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1. Introduction 

Bone is a composite material consisting of mineral (~45% by volume), organic matrix (~30%) and water 
(~25%) 1. It is of central importance to image bone as well as bone-tissue interface. In this lecture, I will 
introduce novel magnetic resonance imaging (MRI) techniques to image bone and bone-tissue interface 
including periosteum and calcified cartilage – an interface between bone and articular cartilage. 

2. Bone Imaging 

In recent years various types of ultrashort echo time (UTE) pulse sequences have been developed to directly 
detect signal from bone using clinical MR scanners 2-8. The different water components in cortical bone, 
including bulk water residing in the macroscopic pores and water loosely bound to the organic matrix can now 
be selectively imaged with different UTE or clinical sequences. Figure 1 shows a representative cortical bone 
sampled imaged with 2D fast spin echo (FSE), 2D gradient recalled echo (GRE), 2D and 3D UTE, and 2D and 
3D adiabatic inversion recovery prepared UTE (IR-UTE). Bulk water residing in the pores of cortical bone is 
visible with FSE but not GRE sequences, consistent with its long T2, but short T2*. The 2D and 3D UTE 
sequences detect both bulk water in the pores (high signal fine structure) and water bound to the organic matrix 
(uniform background signal). The 2D/3D IR-UTE images show only uniform background signal corresponding 
to water bound to the matrix, with fine structure disappearing because the bulk water signal is suppressed by the 
adiabatic inversion pulse. A variety of quantitative bone imaging techniques (bound/pore water quantification as 
well as measurements of T1, T2*, magnetization transfer ratio or MTR) will also be discussed in this lecture. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 1. Axial (1st row) and sagittal (2nd row) imaging of a cortical bone sample with 2D FSE (A, G), 2D GRE 
(B, H), 2D UTE (C, I), 2D IR-UTE (D, J), 3D UTE (E, K) and 3D IR-UTE (F, L) sequences. Free water in the 
Haversian canals is detected by both FSE, 2D and 3D UTE sequences. 2D and 3D IR-UTE images show a 
relatively uniform bright signal, consistent with only bound water being detected. GRE image show little signal 
for bound and free water in cortical bone. The bright signal in (B) corresponds to marrow fat (arrow). 
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3. Periosteum Imaging 

The periosteum plays a key role in bone nutrition and fracture healing 9. The 2D UTE sequence was combined 
with a maximal phase 900 pulse followed by gradient dephasing to suppress long T2 signals from muscle and 
fat. This approach provides high signal for both bone and periosteum, but with low contrast between these two 
tissues. We employed a variable TE (TE varied from 8 to 1000 μs) acquisition strategy, resulting in a relatively 
long effective TE. At longer TEs only high signal from periosteum was left, while signals from cortical bone 
decayed to zero. Figure 2 shows an image of periosteum. The following acquisition parameters were used: 
FOV = 10 cm, 5 mm thick, TR = 40 ms, TE = 8 μs, flip angle = 60°, BW = ±62.5 kHz, number of projections = 
2025 (interleaved into 27 groups with TE delay of 40 μs per interleave), readout = 512 and 256, respectively, 
scan time = 8 minutes. Periosteum was selectively depicted with excellent image contrast. 

 

 

 

 

 

 

 

 

 
Figure 2. Periosteum imaging using conventional UTE acquisition (left) and variable TE UTE acquisition with 
a readout of 512 (middle) and 256 (right), which generate high contrast images of periosteum (green arrow).  
 
T2* of periosteum can be measured by using long T2 suppressed UTE acquisitions at a series of TE delays. 
Preliminary study shows a short T2* of ~4 ms for normal periosteum, as shown in the following Figure 3. 

 
 
Figure 3. Single component fitting of UTE images shows a short T2* of 4.19 ± 0.18 ms for periosteum.  
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4. Calcified Cartilage Imaging 

