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Ultrashort Echo Time (UTE) MRI Techniques: Met and Unmet
Needs in Musculoskeletal Imaging
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Abstract

This review paper summarizes recent technical development in ultrashort echo time (UTE)
magnetic resonance imaging of musculoskeletal (MSK) tissues with short T2 relaxation times.
A series of contrast mechanisms are discussed for high contrast morphological imaging of

short T2 MSK tissues including the osteochondral junction, menisci, ligaments, tendons, and
bone. Quantitative UTE mapping of T1, T2*, T1p, adiabatic T1p, magnetization transfer ratio,
MT modeling of macromolecular proton fraction, quantitative susceptibility mapping, and water
content are also introduced. Met and unmet needs in MSK imaging are discussed.
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Introduction

Historically, injury to articular cartilage was considered the primary initiator of osteoarthritis
(OA). However, it has been demonstrated that not all cartilage damage leads to OA (1).
More recently, understanding of OA has moved from a cartilage-centered focus to the
concept of “whole joint organ” disease (2). This includes damage to menisci, ligaments,
tendons, subchondral bone-cartilage interface, and subchondral bone, any of which can have
effects on both the initiation and progression of cartilage damage. When one tissue begins

to deteriorate, it is likely to affect the structural integrity of others and contribute to failure
of the joint as a whole (2-4). Unfortunately, many joint tissues such as the osteochondral
junction (OCJ), menisci, ligaments, tendons, and bone have short transverse relaxation
times (T2s) of a few milliseconds or less (5). They show little signal with conventional
magnetic resonance imaging (MRI) sequences with echo times (TEs) of several milliseconds
or longer. The lack of signal means that conventional sequences are often of limited value
for detecting early changes in these short-T2 tissues or tissue components.
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Ultrashort Echo Time (UTE) MRI

UTE sequences with TEs 100-1000 times shorter than those of conventional sequences
can directly image the short-T2 tissues in the musculoskeletal (MSK) system (5). By
using half-pulse excitation and radial sampling, TEs down to 8 ps have been achieved
with two-dimensional (2D) UTE imaging (5). Three-dimensional (3D) UTE imaging can
be achieved by combining short hard pulse excitation and 3D radial or spiral sampling
(6,7). These UTE sequences make it possible to directly image short-T2 tissues with
signal-to-noise ratios (SNR) and contrast-to-noise ratios (CNR) comparable with those of
conventional sequences. However, a short TE is not sufficient for high contrast imaging of
short-T2 tissues, which typically have low proton densities. Efficient long-T2 suppression is
of critical importance for high contrast imaging of short-T2 tissues (8). Quantitative UTE
imaging is also important (9-11). The following review focuses on morphological UTE
imaging in part I, quantitative UTE imaging in part 11, and challenges and future work in
part I11.

Part I. Morphological UTE Imaging
1. Dual-Echo UTE with Echo Subtraction

Multi-echo acquisition paired with echo subtraction is effective in suppressing long and
medium T2 signals for high contrast imaging of short-T2 components (5,6). Because short-
T2 signals decay significantly by the time of the second echo, they are minimally affected
by the subtraction. Figure 1 shows a sagittal slice of a fat-saturated 3D knee dataset acquired
in 10minutes (6). The free induction decay (FID) image yields high signal from all tissues.
By subtracting the echo image acquired at the first fat-water-in-phase TE from the FID
image, short-T2 components can be highlighted. The dual-echo UTE subtraction technique
can be used to detect cartilaginous endplate (CEP) morphology, including CEP thickening
and irregularity (12).

2. UTE with Long-T2 Saturation

In this approach a low-power 90° pulse is used to tip the long-T2 magnetization into

the transverse plane followed by gradient dephasing (13,14). The short-T2 magnetization

is largely unaffected due to significant transverse relaxation during the 90° pulse. Long
rectangular pulses are sensitive to the off-resonance effect. Optimized long-T2 suppression
pulses and dual-band pulses have been introduced to avoid T1 selectivity or compromising
short-T2 signal levels (14). Figure 2 shows UTE imaging of the knee joint with a total scan
time of 20minutes. Improved short-T2 contrast was achieved with the dual-band suppression
pulse. The patellar tendon and menisci have much improved contrast. Resonance shifts
caused the suppression to fail in the fat (short, thick arrows in Figure 3C). The cartilage has
a relatively short T2 and is also suppressed.

