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Abstract

Osteoarthritis is a common chronic degenerative disease that causes pain and disability with 

increasing incidence worldwide. The osteochondral junction is a dynamic region of the joint that 

is associated with the early development and progression of osteoarthritis. Despite the substantial 

advances achieved in the imaging of cartilage and application to osteoarthritis in recent years, 

the osteochondral junction has received limited attention. This is primarily related to technical 

limitations encountered with conventional MR sequences that are relatively insensitive to short T2 

tissues and the rapid signal decay that characterizes these tissues. MR sequences with ultra-short 

echo time (UTE) are of great interest since they can provide images of high resolution and 

contrast in this region. Here we briefly review the anatomy and function of cartilage, focusing on 

the osteochondral junction. We also review basic concepts and recent applications of UTE MR 

sequences focusing on the osteochondral junction.
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1. Introduction

Osteoarthritis (OA) is a chronic degenerative disease that causes functional disability and 

pain, affecting approximately 300 million people worldwide1. The pathogenesis is not fully 

understood, and despite great investment in the development of therapeutic agents, to date, 

no effective treatment to slow progression is available2.

Imaging characterization of osteoarthritis, on the other hand, has evolved significantly in 

the past ten years, moving from a strictly morphologic evaluation towards a more thorough 

analysis, including both morphologic and quantitative features of the joint3. These advances 

are attributed to technological developments in both hardware and software of MR systems. 

Today, high-resolution and quantitative MR sequences allow for the assessment of small 

structures with high image quality as well as for the measurement of relaxation times of 

Corresponding author: Alecio F. Lombardi, MD, alecio.lombardi@icloud.com, University of California, San Diego, La Jolla, CA 
92037, Phone: (858) 246-2229. 

HHS Public Access
Author manuscript
NMR Biomed. Author manuscript; available in PMC 2024 February 01.

Published in final edited form as:
NMR Biomed. 2023 February ; 36(2): e4843. doi:10.1002/nbm.4843.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cartilage and other joint tissues4–6. 3D dual-echo in steady-state (DESS) MR sequences, 

for example, permit the evaluation of cartilage morphology with high contrast and spatial 

resolution5. T2 and T1rho relaxation time measurements can estimate the relationship 

between water, collagen, and glycosaminoglycans/proteoglycans in cartilage3,7. These are 

only a few examples of many new techniques and tools currently available to radiologists, 

clinicians, and surgeons for better clinical diagnosis and treatment than before.

MRI is established now as the imaging modality of choice in the diagnosis of OA8, but 

few studies focus on the evaluation of the osteochondral junction (OCJ), a thin layer of 

transition between cartilage and bone, essential in OA pathogenesis and progression9. It 

is across the osteochondral junction that the transport of nutrients from the subchondral 

bone to the avascular cartilage occurs, helping maintain its homeostasis and function. It 

is also at the OCJ where ossification of cartilage begins at the early stages of OA, later 

progressing towards the middle and superficial layers, contributing to the formation of 

central osteophytes and ultimately to cartilage and joint stiffness, characteristic of OA10,11. 

Dedicated imaging studies of the OCJ are few due to technical challenges related to the 

required resolution and contrast mechanisms needed to fully evaluate this region12. Recent 

studies, for example, showed a high variability of T2*, T1rho, and T1 measurements in 

deeper layers of cartilage when conventional spin-echo (SE) MR sequences were used 

because of the low signal-to-noise ratio (SNR) in these regions 13. When ultra-short echo 

time (UTE) MR sequences were used, however, the errors of measurements were much 

reduced for these same deep regions of cartilage13.

UTE MRI is of great interest in the evaluation of OCJ as UTEs allow the acquisition 

of signals of this region with higher SNRs. When dual-echo or inversion recovery (IR) 

pulses are used, higher contrast is achieved compared to SE sequences14. Moreover, UTE 

MRI offers great flexibility in choosing the echo time and includes different types of 

magnetization preparation modules, such as the magnetization transfer (MT) preparation to 

estimate the macromolecular fraction (MMF) of cartilage15, making possible the quantitative 

evaluation of OCJ with a variety of imaging biomarkers.

This review aims to briefly revisit the OCJ anatomy and function, as well as its role in early 

OA development. We also summarize recent MRI developments for OCJ assessment both 

morphologically and quantitatively. We will also discuss the main advantages and limitations 

of UTE MRI, pointing towards future directions in research and clinical applications 

regarding OCJ imaging and the diagnosis and treatment of OA.

2. Cartilage Anatomy and Function

The cartilage is an avascular and aneural tissue consisting mostly of water, with variable 

thickness depending on the anatomical region and the mechanical stress to which it is 

subjected16,17. The cartilage thickness varies in different joints: knee, 1.69 to 2.55 mm17; 

ankle, 1.0 to 1.69 mm17; hip, 1.08 to 2.4 mm18; and shoulder, 1.0 to 1.9 mm19,20. In the 

knee, the mean cartilage thickness varies from 1.69 mm to 2.55 mm, whereas, in the ankle, 

its thickness ranges from 1.0 to 1.69 mm17. Collagen and proteoglycans combine to form 

a complex network that retains water and gives cartilage its viscoelastic properties. It can 
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endure high shear and compressive forces, reducing the stress transferred to the joint and 

subchondral bone21. The loss of cartilage integrity, either by acute or chronic trauma or 

inflammation, will likely cause dysfunction of its load-deformation viscoelastic behavior 

and lead to osteoarthritis.

Normal cartilage is divided into four zones from the articular surface to the osteochondral 

junction: superficial, transitional, radial, and calcified22 (Figure 1). The superficial zone 

comprises approximately 10% of the total cartilage thickness and presents a higher 

chondrocyte and water concentration but a lower proteoglycan content. The superficial 

layer is in contact with the intra-articular space and protects deeper layers from trauma 

and loss of tissue integrity. The transitional zone thickness varies according to different 

studies and authors in the literature, with some pointing to 10–20% of the total cartilage 

thickness and others indicating 30–50% of the cartilage thickness22. This zone presents 

higher proteoglycan concentration and thicker collagen fibers which are obliquely oriented 

compared to the superficial zone (Figure 1). The transitional zone offers resistance to 

compressive forces23. The radial zone thickness varies according to different reports, 

ranging from 30–40% to 80% of the total cartilage thickness22,23. In this zone, the 

proteoglycan concentration is the highest of all zones, and the collagen fibers are the 

thickest, oriented perpendicular/radially to the articular surface22,24–26 (Figure 1). The water 

concentrations are lower than in the other two zones, but the radial zone has the strongest 

resistance to mechanical stress due to a complexly interlinked lattice of collagen fibers 

and proteoglycans25. There are also some variations in laminar composition or zone ratios 

between femoral and tibial cartilage26.