Calcified cartilage is the interface between subchondral bone and articular cartilage 10. One of the most 
important questions about calcified cartilage is its involvement in the initial of pathogenesis in osteoarthritis 
(OA). It is generally believed that the initial changes of OA occur in the noncalcified part of the cartilage rather 
than the calcified layer, and that degeneration and erosion of the articular cartilage result in mechanical 
overload.  Bone responds by becoming sclerotic, and this leads to further degeneration 11. However, a number 
of recent studies have found changes in calcified cartilage and subchondral bone (SCB) that are not readily 
explicable with this model 12-18. Calcified cartilage is an order of magnitude less stiff than bone, but 10-100 fold 
stiffer than cartilage 13. This supports the concept that calcified cartilage forms a transitional zone of 
intermediate stiffness between the more superficial articular cartilage and SBC. In adults calcified cartilage 
becomes quiescent but not inactive. In OA calcified cartilage may be reactive and progressively extend to and 
calcify adjacent unmineralized cartilage. This may contribute to relative thinning of uncalcified cartilage and an 
increase in the force gradient across uncalcified cartilage leading to more damage 14. Burr found that in OA 
calcified cartilage was significantly denser and had significantly more mineral than the adjacent SCB 15. He 
concluded that it was likely that changes in the mineral content and thickness of calcified cartilage played a 
greater role in the pathogenesis of OA than had previously been realized. Ferguson et al studied calcified 
cartilage and SCB in normal and osteoarthritic human femoral heads and found that calcified cartilage was 
hypermineralized and twice as hard as neighboring SCB 16. Very highly mineralized cartilage fragments may 
function as a grinding abrasive, accelerating wear rates whether attached to, or separated from the bony surface 
of calcified cartilage. Highly mineralized regions can also alter loading patterns and thereby contribute to 
further destruction of the joint tissues 16. Revell et al were able to recover joints at the time of surgery from 50 
patients with OA and concluded that calcified cartilage was active in OA 17. Histological studies have also 
revealed the presence of multiple tidemarks coupled with thickening and over-mineralization of calcified 
cartilage in the OA joint 18.  

 
Taken together, the results of different studies show that calcified cartilage may contribute to OA via altered 
growth plate-like behavior of the deep cells of the deep zone and bony remodeling. In addition a number of age-
correlated changes in calcified cartilage can compromise adjacent noncalcified cartilage and cause it to 
degenerate. Thus calcified cartilage may play an important role in the initiation and/or progression of OA. The 
study of early and late alterations to calcified cartilage may therefore be important in elucidating the structural 
and functional pathogenesis of OA including features associated with the internal stages of the disease. 
 
In recent years, several types of UTE sequences have been developed for high resolution morphological 
imaging of calcified cartilage 19, 20. Quantitative UTE imaging sequences have also been developed to measure 
T1 21, T1rho 20 and T2* 20, 22, 23 in the different layers of articular cartilage.  
 
4.1 Morphological UTE Imaging of Calcified Cartilage  
4.1.1 Multi-echo UTE Imaging of Articular Cartilage  
Multi-echo acquisitions followed by later echo subtraction has been shown to be effective in suppressing long 
and medium T2 signals and providing high contrast imaging of short T2 components in the brain, knee and 
cortical bone at 1.5T 2. This is achieved by subtracting the later echo image from the first one, equivalent to 
band pass filtering. Short T2 signals decay to zero or near zero by the time of the second echo and are thus 
minimally affected by the subtraction. Signals from fat may reduce the conspicuity and dynamic range of the 
short T2 signals from the deep layers of cartilage. As a consequence fat suppression techniques are typically 
applied in an effort to increase the dynamic range of the deep layers of cartilage and thereby improve their 
contrast with surrounding tissues. Figure 4 shows dual echo images of a cadaveric knee sample with fat 
saturation. Excellent image contrast is achieved for calcified cartilage in the subtracted image (arrows). The 
combination of fat saturation and dual echo gradient echo subtraction suppresses both fat and long T2 water 
signals simultaneously. 

Proc. Intl. Soc. Mag. Reson. Med. 23 (2015)    



 

 4

 
Figure 4. Fat suppressed dual echo UTE imaging of a cadaveric patella sample with a TE of 8 μs (A) and 11 ms 
(B). The imaging FOV of 8 cm, readout of 512, and slice thickness of 1.7 mm result in an acquired voxel size of 
0.156×0.156×1.7 mm3, providing excellent depiction of the deep layers of cartilage with high contrast on the 
subtraction image (arrows in C).  
 
4.1.2 Dual Inversion Recovery UTE (DIR-UTE) Imaging of Articular Cartilage  
In DIR-UTE imaging two long adiabatic inversion recovery pulses are employed to suppress long T2 signals 
from the superficial layers of articular cartilage as well as from marrow fat 19, 20. The first adiabatic inversion 
pulse (duration ~ 25 ms, spectral bandwidth ~ 500 Hz) is centered near the water peak and has an inversion time 
of TI1 to invert and null the longitudinal magnetization of the superficial layers of articular cartilage. The 
second adiabatic inversion pulse which is of the same duration and spectral bandwidth, is centered near the fat 
peak and has an inversion time of TI2 to invert and null the longitudinal magnetization of marrow fat. The 
superficial layers of cartilage have longer T1s than marrow fat, and are inverted first. Calcified cartilage has a 
short T2* and its longitudinal magnetization is not inverted by the adiabatic inversion pulse. Signal from this 
tissue component is subsequently detected by the UTE data acquisition.  Figure 5 shows clinical and UTE MR 
imaging of a patella slice from a human cadaver knee specimen. The clinical proton density (PD) weighted (Fig 
5A) and T1 fast spin echo (FSE) weighted (Fig 5B) sequences show a signal void for calcified cartilage. The 
conventional UTE sequence shows high signal for calcified cartilage (Fig 5C), but with limited contrast 
between it and the superficial layers of cartilage and marrow fat. The DIR-UTE sequence selectively suppresses 
signals from both marrow fat and the more superficial layers of cartilage, leaving calcified cartilage depicted 
with high contrast (Fig 5D). An association between signal reduction and increase in thickness in calcified 
cartilage was observed in the lateral part of the patella (red arrows in Fig 5C and 5D).  