3. Adiabatic Inversion Recovery UTE (IR-UTE)

In this approach (Figure 3A), an adiabatic fast passage inversion pulse (Silver-Hoult) is used
to invert the longitudinal magnetization of long-T2 water and fat (15-20). The longitudinal
magnetizations of long-T2 water and fat are fully inverted, but those of short-T2 tissues
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are largely saturated due to fast relaxation during the long adiabatic inversion process. The
UTE acquisition starts at an inversion time (TI) for the inverted long-T2 magnetization

to approach the null point (Figure 3B), leading to selective detection of short-T2 tissues.
Adiabatic inversion pulses are insensitive to B1 and B0 inhomogeneities. IR-UTE is a robust
contrast mechanism for high contrast imaging of short-T2 tissues (19). Figures 5C-H show
representative IR-UTE and clinical imaging of bone at various sites under 3-5minutes. The
IR-UTE sequence can also be used to create high contrast for other short-T2 tissues or tissue
components such as the OCJ, menisci, ligaments, and tendons.

4. Dual Adiabatic Inversion Recovery UTE (dual-IR-UTE)

In this approach (Figure 4A), two long adiabatic inversion pulses are employed to invert

the longitudinal magnetizations of long-T2 water and fat, respectively (21-23). The UTE
acquisition starts at a delay time of T11, which is necessary for the inverted long-T2

water magnetization to reach the null point, and of T12, which allows the inverted fat
magnetization to reach the null point. An appropriate combination of T11, T12, and TR
allows simultaneous suppression of long-T2 water and fat signals. Dual-IR-UTE imaging of
the OCJ (thin arrows) takes about 6minutes (Figure 4F) (21). OCJ effacement and thickening
(thick arrows) are also observed. The OCJ is invisible with conventional sequences, whereas
it is visible, though with limited contrast, when imaged with UTE or UTE with fat saturation
(Figures 4B—F). The dual-IR-UTE sequence can be slightly modified to a double adiabatic
inversion recovery UTE (double-IR-UTE) sequence by employing two identical adiabatic
inversion pulses with the same center frequency to invert the longitudinal magnetizations of
long-T2 tissues (24). High contrast imaging of bone has been generated with this technique.

5. Adiabatic Inversion Recovery Fat-Saturated UTE (IR-FS-UTE)

Figure 5A shows the IR-FS-UTE contrast mechanism to highlight short-T2 signal with
efficient suppression of long-T2 water and fat (25-27). The IR-FS-UTE sequence uses a
long adiabatic inversion pulse to invert the longitudinal magnetizations of long-T2 tissues
such as the nucleus pulposus (NP) in the spine disc. A chemical shift-based fat saturation
module is used to further suppress fat signal. To speed up data acquisition, a train of spokes
is used after each IR-FS preparation. Figures 5B—D show conventional and IR-FS-UTE
imaging of the lumbar spine of a 38-year-old male patient (27). A small incipient Schmorl’s
node on the vertebral body superior endplate is seen with further detailed characterization of
a preserved thin CEP. As expected, this could not be identified on the clinical sequences. In
contrast, the 3D IR-FS-UTE sequence shows excellent depiction of the CEP abnormality in
the lumber spine under 10minutes. This result demonstrates the feasibility of the IR-FS-UTE
sequence in imaging the CEP of the spine with high contrast, as well as its potential in
diagnosing early degenerative changes in the intervertebral disc. The IR-FS-UTE sequence
can also be used to depict other short-T2 tissues such as the OCJ, tendons, ligaments,
menisci, and bone (25).

6. Short TR Adiabatic Inversion Recovery UTE (STAIR-UTE)

The STAIR-UTE sequence employs the basic 3D IR-UTE data acquisition, but with a short
TR and a high flip angle (FA) operated with specific absorption rate (SAR) limits for clinical
imaging (Figure 6A) (28-30). The combination of a short TR and short Tl is chosen for
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robust suppression of long-T2 tissues with different T1 values. The STAIR-UTE sequence is
insensitive to B1 and BO inhomogeneities. Multispoke acquisition per IR preparation allows
for time-efficient volumetric imaging of short-T2 tissues. Numerical simulation suggests
that efficient long-T2 signal suppression can be achieved with a TR <150ms (28). Shorter
TRs provide more effective long-T2 signal suppression, and higher FAs provide more T1
weighting. Figures 6B—E show in vivo imaging of the spine of a 31-year-old volunteer. The
3D STAIR-UTE sequence shows high contrast imaging of cortical and trabecular bone in the
lumbar spine under 10minutes.

