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3D T1rho Sequences with FASE, UTE, and MAPSS Acquisitions for Knee Evaluation  
 

ABSTRACT  

Purpose:  For biochemical evaluation of soft tissues of the knee, T1rho magnetic 

resonance imaging (MRI) has been proposed. Purpose of this study was to compare three T1rho 5 

sequences based on fast advanced spin echo (FASE), ultrashort echo time (UTE), and 

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

(MAPSS) acquisitions for the knee evaluation.    

Materials and Methods: We developed two T1rho sequences using 3D FASE or 3D radial 

UTE acquisitions. 3D MAPSS T1rho was provided by the manufacturer. Agarose phantoms with 10 

varying concentration were imaged. Additionally, bilateral knees of asymptomatic subjects 

were imaged sagittally. T1rho values of the phantoms and 4 regions of interest (ROI) of the 

knees (i.e., anterior and posterior meniscus, femoral and tibial cartilage) were determined.  

Results:  In phantoms, all T1rho values monotonically decreased with increasing agarose 

concentration. 3D MAPSS T1rho values of 51, 34, and 38 ms were found for 2%, 3%, and 4% 15 

agarose, respectively, similar to published values on another platform. In the knee, the raw 

images were detailed with good contrast. Cartilage and meniscus T1rho values varied with 

pulse sequence, being the lowest in the 3D UTE T1rho sequence. Comparing different ROIs, 

menisci generally had lower T1rho values compared to cartilage, as expected in healthy knees.  

Conclusion: We have successfully developed and implemented the new T1rho 20 

sequences and validated them using agarose phantoms and volunteer knees. All sequences 

were optimized to be clinically feasible (~5 min or less) and yielded satisfactory image quality 

and T1rho values consistent with the literature. 
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INTRODUCTION 

Osteoarthritis (OA) of the knee is a significant health concern involving articular cartilage 

injury and degeneration, resulting in high morbidity and diminished quality of life, along with a 

high socioeconomic cost [1]. Due to excellent soft tissue contrast, magnetic resonance (MR) 

imaging is a popular imaging modality for the evaluation of cartilage disease and knee OA. 5 

Clinically, MR imaging of the knee focuses on morphologic abnormalities using appropriate 

imaging sequences to alter the image contrast. However, even in the setting of minimal 

morphologic changes, damages to the major constituents of this tissue (i.e., collagen and 

proteoglycan) can indicate a degenerative progression.  

For biochemical evaluation of articular cartilage, quantitative MRI techniques such as T2 10 

and T1rho mapping have been developed. T1rho relaxation, in particular, describes spin-lattice 

relaxation in the rotating frame in the presence of an external spin-lock radiofrequency (RF) 

pulse in the transverse plane. In vitro studies, T1rho values of cartilage have been shown to be 

sensitive to biochemical content [2-4], where higher T1rho values correlate with lower PG 

content, associating with knee OA [5]. 15 

T1rho sequences are typically implemented using preparation spin-lock RF pulses 

followed by a variety of acquisition sequences. T1rho acquisition based on 3D magnetization-

prepared angle-modulated partitioned k-space spoiled gradient-echo snapshots (3D MAPSS) [6, 

7] is arguably most widely available, implemented on multiple vendor platforms (i.e., Siemens, 

General Electric, and Philips) as research sequences. Here, T1rho preparation with continuous 20 

spin-lock pulses with 180 degree phase shift in the 2nd half is used, followed by a gradient 

crusher, image acquisition, and a delay for magnetization restoration. For MAPSS acquisition, 
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multiple k-space lines are acquired after each T1rho preparation, often in an interleaved 

segmented elliptic-centric trajectory (i.e., square spiral).  

