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Abstract 

Purpose: The aim of the present work was to validate and optimize adiabatic T1ρ and T2ρ 

mapping for in vivo measurements of articular cartilage at 3T.  

Methods: Phantom and in vivo experiments were systematically performed on a 3 T clinical 

system to evaluate the sequences using hyperbolic secant HS1 and HS4 pulses. R1ρ and R2ρ 

relaxation rates were studied as a function of agarose and chondroitin sulfate concentration and 

pulse duration. Optimal in vivo protocol was determined by imaging the articular cartilage of 

two volunteers and varying the sequence parameters, and successively applied in eight 

additional subjects. Reproducibility was assessed in phantoms and in vivo. 

Results: Relaxation rates depended on agarose and chondroitin sulfate concentration. The 

sequences were able to generate relaxation time maps with pulse length of 8 ms and 6 ms for 

HS1 and HS4, respectively. In vivo findings were in good agreement with the phantoms. The 

implemented adiabatic T1ρ and T2ρ sequences demonstrated regional variation in relaxation 

time maps of femorotibial cartilage. Reproducibility in phantoms and in vivo was good to 

excellent for both adiabatic T1ρ and T2ρ. 

Conclusions: The findings indicate that sequences are suitable for quantitative in vivo 

assessment of articular cartilage at 3T. 

  

Keywords: articular cartilage; T1ρ; T2ρ; spin-lock; adiabatic; relaxation; in vivo. 
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Introduction 

The biological applications of rotating frame relaxation techniques extend the capabilities of 

quantitative MRI to study the biophysical properties of tissues, due to the high sensitivity of 

the techniques for slow molecular motion. Relaxation during a continuous wave spin-lock pulse 

for evaluation of articular cartilage has so far been extensively investigated [1]. T1ρ has been 

shown to be sensitive to cartilage degradation [2-5], particularly to glycosaminoglycan (GAG) 

content [4-8]. However, dependence on the properties of the collagen network has also been 

reported [9]. Recent studies proposed novel imaging techniques where trains of adiabatic fast 

passage pulses [10-13] have been adopted for spin-locking [14-18]. The main advantage of 

using adiabatic pulses for in vivo implementation of rotating frame experiments resides in their 

ability to overcome some of the limitations intrinsically associated with continuous wave spin-

lock sequences. Most notably, adiabatic pulses are insensitive to tilt angle inaccuracies by 

definition [13], and hence less prone to the undesirable effects of non-uniform magnetic fields 

compared to continuous wave spin-lock pulses [19]. Moreover, the adiabatic pulse approach 

allows more flexibility in the pulse design and thus benefits moderation of the RF power 

deposition [13], which instead significantly hampers the application of continuous wave pulses 

in the clinical realm [20]. Furthermore, through an extended range of correlation times 

effectively involved in the relaxation during adiabatic pulses, more of the physicochemical 

mechanisms underlying pathological changes in tissues may be monitored to elucidate 

information potentially relevant for diagnostic purposes.  

Adiabatic fast passage pulses have been successfully applied for assessing longitudinal and 

transverse relaxation times in the rotating frame, namely adiabatic T1ρ (AdT1ρ) and adiabatic 

T2ρ (AdT2ρ), and their ability to probe slow molecular motion has been proven at different field 

strengths [14, 16-18, 21]. For articular cartilage, preclinical studies on AdT1ρ and AdT2ρ have 

demonstrated evidence of improved sensitivity for detection of early degenerative changes in 

both animal and human specimens over rotating frame relaxation times assessed with 

conventional spin lock experiments or free precession relaxation times [22-25]. Furthermore 

AdT1ρ has been reported less sensitive to the magic angle effect compared to T2 and continuous 

wave T1ρ [26]. Such ability in characterizing degeneration of cartilage could be exploited to 

provide valuable and practical diagnostic application for clinical use. The rationale of this study 

was to validate and optimize adiabatic T1ρ and adiabatic T2ρ sequences on a 3 T clinical scanner 

for in vivo quantitative measurements of cartilage.  
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Methods 

MR pulse sequences 

AdT1ρ and AdT2ρ sequences were implemented on a 3 T clinical system (Skyra, Siemens, 

Erlangen, Germany) using the IDEA sequence programming environment (Version 

VD13A/SP4, Siemens). Adiabatic T1ρ mapping was performed as described previously [18, 21, 

22, 24, 25] using a preparation block which consisted, for both phantom and in vivo 

experiments unless otherwise stated, of a train of 0, 4, 8, 12 and 16 adiabatic full passage (AFP) 

hyperbolic secant pulses of the HSn family (n = 1,4) with R = 10 and phase cycled with MLEV4 

[13, 27, 28] (Fig. 1a). For AdT2ρ, the AFP pulses were placed between two adiabatic half 

passage pulses (AHP), and two spatial pre-saturation slabs were applied above and below the 

FOV to correct for off-resonance effects. A 15-channel transmit/receive knee coil (single 

channel transmit) was used. For both AdT1ρ and AdT2ρ, the peak RF amplitude was set to γB1max 

= 800 Hz (highest achievable with the selected coil). The preparation block was followed by a 

segmented gradient recalled echo (FLASH) readout.  

