventional approach to quantify R2-R1ρ using MAPSS, signals can be acquired at 

multiple spin lock times (TSLs) with T1ρ preparation and then acquired at multiple TEs 

with T2 preparation. R2-R1ρ can be then calculated after fitting T1ρ and T2 respectively. In 

contrast, an efficient approach can only use one pair of T1ρ-prepared signal and T2-prepared 

signal with an equivalent preparation time (Tprep) for R2-R1ρ computation. In the absence of 

B0 and B1 inhomogeneities and image noise, T1ρ-prepared and T2-prepared signals with a 

Tprep of Tprep, i.e., S1ρ(Tprep) and S2(Tprep), can be expressed as

S1ρ Tprep = S1ρ(0) ∗ exp −Tprep ∕ T1ρ , [3]

S2 Tprep = S2(0) ∗ exp −Tprep ∕ T2 . [4]

Assuming S1ρ(0) = S2(0), R2-R1ρ can then be computed as

R2 − R1ρ = ( − ln S2 Tprep + ln S1ρ Tprep ) ∕ Tprep . [5]

To provide S2(0) as similar as S1ρ(0) with our T1ρ and T2 preparation schemes (Figure 

1), Tprep for T1ρ preparation was designated as TSL while Tprep for T2 preparation was 

designated as TEeff-1.2 ms (the duration of the two 135° hard pulses applied for the 

composite tip-down and tip-up pulse).

Bloch Equation Simulation

The feasibility of using 2-echo MAPSS to quantify R2-R1ρ in knee cartilage was first 

demonstrated by magnetization simulations. Magnetization at the end of T1ρ and T2 

preparation used in MAPSS (shown in Figure 1) was simulated using Bloch equations 

that describe precession and T1 and T2 relaxation. Magnetization evolution during the 

spin-locking pulse was simulated using precession along the effective spin-locking field 

accounting for B0 offset and T1ρ and T2ρ relaxation.38,41 T2ρ relaxation was simulated 

assuming T2ρ as the average of the reciprocal of T1 and T2
42 though T2ρ relaxation 

effects had been demonstrated to be negligible with phase-cycled T1ρ preparation.38 For 

T2 preparation, TEeff was varied by changing the number of 180° composite refocusing 

pulses or the interval between 180° composite pulses.

Noise effects were incorporated as a signal bias on the simulated signal, assuming the 

signal was measured on the square-root of the sum-of-squares of reconstructed images from 

sixteen receiver coil elements. Simulated signals with a bias due to noise was calculated 

supposing its following noncentral chi distribution.43,44 And then R2-R1ρ was calculated 

based on the logarithms of the simulated signals with using equivalent Tprep. Simulation was 

conducted by varying the Tprep, noise level, and T1ρ and T2 relaxation times. B0 and B1 

inhomogeneities effects were also assessed.
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Phantom Study

A phantom experiment was performed using a GE Discovery MR750 scanner (GE 

Healthcare, Waukesha, WI) and a 16-channel medium GEM flex-coil array (Neo-Coil, 

Pewaukee, WI). Five cylindrical tubes with agarose gel concentration of 2, 4, 6, 8, 10% 

(weight/volume) were attached to a small GE loading phantom and used for quantification. 

Agarose phantoms can provide similar T1ρ and T2 as biological tissues45,46 in a presence 

of exchange between free water and agar (macromolecule).47 First, 8-echo MAPSS was 

first performed with TSLs of 0, 12.8, 40, 80 ms, and spin lock frequency of 500 Hz for 

T1ρ quantification, and TEeff times of 0, 12.8, 25.7, and 51.4 ms for T2 quantification. 

To provide the last three TEeff times, the interval between consecutive refocusing pulses 

(TSP) was 4 ms and the numbers of refocusing pulses were 4, 8 and 16. The fat saturation 

pulse was turned off. Imaging parameters included were a FOV of 14 x 14 cm2, 128 x 128 

matrix size, 4 mm slice thickness, 24 slices, ±62.5 kHz readout bandwidth, 76 phase-encode 

lines (views) acquisition per each T1ρ or T2 preparation, 4 ms TR for each view, 1.3 s 

magnetization recovery time,35 and in-plane Auto-calibrating Reconstruction for Cartesian 

Imaging (ARC) acceleration48 by a factor of two. Afterwards, 2-echo MAPSS with one TSL 

and one TEeff was performed by varying Tprep (= TSL = TEeff - 1.2 ms) from 11.7 ms, 16.6 

ms, 24.6 ms, to 37.4 ms using equivalent acquisition parameters.