T1rho sequences using other types of acquisition sequences are less common but 

available. T1rho CubeQuant [8] utilizes a 3D fast spin echo acquisition in a signal-to-noise (SNR) 

efficient manner. Gradient recalled echo (GRE) [9] and balanced GRE [10] have also been used 5 

for image acquisition. T1rho imaging with single shot fast spin echo or fast advanced spin echo 

(FASE) has been reported for liver [11] but not musculoskeletal (MSK) applications, although 

FASE offers advantages of high SNR and short scan time. For MSK tissues with intrinsically short 

T2 properties such as cortical bone, osteochondral junction, tendons and ligaments, etc., T1rho 

sequences utilizing ultrashort echo time (UTE) or zero echo time (ZTE) acquisition has been 10 

developed [12-16], and have shown that T1rho value are useful biomarker for changes in 

biochemical [14] and biomechanical [17] properties of MSK tissues.  

There is not one T1rho sequence that is considered the gold standard when it comes to 

T1rho imaging of the knee. Human knee is also complicated in that tissues with long (synovial 

fluid, fat, muscle) and short (bone, ligament, meniscus) T2 properties co-exist and need to be 15 

evaluated together. For T2 and T2* evaluation, different quantitative sequences using spin echo, 

gradient echo, and ultrashort echo time exist to target different tissues. Additionally, it is 

imperative clinically that similar types of quantitative techniques provide consistent values. 

Development of multiple sequences for T1rho MRI is important for the similar reason, to ensure 

consistency and to target various tissues with inherently different MR properties. 20 

The purpose of this early study was to compare three T1rho sequences newly 

implemented on the Canon platform, utilizing T1rho preparation spin-lock RF pulses followed 
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by three different acquisition sequences of 3D fast advanced spin echo (FASE), 3D ultrashort 

echo time (UTE), and 3D MAPSS, acquired on agarose phantoms as well as knees of 

asymptomatic volunteers.  

 

MATERIALS AND METHODS 5 

This study involving human subjects was approved by the institutional review board 

(#blinded for review) and written consent was obtained from each participant.  

 

Phantoms and Human Subjects 

Agarose Phantoms:  The agarose phantoms consisted of 45 ml of agarose gel placed in 10 

50ml plastic centrifuge tubes. The phantoms had an agarose concentration (w/w) of the 2%, 

3%, and 4%, respectively, as described previously [18], and were scanned at room temperature.  

Human Subjects: Bilateral knees of 5 asymptomatic volunteers (4 male, 1 female, ages 

31 to 66 years old) were included for 3D FASE and 3D UTE imaging, and a subset of 3 volunteers 

(2 male, 1 female, ages 49 to 66 years) were included for 3D MAPSS imaging.  15 

 

Magnetic Resonance Imaging 

MR imaging was performed on a clinical 3-Tesla (Vantage, Galan 3T, Canon Medical 

Systems Corp., Japan) scanner using a 16-channel transmit and receive knee coil. Phantoms 

were imaged transversely. Knees were imaged sagittally covering lateral and medial 20 

compartments.  
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The following T1rho sequences were used, each with a preparation pulse (Figure 1A) 

containing continuous spin-lock pulses with 180 degrees phase shift in the 2nd half, followed by 

a gradient crusher.  For image acquisition, the first T1rho sequence was 3D FASE (a.k.a. 3D 

single-shot fast spin echo) (Figure 1B), permitting volumetric acquisition using isotropic voxels, 

allowing high-resolution re-slicing from any desired direction, useful for the complex knee 5 

anatomy requiring examination in multiple planes. The 2nd sequence was 3D radial UTE (Figure 

1B) acquisitions, with the ability to use echo time as low as 0.096 ms to enable acquisition of 

MR signal from many short T2 MSK tissues. The 3rd sequence was 3D MAPSS (Figure 1C), which 

is a prototype of QIBA compliant compatible sequence provided from the manufacturer, and 

similar in k-space trajectory as those implemented on other vendor platforms. Table 1 shows 10 

the detailed scanning parameters for each T1rho sequence.  

