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INTRODUCTION 
Multi-component analysis of CPMG spin echo images has been performed by several groups to 
identify and characterize different water compartments in articular cartilage (1-3). For example, 
Lattanzio et al reported three distinct water components in bovine knee cartilage plugs: free water 
(T2 ~ 20 ms), water bound to collagen (T2 ~ 4 ms) and proteoglycan (T2 ~ 1 ms) (2). Reiter et al 
also reported similar findings (3). However, CPMG sequences on clinical MR scanners typically 
operated in a TE range  (>10 ms) that does not allow detection of short T2 water components, or 
water bound to collagen and/or PG. Here we propose a bi-component T2* analysis of images from 
ultrashort TE (UTE) or UTE spectroscopic imaging (UTESI) to quantify T2* and fractions of the 
free and bound water components in cartilage (4-6). 
MATERIALS AND METHODS 
UTE and UTESI sequences with minimum TEs of 8 μs were implemented on a clinical 3T GE 
scanner. UTESI provides a series of UTE images in a very time efficient way, thus reducing the total 
scan time. T2* and fractions of each component can be measured through multi-exponential fitting 
of UTE/UTESI images. However, multi-component fitting is very signal-to-noise ratio (SNR) 
demanding, and is also sensitive to the number of components, minimum TE, the number of echoes, 
and the separation of T2*. To minimize fitting errors, we only consider two components: water 
bound to the collagen matrix and PG with very short T2*, and free water with much longer T2*. The 
reduced number of components and the big separation in T2* values are expected to significantly 
reduce the sensitivity to SNR. Furthermore, background noise was estimated through maximum 
likelihood (MLE) distribution fitting of background noise histogram. UTE/UTESI signal decay was 
normalized so that the sum of the amplitude of the two components equal 1. As a result, the 
normalized time-domain UTE or UTESI signal intensity (SI*) at echo time TE can be simplified as 
shown in equation [1].  
 
 
There are only three fitting parameters: T2* for free water (T*2,f), bound water (T*2b), 
and fraction of the bound water (Fb) or free water (Ff = 1-Fb). In total 10 patellae (5 
normal, 2 with grade 1 and 3 with grade 2 degeneration, WORMS grading) were 
harvested from human cadaveric knees. Typical UTE imaging parameters included: TR 
= 500 ms, FOV = 10 cm, slice thickness = 2 mm, reconstruction matrix = 512 × 512, 17 
TEs ranging from 8 μs to 20 ms. UTESI imaging used similar parameters, except shorter 
TR of 200 ms, 2025 half projections, 4 echoes, 27 interleaved groups of half projections, 
resulting in 108 TEs ranging from 8 μs to 20 ms in a total scan time of around 14 
minutes. The non-negative least-square (NNLS) algorithm was used for bi-component 
fitting on a region-of-interest (ROI) based as well as pixel-based analysis. 

RESULTS and DISCUSSION 
Figure 1 shows selected UTE images of a cadaveric human patella specimen as well as a 
bi-component fitting. There is a clear short T2 component with a T2* of 0.35 ms, 
accounting for 18% of the UTE signal, and a longer T2* of 24 ms, accounting for 82% 
of the UTE signal. The residual signal is less than 3% in the bi-component fitting, 
suggesting that the two-component model is well suited for T2* analysis of articular 
cartilage. Bi-component analysis of UTESI images shows similar results with slightly 
increased fitting error which is partly compensated by the large number of TEs. Figure 2 
shows bound and free water T2*s and the corresponding fraction maps for a normal 
patella and a patella with grade 2 degeneration. The bound water T2* increased from 0.8~1.5 ms for the 
normal patella to 3.1 to 4.0 ms for the degenerated patella. Meanwhile, the free water T2* increased from 16 
to 21 ms for the normal patella to 23 to 30 ms for the abnormal one. The bound water fraction ranged from 13 
to 24%, consistent with literature. There is increased heterogeneity with cartilage degeneration in the short T2 
fraction map. Figure 3 shows the zonal relationship between bound and free water T2* and cartilage 
degeneration among 10 patellar specimens (five normal, two with grade 1 and three with grade 2 
degeneration). The bound water T2* increased significantly more than the free water T2* with degeneration 
in the deep, middle and superficial zones, suggesting that bound water is more sensitive to structural changes 
in the early stages of degeneration. More samples with degeneration or samples with enzymatically induced 
degeneration are required to increase the statistical significance of this finding.  

CONCLUSIONS  
The bi-component T2* analysis of UTE/UTESI images is able to quantify T2* and fractions of the free and 
bound water components in articular cartilage in vitro, and has potential for clinical evaluation of early OA 
associated with breakdown of the collagen, decrease in PG and increase in water content. 
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Fig 1 Selected UTE images of a patella specimen (A-H), bi-
component fitting (I) and the residual signal (J). There is a clear short 
T2 component with a T2* of 0.35 ms, accounting for 18% of the UTE 
signal, and a longer T2* of 24 ms, accounting for 82% of the UTE 
signal. The residual signal is less than 3%, suggesting the bi-
component model well suited for T2* analysis of cartilage.  

Fig 2 A normal patella (A), short T2* map (B), fraction map (C), long T2* map (D), 
fraction map (E), linear combination (F). A patella with grade 2 degeneration (G), 
short T2* map (H), fraction map (I), long T2* map (J), fraction map (K), linear 
combination (L).Short T2* increased more than long T2* with degeneration.

Fig 3 Bi-component analysis of 10 patellae. These results 
suggest that the T2* of the bound water is more sensitive to 
early degeneration than T2* of the free water.
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