In addition, B0 field maps were measured using a 3D multi-echo gradient-echo sequence 

with prescribing 20 x 20 cm2 FOV, 256 x 256 matrix size, 6 mm slice thickness, 16 slices, 

±83.3 kHz readout bandwidth, 6.7 s TR, and TEs of 2.1/3.2/4.2/5.2/6.3/7.3 ms. B0 field 

maps were automatically generated from the host computer using the iterative field map 

estimation method with region growing.49,50 B1 maps were acquired using the Bloch-Siegert 

shift method51 incorporated to the 2D gradient-echo sequence with prescribing 16 x 16 cm2 

FOV, 128 x 128 matrix size, 10 mm slice thickness, 15 slices, 15° flip angle, 29 ms TR, and 

12.4 ms TE.

From 8-echo MAPSS images, T1ρ and T2 were estimated using the four echo signals 

through exponential curve fitting employing the Levenberg-Marquardt method,52,53 and then 

reference R2-R1ρ was obtained. From 2-echo MAPSS images, R2-R1ρ was calculated using 

the difference between the negative logarithms of the signals divided by Tprep. ROIs with 4 

cm2 in area were located within each tube at four central slices, and the mean and standard 

deviation of R2-R1ρ over the four ROIs of each tube were measured to compare R2-R1ρ 
between different methods.

In Vivo Scan

In vivo validation was performed using a GE Discovery MR750 scanner (GE Healthcare, 

Waukesha, WI) and a 16-channel medium GEM flex-coil array (Neo-Coil, Pewaukee, WI). 

Five healthy subjects (age: 30.6 ± 7.4 years (mean ± STD), 4 males and 1 females) and 

five patients with OA (age: 54.8 ± 6.7 years, 3 males and 2 females) were studied after 

obtaining ethical approval and informed consent. Two of the patients with OA had a 

Kellgren–Lawrence (KL) grade54 of 2, and the other three had a KL grade of 3, based 

on radiographs acquired within 6 months of each MRI exam.
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For each subject, 7-echo MAPSS was first performed with TSLs of 0, 12.8, 40, 80 ms, and 

spin lock frequency of 500 Hz for T1ρ quantification, and TEeff times of 0, 12.8, 25.7, and 

51.4 ms for T2 quantification. TSL = 0 images were shared as TE = 0 images for the in 

vivo study. Imaging parameters included were a FOV of 14 x 14 cm2, 256 x 128 matrix 

size, 4 mm slice thickness, 22 slices, ±62.5 kHz readout bandwidth, 64 view acquisition per 

each T1ρ or T2 preparation, 5.7 – 6.4 ms TR for each view, 1.3 s magnetization recovery 

time, and in-plane ARC acceleration by a factor of two, resulting in 9.8 min scan time. 

Afterwards, 2-echo MAPSS with one TSL and one TE was performed by varying the 

TSL and TEeff from 12.8 ms, 17.7 ms, 25.7 ms, to 38.5 ms using equivalent acquisition 

parameters (T2-prepared images were acquired at a 1.2 ms lower Tprep than T1ρ-prepared 

images). Each 2-echo MAPSS required 2.8 - 3 min scan time. For five out of the ten 

subjects, B0 field maps and B1 maps were acquired employing the mapping sequences used 

for the phantom study to assess B0 and B1 variations within cartilages, to determine the 

reliability of the 2-echo MAPSS method in quantifying in vivo knee cartilage.

In Vivo Data Post Processing and Quantification

Rigid registration between different TSL/TE images for each MAPSS data set was first 

applied when echo-to-echo spatial displacement was observed. From 7-echo MAPSS 

images, T1ρ and T2 were estimated using the four echo signals and then reference R2-R1ρ 
was obtained. For 2-echo MAPSS, T2-prepared signals was scaled by 0.97 to compensate 

acquisition at 1.2 ms lower Tprep than T1ρ -prepared signals assuming a cartilage T2 of 36 

ms (between the mean values of healthy subjects and osteoarthritis patients55). Then R2-R1ρ 
was calculated using the difference between the negative logarithms of the signals divided 

by Tprep.