The structures of uncalcified cartilage, zone of calcified cartilage (ZCC), and bone region 

are well displayed in high-resolution scanning electron microscopy (SEM) images27, as can 

be seen in Figure 2. The calcified zone is highly mineralized, consisting of 5–8% of the 

total cartilage thickness. A wavy line limiting the end of the uncalcified radial zone and the 

beginning of the calcified zone is commonly referred to as the “tidemark”. On the other side, 

the calcified zone is attached to the underlying bone through interdigitations that invaginate 

into the subchondral bone, also called the “cement line”. The main functions of the calcified 

zone are to transfer mechanical stress across the bone-cartilage interface28,29 and transport 

nutrients through vascular channels that permeate this region, from subchondral bone to 

cartilage30. In OA, the calcified zone proliferates and advances towards the radial zone31 

creating the so-called “duplicated tidemark”. Also, in OA, the vascular channels that 

normally exist only in the calcified zone can increase in number and length, advancing 

into the radial zone of cartilage11,29. Those processes contribute to an increase in joint 

stiffness and transport of inflammatory agents, respectively, two hallmarks of OA. Studies 

also suggest that ossification and spicules (i.e., the aggregates of the bony matrix, seen 

in Figure 2B) originating from the calcified zone protrude into the radial layer, causing 

microtrauma that may initiate or accelerate cartilage degeneration and can also contribute 

to bone remodeling, new bone formation, and the origin of central osteophytes10,11 (Figure 

3). The hypothesis of bone remodeling and new bone formation in OA is corroborated by 

findings that those spicules are commonly accompanied by vascular channels, resembling 

the process of primary bone formation in fracture healing31. Strong evidence suggests 

that subchondral bone cysts and bone marrow edema are closely related to OA and 

Lombardi et al. Page 3

NMR Biomed. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



bone remodeling, highlighting the important role the zone of calcified cartilage and the 

subchondral bone plate have in the pathogenesis of OA32.

The chondrocytes are responsible for the production of the extracellular matrix (collagen 

and proteoglycans) that helps retain water. Water, on the other hand, is essential to sustain 

mechanical loading as its interaction with collagen and proteoglycan increases the cartilage 

viscoelasticity33, allowing greater stress resistance. Water is cartilage’s most abundant 

component varying from 80% of its weight in the superficial zone to about 65% of its 

weight in the radial zone21,34. When the integrity of the superficial zone of cartilage 

is compromised, a decrease in water content may occur and accelerate the degeneration 

process.

The OCJ is a fluid term referring to the transition between the deep layers of cartilage 

and bone, which includes the deep layers of the radial zone, the tidemark zone, the 

calcified cartilage, the cement line, and the subchondral bone plate35,36. Considering the 

important structures contained in this region and their relationship to the initiation and 

progression of OA, imaging methods focusing on the OCJ are of great interest. However, 

its small dimensions, the low water concentration, and the high mineralization of the 

calcified zone and the subchondral bone plate lead to volume average artifacts and low 

SNR on conventional MR sequences, commonly used to assess cartilage morphology and 

relaxometry, such as T2-weighted, PD-weighted, or T2 and T1rho mapping. Potential 

solutions to this problem include the use of high-resolution MR sequences with UTEs that 

can capture the rapid decaying signals from the structures of the OCJ.

4. UTE Imaging of the Osteochondral Junction

Conventional fast spin echo (FSE) MRI sequences such as T2-weighted or PD-weighted 

sequences can detect signals from tissues with T2 values as low as 8–10 ms, so tissues 

with shorter T2s appear of low signal intensity on those sequences37,38 (Figure 4A and 4B). 

Gradient echo sequences can reduce the TE by an additional 1–2 ms, which is still not 

efficient for imaging water within the collagen fibers in the deep layers of the radial zone 

and the calcified zone of cartilage (T2 values of less than 1 ms)38. It is important to note that 

even the superficial cartilage with its higher free water content will include small amounts 

of water bound to collagen matrix that have short T2s, which are not detectable with 

conventional MR sequences. UTE sequences, on the other hand, can detect signals from 

these regions with high efficiency because it deploys TEs much lower than 1 ms, reaching 

values of 8 μs39 (Figure 4C). Zero echo-time (ZTE) is another type of UTE sequence that 

can acquire signals from these tissues with short T2 values. Through the application of 

gradients before the radiofrequency pulse, the ZTE sequence has an echo time of near zero 

because the image acquisition begins with the gradients already ramped up40,41. A diagram 

showing 2D UTE, 3D UTE, and ZTE MRI sequences is presented in Figure 5. These new 

sequences have now been applied to routine clinical scenarios for validation42. Although 

there are technical requirements for implementation, the fast development and cost reduction 

of MR hardware and software will increase their availability in the future.
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Bae et al. have systematically reviewed pre-2014 UTE techniques for OCJ imaging in 

both knee and spine joints43. Most of these studies were conducted on ex vivo samples. 

Recently, many investigators have performed translational studies focused on morphological 

and quantitative imaging of the OCJ. In this review, we largely focused on the review of 

knee OCJ studies, especially for the most recent 3D UTE imaging developments.

3.1 Morphological UTE MRI

The first studies to use UTE MR sequences to evaluate human cartilage were from Brossman 

et al.44 and Gold et al.45. Brossman et al. used a short echo time (TE of 150 μs) with 

k-space projection reconstruction for image acquisition of short T2 tissues in 7 min and 

30 sec and compared it with a fat-suppressed gradient recalled echo in the steady-state 

(Spoiled GRASS) sequence for detection of cartilage lesions, using histopathologic grading 

as reference. They found greater sensitivity, specificity, and accuracy of the short echo time 

sequence compared to Spoiled GRASS (p = 0.03) for the detection of cartilage lesions with 

a perfect inter-reader agreement. The investigators hypothesized that short echo time with 

projection reconstruction could detect earlier disruption of collagen structures because of the 

detection of water linked to collagen associated with very short T2 values44. Gold et al., on 

the other hand, used a 3D UTE cones sequence with a non-cartesian k-space sampling, a 

TE of 0.6 ms that took 9.7 min of scan time for image acquisition45. They found that the 

3D cones sequence was suited to scan the whole knee cartilage with high resolution and 

isotropic multiplanar reconstruction showing cartilage damage as well as abnormalities in 

the deep layers and OCJ.

The first implementation of 2D UTE MRI sequences used two half-pulse radiofrequency 

(RF) excitations with gradients in opposite directions, followed by a radially acquired 

projection reconstruction to produce images with very short TEs46–48 (Figure 5A). 

Additional methods to suppress the long T2 components of tissues were proposed. The 

first was a long rectangular 90° RF pulse followed by gradients to dephase the long 

T2 magnetizations and emphasize signals from short T2 components. The second was a 

long initial inversion pulse to selectively null the long T2 magnetization (“magnetization 

preparation”), followed by image acquisition when this long T2 magnetization crossed the 

null point, highlighting only short T2 magnetization. The third was the acquisition of images 

in two subsequent echo times, followed by subtraction between signals of the two echoes 

(“dual-echo”), leaving only the signals from short T2 species48.

