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Abstract

Background: While conventional MRI sequences cannot visualize tissues from the 

osteochondral junction (OCJ) due to these tissues’ short transverse T2/T2* relaxations, ultrashort 

echo time (UTE) sequences can overcome this limitation. A 2D UTE sequence with a dual 

adiabatic inversion recovery preparation (DIR-UTE) for selective imaging of short T2 tissues with 

high contrast has previously been developed, but high sensitivity to eddy currents and aliased out-

of-slice excitation make it difficult to image the thin layer of the OCJ in vivo. Here, we combine 

the DIR scheme with a 3D UTE Cones sequence for volumetric imaging of OCJ tissues in vivo, 

aiming to generate higher OCJ contrast compared with a recently developed single IR-prepared 

UTE sequence with a fat saturation module (IR-FS-UTE).

Methods: All sequences were implemented on a 3T clinical scanner. The DIR-UTE Cones 

sequence combined a 3D UTE Cones sequence with two narrow-band adiabatic IR preparation 

pulses centered on water and fat spectrum frequencies, respectively. The 3D DIR-UTE Cones 

sequence was first applied to a phantom, then to the knees of four healthy volunteers and four 

patients diagnosed with osteoarthritis and compared to the IR-FS-UTE sequence.

Results: In both phantom and volunteer studies, the proposed DIR-UTE Cones sequence showed 

much higher contrast for OCJ imaging than the IR-FS-UTE sequence did. The 3D DIR-UTE 

Cones sequence showed a significantly higher contrast-to-noise ratio (CNR) between the OCJ and 

subchondral bone fat (BF) (mean, standard deviation (SD): 25.7 ± 2.3) and between the OCJ and 

superficial layers of cartilage (SC) (mean, SD: 22.2 ± 3.5) compared to the IR-FS-UTE sequence 

(mean, SD: 10.8 ± 2.5 and 16.3 ± 2.6, respectively).
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Conclusions: The 3D DIR-UTE Cones sequence is feasible for imaging of the OCJ region of 

the knee in vivo and produces both high resolution and high contrast.

Graphical Abstract

A DIR-UTE Cones sequence combining a 3D UTE Cones sequence with two narrow-band 

adiabatic IR preparation pulses centered on water and fat spectrum frequencies was implemented 

and applied to a phantom, to the knees of four healthy volunteers and four patients with 

osteoarthritis and compared to an IR-FS-UTE sequence. The proposed DIR-UTE Cones sequence 

showed higher contrast-to-noise ratio between osteochondral junction and bone marrow fat and 

between osteochondral junction and superficial cartilage in both phantom and in vivo knee studies.
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1. Introduction

According to the latest Global Burden of Disease Study in 2017, musculoskeletal disorders 

are the primary cause of years lived with disability (YLDs) worldwide (1). From 2000 to 

2015 alone, the total number of YLDs among musculoskeletal disorders increased by 34.2% 
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(2). Osteoarthritis (OA) is the second most common contributor to this burden and affects 

around 303 million people around the world (1, 3).

Osteoarthritis can affect any joint, but preferentially affects the knee, hands, hip, and spine 

(3). It is a multifactorial disease with different pathophysiological pathways involving 

ligaments, meniscus, synovium, subchondral bone, and cartilage (4). The osteochondral 

junction (OCJ), that anchors the cartilage to the subchondral bone thus distributing the 

joint’s mechanical load, may play a particular role in the initiation and progression of OA 

(5–8). Comprised of the deepest layer of non-calcified cartilage, the layer of calcified 

cartilage, and the subchondral plate of lamellar bone (5), the OCJ may be associated with a 

series of processes that lead to joint inflammation, cartilage damage, and bone remodeling 

(7–10).