 
Figure 5. Imaging of a patella slab using PD-FSE (A), T1-FSE (B), regular UTE (C) and DIR-UTE (D) 
sequences, respectively. The clinical FSE sequences show a signal void for calcified cartilage (A, B). The 
regular UTE sequence shows high signal for calcified cartilage, but provides little contrast between calcified 
cartilage (arrows) and the more superficial layers of cartilage (C). The DIR-UTE sequence selectively 
suppresses signals from fat and the superficial layers of cartilage, providing high contrast depiction of calcified 
cartilage which is seen as a linear, well-defined area of high signal (thin arrows) (D). There is a reduction in 
signal and increase in thickness from calcified cartilage in the lateral part of the patella (thick arrows) where 
morphological degradation was observed.  
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4.1.3 SWIFT Imaging of Articular Cartilage  
Sweep imaging with Fourier transformation (SWIFT) is a different type of very short TE imaging technique 24. 
With SWIFT signals are acquired in a time shared manner during a swept RF excitation of the spins with a 
minimal delay between RF excitation and data acquisition. This technique has considerable potential for 
imaging objects with spins that have extremely short T2s, such as calcified cartilage and collagen protons 25. 
MSK imaging is one of the fields likely to benefit from the sequences capable of detecting nearly all spins, 
regardless of their T2 values. An example of short T2 saturation and visualization using an MLEV-4 MP block 
pulse is shown in Figure 6. The normal SWIFT image shows a faint line of high intensity in the region of the 
calcified layer of the cartilage (Fig 6a). After preferential saturation of short T2 components, the bright feature 
disappears in the image with T2 contrast (Fig 6b). The signals from tissues with short T2 spins can be better 
visualized by subtracting the saturated image from the SWIFT image. In this image, the bright line at the 
interface is even more prominent (Fig 6c). 

 
Figure 6 Selected slices from a SWIFT image of a bone-cartilage specimen from an 18-month old pig, acquired 
at 9.4 T. (a) Normal SWIFT image; (b) SWIFT image with short T2 spins saturated, (c) subtraction image to 
reveal the short T2 fraction, and (d) Safranin-O stained microscopic image of the same specimen. Scale bar 
indicates 1 mm. Acquisition parameters were bandwidth = 125 kHz, total number of views = 256 000, isotropic 
resolution of 65 μm3, scan time ~ 22 min/dataset (20 ms MP block every 16 views).  
 
4.2 Quantitative UTE Imaging of Calcified Cartilage  
4.2.1 T1 quantification of calcified cartilage 

Quantification of the T1 of calcified cartilage is challenging due to the fast decay of signals from this tissue. 
Conventional inversion recovery techniques are not useful because it is very difficult to invert the longitudinal 
magnetization of short T2* tissues or tissue components. They experience significant transverse relaxation 
during the inversion process. The T1 of calcified cartilage can be measured with different techniques, including 
saturation recovery UTE imaging, UTE imaging with variable TRs, and UTE imaging with variable flip angles.  
 