 

Image Analysis 

For phantom data, a central axial slice was chosen, and circular regions of interest (ROI) 

were placed in the center of each agarose phantom to determine the mean T1rho value. T1rho 15 

color maps (Figure 2, color) were also created. For the human knees, sagittal slices in the lateral 

and medial weight bearing compartments were selected and four ROIs (Figure 5, color) of 

femoral cartilage (FC), tibial cartilage (TC), anterior meniscus (AM), and posterior meniscus 

(PM) were drawn manually to determine the respective T1rho values.  

For T1rho fitting, within each ROI, signal intensity of all voxels was averaged and fit 20 

(Figure 3) using a nonlinear least square fitting routine in Matlab to a simple mono-exponential 
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decay function (Equation 1) where S(TSL) is the mean signal intensity at different spin lock times 

(TSL), S0 and T1rho are fitted parameters. 

𝑆(𝑇𝑆𝐿) = 𝑆!	exp	(𝑇𝑆𝐿	/	𝑇1𝑟ℎ𝑜)   (1) 

 

Statistics 5 

For the knee evaluation, descriptive statistics including mean and standard deviation (of 

all subjects) for were calculated for each region of interest. In addition, effect of pulse sequence 

on the mean T1rho values was compared using ANOVA with Tukey post-hoc test, with the 

significance level set at 0.05. For each individual pulse sequences, effect of region of interest on 

T1rho value was determined also using ANOVA.  As an additional way to show differences 10 

between T1rho values from the three sequences, we performed Bland-Altman analysis.  

 

RESULTS 

Agarose Phantom 

Figure 2 shows selected raw images of agarose phantoms imaged with the three T1rho 15 

sequences, along with T1rho colormaps. General trends of decreasing signal intensity with 

increasing spin lock times (TSL) and decreasing T1rho values with increasing agarose 

concentration was observed. Figure 3 shows T1rho curve-fits for the 2% agarose phantom, 

suggesting good tight fits for all three techniques. Figure 4 shows the T1rho values of the 

phantoms confirming the decreasing trend with increasing agarose concentration, suggesting 20 

that the sequences were sensitive to macromolecular content. While the T1rho values from the 

three sequences were not identical, there were within a reasonable range (~5 ms) from each 
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other, and the values for the UTE sequence tended to be lower than those from other 

sequences.   

 

Human Knees 

Figure 4 shows selected raw images of the knee imaged with the three T1rho sequences 5 

(Figure 4ACE) along with colormaps (Figure 4BDF) of the four ROIs in the cartilage and the 

menisci. The raw images were detailed and artifact-free in the ROI and showed decreasing 

signal intensity of cartilage and meniscus with increasing TSL.  

Table 3 shows mean and standard deviation of the T1rho values measured on the four 

ROIs using the three pulse sequences. T1rho values varied significantly (p<0.000001) with pulse 10 

sequence; T1rho values from the 3D UTE sequence (mean of 22.1 to 26.8 ms in different ROIs) 

were significantly lower than those from other sequences (post-hoc p<0.00001 each; mean of 

24.7 to 37.9 ms). Comparing different ROIs, both 3D FASE (ANOVA p=0.03) and 3D MAPSS 

(p<0.00001) suggested significant differences between ROIs; in general, the menisci had lower 

T1rho values (mean of 24.7 to 29.7 ms) compared to the cartilage (29.1 to 37.9 ms). T1rho 15 

values from 3D UTE sequence showed similar trends but this was not statistically significant 

(p=0.25).  

Figure 5 shows Bland-Altman plots for overlapping subjects (since MAPSS was 

performed only on a subset of 3 subjects) comparing T1rho values of cartilage and meniscus 

from the three sequences. Between 3D MAPSS and 3D FASE (Figure 5A), the bias was very little 20 

(1 ms), although the limits of agreement was large (~20 ms). Between 3D UTE and 3D FASE 

(Figure 5B), and between 3D UTE and 3D MAPSS (Figure 5C), there was a significant bias of 
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approximate -7 ms, and similarly large limits of agreement ~20 ms.  