MRI is the most sensitive imaging modality available for detecting OA in its early stages 

(11, 12), but conventional MRI sequences cannot visualize tissues from the OCJ due to the 

tissues’ short transverse T2/T2* relaxations (13, 14). Ultrashort echo time (UTE) sequences 

with echo times lower than 100 μm can overcome this limitation (15, 16). A few UTE 

sequences have been developed to study the OCJ region, including UTE dual-echo 

subtraction and inversion recovery (IR)-prepared UTE techniques (16–20). UTE dual-echo 

acquisition is time-efficient but suffers from a low contrast-to-noise ratio (CNR) between the 

OCJ and subchondral bone fat (BF) (17). The high proton density and relatively short T2* 

from BF showed high signal intensity after echo subtraction, reducing the contrast between 

the OCJ and BF (21). On the other hand, a more recently developed single IR-prepared UTE 

sequence incorporated with a fat saturation module (IR-FS-UTE) was proposed to suppress 

signals from both superficial layers of cartilage (SC) and BF to highlight the OCJ region 

(20). When combined with 3D sequences for high-resolution OCJ imaging, a multi-spoke 

acquisition strategy was employed to reduce total scan time (20). However, the fat 

suppression efficiency decreases significantly as the number of spokes in each TR increases. 

This resulted in a compromise between fat suppression and scan time.

Ten years ago, investigators developed a 2D UTE sequence with a dual adiabatic inversion 

recovery preparation (DIR-UTE) for selectively imaging short T2 tissues (18). Two IR 

pulses with on-resonance frequencies centered on water and fat were used to suppress SC 

and BF signals, respectively (16). However, this 2D DIR-UTE sequence has mainly been 

applied for ex vivo small sample imaging since the sequence is sensitive to eddy currents 

and suffers from aliased out-of-slice excitation, making it difficult to image the thin layer of 

the OCJ region in vivo (22). The present study combined the DIR scheme with a 3D UTE 

Cones sequence (DIR-UTE Cones) for high-resolution and high-contrast imaging of OCJ 

tissues in vivo. The multi-spoke acquisition strategy was employed in the 3D DIR-UTE 

Cones sequence to reduce the total scan time, facilitating its practical use in the clinical 

setting. The IR-FS-UTE Cones sequence was also used for comparison. Both sequences 

were acquired with the same scan time. We expected that the proposed 3D DIR-UTE Cones 

sequence generated a high OCJ contrast better than the IR-FS-UTE Cones, especially 

between OCJ and BF.
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2. Material and Methods

2.1 MR Acquisition and pulse sequence

Our institutional review board approved this study. All sequences were implemented on a 3T 

MR750 scanner (GE Healthcare Technologies, Milwaukee, WI, USA) and an eight-channel 

transmit/receive knee coil was used for in vivo whole knee joint imaging.

The DIR-UTE Cones sequence combined a 3D UTE Cones sequence with two adiabatic IR 

preparation pulses (duration = 20 ms and bandwidth = 500 Hz) (23), and a series of spokes 

(i.e., Nsp), acquired after each DIR preparation to accelerate the scan (Figure 1). A short 

time period (τ) was applied between each spoke. For each spoke, a short rectangular pulse 

(e.g., 50 μs) was used for non-selective signal excitation so that no slab selection gradient-

related eddy currents were introduced to the subsequent spiral trajectory data acquisition 

with conical view ordering. Data sampling began from the center of the k-space and 

continued outwards and was begun as soon as was practical after the radiofrequency (RF) 

excitation, with a minimal nominal delay time of 32 μs. Both RF and gradient spoiling were 

used to crush the residual transverse magnetizations.

2.2 Contrast Mechanism

Initially, the magnetizations of the SC (long T1 and T2) and the BF (short T1 and relatively 

long T2) were inverted by two narrow-band adiabatic IR pulses (Figure 1). These pulses 

were centered on the spectrum frequencies of water and fat, respectively, and were applied at 

different times so that they could both reach the nulling point at the time of data acquisition 

(16). In contrast, the short T2 magnetization of the OCJ could not be fully inverted by the 

relatively long adiabatic IR pulses and was instead mostly saturated during these pulses, 

meaning that the magnetization of OCJ recovered from zero. When the DIR-UTE Cones 

acquisition started around the nulling point of the SC and BF, the OCJ presented with high 

signal and was therefore highlighted (Figure 1).