 

Phantom measurements 

Eleven gel tubes were prepared with different concentrations of agarose (0.50 - 4.00% w/v) to 

yield transverse relaxation times within the range of biological tissue, and served as a test 

phantom for evaluating the feasibility, performance, stability, reproducibility and operational 

limits of the adiabatic T1ρ and T2ρ sequences. Imaging parameters were adjusted for the 

phantom (TR / TE = 20 s / 3.75 ms, flip angle = 15°, matrix = 256 x 256, FOV = 120 x 120 

mm2, slice thickness = 7 mm, 2 averages), and AdT1ρ and AdT2ρ were measured with five 

different AFP pulse durations (Tp), i.e. 3, 6, 8, 10 and 12 ms. Additionally, T2 relaxation time 

of the phantom was measured with a multi-echo spin echo sequence (TR = 10 s, 32 TE between 

10.7 and 342.4 ms, matrix = 256 x 256, FOV = 120 x 120 mm2, slice thickness = 7 mm, 2 

averages). To assess the homogeneity of B1, flip angle maps were measured using B1 mapping 

sequence provided by the scanner manufacturer (Siemens). The relaxation times were 

investigated as relaxation rates R2 (= 1/T2), R1ρ (= 1/T1ρ) and R2ρ (= 1/T2ρ) due to the more 

straightforward analysis. Furthermore relaxivities r2, r1ρ and r2ρ as a function of agarose 

concentration were determined.  
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Additionally, AdT1ρ and AdT2ρ experiments were performed for the three lowest agarose 

concentration tubes and for a supplementary distilled water phantom using longer total spin 

lock durations (trains of 0, 4, 8, 12, 16, 20, 24, 28, 32, 36 and 40 pulses, Tp = 8 ms for HS1 and 

Tp = 6 ms for HS4) to better observe the relaxation behavior when approaching pure water 

relaxation.   

To specifically study the dependence of adiabatic relaxation time measurements on cartilage 

proteoglycans, chondroitin sulfate (CS) phantoms with various concentrations (0, 2, 4, 6, 8 % 

w/w) were prepared from chondroitin sulfate A (CS; Sigma-Aldrich, Schnelldorf, Germany) in 

PBS containing 0.2 mM MnCl2 to reduce T1, with pH of the solutions titrated to 7.1, which has 

been shown to be the pH of clinically normal human cartilage [29]. R1ρ and R2ρ were measured 

(TR / TE = 5 s / 3.75 ms, flip angle = 15°, matrix = 256 x 256, FOV = 120 x 120 mm2, slice 

thickness = 7 mm, 2 averages) and studied as functions of CS concentration with four different 

Tps (6, 8, 10 and 12 ms). For reference, R2 was also measured (TR = 5 s, 32 TE between 10.7 

and 342.4 ms, matrix = 256 x 256, FOV = 120 x 120 mm2, slice thickness = 7 mm, 2 averages). 

Relaxivities r2, r1ρ and r2ρ were calculated as a function of the chondroitin sulfate concentration. 

 

In vivo measurements 

To demonstrate the feasibility of AdT1ρ and AdT2ρ measurements in the human knee joint, ten 

asymptomatic adult volunteers (age range 25-35 y, mean age 27.4 y; six male, four female) 

were included in this study. Additionally, three subjects with radiographic signs of 

osteoarthritis (Kellgren-Lawrence (KL) grade ≥ 2) were enrolled: a 52 y male (KL = 2), a 62 y 

female (KL = 3) and a 57 y male (KL = 4). Approval from the local institutional review board 

on human research ethics and informed consents from the subjects were obtained prior to the 

study.  

To optimize the relevant sequence parameters, including flip angle, repetition time and pulse 

duration, the first two subjects were scanned with the following protocols: 

1. Single sagittal slices of right medial condyle were taken with no T1ρ-preparation; the 

flip angle was varied (6, 10, 15, 20, 30, 45, 60 and 90 degrees) and the optimal value 

was evaluated in terms of SNR and absence of artifacts. 
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2. At the same anatomical location, adiabatic T1ρ relaxation maps were obtained with four 

different TRs (1, 2.5, 4, 6 s) and analyzed to find the shortest suitable TR. Flip angle 

was taken from the previous step and the preparation pulse lengths were the shortest 

fulfilling the adiabatic condition [13, 28] on the basis of the phantom findings, i.e. Tp,HS1 

= 8 ms and Tp,HS4 = 6 ms.   

3. AdT1ρ and AdT2ρ experiments were finally repeated with three different Tps (3, 6, 8, 10 

and 12 ms), using the determined optimal TR and flip angle from steps 1 and 2.   

In this adopted approach, the optimal parameters were determined by evaluating the relaxation 

time maps and by minimizing the scanning time and RF power deposition while maximizing 

the quality of the images in terms of signal to noise ratio, stability and absence of artifacts. The 

other acquisition parameters for all the in vivo experiments were TE = 3.36 ms, FOV = 180 x 

180 mm2, matrix = 256 x 256, and slice thickness = 3 mm. In addition, parallel imaging 

acceleration factor = 2 (GRAPPA) and segmented k-space acquisition (23 acquisitions per 

preparation) were used to decrease the scanning time to be clinically suitable with no 

significant reduction of image quality. Similar to phantom experiments, the uniformity of B1 

was evaluated by acquiring the flip angle maps using the B1 mapping sequence described 

above.  

