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Abstract

Purpose—Quantitative T1ρ imaging is beneficial for early detection for osteoarthritis, but has 

seen limited clinical use due to long scan times. This work evaluates the feasibility of accelerated 

T1ρ mapping for knee cartilage quantification using a combination of compressed sensing (CS) 

and data-driven parallel imaging (ARC).

Methods—A sequential combination of ARC and CS, both during data acquisition and 

reconstruction, was used to accelerate the acquisition of T1ρ maps. Phantom, ex vivo (porcine 

knee) and in vivo (human knee) imaging was carried out on a GE 3T MR750 scanner. T1ρ 

quantification post CS-accelerated acquisition was compared with non CS-accelerated acquisition 

for various cartilage compartments.

Results—Accelerating image acquisition using CS did not introduce major deviations in 

quantification. The coefficient of variation for the root mean squared error (CV(RMSE)) increased 

with increasing acceleration, but for in vivo measurements, it stayed under 5% for net acceleration 

factor up to 2, where the acquisition was 25% faster than the reference (only ARC).

Conclusion—To the best of our knowledge this is the first implementation of CS for in vivo T1ρ 

quantification. These early results show that this technique holds great promise in making 

quantitative imaging techniques more accessible for clinical applications.
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INTRODUCTION

Osteoarthritis (OA) is a major public heath problem in the United States, affecting nearly 27 

million people(1). Cartilage degeneration and the ensuing loss of joint function, as a result 

of OA, is a leading cause of work disability and reduced quality of life. As such, non-

invasive early detection of cartilage degeneration is of increasing clinical importance. 
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Recent studies have shown the advantages of quantitative MRI (2–4) over conventional 

qualitative MRI, particularly for early detection, since the biochemical changes measured by 

these techniques occur much sooner than the morphological changes seen with conventional 

MRI. This work focuses on quantification of T1ρ relaxation times.

Cartilage degeneration is triggered by damage to the collagen-proteoglycan (PG) matrix. 

The T1ρ parameter reflects the changes in this matrix, which acts as a motion-restrictive 

environment for the surrounding water molecules. T1ρ relaxation rate (1/T1ρ) has been 

shown to decrease linearly with decreasing PG content(5,6). Additionally, in vivo studies 

have demonstrated a connection between T1ρ measurements and OA, with higher cartilage 

T1ρ values for patients with OA(7,8).

Quantitative T1ρ imaging requires the acquisition of multiple images with different spin-

lock times (TSLs) to generate the T1ρ maps. This translates to long scan times, thus limiting 

the widespread clinical use of this technique. Reducing the number of TSLs acquired is one 

way of reducing the acquisition times, but this compromises the T1ρ quantification accuracy 

and precision(9). Another commonly used technique for accelerating the acquisition is 

parallel imaging(10–12), but in this case the acceleration factor is limited by the number of 

coils used.

Compressed sensing (CS) is still a relatively new technique for accelerating image 

acquisition(13,14). It relies on the inherent sparsity and compressibility of MR data to 

overcome under-sampling induced artifacts in the acquired data(15). CS MRI has 

predominantly been shown to be beneficial in applications that rely on anatomical image 

quality(16), and only recently have there been some publications exploring its use in 

quantitative MR parameter mapping(17–19). However, with regard to application of CS to 

accelerate T1ρ mapping, the literature is still lacking. Recently, Zhu et al(20) showed very 

promising results in simulated data for brain and spine imaging. The task is even more 

challenging for knee cartilage imaging due to the small size of the structures. Thus the goal 

of this work is to evaluate the feasibility of accelerated T1ρ mapping for knee cartilage 

quantification, and our chosen approach is a combination of CS and data-driven parallel 

imaging (ARC).

METHODS

Sequential Combination of Compressed Sensing and Data-Driven Parallel Imaging

CS and ARC can be combined in either an integrated(21,22) or a sequential(14,23) manner, 

with each having distinct advantages. In the sequential implementation, acceleration is 

clearly split between CS and ARC, allowing better conditioning for both methods than in the 

integrated approach with full acceleration, though the integrated approach could be more 

efficient(22). Additionally, with the sequential combination, CS can be used with any 

exiting ARC method with minimum modifications. This work employs a sequential 

combination of ARC and CS, both during k-space data acquisition and image 

reconstruction(23). The two sequential steps are illustrated in Fig 1. In the first step, the k-

space is under-sampled following the strategy used for ARC. This intermediate sampling 

pattern is composed of a uniformly under-sampled grid in the outer k-space regions (higher 

Pandit et al. Page 2

Magn Reson Med. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



frequency) and a fully-sampled central region (low frequency) called auto-calibration signal 

(ACS).