Cartilage was segmented semi-automatically using in-house developed software based on 

edge detection and Bezier splines.56 Cartilage was divided into six different compartments, 

medial femoral condyle/tibia (MFC/MT), lateral femoral condyle/tibia (LFC/LT), lateral 

femoral trochlea (TrF), and patella (PT), with each compartment segmented on 4-8 slices 

of the second-TSL images of 7-echo MAPSS data. Fluid was excluded by exploiting the 

fourth-TSL images. For each 2-echo MAPSS data set, segmented regions were manually 

adjusted to correct for subject motion. The mean R2-R1ρ values were computed for each 

compartment over the ten subjects. Correlation and Bland-Altman analysis were performed 

to compare conventional and efficient R2-R1ρ quantification methods. Statistical difference 

in R2-R1ρ (by 7-echo MAPSS) for each cartilage compartment was assessed between the 

healthy subjects and patients using the Wilcoxon rank-sum test.

To assess B0 and B1 variations within cartilage regions, B0 field maps and B1 maps were 

resampled to match the FOV and pixel size of MAPSS images. The distribution of B0 

off-resonance frequencies and relative B1 (the measured flip angle divided by the nominal 

flip angle) within the six segmented cartilage compartments were assessed over the five 

subjects.
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Results

Simulation

Simulated signal magnitudes after T1ρ and T2 preparation with varying Tprep and derived 

R2-R1ρ are shown in Figure 2. Tissue relaxation times of T2 = 33 ms, T1ρ = 43 ms, and T1 

= 1.2 s were used, and B0 and B1 inhomogeneities were assumed not to be present. Noise 

was added to yield an SNR from 125 to 50 when Tprep = 0 on each coil image. Simulations 

indicated decrease in SNR yielded an increased signal bias in the signal magnitude, and 

R2-R1ρ was further deviated from the reference. Tprep that could provide R2-R1ρ closest to 

the reference was also affected by SNR.

Figure 3A, B illustrates T1ρ- and T2-prepared signals and resulted R2-R1ρ over Tprep 

variation for five different combinations of T2 and T1ρ relaxation times. SNR in coil images 

was assumed to be 100 when Tprep= 0, close to the measurement from in vivo knee MAPSS 

images (when using the 16-channel medium flex-coil array). The optimal Tprep increased 

with higher relaxation times, but overall, Tprep around 25 ms provided R2-R1ρ close to 

the reference. Figure 3C shows the simulated R2-R1ρ values subtracted by the reference 

(calculated from applied T2 and T1ρ values) over a B0 offset from −250 to 250 Hz and a 

relative B1 from 0.7 to 1.3, when Tprep = 24.5 ms. This Tprep provided a difference around -8 

s−1 when T2/T1ρ = 10/15 ms, but with higher relaxation times, the difference was close to 0 

within off-resonances of ±100 Hz and relative B1 variations of 0.9 - 1.1.

Phantom Study

T1ρ, T2, and R2-R1ρ maps of the agarose phantoms using 8-echo MAPSS are shown 

in Figure 4D, and E. T1ρ and T2 ranged between 15 ms and 75 ms over five 

different concentrations, decreased with increased agarose concentration as expected.46 The 

difference between T1ρ and T2 was very small, but we can still observe increase of R2-R1ρ 
with agarose concentration, probably indicating increased chemical exchange. Figure 4F 

shows R2-R1ρ maps based on 2-echo MAPSS at the four different Tprep times. Increase 

of R2-R1ρ with concentration was well depicted although variations of B0 off-resonance 

and relative B1 (Figure 4B,C) seemed to affect homogeneity of R2-R1ρ within each tube. 

For example, increased R2-R1ρ due to a large B0 offset was visible in the tube with 6% 

concentration (depicted by arrows). Based on ROI analysis (4 ROIs for each tube), Tprep 

= 24.5 ms provided the minimum bias in the means (0.13 s−1) compared to those from 

reference, and the minimum mean standard deviation over the tubes. Figure 4H compares 

the mean and standard deviation of R2-R1ρ within each tube between 8-echo MAPSS and 

2-echo MAPSS at Tprep = 24.5 ms. The mean values were very similar between the two 

methods for the agarose phantoms with concentrations of 4, 6, and 8% (within a difference 

of 0.05 s−1) while 2-echo MAPSS yielded higher standard deviations.