The optimized protocols were then used to image the knees of all the ten volunteers. T1ρ and 

T2ρ data were acquired and maps computed in slices covering the centers of medial and lateral 

condyles. To determine the in vivo reproducibility, measurements with the optimized protocols 

were repeated three times in four subjects, with knee repositioning between consecutive scans. 

For comparison purposes, T2 measurements were performed scanning the same joint locations 

with a multi-echo spin echo sequence (TR = 1.680 s, five TEs between 13.8 and 69 ms, matrix 

= 384 x 384, FOV = 160 x 160 mm2, slice thickness = 3 mm).  

To explore the potential of the optimized protocol in clinical setting, we also scanned three OA 

patients. The pulse type with the shortest pulse duration Tp based on the phantom and in vivo 

measurements (here HS4), less demanding in terms of power deposition and thus more suitable 

for clinical examinations, was employed. The relaxation time constants of articular cartilage 

were determined in two slices positioned at the centers of the lateral and medial condyles.  
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Data processing 

Phantom and in vivo image analyses were executed with an in-house MATLAB-based 

software. Longitudinal and transverse relaxation time constants in the rotating frame were 

calculated by mono-exponential fitting of the signal intensity decays on a pixel-by-pixel basis. 

In all the in vivo images, articular cartilage was manually segmented by a single operator (V.C.) 

and 18 ROIs were considered: each condyle was divided into six superficial and six deep ROIs, 

and each tibial plateau into three superficial and three deep ROIs (Fig. 1b). 

 

Statistical analysis 

Coefficient of determination (R2) and root-mean-square deviation (RMSD) values were 

calculated between the relaxation rates and agarose or chondroitin sulfate concentrations. The 

reproducibility of the techniques was assessed with the agarose tubes by calculating the average 

root-mean-square coefficient of variation (CVRMS) of three measurements repeated within one 

month using Tp = 8 ms and Tp = 6 ms for HS1 and HS4, respectively. To determine the in vivo 

reproducibility of AdT1ρ and AdT2ρ, CVRMS of three consecutive scans in four subjects was 

calculated for bulk cartilage and for each ROI.  
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Results 

Agarose gel and chondroitin sulfate phantoms 

R1ρ and R2ρ were strongly linearly correlated with agarose concentration (Fig. 2 and Sup. Fig. 

S1, R2 = 0.98 – 0.99, RMSD = 0.24 – 1.25). Using Tp = 6 ms with HS1, linear correlation 

between relaxation rates and agarose concentration was smaller (R2 = 0.93 - 0.94, RMSD = 

0.69 – 1.39) and the maps were less homogeneous (Fig. 3). For shortest pulse length (Tp = 3 

ms) relaxation rate values exhibited notable errors, the correlation with concentration was 

reduced (R2 = 0.70 – 0.85, RMSD = 3.02 – 18.67) and the relaxation time maps were largely 

inhomogeneous (Fig. 3). Table 1 reports the relaxivities as a function of agarose concentration. 

Relaxivity r1ρ was smaller than r2ρ. Furthermore, r1ρ increased with pulse duration and was 

greater with HS4. On the contrary, r2ρ decreased with pulse duration and was greater with HS1.  

In the agarose phantom, relaxation rates showed a tendency to converge at lower concentrations 

(Fig. 2), except for HS1 with Tp = 6 ms. This convergence was better shown for R1ρ,HS1 and 

R2ρ,HS1 with Tp = 8 ms and R1ρ,HS4 and R2ρ,HS4 with Tp = 6 ms, when measured using a larger 

number of and including longer duration spin-lock times in the low concentration samples 

(Sup. Fig. S1). Note that all the relaxation times in the reference water phantom were very close 

to each other (Sup. Fig. S1).  

 

For the agarose phantom, the mean relative error of the flip angle in the imaged region was 

3.6%. The reproducibility assessed with agarose phantom (the CVRMS) for the AdT1ρ sequence 

was 2.2% with HS1 and 1.3% with HS4. For the AdT2ρ sequence the reproducibilities were 

2.9% and 2.3% with HS1 and HS4, respectively.  

Although relaxation rates for the CS phantom were generally smaller than those of the agarose 

tubes, all of the aforementioned findings were confirmed with the CS phantom as well (Fig. 4). 

R1ρ and R2ρ were strongly linearly correlated with CS concentration (R2 = 0.98 – 0.99, RMDS 

= 0.08 – 0.22). Table 1 shows the relaxivities for CS phantoms. For CS, r2ρ was greater than 

r1ρ.  

  

In vivo measurements of articular cartilage  
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The SNR of the FLASH images in cartilage region showed a maximum between flip angles of 

20 to 30 degrees (SNR = 68 - 98) and monotonically decreased to a minimum at 90 degrees 

(SNR = 28 - 48). At larger flip angles the images were visibly affected by aliasing artifact, 

which increased towards greater angles. At 15 degrees the SNR was almost doubled compared 

to 6 degrees (SNR = 23 - 30) and the images were free of artifacts. For the FLASH readout 

sequence utilized, flip angle of 15 degrees was found to be the best compromise between good 

SNR (~ 54 - 60) and preventing the aliasing artifacts that occurred at larger flip angles.  

Table 2 shows the T1ρ relaxation times of the entire femoral and tibial AC as obtained using 

different TR values. Relaxation with the shortest TR (= 1 s) was considerably faster as 

compared to those measured with longer TRs (mean difference = 27.2 %). Mean difference 

between relaxation times obtained with TR of 4 and 6 s was minimal (2.2 %) and smaller than 

the mean difference of T1ρ between TRs of 2.5 and 6 s (4.8 %).  Therefore repetition time of 4 

s was considered the best compromise between scan time and relaxation dependency on TR.  