Direct imaging of trabecular bone is extremely challenging due to high signals from marrow
fat. Many other contrast mechanisms, such as echo subtraction (5,6), long-T2 saturation
(13,14), and spectral presaturation with inversion recovery (SPIR) (31), may not be able to
efficiently suppress signals from marrow fat. The residual fat signal can be much higher
than that from trabecular bone. For example, Wurnig et al. proposed to use the SPIR-UTE
sequence to image trabecular bone (31) and reported a T2* of 2.42+0.56ms at 3T, which is
much longer than the T2* of 0.31+0.01ms for trabecular bone measured with STAIR-UTE
(28), or a T2* of ~0.3ms for cortical bone measured with various IR-based UTE techniques
(32-34). The much longer T2* suggests that SPIR-UTE imaging of trabecular bone is
subject to significant fat signal contamination. Meanwhile, the STAIR-UTE-measured T2*
values for trabecular bone are very close to the IR-UTE-measured T2* values for cortical
bone, which suggests that marrow fat is nearly completely suppressed, with signals from
trabeculae being selectively detected in STAIR-UTE imaging (28).

7. UTE Water/Fat Imaging

In conventional UTE imaging, fat saturation is typically required to improve the contrast for
short-T2 tissues. However, chemical shift-based fat saturation becomes problematic when
imaging short-T2 tissues because the broad spectral width of these tissues may overlap

with that of fat. As a result, the fat saturation pulse may inadvertently saturate the signal
from short-T2 tissues either directly, or because of magnetization transfer (MT). The single
point Dixon (1p-Dixon) approach has been proposed for rapid fat and water separation
without short-T2 signal attenuation (35). This method directly decomposes fat and water
components from the complex MR signal after correcting for phase error. The UTE single
point Dixon technique utilizes dual-echo UTE data acquisition. The FID acquisition is
performed immediately after the RF coil deadtime (e.g., 32us) followed by acquisition of the
second echo, where the TE can be chosen flexibly (36). The fat signal in the UTE image is
then estimated and suppressed by applying the 1p-Dixon method to the second echo image.
Figure 7 shows the 1p-Dixon-based UTE method for high signal and contrast imaging of the
Achilles tendon under 4minutes scan time. The UTE image with conventional fat saturation
exhibits much decreased signal intensity in the Achilles tendon.

8. UTE Spectroscopic Imaging (UTESI)

UTESI is a combination of highly undersampled interleaved projection reconstruction with
a multi-echo UTE acquisition at progressively increasing TEs (37-39). The projections

are divided into multiple groups with the data for each group collected with progressively
increasing TEs and interleaved projection angles. The undersampled projections within each
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group sparsely cover k-space. A view sharing sliding window reconstruction algorithm is
used to reconstruct images at each TE (40), followed by Fourier transformation in the time
domain to generate spectroscopic images. Figure 8 shows UTESI of the Achilles tendon,
where the fascicular pattern of the tensile tendon is depicted with high spatial resolution and
excellent contrast without any streak artifacts under 8minutes.

9. Other UTE Techniques for Morphological Imaging

There are many other UTE type sequences developed in recent years, including the
acquisition-weighted stack of spirals (AWSOS) sequence (41), water- and fat-suppressed
proton projection MRI (WASPI) (42), sweep imaging with Fourier transformation (SWIFT)
(43), pointwise encoding time reduction with radial acquisition (PETRA) (44), and zero
echo time (ZTE) imaging (45). The contrast mechanisms described above can be combined
with these UTE-type sequences for high contrast imaging of various short-T2 tissues in

the MSK system. For example, adiabatic IR-based contrast mechanisms can be combined
with ZTE and other UTE type sequences for high contrast imaging of short-T2 tissues. Off-
resonance saturation contrast (OSC) is another excellent contrast mechanism for SWIFT,
WASPI, ZTE, and PETRA, where it is more difficult to use the echo subtraction approach
to create short-T2 contrast (46). In fact, SWIFT-based OSC has been used to create high
contrast for the OCJ (47). The application of OSC in WASPI, ZTE, and PETRA remains to
be investigated.

Part Il. Quantitative UTE Imaging

1. UTE T1 Quantification

2. UTET2*

Conventional inversion recovery-based T1 quantification techniques are problematic for
short-T2 tissues. There may be significant signal decay during the relatively long duration
inversion pulses used in clinical MR sequences. Quantification of T1 of short-T2 tissues
requires the use of UTE sequences (48-51). Variable repetition time (VTR)- and variable
flip angle (VFA)-based methods have been widely used for T1 mapping (52-53), but these
methods are sensitive to B1 field inhomogeneity. To overcome this problem, the actual flip
angle imaging (AFI) technique, which allows rapid 3D B1 mapping, has been proposed
(54). However, the current AFI sequence only works for long-T2 tissues, and cannot be
used for mapping the B1 and T1 of short-T2 tissues due to the lack of detectable signal.