Fat is highly concentrated in the subchondral bone marrow and other periarticular joint 

tissues. In non-Cartesian UTE sequences, chemical shift artifacts can “move” the strong 

fat signal towards the OCJ. This can deteriorate the image quality and introduce errors in 

relaxometry measurements of the OCJ. Fat suppression is thus critical on UTE MRI and 

can be obtained through various methods, including but not limited to fat saturation49, water 

excitation50,51, the Dixon method52, or inversion recovery pulses53.

Gatehouse et al. studied the fat-suppressed 2D UTE MRI with radial center-out k-space 

sampling. Dual-echo subtracted knee MR images were obtained from five volunteers and 16 

patients in a scan time of 8.5–17 min. They found that the cartilage on subtracted images 

showed two distinct layers: superficial with intermediate signal intensity and deep with high 
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signal intensity. This high signal intensity layer had variable thickness, greater in the tibial 

plateau. Cartilage lesions were observed in both layers with high conspicuity, including 

cartilage defects and hemorrhage in the deep layers on UTE MRI54.

Rahmer et al. compared the efficiency between “dual-echo” and “magnetization prepared” 

approaches of 2D UTE MRI to improve short T2 contrast at 1.5 and 3.0 T. The “dual-echo” 

sequence used echo times of 50μs/4.6 ms and 50μs/2.3 ms, at 1.5 and 3.0 T, respectively, in 

a scan time of 8 min. The “dual-echo” method had a lower scan time (higher scan efficiency) 

than the “magnetization prepared” method. This is because the “magnetization prepared” 

sequence needs a long T1 recovery time between the magnetization preparation pulses 

to improve SNR55. Although some investigators report higher SNR on “magnetization 

prepared” sequences, the authors did not confirm this finding in their study, where 

both “dual-echo” and “magnetization prepared” sequences had similar SNR. However, 

“magnetization prepared” sequences showed a failure of long-T2 suppression close to the 

edges of the FOV, especially for larger FOVs at higher field strengths, possibly caused by 

off-resonance effects that are large enough to shift the long-T2 water frequency components 

outside the narrow band of the long-T2 suppression pulses55.

Larson et al. developed a method of long T2 suppression using an adiabatic inversion 

preparation pulse that is insensitive to B1 inhomogeneities56. The adiabatic pulse is 

characterized by frequency and amplitude modulation that keeps the magnetization aligned 

or perpendicular to the effective radiofrequency pulse56. Longer T2 tissues will be more 

affected by the inversion pulse, while short T2 tissues will only present some signal 

attenuation, highlighting short T2 components. They used a TE of 50 μs in a scan time 

of 5 min and 20 sec. Despite being insensitive to B1 inhomogeneities, the adiabatic inversion 

pulse produces images with similar SNR and presents similar sensitivity to off-resonance 

effects compared to images generated with non-adiabatic inversion pulses.

Du et al. later described a method of long T2 suppression using two adiabatic inversion 

pulses, centered on the frequency of water and fat, respectively, using a 2D UTE MR 

acquisition at 3T, called dual inversion recovery ultrashort echo time (DIR-UTE) MRI53. 

With experimentally determined inversion times (TI) for the two IR preparations, the long 

T2 water and fat magnetizations reach a null point simultaneously. The total scan time was 

5 min. They showed that the DIR-UTE MR sequence suppressed long-T2 water and fat 

tissues simultaneously with high efficiency, highlighting the deep layers of the radial zone of 

cartilage and the calcified zone with higher contrast compared to sequences using only one 

inversion recovery pulse53.

One particular characteristic of cartilage imaging using UTE MRI is that the OCJ 

region demonstrates a high signal intensity linear appearance. This bright line becomes 

progressively more conspicuous and with greater contrast in relation to the superficial 

layers of cartilage on “dual-echo” UTE MRI38, T1-weighted UTE MRI57, single inversion 

recovery (IR) UTE MRI58, and dual inversion recovery (DIR) UTE59 (Figure 6). The 

explanation for the increase in the contrast performance across those UTE sequences 

includes the superiority of inversion pulses in the suppression of long T2 components of 

tissues compared to echo subtraction or frequency selective fat saturation.
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The first study to investigate the tissues giving origin to the high signal intensity detected in 

the deep layers of cartilage on UTE MRI was performed by Bae et al.14. The investigators 

assessed cadaveric patellae containing calcified cartilage and compared them to harvested 

cadaveric patellae containing uncalcified cartilage only, calcified cartilage plus subchondral 

bone, uncalcified cartilage plus calcified cartilage plus subchondral bone, and bone only. 

Histologic sections of the tissues were used as a reference. In the prepared samples, only 

bone-only samples did not exhibit high signal intensity on UTE images, suggesting that 

the bright line originated from the deep layers of the radial zone and the calcified zone of 

cartilage14 (Figure 7). The confirmation of the origin of the bright line on UTE MRI has 

implications in determining a cut-off point separating normal and abnormal OCJ thickness in 

normal and osteoarthritic patients, as well as in the assessment of successful or unsuccessful 

cartilage repair surgery. However, the interpretation of findings on UTE MRI of the OCJ 

must be conducted carefully when no fat suppression is applied since chemical shift artifacts 

originating in the subchondral bone marrow, as mentioned before, can contaminate signal in 

the OCJ (Figure 8).

A conspicuous image of the OCJ is highly desirable as this region may have a thickness 

of less than 0.5 mm in some anatomical regions. In this regard, 3D sequences have a 

few potential advantages over 2D sequences: first, the slices are contiguous without gap, 

reducing the volume averaging; second, the SNR is higher than in 2D sequences, which 

increases the in-plane resolution; third, the isotropic acquisition of 3D sequences allows 

multiplanar reconstruction, which increases the conspicuity of small cartilage lesions5. A 

systematic review and meta-analysis comparing the performance of 3D and 2D conventional 

FSE MRI using arthroscopy and/or open surgery as the standard of reference showed 

higher sensitivity and specificity of 3D multiplanar reformatted images compared to 2D 

MR sequences (p < 0.05)60. The association between 3D and UTE MRI can add the same 

advantages obtained on 3D FSE MRI, including less volume averaging, higher SNR, and 

multiplanar reconstruction61.

MacKay et al. studied the deep cartilage of the knee using 3D UTE MRI in 10 patients 

with knee pain and 10 healthy controls62. The investigators showed that healthy controls 

had a bright line on the deep cartilage more frequently and with higher signal intensity 

than patients with knee pain (p = 0.001 and p < 0.001, respectively). They also performed 

T2 mapping of the whole cartilage, not the OCJ, individually and compared both groups. 

The group with knee pain had higher mean T2 values in the medial tibial plateau than the 

asymptomatic group (p < 0.001).

Recently, Cai et al. developed a 3D T1-weighted fat-saturated (FS) UTE cones MR sequence 

capable of resolving the OCJ in a fast scan time (3 min), with high resolution and contrast57. 