The variability in T1ρ and T2ρ relaxation times with HS1 and HS4 pulse duration is reported in 

Table 3 and summarized below. Very short and incongruous relaxation values were measured 

with Tp of 3 ms irrespective of the pulse type, in addition to atypical variances across T1ρ maps 

caused by signal dropout and distortion affecting the images and increasing with spin-lock 

time. Such features, indicating violation of the adiabaticity, were still observed, although 

largely mitigated in T1ρ maps acquired with HS1 pulses of 6 ms. With longer pulse durations 

for HS1, limited dependency on pulse duration was noted for relaxation time. Using HS4, T1ρ 

revealed a maximum with pulse duration of 6 ms and then a small tendency to decrease with 

increasing Tps. Conversely, T2ρ appeared to slightly increase with increasing pulse duration. 

Based on these findings, Tp of 8 and 6 ms were the shortest pulse lengths satisfying the adiabatic 

condition for HS1 and HS4, respectively. The scanning time for obtaining full relaxation data 

necessary for fitting of the time constants with the final protocol was 2 min and 22 s per slice. 

In the in vivo scans, the mean error of the flip angle was 3.2% in femoral cartilage and 3.5% 

in tibial cartilage. Supporting Table S1 reports the in vivo reproducibilities. CVRMS was lower 

than 5% in bulk ROIs of lateral and medial compartments for both T1ρ and T2ρ, except in medial 

tibia for T1ρ,HS1.  

Figure 5 shows representative T1ρ and T2ρ relaxation time maps of articular cartilage obtained 

using the most appropriate settings found in this study (flip angle = 15 degrees, TR = 4 s, Tp = 
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8 ms for HS1 and Tp = 6 ms for HS4). Table 4 reports the mean and standard deviation of T2, 

T1ρ and T2ρ for each ROI. Anterior trochlea could not be analyzed in the medial compartment 

due to the slice orientation.  In all the ROIs, T1ρ,HS1 was always longer than T1ρ,HS4. T2ρ,HS1 was 

always shorter than T2ρ,HS4, except in deep central tibia. On average, relaxation times were 

longer in femur than in tibia and longer in the superficial zone than in the deep cartilage. The 

shortest relaxation values were found in deep lateral central tibia. The longest values of T2, T1ρ 

and T2ρ were found among superficial trochlear and central femoral ROIs. Figure 6 shows a 

comparison of relaxation time maps between a representative healthy subject and three patients 

with radiographic OA. On average, T1ρ and T2ρ relaxation times of femorotibial cartilage with 

OA were found respectively 13-52% and 18-68% longer compared to healthy control mean 

values, with a trend for increasing values with increasing KL score. 

  



12 
 
 

Discussion 

Relaxation in the rotating frame can probe the long time scale component of molecular 

interactions; as a result the influence of processes such as chemical exchange becomes more 

relevant as compared to free relaxation where the contribution of direct dipolar-dipolar 

interactions is prevailing. This has been proposed as an explanation for the sensitivity of 

continuous wave T1ρ to cartilage proteoglycans [30, 31] and reduced sensitivity to the magic 

angle effect as compared to T2 [32]. To diminish the magic angle effect in continuous wave 

T1ρ, it has been calculated that spin lock frequencies of 2 kHz or higher would be necessary 

[33], far beyond the power accessible in the clinical realm. The significant advantages of AdT1ρ 

are the simultaneous sensitivity to more than one time scale [16, 17] and the fact that it is 

essentially unaffected by susceptibility and magic angle effect [26]. Previously, T1ρ dependence 

on CS and proteoglycans of articular cartilage (of which CS is a major component) has been 

shown [6, 7, 20, 34]. Nonetheless in literature there is no consensus regarding the T1ρ relaxation 

mechanisms in cartilage. A recent study has showed that T1ρ does not correlate with 

glycosaminoglycan [35] and another study suggested that the contribution of scalar relaxation 

becomes relevant only at high fields, whilst at clinical fields dipolar interactions are the 

dominant relaxation mechanism in T1ρ [36]. The relaxivities found in this study are greater than 

those reported in previous studies at clinical fields and comparable to r1ρ at higher fields [34, 

37]. This suggests that AdT1ρ has better sensitivity to CS as compared to continuous wave T1ρ.  

AdT2ρ has been reported to be sensitive to early cartilage degeneration in an animal model of 

OA and advanced OA in human tissue [22, 25, 38]. Although the biophysical mechanisms of 

T2ρ contrast in cartilage remain unknown, it has been proposed that the contribution of proton 

exchange is more effective as compared to T1ρ. Thus T2ρ relaxation process should be more 

sensitive to cartilage proteoglycans than T1ρ. This is consistent with the r2ρ relaxivities found 

in this study, which were greater than the r1ρ relaxivities (Table 1). Since continuous wave T2ρ 

is particularly sensitive to B1 inhomogeneities and requires high spin-lock fields, its utilization 

in clinical studies has been limited by SAR constrains. Therefore AdT2ρ, thanks to the 

insensitivity of adiabatic pulses to B1 inhomogeneities, provides a unique means for measuring 

transverse relaxation in the rotating frame in vivo.   