In Vivo Study

Quantification results from one representative healthy subject are shown in Figure 5. Figure 

5A,C shows T1ρ, T2, and R2-R1ρ maps at two different slice locations from 7-echo MAPSS, 

and Figure 5B,D shows R2-R1ρ maps from 2-echo MAPSS with four different Tprep values 

at the matching locations. The deep layers, which include highly organized collagen fibers,11 
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had relatively shorter T1ρ and T2 and higher R2-R1ρ compared to the superficial layers. 

Figure 5E depicts acquired signals and derived R2-R1ρ with 2-echo MAPSS at the four Tprep 

times from the pixels located in MFC, MT, PT, and LFC. T1ρ and T2 decay curves and 

reference R2-R1 based on fitted T1ρ and T2 from 7-echo MAPSS are denoted as dashed lines 

as well. R2-R1ρ was estimated close to the reference using 2-echo MAPSS. However, we can 

check that for the pixel with high R2-R1ρ (pixel 2), using a long Tprep yielded a larger error. 

In contrast, for the pixel with small R2-R1ρ (pixel 4), 2-echo MAPSS with a short Tprep 

yielded a larger error.

Results from two patients are illustrated in Figure 6 with again T1ρ, T2, and R2-R1ρ maps 

from 7-echo MAPSS as well as R2-R1ρ maps from 2-echo MAPPS. Overall, elevated T1ρ 
and T2 values and lower R2-R1ρ values were seen compared to the healthy subjects. R2-R1ρ 
maps from 2-echo MAPSS depicted patterns similar to what from 7-echo MAPSS.

Figure 7 compares the mean R2-R1ρ values of the six different cartilage compartments 

for each subject between 7-echo MAPSS and 2-echo MAPSS. Scatter plots (Figure 7A) 

demonstrated a strong correlation between the two measurements; when Tprep = 25.7 ms, 

the correlation of determination was the highest (r2 = 0.78). The Bland-Altman plots (Figure 

7B) also demonstrated that Tprep = 25.7 ms provided a bias close to 0 and the coefficient of 

variance (the ratio between the standard deviation of each difference and the average of each 

mean) was smaller (13%) than other Tprep values. The mean R2-R1ρ values (based on 7-echo 

data) were statistically lower in patients than in healthy subjects for all compartments except 

MT based on the Wilcoxon rank-sum test (P < 0.05).

There existed B0 and B1 variations over the imaging volume. In particular, Figure 8 

shows B0 field maps and relative B1 maps at the medial and lateral slices from a healthy 

subject. However, we were able to see that variations within cartilage regions were not that 

significant. Figure 8G-H shows histograms of B0 off-resonance frequencies and relative B1 

values within the six cartilage compartments over the five subjects. The central 80% of B0 

off-resonance frequencies were within the range from −38 to 5 Hz, and 80% of relative B1 

values were within the range from 0.88 to 1.19. These B0 and B1 variations can provide 

R2-R1ρ close to the actual value based on Bloch equation simulations (Figure 3C).

Discussion

In this work, we demonstrated that R2-R1ρ quantification from 2-echo MAPSS shows a good 

agreement with those from 7-echo MAPSS. Our Bloch equation simulations demonstrated 

that careful selection of Tprep will allow for R2-R1ρ quantification not much affected by 

image noise over a wide range of possible relaxation times for cartilage. Our in vivo results 

from ten subjects also revealed that Tprep of 25.7 ms provided quantification results most 

similar to those from the conventional method.

Derivation of R2-R1ρ from 2-echo MAPSS signals assumes that S1ρ(0) and S2(0) are 

equivalent. To achieve this, careful comparison between T1ρ and T2 preparation is needed. 