In the second step, the remaining k-space points on the uniformly under-sampled grid are 

further under-sampled in a random fashion. The sampling pattern used is Gaussian pseudo-

random distribution with standard deviation in each direction equal to the width of the 

random matrix in that direction. Since CS works better with full sampling near the center of 

k-space, no under-sampling is used over an area slightly larger than the ACS region. This 

resulting k-space sampling pattern is used for the acquisition of all the different repetitions 

for the T1ρ-weighted gradient echo sequence.

The acquired data sets are then reconstructed with the reversed sequential combination of 

CS and ARC. The k-space data are masked with a grid of uniformly undersampled points 

and used in the first step of the reconstruction. Since the aliased images from each coils are 

still sparse(14), the CS algorithm is used to fill in the missing randomly undersampled points 

on the uniformly undersampled grid. The objective function for the CS reconstruction is

[1]

where the derivatives ∇y and ∇z are implemented as nearest-neighbor finite differences of 

the complex image m, || ||1 is the L1-norm implemented as a sum over all image pixels, 

denotes the Fourier transform and y is the measured k-space data. A non-linear conjugate 

gradient (CG) solver with 15 iterations is used to minimize the penalty (L1-norm in Eq. [1]) 

for each coil (13). The inequality constraint in Eq. [1] is imposed by substituting the 

measured k-space data back into the estimated k-space data at the measured locations 

following each CG iteration.

The first step yields a uniformly undersampled k-space. In the second step, the ACS points 

are combined with the now uniformly undersampled k-space and ARC reconstruction is 

applied to fill in the remaining k-space points. The reconstruction used is similar to 

GRAPPA (24) but fills k-space in (x,ky,kz) space for slightly greater efficiency (25). Fully 

sampled k-space is thus obtained for each coil and the respective images are combined using 

sum of squares across coils.

Data Acquisition

The scanning was carried out on a GE 3T MR750 scanner (GE Healthcare, Milwaukee, WI) 

with an 8-channel phased array knee coil (Invivo, Gainsville, FL).

All T1ρ MR images were acquired with the 3D MAPSS pulse sequence(26). The sequence 

is composed of two parts: magnetization preparation using a series of spin-lock pulse 

clusters for generating the T1ρ contrast, followed by segmented 3D SPGR for data 

acquisition. The pulse sequence parameters were set to match the protocol employed in a 

number of research studies; FOV = 14 cm, matrix resolutions 256x128, 20 to 24 slices, slice 
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thickness 4 mm, Views Per Segment (VPS) = 64, time of recovery = 1.2 s, time of spin-lock 

(TSL) = 0/2/4/8/12/20/40/80 ms and spin-lock frequency = 500 Hz was used.

As previously described, the sampling pattern was obtained by combining two under-

sampling strategies: 2-fold ARC under-sampling as well as different random under-sampling 

accelerator factors. Table 1 shows the different combination of accelerations used in this 

work. Net acceleration is calculated based on the actual imaging time for the accelerated 

acquisition with respect to the time required for a fully-sampled acquisition.

The ACS region covered the central 32 k-space lines in phase encoding direction. The size 

of the region where no random under-sampling was applied was 64x10 (ky-kz) at the center 

of the k-space.

T1ρ acquisitions were first performed on a phantom set made of 6 tubes (25mm diameter) 

filled with different concentrations (2% to 4%) of agarose gel. Ex vivo acquisition was 

performed on porcine knee (n = 1) and in vivo acquisitions on healthy volunteers (n = 2).

The study was approved by the Committee for Human Research at our institution, and 

informed consent was obtained from all volunteers.

Simulation

The raw k-space data of a fully sampled acquisition was used to simulate a larger number of 

acceleration factors. The full k-space was under-sampled using the same strategies as the 

ones used on the MRI scanner: 2 fold ARC under-sampling combined with random under-

sampling. Acceleration factors between 1.65(only ARC) and 2.77 (ARC+CS) were used in 

this simulation. The images were reconstructed using the same reconstruction algorithm 

employed on the MRI scanner.

Reconstruction and data analysis

The acquired data were directly reconstructed on the MRI scanner and the DICOM images 

were exported for analyses. The raw k-space data sets for fully sampled acquisitions were 

saved and used in simulations. All algorithms used for analysis were implemented in Matlab 

(Mathworks, Natick, MA).

For the phantom images, circular ROI (20mm-diameter) were placed in the center of each 

tube on the 5 central slices of the acquisition.