In this study, the investigators found that incremental increases in the flip angle from 5 to 

30 degrees resulted in higher signal intensity within the bright line representing the OCJ 

(Figure 9). This increment was higher for the OCJ than for other cartilage layers. The 

contrast-to-noise ratio (CNR) of the OCJ was high in healthy volunteers and low in OA 

patients (18.1 ± 3.5 between the OCJ and superficial cartilage and 26.7 ± 4.3 between OCJ 

and subchondral bone). They also performed T1 relaxometry of the cartilage and found a 

T1 value of 514 ± 7 ms in the OCJ, compared to 890 ms ± 15 in the superficial layer of 
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cartilage. A great advantage of this sequence is its time efficiency derived from the use of 

shorter TRs typical of T1-weighted sequences, with a scan time of only 3 min.

Ma et al. developed a 3D T1-weighted adiabatic inversion recovery prepared fat-suppressed 

UTE Cones sequence (3D IR-FS-UTE) for high resolution and contrast imaging of the OCJ 
58. The inversion pulse was centered on the frequency of water to suppress signals from 

the long T2 tissues mostly from the superficial cartilage, and to highlight the osteochondral 

junction (Figure 10). A fat saturation module was also used to suppress signals from the 

subchondral bone marrow fat. The scan time was 9 min 8 sec. The authors also performed 

T1 relaxometry of the OCJ and found a value of 405 ± 16 ms. The IR-FS-UTE image 

showed a higher contrast between OCJ and superficial cartilage (20.1 ± 7.4) than the 3D 

T1-w FS UTE Cones sequence (18.1 ± 3.5) but a similar contrast between the OCJ and 

the subchondral bone (25 ± 9.6 versus 26.7 ± 4.3 of the T1-w FS UTE Cones). The higher 

contrast came with a compromise in the scan time efficiency (9 min 8 sec versus 3 min of 

the T1-w FS UTE Cones) due to the higher TRs necessary for the recovery of the inversion 

pulses58.

Lombardi et al. implemented a 3D DIR-UTE Cones sequence in which a second inversion 

pulse centered on the frequency of fat was used in addition to the pulse centered on the 

water frequency to increase further the contrast of the osteochondral junction59 (Figure 11). 

Here the second IR pulse replaced the fat saturation module from the IR-UTE, increasing 

the efficiency of suppression of signals from the subchondral bone marrow fat. The total 

scan time was 9 min and 58 sec. The 3D DIR-UTE cones sequence showed a significantly 

higher CNR between the OCJ and the subchondral bone (mean, SD: 25.7 ± 2.3) and 

between the OCJ and superficial cartilage (mean, SD: 22.2 ± 3.5) compared with the 3D 

IR-FS-UTE sequence (mean, SD: 10.8 ± 2.5 and 16.3 ± 2.6, respectively). The higher CNR 

made the interruption of the bright line representing the OCJ more evident in patients with 

osteoarthritis (Figure 12).

UTE MRI has also been used in animal models after intra-articular injection of 

superparamagnetic iron oxide nanoparticles (SPIOs) for the evaluation of treatment of 

osteochondral defects using iron-labeled mesenchymal stem cells63. The rapid signal decay 

from the iron oxide nanoparticles makes them difficult to detect on conventional MR 

sequences but perfect for analysis using UTE sequences. According to preliminary results, 

UTE MRI was able to detect the OCJ and the associated iron-labeled stem cells with 

excellent anatomical detail.

A summary of all the above morphological UTE imaging studies can be seen in Table 1.

The morphological UTE imaging methods, including the subtraction, T1 weighting, and 

IR-based techniques, are able to highlight the OCJ regions with high resolution. Signal 

or structural changes in the OCJ region have been detected for abnormal cartilage using 

these techniques. Future clinical validation studies with a large cohort would provide more 

information about the potential value of these UTE OCJ imaging techniques.
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3.2 Quantitative UTE MRI

Compositional imaging of cartilage using UTE MRI has also been studied. Du et al. 

investigated 2D DIR UTE MRI for the assessment of T1, T2*, and T1rho mapping in the 

zone of calcified cartilage in cadaveric patellae39. The investigators found that the zone of 

calcified cartilage had a short T2* ranging from 1.0 to 3.3 ms, a short T1 ranging from 256 

to 389 ms, and a short T1rho ranging from 2.2 to 4.6 ms, providing a non-invasive indirect 

assessment of water content and collagen orientation (through T2* measurements) as well as 

the proteoglycan content estimation (may use T1rho as a biomarker) of this region (Figure 

13).

In a study with 42 participants (31 patients undergoing anatomic anterior cruciate ligament 

reconstruction (ACLR) and 11 uninjured controls), the cartilage of the medial femoral 

condyle and the medial tibial plateau was evaluated with 3D UTE-T2* mapping using 

arthroscopic data as reference64. The arthroscopic Outerbridge classification of cartilage 

degeneration was used: grade 0 = normal, grade 1 = cartilage softening and swelling, grade 

2 = partial thickness defect with fissures on the surface that do not reach subchondral bone 

or exceed 1.5 mm in diameter, grade 3 = fissuring to the subchondral bone in an area with 

a diameter greater than 1.5 mm, and grade 4 = exposed subchondral bone. The cartilages 

of the central and posterior medial femoral condyle (cMFC and pMFC, respectively), as 

well as the central and posterior medial tibial plateau (cMTP and pMTP, respectively), 

were segmented into superficial and deep layers. The mean deep and superficial UTE-T2* 

values did not vary significantly with the cartilage injury status and arthroscopic grade 

among ACL-reconstructed patients (p > 0.05). However, among the participants with 

intact cartilage, UTE-T2* values discriminated between uninjured controls, patients with 

Outerbridge grade 0, and ACL-injured patients with Outerbridge grade 1 (p = 0.01). UTE-

T2* values in the deep cartilage of the cMFC of ACL-injured patients with Outerbridge 

grade 0 were higher than in uninjured controls (15.3 ms ± 4.8 vs. 9.9 ms ± 2.3, respectively; 

p = 0.01). UTE-T2* values in the deep cartilage of the pMFC of ACL-injured patients with 

Outerbridge 1 were significantly higher than in uninjured controls (19.9 ms ± 7.7 vs. 11.9 

ms ± 2.4, respectively; p = 0.01). Moreover, the UTE-T2* values in deep pMFC cartilage 

of injured patients decreased to levels similar to those in uninjured controls on longitudinal 

post-operative assessment (p = 0.02), suggesting healing64.

3D UTE-T2* values in the deep cartilage of the knee seem not only to be elevated in 

degenerated cartilage but also to be associated with knee mechanical alignment and knee 

adduction moment (KAM) during walking, two well-known clinical markers of increased 

risk of knee OA, in patients subjected to ACLR65 (Figure 14). Specifically, higher varus 

knee alignment is associated with a higher risk of OA66, whereas a higher peak of KAM in 

OA patients is associated with faster progression and greater severity of OA67,68. The results 

of this study showed that UTE-T2* values in ACL-reconstructed knees were elevated in the 

cMFC and pMFC compared with uninjured knees (p = 0.003 and p = 0.012, respectively). 