Designating Tprep as TSL for T1ρ preparation and Tprep as TEeff, which results in TSL = 

TEeff, would provide a lower S1ρ(0) than S2(0) because of additional relaxation with T1ρ 
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preparation happening during the two 135° hard pulses for the composite tip-down and 

tip-up pulses. By approximating the relaxation time constant during these RF pulses as T2, 

setting Tprep as TEeff subtracted by the two 135° hard pulse duration for T2 preparation, i.e., 

Tprep = TEeff − 2*TRF135, will provide S1ρ(0) and S2(0) more similar. Our simulations and 

phantom study used Tprep = TEeff − 2*TRF135 for 2-echo MAPSS acquisition, but our in vivo 

study was performed with TSL = TEeff. To mimic Tprep of TEeff − 2*TRF135 for T2-prepared 

signal, the acquired T2-prepared signal was multiplied by 0.97 assuming a T2 of 36 ms. 

This scaling might have resulted in a higher R2-R1ρ for regions with T2 >36 ms and a lower 

R2-R1ρ for regions with T2 < 36 ms. If actual in vivo acquisition had been performed with 

the proposed Tprep, R2-R1ρ quantification with 2-echo MAPSS might have been improved. 

Another concern is that TEeff might not be estimated correctly when the assumption of T1 

over T2 as 34 is not suitable due to cartilage degeneration. T1 might not vary much (reported 

as 1.2 s at 3T40), but T2 might vary55 over 15 - 70 ms. However, even the actual T1/T2 

varies over 20-50, the error in TEeff by assuming T1/T2 as 34 would be between −0.25% and 

0.37%.

The use of composite RF pulses and phase cycling for T1ρ preparation is effective in 

reducing B0 and B1 inhomogeneity effects, and these approaches can minimize errors 

in R2-R1ρ quantification when using the direct subtraction between the logarithms of 

acquired signals. Chen et al.38 demonstrated the effectiveness of this T1ρ-preparation 

scheme to correct B0 and B1 inhomogeneity effects in comparison to other frequently-used 

techniques. For our phantom study, B0 off-resonance variation existed within each tube 

due to its cylindrical shape, up to 60 Hz variation along the diameter (2.5 cm), and these 

inhomogeneity effects were noticeable in R2-R1ρ quantification. However, for the in vivo 

study, we measured B0 off-resonances of −38 - 5 Hz and relative B1 variations of 0.88 - 

1.19 for 80% of total cartilage pixels (over five subjects), and thus inhomogeneity effects on 

R2-R1ρ would not be that significant as simulations verified.

Our phantom study depicted increase in R2-R1ρ with agarose gel concentration, possibly 

indicating higher chemical exchange between free water and macromolecule. However, the 

value was small, under 2 s−1 even with 10% concentration. Li et al46 previously reported 

no observable dispersion between spin lock frequency of 150 Hz and 1000 Hz in agarose 

gel phantoms. We measured the negative R2-R1ρ with 2% gel concentration, and it might 

have resulted from inaccurate TEeff calculation, inhomogeneity effects, or nonoptimal sets of 

TEeff values to estimate 75 ms T2 accurately.

Our sample size was small (five healthy subjects and five patients); though R2-R1ρ in the 

patient group was statistically lower than the healthy subject group for five out of six 

compartments, supporting previous results on the potential utility of R2-R1ρ as OA imaging 

biomarker.34 Assessing patients with various stages of OA will allow for further evaluation 

of clinical utility in R2-R1ρ. R2 and R1ρ had a relaxation component describing dipolar 

interactions as well as a component resulted from chemical exchange between hydroxyl 

(−OH) protons in bulk water and in PG.32,57 With the increase in the spin lock frequency 

(w1), the relaxation rate contributed from dipolar interaction reduces based on molecular 

rotation correlation time (γc), described by an equation of R1ρ
DD ∝ 1.5γc ∕ (1 + 4w1

2γc2) + K, 
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where γc depends on surrounding macrostructure (increased with tighter collagen structure) 

and K depends on B0 resonant frequency and γc. In addition, the relaxation rate contributed 

from chemical exchange between bulk water and PG also reduces with the spin lock 

frequency based on chemical exchange rate (rex) and fractional population of bulk water 

and PG pools (pa, pb), described by an equation of R1ρ
ex = δ2papbrex ∕ (w1

2 + rex2 + δ2), where 

δ is the chemical shift frequency of (−OH) protons in PG.58,59 Therefore, R1ρ difference 

between the two spin lock frequencies (0 and 500 Hz) can be a metric associated with 

γc, pb, and rex, and can characterize ECM better than either R2 or R1.31,60 Small R1ρ 
difference might reflect either reduced collagen integrity (represented by decreased γc) 

or reduced chemical exchange effect (decreased pb or rex), either of which results from 

cartilage degeneration. Alternatively, different spin lock frequencies might be employed if 

they can characterize ECM better. Previously, Wang et al60 used 100 and 350 Hz spin lock 

frequencies in calculating R1ρ difference to represent dispersion curves.