In this study the feasibility of AdT1ρ and AdT2ρ on a clinical MRI system was documented via 

systematic phantom and in vivo tests. Through phantom experiments it was verified that both 
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of the sequences functioned as expected and produced results consistent with previous studies. 

Specifically, in agarose phantoms the relaxation rates increased with increasing gel density [39, 

40] and converged to the pure water relaxation (R1ρ ≈ R2ρ ≈ R2) towards lower concentrations. 

Furthermore, R1ρ,HS1 was smaller than R1ρ,HS4 [24] and conversely R2ρ,HS1 was greater than 

R2ρ,HS4 in the agarose phantom [21], in agreement with previous studies and the in vivo 

measurements. Relaxation was also found to be dependent on the pulse duration. Increasing 

the length of an AFP pulse corresponds to decreasing of the frequency sweep amplitude [13], 

which in turn yielded faster R1ρ and slower R2ρ, as expected [21].  The aforementioned results 

were further confirmed by CS experiments, except for approximating the pure water relaxation, 

effect not visible here since phantoms were paramagnetically doped.  

 

Phantom and in vivo measurements were congruent indicating the shortest suitable pulse 

duration Tp for HS1 and HS4. With 3 ms pulses, the images exhibited severe random artifacts 

suggesting violation of the adiabatic condition [13], wherefrom the weak association of 

relaxation rates with agarose and CS content. With 6 ms pulses using HS1 shape, mild errors 

were observed in the relaxation maps. The same inhomogeneities were found in vivo and not 

imputable to the physiological variation within the tissue, rather revealing a sub-adiabatic 

regime. This explains the unexpected behavior of the relaxation rates obtained using HS1 with 

6 ms pulse duration. Conversely, using HS4 pulses with Tp of 6 ms resulted in homogenous 

maps and in shorter R1ρ and greater R2ρ as compared to longer Tps. Such dissimilarity is 

attributed to be a direct consequence of the different “stretching” factors of the HSn pulses. 

HS4 pulses are de facto less demanding compared to HS1 in terms of peak RF power 

requirements. The peak power required to fully satisfy the adiabatic condition with 6 ms HS1 

pulses exceeded the capabilities of the RF transmit chain. 

  

The reproducibility of AdT1ρ and AdT2ρ in phantom, as indicated by the CVRMS of agarose 

tubes, was excellent for the shortest suitable pulse durations, i.e. 8 ms for HS1 and 6 ms for 

HS4. Previous studies have reported in vivo T1ρ reproducibility to range from 1.7-19% [41-

43]. In vivo AdT1ρ reproducibility ranged from 1.1% to 10.8%, was excellent in over 70% of 

the ROIs and was greater than 10% in only one ROI (Sup. Table S1). In vivo AdT2ρ 

reproducibility ranged from 1.4% to 15.3%, was excellent in over 44% of the ROIs and was 
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greater than 10% in only three ROIs (Sup. Table S1). The relatively small CVRMS, while 

providing supplementary evidence that sequences are correctly working, demonstrated in 

addition their appropriateness for accurate and longitudinally stable quantitative analyses.  

The experiments with human subjects demonstrated the in vivo feasibility of the sequences and 

indicated the most appropriate protocol for reproducible and reliable relaxation time 

quantification. Concerning the optimal flip angle and TR, the choice was mostly led by 

conservative arguments. While 15 degrees was not the absolute best flip angle in terms of 

signal-to-noise ratio, it produced artifact free images while still retaining excellent SNR; a 

smaller flip angle is also conducive to mitigating SAR and was thus considered as the optimal 

choice. The need for minimizing the acquisition time with short TRs must meet the minimum 

length required to avoid excessive formation of steady-state if one wishes to retain quantitative 

relaxation coefficients. Using a TR of 1 second, the relaxation was too short as compared to 

longer TRs, suggesting that the signal reduction was rather due to partial saturation. Although 

no strong variations in relaxation times were observed using the other considered TRs, a closer 

look revealed that the least difference in average was between values obtained with 4 and 6s 

TR, hence the former appears to be a more cautious selection than 2.5 s, yet preferable to 6 s 

for decreasing the acquisition time. Different delay times between two consecutive RF spin-

lock pulses have been used in previous T1ρ cartilage studies. Witschey et al., for example, used 

a conservative value of 6 s [44]. A delay time, shorter than that empirically determined in the 

present study has been employed in combination with RF cycling [42]. The TR used in this 

study with FLASH readout appeared as the optimal compromise between acceptable clinical 

acquisition times and avoiding formation of a complex steady-state.  

Regarding the durations of the HS1 and HS4 pulses, the most important results were the 

shortest possible Tps, which were discussed above. The scanning time with the optimal protocol 

was appropriate for clinical applications, allowing reliable quantification of T1ρ and T2ρ of two 

slices. The small error in the flip angle both in vivo and in phantoms indicated presence of only 

a mild B1 inhomogeneity at 3 T in the setup used, which could be compensated by the use of 

adiabatic pulses. In vivo experiments showed variation in relaxation times depending on 

topographical location (medial or lateral compartment; femur or tibia; anterior, central or 

posterior region), depth (superficial or deep zone), pulse used (HS1 or HS4), and contrast (T1ρ 

or T2ρ). The findings were consistent with those reported in previous studies. Specifically 

longer T1ρ values were obtained with HS1 as compared to HS4, with a mean difference of about 
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40% [17, 21, 24]; superficial ROIs had longer relaxation times as compared to deep ROIs [23];  

T1ρ were longer than T2ρ [23]; T2 were shorter than T1ρ [3, 45]. T1ρ, T2ρ and T2 exhibited 

differences in regional distribution, attributable to the different information regarding the tissue 

provided by the three parameters. These results confirm the ability of the sequences to probe 

differences in the structure and composition of AC also at clinically accessible fields.  