A new T1 measurement method combining the UTE, AFI, and VTR/VFA techniques (3D
UTE-AFI-VTR/VFA) has been proposed to address this challenge (55-57). Figure 9 shows
excellent T1 fitting for various knee joint tissues of a 35-year-old volunteer (56). The total
scan time was less than 10minutes. The T1 values for long-T2 tissues, such as cartilage and
muscle, are largely consistent with the literature (53). The T1 values for short-T2 tissues,
such as the menisci, ligaments, and tendons remain to be confirmed.

Quantification

Conventional sequences cannot provide accurate T2 or T2* mapping for short-T2 tissues
due to the lack of detectable signal. Recent studies suggest that UTE-enhanced T2* (UTE-
T2*) mapping can assess collagen structural integrity and degeneration in cartilage and
menisci, identify subsurface injuries in menisci, evaluate deep subsurface matrix changes
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in cartilage after anterior cruciate ligament (ACL) tears, and detect longitudinal changes in
cartilage and menisci after anatomic ACL reconstruction (10,11,58,59). Figure 10 shows
the longitudinal analyses of UTE-T2* values in the posterior medial meniscus of a group
of patients undergoing anatomic ACL reconstruction with a total scan time of 22minutes
(59). UTE-T2* mapping can potentially be used to identify joints that are at risk for

rapid degeneration and to monitor the effects of new treatments that delay or prevent the
development of OA, although further clinical studies are needed.

Biological tissues frequently contain different water compartments which each have distinct
T2 or T2* values. UTE bi-component analysis has been developed to quantify T2* values
and the short- and long-T2* fractions of water components in a variety of MSK tissues
(60-68). Short T2* values and/or fractions have shown significant correlations with tissue
properties, such as cartilage degeneration or bone biomechanics (64,65). More recently,
UTE tri-component analysis has been proposed to evaluate both short and long T2*
components as well as fat in cortical bone (69), but the inclusion of additional components
requires more echo images, a longer scan time, and more complicated modeling. The
robustness and clinical significance of bi- and tri-component analysis methods remain to be
investigated.

3. UTE T1p (UTE-T1p) Quantification

T1p imaging has been proposed to detect early changes of OA associated with PG
depletion (70). Recent studies have demonstrated that T1p can detect PG loss in bovine
cartilage samples as well as OA patients (71-73). T1p imaging techniques based on clinical
MR sequences may be limited by the fact that short-T2 tissues show a relatively low

signal with sequences utilizing TEs of several milliseconds. UTE-T1p techniques have
been developed to evaluate PG in short-T2 tissues (Figure 11A) (74-76). Figures 11B-E
show magnetization-prepared angle-modulated partitioned k-space spoiled gradient echo
snapshots (MAPSS) imaging and UTE-T1p imaging of the Achilles tendon and meniscus
of a volunteer with scan times under 5minutes (74). The MAPSS sequence provides little
signal for the Achilles tendon and meniscus because of its relatively long TE of 3.7ms (73).
In contrast, the UTE-T1p sequence provides much higher signal for the Achilles tendon with
a T1lp of ~3ms and meniscus with a T1p of ~8ms, respectively.

4. UTE Adiabatic T1p (UTE-AdiabT1p) Quantification

T1p imaging is sensitive to the magic angle effect (77,78), which makes the evaluation of
tissue degeneration complicated. Recently, trains of adiabatic inversion pulses have been
used to generate T1p relaxation (termed AdiabT1p), which is reportedly less sensitive to the
magic angle effect (79,80); however, AdiabT1p based on conventional MRI sequences are
of limited value for short-T2 tissues due to the lack of detectable signal. UTE-AdiabT1p
sequences have been developed for magic-angle insensitive T1p assessment of both short-
and long-T2 tissues (81-84). The UTE-AdiabT1p sequence (Figure 12A) employs a train of
adiabatic IR pulses to generate T1p contrast, followed by multi-spoke UTE data acquisition.
Figures 12B-I show 3D UTE-AdiabT1p imaging of the knee of a 23-year-old volunteer,
with a total scan time of 18minutes for seven spin-locking times (TSLs) and showing both
high signal and contrast for all major knee joint tissues. Excellent exponential fitting of the
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UTE-AdiabT1p images with different TSLs demonstrated an AdiabT1p value of 13.7+1.0ms
for the quadriceps tendon, 22.5+1.2ms for the PCL, 21.5+1.1ms for the meniscus, and
43.5+£5.9ms for the patellar cartilage (81).