2.3 Phantom Study

The 3D DIR-UTE Cones sequence was applied to a phantom (Figure 2) comprised of a tube 

of vegetable oil (T1 ~ 260 ms; simulating BF), a tube of distilled water containing MnCl2 

(0.015 g/L, T1 ~ 900ms; T2 ~ 120ms, simulating SC), and a tube of distilled water 

containing MnCl2 in a different concentration (3.6 g/L, T1 < 30ms; T2 ~ 0.5ms, simulating 

OCJ), all in a container filled with agarose gel (T1 ~ 2600ms; T2 > 150ms). The T1 values of 

the MnCl2 solutions, vegetable oil, and agarose gel were assessed using the 3D UTE Cones 

actual flip angle and variable flip angle sequences that have been previously described (24, 

25).

For comparison, 3D fast spoiled gradient echo (FSPGR) and four additional 3D UTE 

protocols were applied: the IR-FS-UTE Cones, a proton density-weighted UTE (PDw-UTE) 

Cones with fat saturation (FatSat), a PDw-UTE Cones without FatSat, and a T1-weighted 

UTE (T1w-UTE, with a high flip angle and a short TR) Cones. The imaging parameters are 

listed in Table 1. The same TR was employed in both IR-FS-UTE and DIR-UTE Cones 

sequences, while the optimal TIs in the IR-FS-UTE and DIR-UTE Cones sequences were 
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determined experimentally (TI1/TI2 for DIR-UTE = 400/160 ms; TI for IR-UTE = 160 ms). 

Both IR-FS-UTE and DIR-UTE Cones sequences were acquired with the same scan time.

2.4 In vivo knee study in healthy volunteers

Following the phantom study, 3D DIR-UTE Cones (TR/TI1/TI2 = 1200/520/180 ms), 

FSPGR (TE = 2.4 ms), IR-FS-UTE Cones (TR/TI = 1200/600 ms), and clinical 2D T2-

weighted fast spin-echo (T2w-FSE) (TR/TE = 4400/102 ms) sequences were performed in 

four knee joints from four healthy volunteers (ranging from 33 to 47 years old, males) and 

four patients with a diagnosis of osteoarthritis (49 to 61 years old, males). Informed consent 

was obtained from all volunteers per the guidance of our institutional review board approval. 

The detailed image parameters are listed in Table 2. The TR and TI used in the IR-FS-UTE 

sequence were identical to those used in a previous study (20), while the TR that was used in 

the DIR-UTE Cones sequence was the same as that which was used in the IR-FS-UTE 

Cones sequence. The optimal TIs in the DIR-UTE Cones sequences were determined 

experimentally (TI1/TI2 for DIR-UTE = 520/180 ms; TI for IR-UTE = 600 ms).

2.5 In Vivo Comparison Study between IR-based UTE sequences and T1w-UTE and UTE 
dual echo subtraction

A comparison study was performed in the knee of one healthy volunteer (38 years old male) 

between the IR-based UTE techniques (DIR and IR-FS) and the more time-efficient T1w-

UTE and UTE dual-echo subtraction techniques. Two different datasets were acquired for 

the T1w-UTE and UTE dual-echo subtraction sequences: one with the same resolution as the 

IR sequences and another one with higher resolution. The imaging parameters used in the 

T1w-UTE and UTE dual-echo subtraction sequences are listed in Table 3.

2.5 Image analysis

CNRs between the OCJ and SC (CNROCJ-SC) and between the OCJ and BF (CNROCJ-BF) 

were calculated as the signal differences between these regions divided by the background 

noise. Each region’s signal intensity was measured inside a region of interest (ROI) drawn 

by one of the investigators, a fellowship-trained musculoskeletal radiologist with seven years 

of experience. The noise was calculated as the standard deviation (SD) of the signal inside 

an ROI placed in an artifact-free image background. Descriptive statistics were performed, 

and the mean and standard deviation were measured to compare the CNR between the SC, 

OCJ, and the BF.