The increased adiabatic T1ρ and T2ρ observed in cartilage of patients with OA is in agreement 

with previous reports that the techniques are sensitive biomarkers for cartilage degeneration 

[22, 23, 25]. Further studies are warranted to compare adiabatic T1ρ and T2ρ in asymptomatic 

subjects with early OA patients. 

Certain limitations restrain the generalizability of some results of this study. For instance, 

accuracy of the sequences is likely to change with systems of different manufacturers, in which 

also the sequence stability has to be verified. Optimal TR and flip angle may also vary, since 

they both are, for example, not independent of B0. Finally the minimum pulse lengths required 

for achieving adiabaticity for HS1 and HS4 may differ using different RF coils and amplifiers, 

since that depends on the attainable RF power. Implementation-wise, the adiabatic T1ρ and T2ρ 

sequences require an introduction of a train of adiabatic inversion pulses in front of a readout 

sequence, which could be FLASH, EPI or other appropriate sequence, and should not be a 

major limiting factor. However, a limitation of the present setup is the relatively long scan time, 

i.e. data for only two slices could be acquired within a reasonable time frame. The TR could 

be shortened significantly with RF cycling [46] and further studies are needed to test the 

method with trains of HSn pulses. The acquisition could also be sped up by other choices, such 

as increasing the portion of k-space acquired per preparation or using partial acquisition [47], 

by increasing the parallel acquisition factor or utilizing multiband excitation [48] or by 

applying other techniques for speeding up the readout. T1ρ sequences are generally prone to 

SAR issues due to the RF energy required to manipulate the contrast before acquisition [20], 

the adiabatic pulses utilized here provide flexibility overcoming the SAR issues and changes 

in the TR and factors speeding up the acquisition may be utilized to further alleviate SAR. 

Longitudinal magnetization recovery and transient signal evolution during acquisition may 

degrade T1ρ and T2ρ contrasts. RF cycling [46] and variable flip angle techniques may be tested 

in combination with AFP pulse trains to reduce inaccuracies [42, 44]. 
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Another possible source of inaccuracies is inherent in the quantitation method of transverse 

relaxation time. In this study, T2 values of some phantoms or ROIs in in vivo data were longer 

than the corresponding T2ρ values, which in theory should not occur. Rautiainen et al. recently 

reported discrepancies in T2 as measured with different sequences on a 9.4 T system and mean 

values of T2 longer than T2ρ, depending on the sequence used for measuring T2 [22]. Variability 

of T2 has also been observed in phantoms and in vivo measurements carried out on different 

clinical scanners and with different pulse sequences [49, 50]. In this study, the higher than 

expected T2s were likely due to the properties of the T2-mapping sequence provided by the 

system manufacturer. 

 

In conclusion, adiabatic T1ρ and adiabatic T2ρ appear feasible for in vivo quantitative analysis 

of cartilage tissue at 3 T within acceptable scanning times for clinical application. Previous 

investigations have shown the superior sensitivity of these contrasts for the assessment of 

articular cartilage as opposed to other relaxation time measurements [22-24] in the ex vivo 

setting and thus with the demonstrated feasibility, the parameters appear promising for in vivo 

as well. The potential of these techniques in detecting early osteoarthritis will be investigated 

in subsequent studies. 
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Figure 1. (a) Schematic diagram of adiabatic T1ρ and T2ρ sequences. The preparation block 

consisted in a variable train of adiabatic full passage (AFP) pulses (HS1 or HS4), preceding a 

FLASH readout. To measure T2ρ, an adiabatic half passage (AHP) was placed prior to the 

AFP train and a reverse AHP after the AFP pulses, before the imaging readout. (b) Articular 

cartilage ROI segmentation and nomenclature. 
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Figure 2. R1ρ and R2ρ dependence on agarose concentration at different Tp (6, 8, 10 and 12 ms) 

for HS1 (a) and HS4 (b). R2 is also shown for reference (red dots). 
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Figure 3. T1ρ maps (a) and T2ρ maps (b) of three representative agarose gel tubes (2.0, 2.25 and 

2.75 % w/v). 
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Figure 4. R1ρ and R2ρ versus chondroitin sulfate concentration at Tp 6, 8, 10 and 12 ms for HS1 

(a) and HS4 (b). R2 (red circles) is shown for reference.  
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Figure 5. T1ρ,HS1 (a), T1ρ,HS4 (b), T2ρ,HS1 (c) and T2ρ,HS4 (d) relaxation time constant maps of 

articular cartilage 
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Figure 6. T1ρ and T2ρ maps and mean relaxation time values in femoral and tibial cartilage of 

a representative asymptomatic subject and three patients with radiographic osteoarthritis 

(KL=2-4). In the representative subject, mean T1ρ and T2ρ of the asymptomatic volunteer group 

are shown.    
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Table 1. Relaxivity (r) as a function of agarose concentration and chondroitin sulfate concentration with 95% confidence interval (C.I.), coefficient of determination (R2) and root mean square 

deviation (RMSD). Values affected by artifacts resulting from violation of the adiabatic condition are marked with a gray background.  