5. UTE Magnetization Transfer (UTE-MT) Imaging

MT imaging has been introduced for quantitative evaluation of water and macromolecular
proton pools (85). Clinical MT sequences cannot assess short-T2 tissues due to the lack of
detectable signal. UTE-MT sequences resolve this limitation and can be used to indirectly
evaluate macromolecular protons with extremely short T2* values (~0.01ms). The MT pulse
is placed at a frequency offset Af that is away from the narrower lines of water. This
strategically placed MT pulse results in saturation of macromolecular (mainly collagen)
protons, which exchange with water protons and lead to a reduction in detectable signal.
Springer et al. first employed the 3D UTE-MT sequence to calculate MT ratio (MTR)

in cortical bone (86). However, MTR is only semi-quantitative and shows only moderate
correlation with tissue properties (87). A two-pool MT model has been proposed to extract
fundamental parameters about a free pool composed of water protons and a semisolid pool
composed of collagen protons (88). Multiple spokes (Nsp) can be acquired after each MT
preparation to reduce the scan time by a factor of Ng, (89). Figure 13 shows the basic UTE-
MT sequence, along with imaging of a bovine cortical bone sample. Excellent two-pool
MT modeling and MT parameter mapping were achieved using a Gaussian lineshape. On
a related note, MMF derived from UTE-MT modeling seems to be insensitive to the magic
angle effect (90), and is highly correlated with biomechanics and degeneration (91-94).
As such, the multi-spoke 3D UTE-MT technique has been used to evaluate knee joint
degeneration in vivo with a total scan time of less than 15minutes. Decreased MMF and
MTR were observed for cartilage and meniscus in mild and advanced OA as compared to
healthy subjects (95,96).

6. UTE Quantitative Susceptibility Mapping (UTE-QSM)

QSM has recently emerged as a promising technique that allows characterization of tissue
based on its magnetic susceptibility (97). QSM can estimate the spatial susceptibility
distribution from a measured field perturbance using nonlinear optimization techniques.
Tissue with paramagnetic iron shows elevated susceptibility, which increases with iron
concentration. The susceptibility of hemosiderin in the synovium is more challenging

to measure with conventional MRI due to high levels of iron with very short T2*

values that result in a lack of detectable signal. A 3D UTE-QSM framework has been
developed to estimate the magnetic susceptibility of short-T2 tissues including cortical
bone and hemosiderin (98-103). Figure 14 shows two UTE-QSM slices from a 28-year-
old hemophilia patient who subsequently underwent total knee arthroplasty (TKA), and
the corresponding histology images for synovial tissues, namely Tissue A and Tissue

B, harvested from two different regions of the knee joint (99). Three dual-echo UTE
datasets were acquired under a total scan time of 18minutes. The histology showed densely
distributed hemosiderin exhibited by blue dots in Tissue A (Figure 14B), but much lower
iron density in Tissue B (Figure 14D). The estimated susceptibility was 4.5+1.8ppm for
Tissue A and 2.7+1.1ppm for Tissue B, demonstrating lower susceptibility in Tissue B
consistent with histological iron staining.
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UTE-QSM can also be used to assess bone mineral density (BMD) in cortical bone. A
recent study by Dimov et al. found good correlation between bone CT and QSM values

in the porcine hoof (R?=0.77) (98). Jerban et al. found that 3D UTE-QSM was negatively
correlated with pCT-based volumetric BMD (R?=0.49), and positively correlated with bone
porosity (R?=0.46) in human cortical bone specimens (103).

7. UTE Water Content Quantification

Water content in short-T2 tissues can be quantified by comparing their UTE signal
intensities with that of a water phantom. One example is UTE imaging of cortical bone,
where both bound and pore water contribute to the UTE signal (49). Total water (bound
water plus pore water) can be measured by comparing UTE signal with an external
phantom. Mean total bone water concentrations of 17.4+2.2%, 28.7+1.3%, and 41.1+9.6%
have been reported for pre- and postmenopausal groups as well as for patients with renal
osteodystrophy, respectively (49). Manhard et al. employed the adiabatic inversion recovery
(AIR) sequence to map bound water content, and the dual adiabatic full passage (DAFP)
sequence to map pore water content in cortical bone (Figure 15) (51). Excellent correlations
were observed between bending strength and bound and pore water concentrations.

Jerban et al. employed UTE to measure total water content, IR-UTE to measure bound
water content, the UTE/IR-UTE difference to calculate pore water content, and UTE-MT
modeling to measure collagen backbone proton density (93,94). Furthermore, UTE measures
are significantly correlated with bone microstructure and biomechanical properties. For
example, collagen proton density is correlated with BMD (R?=0.50), Young’s modulus
(R2=0.37), yield stress (R?=0.36), and ultimate stress (R2=0.36). Incomplete long-T2 signal
suppression has the potential to affect bound water quantification, but other techniques, such
as dual-IR-UTE, double-IR-UTE, and STAIR-UTE sequences may provide more accurate
bound water mapping.