Articular cartilage collagen structure is more organized in deep layers than in superficial 

layers, thus deep layers exhibit R2-R1ρ higher than superficial layers for healthy subjects. In 

addition, deep layers contain higher concentration of PG,4 which might enhance R2-R1ρ. 

Because of their inherent structural, compositional variations within cartilage, separate 

quantification of the superficial and deep layers might better delineate change due to 

degeneration:30,61 division into three layers of superficial, transitional, and deep layers is 

difficult considering spatial resolution with in vivo imaging. R2-R1ρ is also still sensitive to 

magic angle effects like T2 and T1ρ
13,62,63 since relaxation due to dipolar interaction has 

orientation dependance based on the angle between the collagen fiber direction and the main 

magnetic field.64 Therefore, the magic angle effects need to be considered when assessing 

R2-R1ρ for detecting cartilage degeneration.

There are several limitations on this efficient method and our imaging parameters to address. 

Because efficient R2-R1ρ measurement uses only two pixel signals for quantification, this 

method can be highly sensitive to spatial misregistration between the two image sets. Perfect 

alignment is critical for accurate quantification. In addition, any artifacts perturbing original 

cartilage signals such as flow artifacts will also directly affect quantification. However, 

since flow artifacts from MAPSS mostly affects posterior regions of LFC, the presence of 

flow artifacts can be evaluated from acquired MAPSS images and affected regions can be 

excluded during analysis. In addition, the SNR in R2-R1ρ maps can be also lower than the 

conventional method, so there should be sufficient SNR for each echo image to use this 

efficient method. As for our imaging parameters, the slice thickness of 4 mm can be large 

for knee cartilage assessment, and cartilage quantification can be affected by partial volume 

effects, in particular, in cartilage regions adjacent to synovial fluid or bone. However, we 

believe this efficient approach might be exploited to improve spatial resolution for knee 

cartilage assessment without the need of a long scan time as far as the SNR is sufficient. 

Another limitation of this current approach is the optimal Tprep might vary depending 

on image SNR. However, it might be possible the estimate original signal resulted from 

magnetization by estimating noise standard deviation from background ROI and correcting 

signal bias.44 This can provide 2-echo MAPSS R2-R1ρ quantification less affected by the 

SNR.
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This efficient R2-R1ρ quantification method has a high potential to delineate cartilage 

degeneration with a very short acquisition time. We have only applied this technique for 

knee cartilage, but the same approach can be used for hip cartilage though B0 and B1 

inhomogeneity effects can be higher. This method can be also applied to assess other 

connective tissues such as tendons, menisci, and ligaments, which also consist of ECM 

primarily containing collagen, PG, and water.

Conclusions

We have demonstrated that knee cartilage R2-R1ρ can be quantified using one pair of T1ρ-

weighted signal and T2-weighted signal while reducing acquisition time by 70% compared 

to the conventional method that respectively fitted T2 and T1ρ (acquisition time from 10 

mins to 3 mins for one knee). A preparation time of 25.6 ms provided the most correlated 

and agreeable R2-R1ρ in knee cartilage to that of the conventional method. R2-R1ρ was 

significantly lower in patients than in healthy subjects, demonstrating a high potential to 

provide information pertaining to cartilage ECM change associated with degeneration.
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Figure 1. 
T1ρ and T2 preparation incorporated to MAPSS. T1ρ preparation used composite tip-down 

and tip-up pulses while T2 preparation used composite refocusing pulses with MLEV phase 

cycling. For each preparation, acquisitions were performed with ± signs of the 90° tip-up 

pulse and the subtraction of two acquired signals was used to be less sensitive to B1 

inhomogeneities (RF phase cycling). For T2 preparation, TE was corrected (defined as 