 
  AGAROSE  CHONDROITIN SULFATE 

  

PULSE 

TYPE 

Tp 

[ms] 

r  

[%-1 s-1] 
95% C.I. R2 RMSD  

r  

[%-1 s-1] 
95% C.I. R2 RMSD 

            

r1ρ HS1 3 27.06 (13.86, 40.27) 0.705 18.666      

  6 2.29 (1.81, 2.78) 0.926 0.689  0.26 (0.09, 0.42) 0.889 0.333 

  8 1.99 (1.82, 2.16) 0.987 0.243  0.17 (0.12, 0.21) 0.980 0.089 

  10 2.19 (2.00, 2.37) 0.988 0.260  0.18 (0.14, 0.22) 0.984 0.083 

  12 2.35 (2.13, 2.58) 0.984 0.319  0.19 (0.15, 0.23) 0.986 0.082 

            

 HS4 3 6.66 (4.53, 8.80) 0.847 3.020      

  6 4.20 (3.83, 4.56) 0.987 0.516  0.25 (0.20, 0.30) 0.989 0.095 

  8 4.79 (4.37, 5.21) 0.987 0.593  0.28 (0.23, 0.34) 0.989 0.108 

  10 5.25 (4.73, 5.77) 0.983 0.731  0.30 (0.25, 0.36) 0.990 0.112 

  12 5.33 (4.85, 5.81) 0.986 0.683  0.31 (0.25, 0.37) 0.990 0.116 

            

r2ρ HS1 3 28.05  (16.82, 39.27) 0.780 15.868      

  6 5.37 (4.39, 6.36) 0.944 1.393  0.48 (-0.04, 1.00) 0.738 1.042 

  8 7.81 (6.93, 8.70) 0.978 1.249  0.63 (0.52, 0.74) 0.991 0.214 

  10 7.08 (6.44, 7.73) 0.986 0.906  0.62 (0.51, 0.73) 0.991 0.219 

  12 6.61 (5.86, 7.35) 0.978 1.054  0.61 (0.51, 0.72) 0.992 0.207 

            

 HS4 3 12.61 (7.58, 17.64) 0.781 7.114      

  6 6.91 (6.21, 7.62) 0.982 1.002  0.55 (0.48, 0.63) 0.995 0.149 

  8 6.76 (6.14, 7.38) 0.985 0.876  0.54 (0.47, 0.60) 0.996 0.129 

  10 6.46 (5.84, 7.08) 0.984 0.881  0.52 (0.46, 0.59) 0.996 0.127 

  12 6.36 (5.77, 6.95) 0.985 0.830  0.51 (0.43, 0.59) 0.993 0.159 

r2   6.71 (6.05, 7.37) 0.983 0.935  0.50 (0.47, 0.53) 0.999 0.053 
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Table 2.  In vivo T1ρ measurements (ms) of articular cartilage using different TRs. Values that demonstrated significant TR dependence are marked with a gray background. 

PULSE 

TYPE 
ROI 

TR = 1.0 S  TR = 2.5 S  TR = 4.0 S  TR = 6.0 S 

SBJ #1 SBJ #2  SBJ #1 SBJ #2  SBJ #1 SBJ #2  SBJ #1 SBJ #2 
             

HS1 femur 73.0 75.1  88.3 95.9  90.0 99.0  92.1 104.4 

 tibia 64.2 75.0  78.2 91.7  79.7 97.1  80.1 94.9 

HS4 femur 53.1 51.0  63.1 65.1  67.2 66.0  67.3 70.2 

 tibia 46.3 51.9  58.9 65.5  59.5 64.9  62.3 65.1 
             

ROI = Region of interest. SBJ = subject. 
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Table 3. In vivo T1ρ and T2ρ measurements (ms) of articular cartilage with different pulse lengths. Values affected by artifacts resulting from violation of the adiabatic condition are marked with 

a gray background. 

 PULSE  

TYPE 
ROI 

Tp =  3 ms  Tp =  6 ms  Tp =  8 ms  Tp =  10 ms  Tp = 12 ms 

 SBJ #1 SBJ #2  SBJ #1 SBJ #2  SBJ #1 SBJ #2  SBJ #1 SBJ #2  SBJ #1 SBJ #2 
                 

T1ρ HS1 femur 18.1 17.5  69.0 79.9  90.0 99.0  95.6 99.7  93.2 96.9 

 tibia 18.2 16.5  51.2 74.9  79.7 97.1  83.8 94.8  79.0 91.8 
                

HS4 femur 42.0 43.8  67.2 66.0  64.6 63.4  62.1 61.9  62.8 63.8 

 tibia 34.6 37.9  59.5 64.9  58.5 60.3  56.7 56.7  54.7 56.6 

 
                

T2ρ HS1 femur 21.8 17.1  44.2 37.4  55.3 37.9  54.0 40.9  58.4 41.5 

 tibia 27.2 15.1  49.0 30.4  64.0 38.1  60. 38.9  62.9 38.9 
                

HS4 femur 30.3 26.9  48.4 42.3  50.3 45.2  60.5 46.4  64.1 48.0 

 tibia 34.4 34.4  54.8 38.9  53.3 35.1  64.5 40.8  67.5 41.1 
                 

ROI = Region of interest. SBJ = subject. 