3. Results

In the phantom study, the FSPGR clinical sequence (Figure 2A) could not detect the signal 

from the tube which represented the OCJ. The PDw-UTE images, however, show a bright 

signal from the tube representing the OCJ (Figures 2B and 2C), demonstrating that the UTE 

sequence adequately captures signal from the OCJ, with a lower fat signal when the fat 

saturation module was on. The tubes representing the OCJ and fat appeared in the T1w-UTE 

Cones image with higher signal intensities (Figure 2D) than those from the tube representing 

the SC because of the former’s much shorter T1 values. As can be seen in the images of 

Figures 2E and 2F, the signals from the tube representing the SC were well-suppressed by 
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the IR pulse used in the IR-FS-UTE and by the first IR pulse used in the DIR-UTE Cones 

sequences, indicating that the IR pulse suppressed tissue signals effectively. Meanwhile, the 

tube representing fat showed with relatively high signal intensity in the IR-FS-UTE Cones 

images, showing that the FatSat module used in the IR-FS-UTE Cones sequence only 

partially suppressed fat signal (Figure 2E). In comparison, the signal from the tube 

representing fat was well-suppressed by the second IR pulse in the DIR-UTE Cones 

sequence (Figure 2F), demonstrating that the IR pulse was more effective in fat suppression 

than the fat saturation module when using multispoke acquisition. The phantom results 

demonstrate that the DIR-UTE Cones sequence can highlight OCJ with effective signal 

suppression for both SC and fat.

Figure 3 shows the knee images from two healthy volunteers. As expected, on the clinical 

sequences (T2w-FSE and FSPGR), the signal in the OCJ could not be effectively detected 

due to its fast signal decay. Using the IR-FS-UTE Cones sequence, the SC signal was well-

suppressed to highlight the OCJ, but the BF still appeared with relatively high signal. The 

DIR-UTE Cones suppressed both the SC and BF signals, increasing the contrast between 

these tissues and the OCJ, as was the case in the phantom study, as shown in Figure 2. 

Supplemental Figure 1 shows all the DIR-UTE Cones images acquired from one of the 

volunteers. The OCJ tissues are well-visualized in the non-curved regions such as the tibial 

plateau, while suffering strong partial volume effect in the more curved structures such as 

peripheral articular surfaces. A higher resolution with isotropic data acquisition could 

potentially solve this problem.

In the volunteer study, the 3D DIR-UTE Cones sequence showed a significantly higher CNR 

between the OCJ and the BF (mean, SD: 25.7 ± 2.3) and between the OCJ and SC (mean, 

SD: 22.2 ± 3.5) compared to the IR-FS-UTE sequence (mean, SD: 10.8 ± 2.5 and 16.3 ± 2.6, 

respectively), as seen in Figure 4.

The images of OA patients in Figure 5 depict areas of deep cartilage erosions with 

discontinuity of the high signal from OCJ on both IR-FS-UTE and DIR-UTE Cones 

sequences. The DIR-UTE Cones images show better OCJ contrast than the IR-FS-UTE 

Cones images do.

As can be seen in Figure 6, both the IR-FS-UTE and DIR-UTE Cones sequences show much 

higher OCJ contrast than the T1w-UTE and UTE dual-echo subtraction techniques, 

especially for the contrast between the OCJ and BF. The high resolution T1w-UTE and UTE 

dual-echo sequences reduced the partial volume effect and showed a thinner OCJ structure, 

as expected. However, it is still difficult to distinguish the OCJ and BF with increased 

resolution in both the T1w-UTE and dual-echo subtracted images.