UTE-T2* values in the cMFC cartilage of ACL-reconstructed patients positively correlated 

with increasing varus alignment (R = 0.568). Moreover, greater UTE-T2* values in the 

cartilage of ACL-reconstructed patients also correlated with higher KAM first and second 

peaks during walking (R = 0.452/0.465 and R = 0.463/0.764 for cMFC and cMTP, 
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respectively). Another study of UTE-T2* values in the deep cartilage in the patellofemoral 

joint showed a significant correlation with worse Knee Injury and Osteoarthritis Outcome 

Scores for Sports/Recreation (KOOS sport/rec) n (rho = - 0.32, p = 0.015), and with gait 

metrics, again in patients submitted to ACLR69. The authors concluded that patellofemoral 

deep cartilage matrix disruption, assessed through UTE-T2*, was associated with reduced 

sports and recreational function and altered gait metrics.

Badar et al. investigated the magic angle effect in T2* measurements of UTE in the 

region of transition between cartilage and subchondral bone using μMRI and polarized 

microscopy. They compared the results of UTE with those of gradient recalled echo (GRE) 

and FSE MRI12. The investigators found that UTE was the only sequence capable of reliably 

measuring T2* of the deep radial and calcified zones of cartilage. When the B0 was oriented 

at 55° in relation to the cartilage sample, however, the T2* values were slightly higher 

at the zone of the tidemark, possibly due to magic angle effects. Nevertheless, the magic 

angle phenomenon seems to have little effect on UTE MRI sequences, especially using 

bi-exponential methods for model fitting. Shao et al. studied the effect of the magic angle 

in T2* measurements of cartilage using bi-exponential fitting and found that the long T2* 

values tended to increase from subchondral bone to the superficial cartilage, but short T2* 

remained stable70 (Figure 15). Also, they found that long T2*s and T2s showed a significant 

magic angle effect for all layers of cartilage, while short T2* values were insensitive to the 

magic angle effect.

More recently, Lombardi et al. studied T1, T1rho, MMF, and T2* of the OCJ in 35 human 

cadaveric knees using 3D UTE MRI71. The authors showed that T1, T1rho, and T2* 

relaxation times as well as the MMF of OCJ regions, were significantly different from those 

of the superficial cartilage (p < 0.001). T1, T1rho, and T2* relaxation times increased 

from deep to superficial cartilage, while MMF decreased from the OCJ to superficial 

cartilage. Moreover, there was a significant positive correlation between T1, T1rho, and T2* 

relaxation times and the cartilage degeneration MRI Osteoarthritis Knee Score (MOAKS), 

whereas the MMF showed a significant negative correlation71.

A summary of all the above quantitative UTE imaging studies can be seen in Table 2.

These results show that UTE is able to measure compositional features of deep layers 

of cartilage and that those measurements may reflect relevant clinical characteristics 

in osteoarthritic patients. Thus, UTE MRI can complement conventional MRI in the 

quantitative assessment of early cartilage degeneration. Although most of the current 

research on UTE focused on T2* measurements of the OCJ, which reflects the water 

composition and collagen orientation of cartilage, the consistent results encourage 

the expansion of studies to other important biomarkers such as T1rho, MMF, and 

glycosaminoglycan chemical exchange saturation transfer (gagCEST) that reflect the 

proteoglycan, collagen, and glycosaminoglycan content, respectively.

When studying the transition between cartilage and bone with morphological or quantitative 

UTE sequences, there are variations among authors regarding constituents of the deep layers 

of the radial zone and the calcified zone12,14,72,73. This is understandable due to the small 

Lombardi et al. Page 10

NMR Biomed. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dimensions of these structures and the current limitations of spatial resolution of clinical 

MRI. Further developments in MRI hardware, especially RF coils and gradient systems, may 

provide definitive information.

4. ZTE Imaging of the Osteochondral Junction

3D ZTE MRI has also been used to image the OCJ. Similar to the IR-FS-UTE technique, 

Jang et al. implemented an adiabatic inversion recovery prepared ZTE MRI with fat 

saturation (IR-FS-ZTE) to highlight the OCJ region with high resolution and contrast, 

showing that the IR-FS-ZTE was superior to regular ZTE regarding the image contrast of 

this region74. ZTE image acquisition starts with the gradients already ramped up, so the 

TE is near zero. There are small increments of gradients between each repetition time and 

before each RF pulse, thus resulting in low acoustic noise (Figure 5C).

5. SWIFT Imaging of the Osteochondral Junction

Rautiainen et al. studied chondral and osteochondral defect healing in the intercarpal joints 

of horses for 12 months using 3D Sweep Imaging with Fourier Transform (SWIFT) at 

9.4T75. This MRI sequence applies radiofrequency pulses with amplitude and frequency 

modulation, thus the name “Sweep”, associated with gradient increments, that allows the 

use of very short TEs with low acoustic noise, similar to ZTE MRI76. The SNR in 

the subchondral plate with SWIFT (0.91) was more than four times higher than with 

conventional FSE (0.12) and GRE (0.19) MR images76. The same group carefully co-

registered the SWIFT MRI, μCT, and histology images for the OCJ samples77. They found 

that the bright SWIFT MRI signal at the OCJ region is not located in the calcified cartilage 

but on the deep layers of the radial zone in cartilage. The short T1 relaxation times of deep 

cartilage and susceptibility-induced effects arising from the calcified tissues could be the 

sources of this bright signal line. This study demonstrates that the signals in the bright line 

may originate largely from the deep layer cartilage. The calcified layer and subchondral 

bone may also make contributions to the bright signals due to the partial volume effect 

induced by the short T2 blurring and susceptibility-induced signal shifts in non-Cartesian 

imaging. These findings are in line with the most recent 3D UTE imaging studies 57–59.

5. Future of OCJ imaging

One of the potential applications of MR imaging of the OCJ is to evaluate the treatment 

for osteochondral defects, a common type of injury, especially in young patients, that 

evolves into osteoarthritis if not promptly treated. There are several treatment options 

available, including marrow stimulation, osteochondral autograft, osteochondral allograft, 

and autologous chondrocyte implantation, each with its specific indications78. To this date, 

the clinical evaluation of the treatment success is performed using morphological features 

on conventional FSE or GRE MR sequences and computed tomography78. Some studies 

have shown the potential of quantitative MRI techniques in the characterization of cartilage, 

a critical factor for treatment monitoring and clinical outcome prediction79–81. Combining 

these quantitative MRI techniques with UTE acquisition further allows the assessment 

of biochemical component (e.g., water, collagen, and proteoglycan) changes in the OCJ, 
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providing information essential to clinical decision-making. Those quantitative sequences 

include T1rho, T2, T2* mapping, sodium imaging, delayed gadolinium-enhanced MRI 

of cartilage (dGEMRIC), gagCEST, and MT15, 79–81. Specialists’ consensus on how to 

acquire, analyze, and interpret images of T1rho and T2 mapping focusing on the whole 

cartilage has already been published7. A few studies tried to correlate UTE-T2* of the deep 

cartilage with clinical outcomes. For example, UTE-T2* has been associated with knee 

mechanical alignment as well as KAM during walking65,66, suggesting that it could be used 

to discriminate between uninjured controls and ACL-injured patients. Future research may 

combine UTE with other quantitative MR sequences (such as diffusion MRI82), focusing on 

the OCJ region only, bringing new insights into early abnormalities in the development of 

osteoarthritis and the assessment of treatment response.