 

DISCUSSION 

This was an early study to determine if the T1rho sequences provided reasonable data 

with T1rho values of the agarose phantoms and normal knees, and if there were differences in 5 

the obtained values due to the sequence. Qualitatively, overall image quality (Figure 4) was 

good, providing images with good contrast and high resolution sufficient to distinguish different 

tissue components, including articular cartilage and the meniscus. The relaxometry data (Figure 

3) also appeared good, providing very tight fitting for the range of TSL used.  

Quantitative results for the agarose phantoms were in good agreement with past 10 

studies. In particular, our 3D MAPSS sequence yielded T1rho values of 51, 34, and 28 ms for 2%, 

3%, and 4% agarose phantoms, respectively, which was close to published values of 54, 39, and 

29 ms found in a different platform using a similar 3D MAPSS T1rho acquisition [18]. For T1rho 

sequences based on UTE or FASE acquisitions, there is little data on T1rho values of agarose. 

Nonetheless all of the sequences yielded the same trends decreasing T1rho values with 15 

increasing agarose concentration.  

Quantitative results for the subject knees were also in line with the past results. Table 3 

showed that the mean T1rho values of the cartilage (29-38 ms) were generally higher than 

those of the menisci (25 to 30 ms), as expected in healthy knees. For 3D FASE and 3D MAPSS 

sequences, the mean T1rho values of the cartilage (29-38 ms in this study) were in the similar 20 

range as those reported previously [19-21], while the meniscus T1rho values (25-30 ms) were a 

little high compared to past reports (15-20 ms) [19-21]. For 3D UTE T1rho, while no direct 
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comparison is available, compared to other similar sequences such as 3D UTE Cones T1rho [22, 

23], our UTE T1rho values of cartilage (~26 ms) were somewhat lower, and the values of the 

menisci (~22 ms) were similar to, the reported values. 

Possible reasons for the discrepancy between T1rho measurements among the three 

pulse sequences may include different TR/TEs (1497/10 ms, 3.7/0.096 ms, and 6.0/2.8 ms for 5 

FASE, UTE, and MAPSS, respectively), TSL, as well as nature of each sequence, such as a spin-

echo type for FASE, an ultrashort echo time gradient-echo for UTE sequence, and a regular 

gradient echo for MAPSS. Bland-Altman plots (Figure 5) also showed a fairly large discrepancy 

between measurements, and this may be attributable to variations in regions of interest 

selected on images from the different sequences. We have considered post-processing to 10 

register the images but the consequence of this on T1rho calculation was not clear. However, 

their average values on the phantom and human knee studies are close enough to be used in 

clinical examinations and showed sensitivity to different concentrations of macromolecules in 

agarose phantoms. Variations in T1rho values with pulse sequence requires further 

investigation.    15 

There are several shortcomings of this study. We utilized a single phantom and a 

relatively small number (3 to 5) of subjects, which may have contributed to some of the 

discrepancy in T1rho values between this study compared to the literature. This was an early 

feasibility study, and full validation of reproducibility of each sequence will need to be 

performed prior to a wide use clinically. Additionally, dependence of T1rho value on the TSL 20 

selection and other preparation and acquisition parameters has not been performed. Based on 

the cartilage T1rho values in literature of around 30 to 40 ms, the present range of TSL (4 to 6 
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points up to TSL of 80 ms) appeared reasonable. Our study had a single reader for ROI 

placement, so that is yet another shortcoming that could be addressed. Lastly, we did not have 

subjects with knee osteoarthritis to test the sensitivity of the sequences to knee OA. We will 

address this in a larger study in the future. 

Each sequence has advantages and disadvantages. We developed the 3D UTE T1rho 5 

with radial acquisition for targeting short T2 tissues in the body and the knee, including the 

deep and calcified layers of articular cartilage [24], ligaments and tendons [25], and cortical 

bone [26, 27]. In such short T2 tissues, a non-UTE type sequence is unable to capture any signal 

regardless of T1rho preparation. 3D MAPSS and 3D FASE are both targeted at longer T2 tissues. 