4. Discussion

In this study, we showed the feasibility of using a 3D DIR-UTE Cones sequence to highlight 

the OCJ region in knee joints of healthy subjects and patients with OA. The shorter T2/T2* 

of the OCJ makes it impossible to visualize this region on regular clinical sequences, a 

limitation which can fortunately be overcome with UTE sequences. When paired with DIR 
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preparation and 3D Cones acquisition, UTE sequences can highlight the OCJ with even 

further improvements over the IR-FS-UTE Cones sequence due to better BF suppression. 

The natural short T1 and T2 of the OCJ region make adiabatic IR pulses highly effective in 

increasing contrast from these regions to the SC (20). The multi-spoke acquisition shortens 

the scan time (23) and the 3D acquisition increases both the (SNRs) and the resolution for 

effective evaluation of the OCJ region.

To accommodate the scan time and SNR, the image resolution of the current DIR-UTE 

Cones protocol (especially in the slice selection direction) is limited relative to the thin OCJ 

tissue. This leads to a partial volume effect, which artificially increases the thickness of the 

OCJ region in the DIR-UTE Cones image, especially in more curved structures such as 

peripheral articular surfaces. In addition, while the Cones trajectory was applied in this study 

to improve the data acquisition efficiency for UTE imaging, this twisted trajectory can lead 

to image blurring in tissues with short T2 relaxation times, which further increases the size 

of the displayed OCJ region. Undersampling in the edges of k-space further reduces the 

image resolution. Despite the high OCJ contrast generated by the DIR-UTE Cones 

sequence, the blurred OCJ visualization may create difficulties in accurately measuring the 

size of the OCJ tissue and in detecting small morphological changes of the OCJ in clinical 

utilization. We would expect the image resolution of the DIR-UTE Cones sequence to 

increase once more advanced RF coil and gradient systems (e.g., increased gradient 

maximum amplitude and higher slew rate) are available in the clinical setting to provide 

better SNR and to shorten the encoding period, respectively.

For high contrast OCJ imaging, the IR preparation used in both the IR-FS-UTE and DIR-

UTE sequences is more effective in suppressing the desired tissues with long T2 relaxation 

times than utilizing the T1 weighting in T1w-UTE and echo signal decay in UTE dual-echo 

subtraction. However, the scan time of the IR-prepared UTE techniques is much longer than 

in the other two techniques and thus poses more restrictions in generating high image 

resolution and SNR for OCJ imaging.

The contrast between the OCJ and BF is low in both the T1w-UTE and UTE dual-echo 

subtracted images. This is because the BF has relatively short T1 and T2* relaxation times, 

which lead to high signal (comparable with OCJ) in the T1w-UTE and dual-echo subtracted 

images, respectively (20). Even with a higher resolution, it is still difficult to distinguish the 

OCJ and BF in both the T1w-UTE and dual-echo subtracted images even though there is a 

subchondral bone plate located between them. This may be a result of the off-resonance 

artifacts of BF. In the non-Cartesian UTE sequence, the BF signals could shift radially into 

the thin subchondral bone sites (26). Since the higher resolution UTE acquisition requires 

even longer gradient encoding, this may further increase the off-resonance artifacts. 

Moreover, the stronger short T2 blurring effect may also reduce the signal intensity of OCJ 

in these high-resolution UTE images due to the longer gradient encoding. A more powerful 

gradient system with increased gradient maximum amplitude and higher slew rate would be 

useful in shortening the encoding period, thereby reducing the off-resonance artifacts and 

image blurring.
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Increasing evidence shows that the bright signal observed on UTE sequences mainly comes 

from the deep and calcified layers of cartilage (20). The SC has relatively long T2 and T1 

values with higher water content and is suppressed by the adiabatic IR pulse with a 

frequency close to water. The trabecular bone has increased fat content, so it is mostly 

suppressed by the adiabatic IR pulse with a frequency close to fat. The subchondral bone 

plate contributes to the lowest signal, appearing almost as signal void because it has the 

lowest water content by volume (27) compared with deep and calcified layers of cartilage 

and also the lowest fat content due to abscense of bone marrow.