Potential technical limitations of current UTE sequences are the need for high gradient 

and RF system performance83. The gradients must have high slew rates and amplitudes; 

otherwise, images may be subjected to long readouts induced short T2 blurring. Also, RF 

coils must switch between receive and transmit states (ring-down or recovery time) fast to 

allow for imaging with ultra-short TEs. Another potential technical limitation is the long 

scan time when inversion recovery pulses are used due to the long T1 of some species. 

However, the use of multiple k-space spokes after each inversion pulse has been described 

and can reduce this scan time84.

6. Summary

MRI of the OCJ is challenging due to the short T2 of the tissue components in this 

region and its small dimensions, which requires dedicated sequences to address resolution 

and contrast issues. 3D UTE sequences can reduce volume averaging artifacts, improve 

SNR, and allow multiplanar reconstruction compared to 2D UTE. Recently, many 3D UTE 

sequences have been developed to image the OCJ morphologically with high resolution and 

contrast. More interestingly, a series of 3D quantitative UTE measurements, including UTE-

T2*, UTE-T1, UTE-T1rho, and UTE-MT, has been developed to correlate compositional 

features (e.g., water, collagen, and proteoglycan) in the OCJ with clinical and surgical 

outcomes. These UTE biomarkers have great potential for early diagnosis of OA. In the 

future, the combination of multiple methods and further development of new MR hardware 

and software will allow discoveries and insights about this highly metabolically active yet 

little-studied joint region.
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UTE Ultra-short Echo Time
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OCJ Osteochondral Junction

DESS Dual-echo in Steady-State

SNR Signal-to-noise Ratio

SE Spin-Echo

FSE Fast Spin Echo

GRE Gradient Recalled Echo

MT Magnetization Transfer

MMF Macromolecular fraction

IR Inversion Recovery

DIR Dual Inversion Recovery

GRASS Gradient Recalled Echo in the Steady-State

FS Fat Saturation

SPIO Superparamagnetic Iron Oxide Nanoparticles

ACLR Anterior Cruciate Ligament Reconstruction

KAM Knee Adduction Moment

ZTE Zero Echo Time

SWIFT Sweep Imaging with Fourier Transform

dGEMRIC Delayed gadolinium-enhanced MRI of cartilage

gagCEST glycosaminoglycan Chemical Exchange Saturation Transfer

KOOS Knee Osteoarthritis Outcome Score

MOAKS MRI Osteoarthritis Knee Score
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Fig. 1. 
Normal histologic appearance of cartilage. (A) Quantitative polarization image with color 

representing collagen fiber orientation (color wheel in the upper right) and brightness 

representing retardance. Collagen fiber orientation varies between 60° to 90° when 

compared between zones I and III. Zone II shows lower intensity, reflecting relative 

fiber disorganization. Note that chondrocyte density decreases with increasing depth. (B) 

Photomicrograph of Safranin-O-stained slide shows normal proteoglycan distribution, with 

the strongest concentration at the deepest zone and lowest concentration more superficially. 

Zone I: Superficial, Zone II: Transitional, Zone III: Radial, Zone IV: calcified. Image 

reproduced with permission from Cheng et al.24.
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Fig 2. 
(A) SEM image of the uncalcified cartilage ZCC bone region. The high magnification image 

for the box region in A highlights the tip or apex of a bone spicule (B). The gap between 

ZCC and bone cuff is indicated by a yellow arrow in B and highlighted with high resolution 

(C). Image reproduced with permission from Hargrave-Thomas et al.27.
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Fig 3. 
Medial tibial plateau containing a small high-density mineralized protrusion (HDMP). 

(A) CT image shows mesa-like HDMP (arrow) with associated subchondral bone plate 

thickening. (B) The micrograph in the same location as Figure 2A shows HDMP associated 

with the calcified cartilage (arrow), exhibiting superficial vascular invasion and cartilage 

degeneration in the dotted-boxed area. Vascular channels are present at the OCJ throughout 

the tissue (e.g., solid boxed and inset). Distant from the HDMP, channels tend to terminate 

within the calcified cartilage, but near the HDMP, they more frequently cross all tidemarks 

(arrowheads). Insets are subsets of the full z-stack of confocal optical planes, which allows 

the identification of some channels not otherwise apparent in a full-stack maximum-intensity 

projection (large image). (C) Enlarged image of the boxed area in Figure 2B. A fluorescent 

protrusion extends above both tidemarks (arrowheads) and is highly vascularized at its 

superficial margin, where endothelial (UEA-I, red), TRAP-positive (TRAP activity, yellow), 

and other cells (DAPI-stained nuclei, blue) form organized structures. The boxed area 

shows the inset at the same scale observed within a subset of optical planes, revealing the 

uninterrupted tortuous path of the large vascular channel leading to the HDMP. HDMP: 

high-density mineralized protrusions. Image reproduced with permission from Lombardi et 

al.11.
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Fig 4. 
Comparison between the normal appearance of cartilage on conventional MR and UTE MR 

sequences. Sagittal FSE T2-weighted (A) and PD-weighted (B) FSE MRI of the lateral 

compartment of the knee shows low signal intensity within the deep layers of cartilage and 

OCJ (arrows in A and B). Sagittal UTE MRI of the same knee region shows increased signal 

intensity across all layers of cartilage, including the OCJ represented by a bright line (arrows 

in C). However, the contrast between the superficial layers and the OCJ on the UTE MRI 

(C) is not optimal. This is why other techniques, such as IR-UTE and DIR-UTE, were later 

developed to increase the image contrast between superficial and deep layers of cartilage and 

facilitate the identification of the OCJ.
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Fig 5. 
(A) Basic 2D UTE sequence diagram. A half-soft RF pulse with VERSE design is applied 

together with a slice-selective gradient. After excitation, the spatial encoding gradient is 

turned on, and data acquisition begins with radial k-space sampling. The process is repeated 

with a gradient applied in the opposite direction. (B) 3D UTE cones sequence diagram. A 

short slab-selective RF pulse is used for signal excitation, followed by a Cones trajectory 

k-space sampling. (C) Basic ZTE sequence diagram. Here the RF pulse is applied with 

the gradient completely ramped up, and progressive small increments of gradients are 

subsequently applied for each of the remaining radiofrequency pulses, followed by a radial 

k-space sampling. As the RF pulse is applied with the gradients on, the center of the k-space 

has a small gap with some missing points that can be later recovered by mathematical 

reconstruction algorithms.
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Fig 6. 
Sagittal UTE MR images of the lateral (upper row) and medial (lower row) compartments of 

the knee of a healthy volunteer were scanned with four different UTE sequences: (A and E) 

T1-weighted fat-suppressed, (B and F) T1-weighted fat-suppressed with high resolution, (C 

and G) single adiabatic inversion recovery, and (D and H) dual adiabatic inversion recovery.
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Fig 7. 
MR imaging appearances in the axial plane of experimentally prepared samples suggested 

that both the deep layer of UCC and the layer of CC contribute to a high linear signal 

on DIR UTE images. A, DIR UTE image shows a characteristic pattern of high linear 

signal intensity (arrows) near the osteochondral junction of an untreated and intact sample. 