8. Other Techniques for Quantitative Imaging

There are many other UTE-type techniques which have been developed for quantitative
imaging of short-T2 tissues. For example, the SWIFT sequence can be combined with a
variable flip angle approach (VFA-SWIFT) to measure the T1 of short-T2 components

in articular cartilage (104). T2* can also be measured using some novel techniques. For
example, though the ZTE sequence cannot map T2* based on the traditional variable

TE approach, Wiesinger et al. overcame the limitation by proposing a Looping Star

pulse sequence based on the radial rotating ultra-fast imaging sequence extended by a
time-multiplexed gradient-refocusing mechanism (105). Multiple magnetic coherences are
excited and gradient-refocused in the shape of a looping k-space trajectory, allowing the
Looping Star technique to capture an initial FID image followed by gradient echo images at
equidistant TEs. However, the accuracy and efficiency of the various quantitative UTE-type
imaging techniques remain to be investigated.

Part Ill. Challenges and Future Work

Of the various morphological imaging techniques, adiabatic IR-based approaches, including
single IR-UTE (15-20), Dual-IR-UTE (21-23), double-IR-UTE (24), IR-FS-UTE (25-27),
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and STAIR-UTE (28-30), appear to provide more uniform suppression of long-T2 water
and fat signals. This is attributable to the insensitivity of adiabatic pulses to B1 and B0
inhomogeneities (15-17). Saturation-based approaches, including T2-selective RF excitation
(TELEX) (13), WASPI (42), UTE-OSC (46), and dual-band UTE (14), may be more
sensitive to B1 and BO inhomogeneities. Dual-echo UTE with echo subtraction is a simple
technique capable of high-contrast imaging of short-T2 tissues (5,6,8,12). However, it is
sensitive to BO inhomogeneity and susceptibility, especially for the later echo (8). Fat
separation-based methods, such as the single-point Dixon and UTESI, can be incorporated
in UTE imaging (36-38), but they typically require longer acquisition time and data
post-processing. A systematic comparison of the various contrast mechanisms and their
combination with different UTE type sequences in terms of CNR and SNR efficiencies for
different short-T2 tissues remains to be investigated.

Most UTE sequences are developed at 3T, although there are some studies reporting UTE
imaging at 1.5T or 7T. Higher field strength, stronger gradients, and dedicated extremity
coils are helpful for UTE imaging of short-T2 tissues which typically suffer from low SNR
due to relatively low proton densities and fast signal decay (106). UTE imaging at field
strength lower than 1.5T remains to be investigated. Generally, UTE type sequences are
less sensitive to artifacts such as motion, pulsation, and wraparound due to oversampling
of k-space center and elimination of phase encoding (107). However, eddy currents are
major factors limiting clinical applications. ZTE is insensitive to eddy currents, and has great
potential for clinical studies. For example, there is an increased interest in imaging bone
with ZTE sequences (108,109). ZTE allows visualization of cortical bone and intraosseous
lesions that are occult at CT (Figure 16). These cysts differed from the subchondral
ganglion cysts identified during grading and were confirmed in patients’ standard-of-care
MRI examinations (108). “CT-like” images can be automatically generated on the scanner.
The high-contrast bone images are well suited for 3D volume rendering using commonly
employed ray casting algorithms. ZTE with 1.0mm isotropic resolution only requires 3—
4minutes of imaging time which is good for clinical applications (109).

While the series of quantitative UTE MR imaging techniques allow mapping of short-T2
tissues’ properties and relaxation times, there are several major challenges. The first
challenge is long-T2 signal contamination, which leads to significant quantification errors.
This is especially the case for T2* mapping of thin structures such as the OCJ and the CEP.
As the OCJ is very thin (i.e., 0.1-0.2mm) and curved, T2* derived from regular UTE with
variable TEs is likely subject to significant errors due to the partial volume effect (110). The
adiabatic IR-based UTE sequences provide efficient long-T2 suppression, and thus much
more accurate T2* mapping (23). The second challenge is related to fat contamination

and off-resonance artifacts (111). Fat contamination may significantly affect MR relaxation
times as well as tissue properties (such as T1, T2*, MMF, QSM, and water content).
Furthermore, center-out radial or spiral sampling of k-space in UTE imaging employs a
different direction for each readout. Off-resonance artifacts are manifested as blurring due
to the ring-shaped point spread function (111). This produces effects that differ from those
seen in Cartesian sampling of k-space. Center-out radial artifacts are important to recognize
as they can simulate normal structures and disease. The third challenge is the magic angle
effect (77-80). The magic angle-associated increase in T1p, T2, or T2* can be significantly
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higher than the increase caused by degeneration. Magic angle-insensitive techniques such as
UTE-AdiabT1p (81-84) and UTE-MT modeling of MMF (89-96), are of particular interest
for robust assessment of short-T2 tissue degeneration.