A previous study showed that the IR-FS-UTE Cones sequence could visualize the OCJ 

region (20), but using the 3D DIR-UTE Cones sequence adds higher contrast between the 

OCJ region and the subchondral bone as the adiabatic IR pulse is more effective in 

suppressing BF than the conventional FatSat module used on the IR-FS-UTE Cones 

sequence. The contrast between the OCJ and SC in DIR-UTE Cones imaging is also higher 

than that in the IR-FS-Cones imaging because the TI1 (i.e., 540 ms) used in the DIR-UTE 

Cones sequence is closer to the signal nulling point of the SC than the corresponding TI (i.e., 

600 ms) of the IR-FS-UTE Cones sequence. The TI with more effective SC signal nulling in 

the IR-UTE-Cones was not chosen for our study because we wanted a good balance of the 

OCJ contrast between fat and SC (20).

The performance of the DIR-UTE Cones sequence is generally more sensitive to the 

background magnetic field inhomogeneity than the IR-FS-UTE Cones sequence due to the 

limited chemical shift of marrow fat at 3T and the narrow bandwidth of the IR pulses used. 

Since the background field is relatively uniform in knee joints, the proposed DIR-UTE 

Cones can always obtain reliable OCJ imaging with high contrast. The application for other 

body parts, such as hip joints, may be more difficult due to the more inhomogeneous 

background field, a challenge which will be investigated in future studies.

For high-resolution OCJ imaging, a multi-spoke acquisition strategy was combined with the 

3D sequences to reduce total scan time (23). In the IR-FS-UTE sequence, the fat suppression 

efficiency decreases significantly (resulting in lower contrast) as the number of spokes in 

each TR increases. The DIR-UTE Cones can potentially use a greater number of spokes in 

one TR since IR technique is more effective in fat suppression than the FatSat technique. 

However, if too many spokes are used for acquisition in one TR, the DIR-UTE Cones 

images may suffer artifacts induced by the signal variations among different acquisition 

spokes. In terms of scan time and image quality, a reasonable number of spokes in one TR 

for DIR-UTE sequence may range from 15 to 25.

Osteochondral junction alterations, specifically loss of integrity, are associated with early 

events in OA development and may be associated with disease progression and increased 

pain in osteoarthritic patients (28). The subchondral bone exposure in advanced OA is linked 

to an invasion of cartilage by vessels and nerves and increased endochondral ossification 

(29). Typically, the OCJ has a decreased amount of collagen and a high percentage of 

hydroxyapatite compared to SC (30), but the mineralization can increase significantly during 

OA development, contributing further to superficial cartilage lesions and more subchondral 

bone damage, promoting a potentially vicious feedback cycle (31). As conventional MRI 
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sequences do not have enough contrast to study the OCJ region, the development and 

constant improvement of this new sequence is of critical importance.

This study had a number of limitations. First, we had a small sample size since our objective 

was to show the sequence’s feasibility as applied to phantoms and in vivo study. Second, 

despite the high OCJ contrast in the 3D DIR-UTE Cones imaging, the spatial resolution 

(e.g., slice thickness = 2.2 mm) was still a limiting factor considering the SNR performance 

of the coils and MRI scanners currently available. Since the OCJ region is comprised of 

structures that are on the order of microns and millimeters in size, its detailed study will 

require further improvements regarding MRI resolution. Third, the scan time was still 

relatively long, though this may be improved with the recent development of parallel 

imaging and compressed sensing techniques (32).