After this sample was divided into fragments (samples 1–4 in drawings above B–D), the 

characteristic pattern was present in, B, C, and D, untreated UCC-only samples (↑ [sample 

1]), B, UCC/CC/bone samples (↓ [sample 2]), and, D, papain-treated CC/bone samples (↓ 
[sample 4]). The pattern was also present in, E, a surgically prepared CC/bone sample 

(↓ [sample 5]). The pattern was absent in, B, C, and D, superficial-to-middle layers of 

UCC-only samples (* [sample 1]) and, C, a region where UCC and CC were resected 

(○ [sample 3]). By deduction, both UCC and CC, but not subchondral bone, contribute 

to the pattern of signal. F–I, Histologic analysis of samples 2–5 show that our sample 

preparation successfully isolated intended components of osteochondral tissues: F, UCC/CC/

bone sample consisted of all three components of bone (blue), CC (purple [↓]), and UCC 

(red). G, Resected region (○) consisted of mainly bone (blue) and small pockets of CC 

(↓). H, Papain-treated CC/bone sample consisted of bone and CC (↓) but not UCC. I, 

Surgically prepared CC/bone sample also consisted of bone and CC (↓) but not UCC in the 

defect region. Dotted lines signify magnification from the top row of micrographs. Image 

reproduced with permission from Bae et al.14 and the Radiologic Society of North America.
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Fig 8. 
MR images of a human patella in the axial plane obtained by using T1-weighted FSE (A) 

and UTE dual-echo subtraction (B-D). UTE MRI had a high-intensity linear signal near the 

osteochondral junction (thin arrows in B). A subset of patellar samples showed different 

UTE signal patterns near the osteochondral junction characterized by thickening of the linear 

signal (arrow in C) and diminution (thin arrows in D) or absence (thick arrow in D) of the 

signal. Note the ringing artifacts surrounding the signal of the osteochondral junction on 

UTE due to chemical shift artifacts from subchondral bone fat, which also have a relatively 

short T2* and, thus, present strong signal. Image reproduced with permission from Bae et 

al.14 and the Radiologic Society of North America, including mild modifications from the 

original.
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Fig 9. 
T1 measurement for a patellar cartilage sample on the superficial zone (SZ), middle zone 

(MZ), deep zone (DZ), and OCJ region. The bone marrow fat (MF) region is also labeled 

in A. Images with flip angles of 4° and 30° are shown in A and B, respectively. A high 

signal intensity band can be seen in the OCJ region for the image with a flip angle of 30°. 

The fitting curves and T1 values for SZ, MZ, DZ, and OCJ are all shown in C. T1 value 

decreases gradually from the SZ to OCJ. Image reproduced with permission from Cai et al. 
57.
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Fig 10. 
The contrast mechanism for the OCJ region imaging using the 3D IR-FS-UTE-Cones 

sequence. Panel A depicts the regions of different cartilage layers (i.e., superficial, middle, 

deep, and calcified layers), subchondral bone, and marrow fat in patellar cartilage. The 

magnetizations of superficial, middle, and deep layers of uncalcified cartilage are inverted 

by the adiabatic IR pulse (B). In contrast, calcified layer cartilage and subchondral bone 

magnetizations are mostly saturated due to their short T2s. Thus, both the calcified layer 

cartilage and subchondral bone longitudinal magnetizations recover rapidly from zero after 

saturation. When TI is selected to suppress superficial zone cartilage, the calcified layers 

express a higher signal than the more superficial layer cartilages. Subchondral bone remains 

low signal due to its low proton density. Image reproduced with permission from Ma et al. 
58.
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Fig 11. 
Dual inversion recovery ultrashort echo time (DIR-UTE) sequence diagram. The DIR-UTE 

sequence utilizes two adiabatic IR pulses with center frequencies of 0 and 440 Hz (fat 

frequency offset at 3 T) to invert long T2 water and fat, respectively. These IR pulses have 

a relatively narrow bandwidth of around 500 Hz. TIs were determined experimentally to 

reach the nulling point at the same time as data acquisition. At the optimized TI1 and TI2 in 

this DIR-UTE sequence, superficial layers of cartilage (SC) and fat can both be suppressed 

simultaneously. The osteochondral junction (OCJ) signal was largely saturated when the 

second IR preparation pulse was applied due to its short T2 relaxation time compared with 

the relatively long relaxation times of the adiabatic IR pulses. The relatively high signals 

from the OCJ were acquired with a train of UTE spokes (i.e., 21 used in this study) at 

the signal nulling point of SC and fat. Hard pulse excitation was applied to reduce eddy 

current effects. Both RF and gradient spoiling were used for crushing the residual transverse 

magnetizations after acquisition in each UTE spoke. Image reproduced with permission 

from Lombardi et al. 59.
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Fig 12. 
Images from T2-weighted fast spin-echo (T2w-FSE) (A, B), fast spoiled gradient echo 

(FSPGR) (C, D), inversion recovery-fat suppression-ultrashort echo time (IR-FS-UTE) 

cones (E, F), and dual inversion recovery ultrashort echo time (DIR-UTE) cones (G, 

H) performed in the knees of two patients with osteoarthritis (the first row represents 

the first patient [50-year-old male] and the second row represents the second patient [48-

year-old male]). Cartilage thinning can be seen on the weight-bearing area of the medial 

compartment in the first patient (indicated by arrows in A, C, E, G) and on the trochlea 

in the second patient (open arrows in B, D, F, H). Note the interruption of the bright line 

representing the osteochondral junction on both IR-FS-UTE cones and DIR-UTE cones 

images (E, F, G, H). The 3D DIR-UTE cones sequence (G and H) is more efficient in 

suppressing the subchondral bone fat than the IR-FS-UTE cones (E, F). Image reproduced 

with permission from Lombardi et al. 59.
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Fig 13. 
Single component curve fitting shows a T1rho of 4.61 ± 0.07 ms (A) for the zone of 

calcified cartilage (ZCC) of the patella (bright line in B). Image reproduced with permission 

from Du et al.39.
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Fig 14. 
Top: Morphological magnetic resonance imaging (sagittal proton density without fat 

saturation) of the medial compartment of the tibiofemoral joint of two anterior cruciate 

ligament–reconstructed patients: (A) 28-year-old female and (B) 27-year-old female. Both 

patients had Outerbridge grade 0 in the central and posterior medial femoral condyle and 

central medial tibial plateau regions of cartilage. Bottom: UTE-T2* maps of the same two 

patients. (C) The same patient from A had both high knee adduction moment (KAM) and 

high UTE-T2* values. (D) The same patient from B had both low KAM and low UTE-T2* 

values. Note that patient B demonstrates a similar laminar structure to articular cartilage 
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as the uninjured participant (Figure 1), while patient A does not. Image reproduced with 

permission from Chu et al.64.
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Fig 15. 
UTE imaging of a 59-year-old volunteer who is a regular runner and in good health. 