 

.  
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Table 4.  Means and standard deviations (SD) of T1ρ, T2ρ and T2 relaxation time values (ms) in superficial and deep articular cartilage of human subjects (N = 10).  

 COMPARTMENT ROI 

T1ρ   T2ρ   T2 

HS1  HS4  HS1  HS4     

SUPERFICIAL DEEP  SUPERFICIAL DEEP  SUPERFICIAL DEEP  SUPERFICIAL DEEP  SUPERFICIAL DEEP 

LATERAL 

a Tr 110.6 (11.0) 95.4 (13.0)   78.8 (7.4) 68.5 (10.5)  39.5 (7.0) 31.6 (6.2)   50.3 (4.5) 39.7 (4.4)  60.0 (6.3) 45.1 (6.9) 

p Tr 110.8 (11.1) 85.4 (9.1)  76.9 (5.0) 61.6 (8.2)  40.0 (6.2) 33.6 (7.3)  48.0 (7.8) 40.8 (3.9)  53.4 (6.8) 34.8 (11.4) 

a CF 116.3 (19.4) 83.3 (11.2)  80.5 (11.2) 59.8 (10.0)  44.9 (9.1) 36.4 (8.1)  51.5 (13.9) 44.1 (9.9)  54.5 (7.4) 35.5 (7.1) 

p CF 105.3 (12.6) 84.5 (5.0)  74.7 (7.9) 60.7 (8.0)  40.3 (6.8) 40.7 (9.5)  50.1 (6.0) 47.8 (5.5)  56.5 (7.6) 43.7 (8.6) 

a PF 104.1 (11.5) 76.7 (13.6)  71.1 (11.6) 52.9 (7.2)  35.5 (9.3) 38.8 (7.4)  41.0 (5.1) 41.5 (6.7)  53.6 (12.2) 40.7 (7.5) 

p PF 87.6 (29.3) 70.3 (30.0)  60.3 (20.7) 45.2 (15.8)  30.2 (11.9) 34.8 (14.7)  35.5 (12.8) 37.3 (13.8)  44.9 (6.3) 35.7 (5.5) 

AT 92.5 (12.2) 78.5 (20.8)  66.3 (10.2) 56.2 (8.2)  35.2 (6.5) 31.5 (9.0)  42.9 (8.4) 37.3 (4.7)  49.5 (11.8) 31.0 (4.1) 

CT 92.3 (12.3) 64.6 (11.0)  66.4 (9.3) 42.2 (2.6)  31.4 (4.1) 24.7 (7.7)  40.5 (5.8) 26.8 (11.8)  42.0 (5.9) 26.0 (5.0) 

PT 97.3 (11.7) 75.0 (13.8)  68.7 (11.8) 52.3 (7.7)  36.1 (8.1) 29.3 (5.9)  45.6 (6.6) 36.9 (4.7)  52.7 (5.2) 37.1 (5.1) 

                  

MEDIAL 

p Tr 90.1 (32.7) 84.9 (32.5)  65.4 (32.7) 61.5 (29.8)  35.8 (17.7) 38.3 (17..8)  44.6 (21.0) 44.0 (20.4)  62.7 (33.3) 54.5 (29.0) 

a CF 105.6 (13.8) 87.7 (11.8)  78.3 (11.0) 64.7 (9.0)  37.1 (6.7) 34.8 (6.4)  47.7 (4.9) 44.9 (7.0)  59.1 (10.3) 37.6 (9.6) 

p CF 103.1 (7.9) 82.6 (5.5)  73.3 (5.8) 62.8 (7.6)  37.3 (6.2) 38.5 (8.2)  47.9 (4.6) 48.9 (10.5)  52.3 (6.3) 34.5 (7.5) 

a PF 101.3 (11.8) 77.5 (7.1)  71.0 (10.0) 57.2 (7.9)  34.9 (5.8) 35.7 (5.3)  43.5 (4.3) 39.6 (9.4)  54.1 (4.9) 39.7 (9.0) 

p PF 92.0 (30.3) 76.3 (26.9)  64.9 (22.8) 54.5 (19.0)  31.5 (11.2) 32.6 (11.3)  39.1 (12.8) 36.9 (12.8)  46.5 (4.7) 35.3 (8.7) 

AT 79.6 (35.7) 84.7 (49.6)  55.6 (25.6) 61.7 (35.6)  32.5 (16.4) 34.9 (11.3)  32.2 (15.2) 38.8 (22.4)  44.3 (23.8) 34.4 (18.8) 

CT 113.7 (12.3) 71.5 (9.7)  87.7 (9.9) 48.1 (5.5)  42.8 (7.7) 34.9 (20.3)  51.6 (5.0) 33.8 (6.6)  56.3 (6.6) 26.8 (4.5) 

PT 105.5 (15.0) 78.0 (11.4)   77.0 (10.9) 54.0 (8.9)   37.1 (9.1) 31.0 (5.4)   46.2 (7.6) 37.5 (5.2)   52.4 (6.9) 34.0 (6.6) 

ROI = Region of interest. a = anterior; p = posterior; Tr = troclea; CF = central femur; PF = posterior femur. AT = anterior tibia; CT = central tibia; PT = posterior tibia.           

 