In conclusion, we showed that the 3D DIR-UTE Cones sequence can be used to image the 

OCJ of the knee in vivo, highlighting the OCJ with higher CNR in comparison to the 

previous developed IR-FS-UTE-Cones sequence.
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Figure 1. 
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 3T) 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 of 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 OCJ signal was largely 

saturated when the second IR preparation pulse was applied due to its short T2 relaxation 

time compared to 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 to crush the residual 

transverse magnetizations after acquisition in each UTE spoke.
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Figure 2. 
Phantom study. (A-F) A phantom consisting of three tubes with vegetable oil (simulating 

fat), distilled water with 0.015 g/L of MnCl2 (simulating the superficial layer of cartilage 

(SC)), and distilled water with 3.6 g/L of MnCl2 (simulating the osteochondral junction 

(OCJ)), all in agarose gel. (A) Fast spoiled gradient echo (FSPGR) sequence showing low 

signal from the OCJ due to fast signal decay. PDw-UTE Cones without (B) and with FatSat 

(C) can detect signals from the OCJ and SC, with low contrast between the two. (D) T1w-

UTE Cones sequence shows higher signal intensities in both the OCJ and fat tubes due to 

their relatively short T1s. (E) IR-FS-UTE Cones shows effective SC signal suppression but is 

less effective in fat signal suppression. (F) DIR-UTE Cones sequence shows the OCJ 

contrast with better suppression of signal from fat as compared to the IR-FS-UTE Cones (E) 

sequence.
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Figure 3. 
Volunteer study. T2w-FSE (A, B, C), FSPGR (D, E, F), IR-FS-UTE Cones (G, H, I), and 

DIR-UTE Cones (J, L, M) sequences performed in the knee joints of two healthy volunteers 

(the first row represents the first volunteer (38 years old male), while the second and third 

rows represent the second volunteer (38 years old male). On T2w-FSE and FSPGR images, 

the signal in the osteochondral junction (OCJ) region cannot be effectively detected due to 

its fast signal decay. (G-I) IR-FS-UTE Cones sequences highlighting the OCJ and 

suppressing the superficial layer of cartilage and the subchondral bone. (J-L) DIR-UTE 
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Cones sequences highlights the OCJ region with better subchondral bone fat suppression 

than the IR-FS-UTE Cones can. Note degenerative changes in the posterior horn of medial 

meniscus (small arrows in D,G, J) in the first volunteer.
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Figure 4. 
Bar plot of the contrast-to-noise ratios (CNRs) between the osteochondral junction (OCJ) 

and subchondral bone fat (BF) (OCJ-BF) and the OCJ and superficial layer of cartilage (SC) 

(OCJ-SC), using the 3D DIR-UTE (black bars) and IR-FS-UTE sequences (blue bars) in the 

study of four volunteers. The 3D DIR-UTE Cones sequence shows a higher CNR between 

the OCJ and BF (mean, standard deviation (SD): 25.7 ± 2.3) and between the OCJ and SC 

(mean, SD: 22.2 ± 3.5) compared to the IR-FS-UTE sequence (mean, SD: 10.8 ± 2.5 and 

16.3 ± 2.6, respectively).
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Figure 5. 
Images from T2w-FSE (A, B), FSPGR (C, D), IR-FS-UTE Cones (E, F), and DIR-UTE 

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

the first patient (50 years old male) and second row represents the second patient (48 years 

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

compartment in the first patient (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).
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Figure 6. 
Comparison study including DIR-UTE Cones (A and G), IR-FS-UTE Cones (B and H), low 

(C and I) and high (D and J) resolution T1w-UTE, low (E and K) and high (F and L) dual-

echo subtracted UTE images performed in the knee joint of a healthy volunteer (38 years old 

male) on both the lateral (first row) and medial (second row) compartments. The images on 

higher resolution T1w-UTE and dual-echo subtracted UTE present thinner OCJ structure and 

higher SNR compared to DIR-UTE and IR-FS-UTE. However, the BF persists with high 

signals in both T1w-UTE and dual-echo subtracted UTE images, which decreases the 

contrast between the OCJ and BF. The DIR-UTE and IR-FS-UTE sequences offer higher 

contrast between the OCJ, SC, and BF, with the DIR-UTE providing particularly notable 

contrast.
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Table 1.