Selected interleaved 4-echo UTE acquisitions with a TE 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), echo 

subtraction (K), and bi-component T2* analysis for the global ROI (L), superficial layer 

(M), middle layer (N), deep layer (O) and deep radial and calcified cartilage (P). The echo 

subtraction image was generated by subtracting the image with a TE of 2.2 ms from the first 

image with a TE of 8 μs. ROIs for the different layers of femoral cartilage were shown in 

(K). 95% fitting confidence level was displayed in UTE T2* bi-component analysis with n = 

16. Image reproduced with permission from Shao et al.70.
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Table 1.

Summary of the UTE techniques for morphological OCJ imaging

Technique/scanner Subjects Main findings Ref.

High resolution 2D UTE with a TE of 
150 μs/1.5T GE scanner Human patellar samples

UTE imaging provided much better delineation of 
cartilage lesions compared with MT contrast and spoiled 
gradient-recalled acquisition in the steady state imaging.

44

High resolution 3D cones with a TE of 
0.6 ms/1.5T GE scanner

Knee joints from healthy 
volunteers and patients with 
cartilage damage

3D cones sequence was suited to scan the whole knee 
cartilage with high resolution and isotropic multiplanar 
reconstruction showing cartilage damage as well as 
abnormalities in the deep layers and OCJ.

45

Dual-echo subtraction and 
magnetization preparation, 3D UTE 
with a TE of 50 μs /1.5T and 3T Philips 
scanner

Knee and ankle joints from 
healthy volunteers

Dual-echo subtraction performed better in terms of 
scan efficiency and off-resonance behavior for short T2 
imaging than the magnetization preparation method.

55

Long T2 suppression using adiabatic IR 
preparation, 2D UTE with a TE of 80 
μs /1.5T GE scanner

Tibia and ankle joints from 
healthy volunteers

Adiabatic IR preparation method was insensitive to the 
B1 inhomogeneity. 56

DIR-UTE, 2D UTE with a TE of 8 
μs /3T GE scanner

Human patellar and lumbar 
samples, tibia and ankle joints 
from healthy volunteers

DIR-UTE sequence was able to highlight short T2 tissues 
with both long T2 water and fat signals well-suppressed. 53

Dual-echo subtraction and DIR 
preparation, 2D UTE with a TE of 8 
μs /3T GE scanner

Human patellar samples
High signal intensity in OCJ region originated from the 
calcified cartilage and the deepest layer of the uncalcified 
cartilage.

14

High resolution 2D UTE with a TE of 
30 μs/3T GE scanner

Knee joints from healthy 
volunteers and patients with 
knee pain

Healthy controls had a bright line on the OCJ more 
frequently and with higher signal intensity than in patients 
with knee pain.

62

T1 weighting and FS preparation, 3D 
UTE with a TE of 32 μs/3T GE scanner

Patellar sample, knee joints 
from healthy volunteers and 
patients with OA

Both long T2 water and fat signals were well-suppressed 
in T1-weighted FS UTE sequence. Bright OCJ signal 
lines were seen in normal joints, but absent in abnormal 
cartilage regions.

57

IR and FS preparation, 3D UTE with a 
TE of 32 μs/3T GE scanner

Human patellar sample and 
cadaveric knee joints, knee 
joints from healthy volunteers 
and patients with OA

Both long T2 water and fat signals were well-suppressed 
in IR-FS-UTE sequence. Bright OCJ signal lines were 
seen in normal joints, but absent in abnormal cartilage 
regions.

58

DIR-UTE, 3D UTE with a TE of 32 
μs /3T GE scanner

Knee joints from healthy 
volunteers and patients with 
OA

Both long T2 water and fat signals were well-suppressed 
in IR-FS-UTE sequence. Bright OCJ signal lines were 
seen in normal joints, but absent in abnormal cartilage 
regions.

59

High resolution 3D Cones with a TE of 
30 μs/(field strength not provided) Ovine knee joints

UTE sequence was able to detect the OCJ signal and 
the associated iron-labeled stem cells with excellent 
anatomical detail.

63

IR and FS preparation, 3D ZTE with a 
TE of 12 μs/3T GE scanner

Human cadaveric knee joints, 
knee joints from healthy 
volunteers and patients with 
OA

Both long T2 water and fat signals were well-suppressed 
in IR-FS-ZTE sequence. Bright OCJ signal lines were 
seen in normal joints, but absent in abnormal cartilage 
regions.

74

High resolution 3D SWIFT/9.4T Varian 
scanner

Osteochondral samples from 
horse intercarpal and 
contralateral joints

High-resolution SWIFT imaging was able to assess 
spontaneous osteochondral repair in an equine model and 
reveal a large degree of bone detail.

75

Water or fat suppression, high 
resolution 3D SWIFT/9.4T Varian 
scanner

Osteochondral samples from 
human cadaveric knee joints

The bright OCJ signals seen in SWIFT images resided 
within the noncalcified cartilage region. 77
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Table 2.

Summary of the UTE techniques for quantitative OCJ imaging

Technique/scanner Subjects Main findings Ref.

2D DIR-UTE for T1, T2*, 
and T1rho measurements/3T GE 
scanner

Human patellar samples T1 ranged from 256 to 389 ms, T2* ranged from 1.0 to 3.3 ms, and 
T1rho ranged from 2.2 to 4.6 ms. 39

3D UTE T2* measurement/3T 
GE scanner

Knee joints from healthy 
volunteers and patients 
with ACLR

Significant T2* changes were found in deep cartilage region 
between controls and patients. 64

3D UTE T2* measurement/3T 
GE scanner

Knee joints from healthy 
volunteers and patients 
with ACLR

T2* of deep cartilage was associated with knee mechanical 
alignment and KAM during walking. 65

3D UTE T2* measurement/3T 
GE scanner

Knee joints from healthy 
volunteers and patients 
with ACLR

Deep cartilage T2* values in the patellofemoral joint showed 
significant correlation with a worse KOOS sport/rec. 69

2D UTE T2* measurement/7T 
Bruker scanner

Cartilage-bone 
rectangular samples 
extracted from canine 
humeral head

UTE was capable of reliably measuring T2* of the deep radial 
and calcified zones of cartilage. The magic angle phenomenon had 
little effect on UTE MR imaging, especially using bi-exponential 
methods for model fitting.

12

2D UTE bi-component T2* 
measurement/3T GE scanner Human patellar samples

The long T2* values tended to increase from subchondral bone to 
superficial cartilage, but short T2* remained stable. The short T2* 
values were also much less insensitive to the magic angle effect than 
long T2* values.

70

3D UTE T1, T1rho, MMF, 
and T2* measurements/3T GE 
scanner

Human cadaveric knee 
joints

T1, T1rho, and T2* increased from deep to superficial cartilage, 
while MMF decreased from the OCJ to superficial cartilage. 
Significant correlations were found between T1, T1rho, MMF, and 
T2 and the cartilage degeneration MOAKS scores.

71
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