Direct imaging of short-T2 tissues can be used to improve diagnosis of OA and other

MSK diseases. The widely used MRI scoring method (WORMS) incorporates 14 features,
but they are mostly related to articular cartilage (112). Ligaments, tendons, and bone are
not included in WORMS. Meniscus is considered but clinical MRI provides little signal
for this largely short-T2 tissue. There are no widely accepted imaging scoring systems for
menisci, ligaments, and tendons, at least in part due to limited morphological visualization
(e.g., little signal, poor contrast) and a lack of sensitivity to small degrees of changes in
structural integrity. UTE imaging with high signal, spatial resolution, and contrast for the
principal joint tissues will likely improve the classification of disease, which may aid in the
development of new grading systems.

A natural next step is to combine morphological and quantitative imaging of both short-

and long-T2 tissues in the joint for more comprehensive assessment of degeneration.

This follows the concept of “whole joint organ” disease, not only morphologically, but
quantitatively. Deep learning-based automatic segmentation and quantitative relaxometry of
all major joint tissues will likely facilitate translational study of the novel morphological and
quantitative UTE MRI techniques (113-115). Clearly, a significant amount of work remains
to be done for robust detection of joint degeneration at the early stages.

Conclusion

In summary, there is significant interest in direct UTE imaging and quantification of short-
T2 tissues. Short-T2 contrast can be generated with a variety of techniques including

echo subtraction, long-T2 saturation, adiabatic inversion, spectroscopic imaging, and
combinations of these techniques. MR properties including T1, T2*, T1lp, and adiabT1p
can be measured using UTE techniques combined with the appropriate preparation pulses.
Tissue properties, including total, bound and free water content, macromolecular fraction,
and susceptibility can also be quantified with a variety of UTE-based techniques. Further
research is needed to evaluate the efficiency of each technique, to correlate UTE measures
with histopathology and biomechanics, and to investigate their applications in OA and other
MSK diseases.
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(B)

The dual-echo 3D UTE sequence (A) and k-space trajectory (B), as well as 3D UTE data
of the knee: FID image at TE=100ps with high signal from the patellar tendon and menisci
(C), echo image acquired at TE=2.3ms (D), and difference image highlighting only short-T2

components (E). Modified from Ref. 6, with permission.
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Figure2.
The long-T2 suppressed 3D UTE sequence (A), and its application to the knee without

suppression (B) and with a dual-band long-T2 suppression pulse (C). The suppression
enhances the contrast of the short-T2 structures such as the patellar tendon and menisci
(arrows). There is some fat suppression failure around the patella (short, thick arrows in C).
Modified from Ref. 14, with permission.
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Figure 3.
The IR-UTE sequence employs a long adiabatic inversion pulse to invert and null long-T2

tissues, followed by multi-spoke UTE acquisition for high contrast imaging of short-T2
tissues (A, B). IR-UTE and conventional clinical MR imaging of cortical bone at various
sites: forearm with FSE (C) and IR-UTE (D); tibia midshaft with gradient echo (E) and
IR-UTE (F); and femoral midshaft with gradient echo (G) and IR- UTE (H). High resolution
and contrast images of bone can be achieved in a clinical setting.
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Figure 4.
The dual-IR-UTE sequence employs two long adiabatic inversion pulses to invert and null

long-T2 water and fat, respectively, followed by UTE acquisition for high contrast imaging
of short-T2 tissues (A). Its efficacy is demonstrated via imaging of a patella using PD-FSE
(B), T1-FSE (C), regular UTE (D), UTE with fat saturation (E), and dual-IR-UTE sequences
(F). The dual-IR-UTE sequence selectively suppresses signals from cartilage and marrow
fat, creating excellent image contrast for the OCJ shown as a linear, well-defined area of
high signal (thin arrows). Effacement and thickening (thick arrows) of the OCJ are also
observed. Modified from Ref. 21, with permission.
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T,w-FSE

IR-FS-UTE

The IR-FS-UTE sequence employs an adiabatic inversion pulse to invert long-T2 tissues,
and a chemical shift-based fat saturation pulse to suppress fat signals, followed by multi-
spoke UTE acquisition for high contrast imaging of short-T2 tissues (A). Its efficacy is
demonstrated by sagittal T2-FSE (B), T1-FSE (C), and IR-FS-UTE (D) imaging of the spine
of a 38-year-old male volunteer (T11-L5). The CEP is highlighted on the 3D IR-FS-UTE
images (arrows in D) but cannot be seen on clinical sequences (B and C). Note the small
and incipient Schmorl’s node in the superior endplate of L2, with preserved CEP, that can
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only be observed on the 3D IR-FS-UTE (arrows in B-D). Modified from Ref. 27, with
permission.