For the knee images, each acquisition was registered to the first acquired data set (only 

accelerated with ARC). Additionally, in case of in vivo acquisitions, individual T1ρ-

weighted images were first registered to the images with TSL=0. This was carried out in 

order to correct for motion artifacts during T1ρ quantification. The rigid registration was 

performed using the VTK CISG Registration Toolkit (27). The knee cartilage was then 

segmented in different compartments on the first echo image acquired with TSL=0 ms. The 

6 different compartments are: lateral/medial femoral condyles (LFC/MFC), the lateral/

medial tibia (LT/MT), patella (PAT) and trochlea (TRO). The segmentation was performed 

semi-automatically using an in-house developed software (28). In addition to the cartilage 
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compartments, a small region in the homogeneous part of the gastrocnemius muscle was 

also segmented. Only one segmentation per subject was performed since inter scan motion 

was corrected by the registration process.

T1ρ maps were generated using voxel-by-voxel 3 parameter mono-exponential fit

[2]

The mean value and standard deviation within each defined ROIs was calculated. The 

fidelity of the CS-accelerated acquisition to the reference acquisition (only ARC) was 

estimated using the coefficient of variation of the root-mean-square error (CV(RMSE)) 

calculated across the ROIs. The choice for the reference acquisition was based on existing 

protocols for human knee cartilage quantification, that use parallel imaging (only ARC) to 

reduce scan time and have been shown to have image quality comparable to fully-sampled 

acquisitions (11).

RESULTS

T1ρ values between 29 ms and 60 ms were measured in phantoms with different agarose 

concentrations. When comparing the CS-accelerated acquisitions, with net accelerations of 

1.9 and 2.2, to the reference acquisition (only ARC), the difference in T1ρ values was below 

2.6% and 3.3% respectively. The CV(RMSE) calculated across the 6 phantoms was equal to 

2% and 2.4% respectively.

Figure 2(a) shows the results for the ex vivo pig knee acquisition, where T1ρ color maps are 

overlaid on gray-scale images (TSL = 0) for 3 different acceleration factors. The T1ρ 

quantification in the different compartments performed in these acquisitions (solid line) and 

in simulations (dashed line) is presented in Fig. 2(b). The T1ρ and percentage difference 

between the accelerated acquisitions and reference acquisition (only accelerated with ARC) 

are displayed for the different compartments. The T1ρ values had a greater than 5% 

difference for acceleration factors larger than 1.93 in the LT and TRO compartments, 2.32 in 

MT and PAT compartments, and 2.35 in LFC compartment. In the MFC and muscle 

compartment the difference stayed below 5% and was equal to 3.06% and 1.21% 

respectively for acceleration factor of 2.35. The CV(RMSE) for the four accelerated 

acquisitions (Net acceleration of 1.93, 2.2, 2.31, and 2.35) was 3.68%, 4.21%, 5.86%, 6.22% 

respectively across the 6 cartilage compartments.

The acquisition times of the in vivo measurement were between 7.25 min and 6.33 min. 

Following each acquisition, a first set of images was reconstructed within 10s, to allow a 

quick image quality check. The CS calculation was skipped for this first reconstruction and 

the empty k-space lines were zero-filled. The second set of images correctly reconstructed 

with CS was obtained within 10 mins. Figure 3(a) shows images and T1ρ map obtained 

from one volunteer. The T1ρ color map of the LFC and LT compartments are overlaid on 

the first echo image. In vivo T1ρ quantification in three acquisitions performed with 

different acceleration factors on two volunteers is presented in Fig. 3(b). The CV(RMSE) 
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across the 6 cartilage compartments and both volunteers was 4.7 and 9.6% for acquisitions 

with net acceleration of 1.9 and 2.2 respectively.

The CV(RMSE) calculated for the simulations, the ex vivo, and the in vivo acquisitions is 

presented in Fig. 4.

DISCUSSION

The data acquisition and reconstruction for CS and data-driven parallel imaging (ARC) has 

been successfully implemented on a clinical MRI scanner.

Two sets of images were reconstructed for these acquisitions. The first set was not used for 

any of the analysis but was useful to decide whether the scan had been successfully acquired 

or needed reacquiring. The images contained artifacts due to random under-sampling but 

their quality was sufficient for detecting errors during prescription or major motion artifacts 

during acquisition. The second set of images, obtained 10 minutes later, were used for the 

analysis.

Accelerating the phantom acquisition with CS did not introduce major deviations in 

quantification. Maximum difference of 3.3% was measured for acquisitions with 

acceleration factor of 2.2 when compared with the non CS-accelerated acquisition. These 

values were obtained in 20 mm circular ROIs in 25 mm wide cylindrical phantoms. The 

signal was homogenous within the ROIs and in their surrounding, thus explaining the good 

results obtained in the phantom.