It is possible to saturate the short T2 components as well as the long T2 components with a non-selective short 
duration pulse, allowing T1 quantification of calcified cartilage with a saturation recovery UTE acquisition. In 
saturation recovery UTE imaging, a short 900 square pulse is used in conjunction with large dephasing gradients 
to suppress signals from marrow fat, superficial layers of cartilage and calcified cartilage. UTE acquisitions 
with progressively increasing saturation recovery times (TSRs) can then be used to detect the recovery of the 
longitudinal magnetization of cartilage, including that of calcified cartilage. Figure 7 shows saturation recovery 
images of a patella sample arranged in order of increasing TSR. As can be observed, at the lowest value of TSR, 
the intensity of the entire patella is nearly zero, suggesting efficient saturation of the magnetizations of both 
short and long T2* components. Subsequently, as TSR is increased, the intensity of various tissues increases at 
a rate dependent on their respective T1 values. Calcified cartilage is defined as a high signal line (thin arrows in 
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Fig 7D) with excellent image contrast with the superficial layers (thick arrow in Fig 7D) of cartilage and fatty 
marrow at TSRs of 100 to 700 ms. Calcified cartilage can be seen prominently at TSRs below 200 ms, 
suggesting a shorter T1 compared to that of fatty bone marrow and the superficial layers of cartilage. A bi-
component exponential fit of the saturation recovery curves derived from small ROIs placed over calcified 
cartilage and the superficial layers of cartilage, respectively, is also shown (Fig 7H and 7I). Excellent fitting can 
be achieved for both layers, giving a short T1 of 312 ms for calcified cartilage and a long T1 of 1469 ms for the 
superficial layers of cartilage. In calcified cartilage the short T1 component accounts for about 70% of the 
signal, with another 30% from the adjacent long T1 component likely to be due to partial volume effect. Mono-
exponential fitting was performed for the bone marrow fat, yielding a T1 relaxation time of 367 ± 57 ms, which 
is consistent with values reported in the literature 26. 

 
Figure 7 Selected UTE saturation recovery images of a patella sample at TSRs of 10 ms (A), 50 ms (B), 200 ms 
(C), 400 ms (D), 800 ms (E), 2000 ms (F), 8000 ms (G). Signal from calcified cartilage recovers at a significant 
faster rate than that from the superficial layers of cartilage, suggesting shorter T1 relaxation time. Bi-component 
fitting shows that calcified cartilage (thin arrows in D) has a short T1 of 312 ms accounting for 69% of the 
signal and a long T1 of 1398 ms accounting for 31% of the signal (H). The superficial layers (thick arrow in D) 
have a long T1 of 1469 ms accounting for 84% of the signal and a short T1 of 220 ms accounting for 16% of the 
signal. This is likely to be from water bound to proteoglycans and collagen (I). 
 
4.2.2 T2* quantification of calcified cartilage 
The DIR-UTE sequence provides robust suppression of long T2 signals, and provides high contrast images of 
calcified cartilage, which helps with T2* quantification 20. T2* can be quantified using exponential fitting of 
DIR-UTE images acquired at a series of TEs. Figure 8 shows DIR-UTE imaging of calcified cartilage at 
progressively increasing TEs. The excellent soft tissue suppression from the DIR preparation pulse minimizes 
signal contamination from the long T2 superficial layers of articular cartilage as well as from marrow fat, 
resulting in robust measurement of the T2* of calcified cartilage. There is rapid signal decay with increasing 
TE, suggesting a short T2* relaxation time for calcified cartilage. This is confirmed by the mono-exponential 
fitting which shows a T2* of 1.79 ± 0.20 ms for calcified cartilage. 
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Figure 8. DIR-UTE imaging of calcified cartilage at a series of TEs of 8 μs (A), 200 μs (B),  500 μs (C), 1 ms 
(D), 1.5 ms (E), 2 ms (F), 3.5 ms (G), 5 ms (H), 7.5 ms (I), 10 ms (J), as well as single component exponential 
fitting to the decay curve (K). There is loss of signal with increasing TE (A-J). The decay curve (K) shows a 
short T2* of 1.79 ms for calcified cartilage. 
 
4.2.3 T1rho quantification of calcified cartilage 
There are several MR techniques which are of value for detecting PG loss and/or collagen degradation in 
articular cartilage, including T2 mapping, delayed gadolinium-enhanced MRI of cartilage (dGEMRIC) 27, 
sodium MRI 28, and T1rho imaging 29. T1rho has been proposed as an attractive alternative to probe 
biochemical change in cartilage. It reflects the slow interactions between motion-restricted water molecules and 
their local macromolecular environment 29, and provides unique biochemical information in the low frequency 
range from a few hundred Hz to a few kHz. Changes to the extracellular matrix (ECM), such as PG loss and 
collagen degradation, may be reflected in measurements of T1rho and T1rho dispersion (T1rho values vs. the 
spin-locking field). Recent studies have demonstrated that T1rho has a high sensitivity to PG loss in bovine 
cartilage samples as well as to the presence of OA in patients 30.  

 
T1rho of calcified cartilage can be measured with spin-locking prepared DIR-UTE acquisitions at progressively 
increasing spin-locking times (TSLs) 20. Quantitative T1rho DIR-UTE imaging of calcified cartilage of a patella 
sample is shown in Figure 9. The DIR-UTE images show calcified cartilage with excellent contrast. It is hardly 
visible with conventional UTE-T1rho imaging. Exponential fitting of the DIR-UTE images shows a short T1rho 
of 4.61 ± 0.07 ms, as indicated in Figure 9E.  