TEeff) based on the number of refocusing pulses, the duration of each refocusing pulses, 

and the ratio of T1 and T2. Multiple phase-encode lines (views) were acquired after each 

preparation.
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Figure 2. 
Bloch equation simulations and noise effects. (A) T1ρ- and T2-prepared signals by varying 

the Tprep assuming T2 = 33 ms and T1ρ = 43 ms. Noise was added assumed to yield SNR 

at each coil image from 125 to 50 when Tprep = 0. (B) Derived R2-R1ρ based on T1ρ- 

and T2-prepared signals over the Tprep. Increased noise yields an increased signal bias and 

results in an increased error for R2-R1ρ quantification.
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Figure 3. 
Bloch equation simulations with various tissue relaxation times. (A) Simulated T1ρ- and 

T2-prepared signals over Tprep. Five different combinations of T1 and T2 relaxation times 

(within possible ranges in cartilage) were used, assuming the SNR over each coil image 

when Tprep = 0 was 100. (B) Derived R2-R1ρ from simulated T1ρ- and T2-prepared signals 

compared to the reference. (C) R2-R1ρ difference between simulation and the reference over 

a B0 offset of −250 to 250 Hz and relative B1 variation of 0.7 to 1.3 (Tprep was set to 25 ms). 

The difference is close to 0 within a B0 offset of ±100 Hz and a relative B1 variation of 0.9 - 

1.1 except with the first pair of relaxation times.
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Figure 4. 
Phantom study using agarose gel with concentration of 2 - 10%. (A) MAPSS images with 

TSL = 0. (B,C) B0 field map and relative B1 map (the measured flip angles over the nominal 

flip angle). (D,E) T1ρ, T2, and R2-R1ρ maps fitted and derived from 8-echo MAPSS. T1ρ 
and T2 decrease while R2-R1ρ increases with increased agarose concentration. (F) R2-R1ρ 
maps from 2-echo MAPSS acquired at the four different Tprep times. (G) The means and 

standard deviations of T1ρ and T2 over four ROIs within each tube. (H) The means and 

standard deviations of R2-R1ρ from 8-echo MAPSS and 2-echo MAPSS with Tprep of 24.48 

ms. The standard deviations are higher with 2-echo MAPSS although the mean values are 

very similar between the two methods for tubes with concentrations of 4,6, and 8%.
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Figure 5. 
Healthy subject results. (A,C) T1ρ, T2, and R2-R1ρ maps from 7-echo MAPSS at two 

different slice locations. (B,D) R2-R1ρ maps from 2-echo MAPSS with four different 

Tprep at the matching locations. The deep layers exhibit shorter T1ρ and T2 and higher 

R2-R1ρ compared to the superficial layers. (E) These plots depict measured signals (after 

compensation for T2-prepared signals) and derived R2-R1ρ with 2-echo MAPSS at the four 

Tprep times (different colors for different 2-echo MAPSS scans). The locations of pixels 1 - 

4 (P1 - P4) are depicted in (A-D). Estimated T1ρ, T2, and R2-R1ρ from 7-echo MAPSS are 

denoted above the plots, and corresponding T1ρ and T2 decay curves and reference R2-R1ρ 
are depicted as dashed lines in these plots.
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Figure 6. 
Patient results. (A,C) T1ρ, T2, and R2-R1ρ maps by 7-echo MAPSS from two patients. 

(B,D) R2-R1ρ maps from 2-echo MAPPS at the matching slices. Increased T1ρ and T2 and 

decreased R2-R1ρ values are observed, compared to the previous healthy subject. R2-R1ρ 
maps from 2-echo MAPSS exhibit patterns similar to what from 7-echo MAPSS.
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Figure 7. 
Average R2-R1ρ for each cartilage compartment from the ten subjects measured 7-echo and 

2-echo MAPSS. (A) Scatter plots to assess correlation in R2-R1ρ between the two methods 

at four different Tprep times. (B) Bland-Altman plots to assess agreement between the two 

methods. Scatter plots and Bland-Altman plots show that Tprep = 25.7 ms can provide the 

most agreeable quantification results between 7-echo and 2-echo MAPSS with the minimum 

coefficient of variance (CV).
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Figure 8. 
B0 and B1 inhomogeneities in knee cartilage. (A-F) MAPSS TSL = 0 images, and B0 field 

maps and relative B1 maps at two different slices from one healthy subject. B0 and B1 

variations within each slice can be seen. (G-H) Histograms of B0 off-resonance frequencies 

and relative B1 variations over the six compartments of five subjects.
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