Both use Cartesian sampling but 3D MAPSS uses a centric ky-kz trajectory as shown in Figure 10 

1C, whereas 3D FASE uses a straight k-space trajectory using each slice encoding followed by 

phase encoding as shown in Figure 1D. While 3D MAPSS T1rho is an established sequence on 

multiple vendors that has been studied the most. It uses spoiled gradient echo snapshots 

acquisition, making it prone to susceptibility artifacts. 3D FASE T1rho is relatively new but has 

potential advantage in terms of freedom of parameter selection to achieve significant scan time 15 

reduction while retaining image quality. But it is prone to blurring due to long echo train length. 

These characteristics may have contributed to visual differences in the raw MR images. On 

phantoms (Figure 2) both 3D FASE and 3D UTE gave sharp images, whereas 3D MAPSS shows 

blurriness. This might be due to reduced matrix in 3D MAPSS readout than that used in FASE 

and UTE. 20 

In conclusion, we have successfully developed and implemented the two new T1rho 

sequences using 3D FASE and 3D UTE acquisitions and tested them along with a manufacturer’s 



11 

3D T1rho MAPSS sequence on agarose phantoms and volunteer knees. All sequences were 

optimized to be clinically feasible (~5 min or less) and yielded robust and consistent results in 

line with past studies on similar sequences. Future studies will include rigorous evaluation of 

parameter-dependence, repeatability, and additional cohorts of subjects.  

 5 
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TABLES 

 

 

Sequence TR 
(ms) 

TE 
(ms) 

 
TSL (mm) FA 

(deg) 
BW 
(Hz) 

 
ETL Slice 

(mm) 
FOV 

(mm) Ph x Fr Time 
(m:s) 

 
3D FASE 

T1rho 1497 10 1, 16, 31, 
46, 61, 76 90 651 162 3 220 320x320 2:12  

3D UTE 
T1rho 3.7 0.096 

1, 21, 41, 
61 5 488 1 2 200 16000 

proj 5:32  

3D MAPSS 
T1rho 6.0 2.8 

0, 10, 40, 
80 20 391 1 3 230 192x192 2:32  

 
Table 1.  Scan parameters. All sequences used spin lock frequency of 250 Hz. Abbreviations are: 
repetition time (TR), echo time (TE), flip angle (FA), bandwidth (BW), echo train length (ETL), 
slice thickness (Slice), field of view (FOV), phase encoding (Ph), frequency encoding (Fr), 
milliseconds (ms), minutes (m), seconds (s).   
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    T1rho Values [ms] 
Sequence TSL [ms] 2% agarose 3% 4% 

3D FASE T1rho 1, 16, 31, 46, 61, 76 54.9 43.1 32.8 
3D UTE T1rho 1, 21, 41, 61 45.8 39.1 29.0 

3D MAPSS T1rho 1, 10, 40, 80 51.3 34.2 28.0 
 

Table 2.  T1rho values of agarose phantoms. 
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    AM PM FC TC   ROI 

3D 
FASE 

mean (ms) 28.2 29.7 34.4 29.1   p=0.03 
std (ms) 7.8 7.4 6.1 6.1     

n 18 20 20 20     

3D 
UTE 

mean (ms) 22.1 24.2 26.8 25.9   p=0.25 
std (ms) 10.1 5.2 7.6 7.3     

n 20 20 20 20     

3D 
MAPSS 

mean (ms) 24.7 26.7 37.9 35.9   p<0.001 
std (ms) 5.1 7.6 2.6 3.9     

n 12 12 12 12     
 
Table 3.  T1rho values (mean and standard deviation, std, and number of regions, n) of cartilage 
and meniscus of human subjects. Abbreviations are: AM=anterior meniscus, PM=posterior 
meniscus, FC=femoral cartilage, TC=tibial cartilage, ROI=regions of interest. 
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FIGURE LEGENDS 

 

Figure 1.  Schematic of three T1rho pulse sequences used in this study. Each sequence has a (A) 

T1rho preparation pre-pulse followed by (B) 3D FASE, (C) 3D UTE, or (D) 3D MAPSS acquisitions. 