 
Figure 9. DIR-UTE T1rho imaging of the calcified  cartilage at a series of TSLs of 0.02 ms (A), 1 ms (B), 4 ms 
(C) and 12 ms (D). There is progressive loss of signal from (A) to (D). Single component curve fitting shows a 
short T1rho of 4.61 ± 0.07 ms (E) for calcified cartilage of this patella.  
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4.2.4 UTE T2* bi-component analysis of articular cartilage 
Biological tissues frequently contain distinct water compartments with different transverse relaxation times 
(T2s). Clinical techniques for determining multiple components are usually based on exponential fitting data 
obtained from SE images acquired with Carr-Purcell-Meiboon-Gill (CPMG) sequences. There are three major 
drawbacks with this approach. Firstly, multi-component fitting is very sensitive to image signal-to-noise ratio 
(SNR), the number of echoes, the number of fitting components and the difference between T2 values of the 
different components. For example, to fit three components plus a noise term it requires a SNR of ~8000 to 
reduce the fitting error to 2% 31. This is not achievable with clinical MR imaging. Secondly, clinical CPMG 
sequences typically have TEs > 10 ms, which may be too long to detect the short T2 components in commonly 
studied biological tissues. Thirdly, there is a particular group of biological tissues such as menisci, ligaments, 
tendons, cortical bone and calcified cartilage which have very short mean T2s and little or no signal is seen with 
commonly used clinical SE or GRE sequences 2. Signal from both short and long T2 water components in these 
tissues may be difficult or impossible to detect with conventional approaches.  

 
 
Figure 10. Selected interleaved 4-echo UTE acquisitions with TEs of 8 μs (A), 0.4 ms (B), 0.8 ms (C), 2.2 ms 
(D), 4.4 ms (E), 6.6 ms (F), 11 ms (G), 16 ms (H), 20 ms (I), 30 ms (J), later echo image subtraction (K), and bi-
component T2* analysis for calcified cartilage (L), the more superficial layers of cartilage (M) and meniscus 
(N). ROIs for calcified cartilage (thin arrow). The more superficial layers of cartilage (long thick arrow) and 
meniscus (short thick arrow) are shown in (K). 

 
Bi-component T2* analyses of calcified cartilage in vivo is challenging due to the requirement for a long scan 
time and potential motion artifacts 23. An interleaved multi-echo UTE acquisition scheme can be employed for 
fast T2* bi-component analysis of the deep radial and calcified cartilage in healthy volunteers. In this protocol 
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four sets of four-echo UTE acquisitions with fat suppression were performed with the following imaging 
parameters: FOV = 14 cm, TR = 200 ms, slice thickness = 3 mm, flip angle = 45°, readout = 320, number of 
projections = 455, reconstruction matrix = 512×512, four sets of TEs (0.008/4.4/20/40 ms; 0.4/6.6/25/50 ms; 
0.8/11/30/60 ms; 2.2/16/35/70 ms), a total scan time of 12 min. Figure 10 shows UTE T2* imaging of the knee 
of a 59 year old healthy volunteer. The four sets of four-echo UTE acquisitions cover both short and long T2* 
ranges, allowing robust estimation of short and long T2* components in the superficial layers of femorotibial 
cartilage and calcified cartilage as well as the meniscus. Calcified cartilage and the meniscus can be better 
depicted in the subtraction image (Fig 10K) where a later echo image was subtracted from the first one. The 
superficial layers of cartilage with longer T2s were effectively suppressed, creating high contrast for calcified 
cartilage and meniscus. The UTE images were assessed using bi-component analysis at ROIs drawn in the 
superficial layers of articular cartilage, calcified cartilage and meniscus. These showed excellent curve-fitting, 
with a short T2* of 0.79 ms (32.9% of the UTE signal) and a longer T2* of 25.95 ms (67.1% of the UTE signal) 
for calcified cartilage. The longer T2* component is likely from the more superficial layers of cartilage due to 
partial volume effect. The short and longer T2* values for the superficial layers and meniscus are generally 
consistent with the values reported in the literature 31, 32.  
 
5. Discussion 
It is technically challenging to image bone and bone-tissue interface. Recently developed UTE type sequences 
can be used to image bone, periosteum and calcified cartilage with high spatial resolution and image contrast. 
Quantitative evaluation of the different water components and measurement of their MR relaxation times (e.g., 
T1, T2* and T1rho) are also feasible. However, clinical evaluation of these techniques remain to be done. 
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