Phantom study imaging parameters.

3D DIR-UTE Cones 3D IR-FS-UTE Cones 3D FSPGR 3D PDw-UTE 3D T1w-UTE

FOV 14 × 14 × 10.8 cm3 14 × 14 × 10.8 cm3 14 × 14 × 10.8 cm3 14 × 14 × 10.8 cm3 14 × 14 × 10.8 cm3

Matrix 256 × 256 × 36 256 × 256 × 36 256 × 256 × 36 256 × 256 × 36 256 × 256 × 36

Slice thickness 2.2 mm 2.2 mm 2.2 mm 3 mm 3 mm

Bandwidth 250 kHz 250 kHz 250 kHz 250 kHz 250 kHz

TI1/TI2 400/160 ms 400 ms

TR 1200 ms 1200 ms 5.6 ms 10 ms 10 ms

TE 0.032 ms 0.032 ms 2.4 ms 0.032 ms 0.032 ms

FA 10° 10° 4° 4° 30°

Nsp 21 21

τ 5 ms 5 ms

Total scan time 5 min 30 sec 5 min 30 sec 48 sec 1 min 48 sec 1 min 48 sec

FOV: field-of-view; TR: repetition time; TI: time of inversion recovery; TE: echo time; FA: flip angle; Nsp: number of spokes; τ: time between 

spokes; FSPGR: fast spoiled gradient echo; IR: inversion recovery; FS: fat saturation; PD: proton density
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Table 2.

In vivo study imaging parameters.

3D DIR-UTE Cones 3D IR-FS-UTE Cones 3D FSPGR with fat saturation 2D T2w-FSE with fat saturation

FOV 14 × 14 × 8.8 cm3 14 × 14 × 8.8 cm3 14 × 14 × 8.8 cm3 14 × 14 × 8.8 cm3

Matrix 256 × 256 × 40 256 × 256 × 40 256 × 256 × 40 352 × 256 × 40

Slice thickness 2.2 mm 2.2 mm 2.2 mm 3 mm

Bandwidth 250 kHz 250 kHz 125 kHz 82.3 kHz

TI1/TI2 520/180 ms 600 ms

TR 1200 ms 1200 ms 5.6 ms 5086 ms

TE 0.032 ms 0.032 ms 2.4 ms 71 ms

FA 10° 10° 4° 90°

Nsp 21 21

τ 5 ms 5 ms

Total scan time 9 min 54 sec 9 min 55 sec 1 min 12 sec 2 min

FOV: field-of-view; TR: repetition; TI: time of inversion recovery; TE: echo time; FA: flip angle; Nsp: number of spokes; τ: time between spokes; 

FSPGR: fast spoiled gradient echo; IR: inversion recovery; FS: fat saturation
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Table 3.

3D T1w-UTE and dual-echo UTE sequence parameters for the in vivo comparison study.

3D T1w-UTE High-Resolution 3D T1w-UTE 3D dual-echo UTE High-Resolution 3D dual-echo UTE

FOV 14 × 14 × 8.8 cm3 14 × 14 × 8.4 cm3 14 × 14 × 8.8 cm3 14 × 14 × 8.4 cm3

Matrix 256 × 256 × 40 340 × 340 × 56 256 × 256 × 40 340 × 340 × 56

Slice thickness 2.2 mm 1.5 mm 2.2 mm 1.5 mm

Bandwidth 250 kHz 250 kHz 250 kHz 250 kHz

TR 10 ms 10 ms 9.3 ms 9.8 ms

TE 0.032 ms 0.032 ms 0.032/4.4 ms 0.032/4.4 ms

FA 30° 30° 10° 10°

Oversampling factor 1 1.5 1 1.54

Total scan time 2 min 11 sec 9 min 30 sec 2 min 3 sec 9 min 34 sec

FOV: field-of-view; TR: repetition time; TE: echo time; FA: flip angle
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