Three different readouts, (B) standard 3D FASE with a Cartesian trajectory, (C) 3D UTE with 

radial trajectory, and (D) 3D MAPSS with centric ky-kz trajectory are shown. Compared to (B) 3D 

FASE, (D) 3D MAPSS acquires from the center of k space without collecting periphery of k space, 

allowing shorter acquisition time. (C) UTE readout collects signal starting from the center of k 

space and the sampling become sparse in the periphery. Because of oversampling at the center 

of k space, UTE is not sensitive to motion artifacts. However, insufficient sampling causes 

streaking artifacts. 

 

Figure 2.  Agarose phantoms with 2%, 3%, and 4% were scanned with three T1rho sequences 

with (A) 3D FASE, (B) 3D UTE, and (C) 3D MAPSS acquisitions. Raw images at specific TSL and 

T1rho colormaps are shown. Colormaps from all sequences showed a trend of decreasing T1rho 

values with increasing agarose concentration. 

  

Figure 3.  T1rho relaxation curves for 2% agarose phantom, showing relatively tight fits. 

 

Figure 4.  (A, C, E) T1rho-weighted images at varying spin lock times (TSL) and (B, D, F) T1rho 

colormaps of a lateral compartment of a human knee acquired with (A, B) 3D FASE, (C, D) 3D 

UTE, and (E, F) 3D MAPSS T1rho sequences.  
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Figure 5.  Bland-Altman plots comparing cartilage and meniscus T1rho values from (A) 3D 

MAPSS and 3D FASE, (B) 3D UTE and 3D FASE, and (C) 3D UTE and 3D MAPSS sequences. Note a 

very small bias between the T1rho values from 3D MAPSS and 3D FASE, and a large negative 

bias comparing T1rho values from 3D UTE to other two sequences. 
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FIGURES  

 

 

Figure 1.  Schematic of three T1rho pulse sequences used in this study. Each sequence has a (A) 
T1rho preparation pre-pulse followed by (B) 3D FASE, (C) 3D UTE, or (D) 3D MAPSS acquisitions. 
Three different readouts, (B) standard 3D FASE with a Cartesian trajectory, (C) 3D UTE with radial 
trajectory, and (D) 3D MAPSS with centric ky-kz trajectory are shown. Compared to (B) 3D FASE, 
(D) 3D MAPSS acquires from the center of k space without collecting periphery of k space, 
allowing shorter acquisition time. (C) UTE readout collects signal starting from the center of k 
space and the sampling become sparse in the periphery. Because of oversampling at the center 
of k space, UTE is not sensitive to motion artifacts. However, insufficient sampling causes 
streaking artifacts.    
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Figure 2.   Agarose phantoms with 2%, 3%, and 4% were scanned with three T1rho sequences 
with (A) 3D FASE, (B) 3D UTE, and (C) 3D MAPSS acquisitions. Raw images at specific TSL and 
T1rho colormaps are shown. Colormaps from all sequences showed a trend of decreasing T1rho 
values with increasing agarose concentration. 
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Figure 3. T1rho relaxation curves for 2% agarose phantom, showing relatively tight fits. 
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Figure 4. (A, C, E) T1rho-weighted images at varying spin lock times (TSL) and (B, D, F) T1rho 
colormaps of a lateral compartment of a human knee acquired with (A, B) 3D FASE, (C, D) 3D 
UTE, and (E, F) 3D MAPSS T1rho sequences. 
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Figure 5. Bland-Altman plots comparing cartilage and meniscus T1rho values from (A) 3D 
MAPSS and 3D FASE, (B) 3D UTE and 3D FASE, and (C) 3D UTE and 3D MAPSS sequences. Note a 
very small bias between the T1rho values from 3D MAPSS and 3D FASE, and a large negative 
bias comparing T1rho values from 3D UTE to other two sequences. 
 
 