In the ex vivo experiment, the T1ρ values in the muscle show similar results as in the 

phantom experiment. When the ROI is surrounded by similar tissue, as in the case of 

muscle, the T1ρ value does not change much with acceleration. The error stayed under 

1.21% in the muscle compartment for all the acquisitions. The difference in T1ρ values 

between non CS-accelerated and CS-accelerated acquisitions is higher when measured in the 

cartilage. This difference exceeded 5% in two compartments at an acceleration factor of 

1.93. However the overall CV(RMSE) across all compartment stayed below 5% for 

acceleration lower than 2.31.

For increasing accelerations, the simulation results follow a similar global trend as that from 

the acquired data but there are deviations for each compartment. One of the potential sources 

of difference between the simulations and the acquisitions could be the noise in the original 

data. In the simulation, the different acceleration images were reconstructed from the same 

acquired data set and had the same noise, whereas in the latter case, they were separate 

acquisitions and hence the noise was different.

The consistent results in the phantom and in the muscle on one hand, and the larger 

deviation in the cartilage compartments on the other, suggests that though the filtering 

introduced by CS reduces the noise in the image, it unfortunately also introduces signal 

leakage between neighbor pixels which results in variation of the T1ρ quantification.
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The in vivo acquisitions have higher quantification error compared to the ex vivo 

acquisitions due to mild motion artifacts and potential mis-registration. Nevertheless no 

obvious problem was visually detected. Due to long acquisition times only two CS 

accelerated datasets were acquired for each subject. The limited number of acquisitions 

makes it difficult to predict the relation between evolution of T1ρ values in vivo and 

acceleration factor, but nevertheless the CV(RMSE) across all cartilage compartment follow 

similar trend as for the ex vivo simulation and acquisition (Fig. 4). In all these measurements 

the CV(RMSE) increases with acceleration. It crosses the 5% limit for acceleration factor of 

2. With this acceleration factor the acquisition is 25% faster than in the existing protocols 

with ARC-only acquisition.

To the best of our knowledge this is the first work demonstrating in vivo implementation of 

CS for T1ρ quantification. We have shown the feasibility of this approach, though there is a 

room for much improvement. With this current algorithm the gain in acquisition time is 

relatively limited. There are a number of different algorithms and sparsity domains that can 

be implemented and used within the CS framework for further improvements - both in scan 

time reduction as well as reconstruction accuracy.

In this implementation each echo was reconstructed independently. The redundancy of 

signal from anatomical structures between echoes was not used to accelerate the acquisition. 

This dimension has great potential for accelerating the acquisition but due to the non-linear 

nature of exponential decays, its implementation requires more work.

This work also showcases the challenges of using CS for quantitative imaging of the 

cartilage. The cartilage is a thin structure surrounded by tissues having different signal 

properties. Thus any filtering of the image induced by the reconstruction has a major impact 

on the quantification, and needs to be taken into account while choosing the algorithm. 

Furthermore, the iterative reconstruction produces a solution by considering the entire 

image. This solution may not be optimal for the cartilage, which represents only a small 

proportion of entire volume. There are CS methods that target specific regions of the image 

that might be extended to be beneficial here(29).

When using parallel imaging techniques for proton MRI, the penalty for acquiring fewer 

signals is a loss of SNR in the final image by a factor of the square root of the acceleration 

factor. CS reconstruction is inherently a denoising procedure and thus there is little or no 

SNR decrease depending on acceleration(13,23) but the real penalty comes with the filtering 

of the images and can manifest as loss of low-contrast features. The artifacts can be subtle 

and vary with different implementation methods.

In conclusion, CS for quantitative T1ρ MRI is still very much an open field, but we believe 

that advanced acceleration techniques such as ours, where we combine CS and PI for scan 

time reduction hold great promise in making quantitative imaging techniques more 

accessible for clinical applications.
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Figure 1. 
The sampling pattern was defined in two consecutive steps (top row): regular under 

sampling with ARC followed by random undersampling for CS. The center of the k-space 

remained fully sampled. The image reconstruction was also performed in two consecutive 

steps (bottom row): first CS followed by ARC reconstruction.
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Figure 2. 
(a) T1ρ color maps of the lateral tibia and femoral condyle measured in the ex vivo 

experiment. The color maps overlay on the image corresponding to TSL=0 (gray scale). (b) 

Top row: T1ρ measured in the simulation (dashed line) and in the ex vivo acquisition (solid 

line). Bottom row: Percent difference to the acquisition accelerated with ARC only.
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Figure 3. 
(a) In vivo images acquired with the T1ρ MAPSS sequence. TSL=0ms (top row) TSL=40 

(middle row) and T1ρ color map (bottom row) calculated from the 8 set of data acquired 

with 8 different TSL. (b) In vivo T1ρ quantification in the 7 compartments for the two 

different volunteers.
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Figure 4. 
CV(RMSE) calculated across all cartilage compartments for the ex vivo acquisitions, the 

simulations and in vivo acquisitions.
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