J Magn Reson Imaging. Author manuscript; available in PMC 2023 June 01.

Page 22



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Afsahi et al. Page 23

Adiabatic IR pulses (A4)
N

S
—’T‘—

P

TR (~150 ms)

¢+

TI »>
l

The STAIR-UTE sequence employs a short TR and short T1 for efficient suppression

of long-T2 water and fat (A). Its efficacy is demonstrated by sagittal T2-FSE (B), and
STAIR-UTE (C-E) imaging of the lumber spine of a 31-year-old volunteer. The long-T2
muscle and fat are bright in the clinical T2-FSE image (B). The original 3D STAIR-UTE
image (C) shows non-uniform signal intensity distribution due to the inhomogeneous coil
sensitivity (D) of the spine coil. After coil sensitivity correction, the image demonstrates a
more uniform signal intensity distribution (E). Modified from Ref. 28, with permission.
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Figure 7.
The 1p-Dixon-based fat suppression for ankle imaging: the UTE image (A), the second

echo (B), the estimated water image (C) and fat image (D), the UTE image with the
1p-Dixon fat suppression (E), the UTE image with chemical shift-based fat saturation (F),
and the corresponding zoomed-in images (G-L). As indicated by red arrows in (K,L), the fat
saturation pulse affects signals from the Achilles tendon, where signals in (F,L) appear much
lower than UTE signals without fat saturation in (A,G). Meanwhile, the fat-suppressed UTE
image with the 1p-Dixon approach in (E,K) shows similar signal intensities as the original
UTE image in (A,G). Modified from Ref. 36, with permission.
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Figure 8.
Selected UTESI images of the tensile portion of the Achilles tendon at different frequencies

of OHz (A), —24Hz (B), -49Hz (C), -85Hz (D), -171Hz (E), —232Hz (F), —293Hz (G),
-476Hz (H), —720Hz (1), —1403Hz (J), and zoomed water peak at OHz (K). UTESI allows
robust fat/water separation with undersampling streaks shifted to high spectral frequencies,
providing excellent depiction of the fascicles and endotendon (K).
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Figure9.
The 3D UTE sequence with a single TR can be used for T1 measurement with the variable

flip angle (VFA) method (A). The 3D UTE actual flip angle imaging (AFI) sequence
employs a pair of interleaved TRs for accurate B1 mapping (B) which, when combined with
the VFA method, provides accurate T1 measurements. Representative T1 fitting results for
various knee joint tissues from a 35-year-old volunteer using the 3D UTE-AFI-VFA method:
the measured T1 values are 832+18ms for meniscus (C, G), 779+7ms for quadriceps tendon
(D,H), 637+16ms for patellar tendon (E,I), 870+13ms for ACL (F,J), 819+17ms for PCL
(G,K), 1133+40m:s for cartilage (H,L), 386£2ms for marrow (I,M), and 1406+63ms for
muscles (J,N). Modified from Ref. 56, with permission.
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Figure 10.
UTE-T2* maps of the posterior medial menisci from (A) an uninjured control participant,

(B) an ACL-reconstructed patient with an intact medial meniscus before surgery, and (C) the
same patient 2years after ACL reconstruction (ACLR). (D) UTE-T2* mapping demonstrates
subsurface meniscus matrix changes in the intact menisci of patients with ACL injuries.
Before ACLR, UTE-T2* values in intact medial menisci of ACL-injured patients are 27%
higher than those seen in uninjured controls (P=0.02). Over 2years after joint stabilization
surgery, UTE-T2* values in intact menisci of ACL-reconstructed joints fall 17% (P=0.03)
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to levels that do not differ from those of asymptomatic controls (P=0.7). As expected,
UTE-T2* values in torn menisci before surgery are significantly higher (95%) than those of
uninjured controls (P<0.01). Modified from Ref. 59, with permission.
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Figure11.
The UTE-T1p sequence employs a spin-lock preparation pulse followed by single- or multi-

spoke UTE data acquisition. The preparation pulse consists of a hard 90° pulse followed by
a composite spin-lock pulse and another —90° hard pulse. The phase of the second half of
the composite spin-lock pulse is shifted 180° from the first half to reduce artifacts caused
by B1 inhomogeneity. Compared to conventional MAPSS imaging which shows little signal
for the Achilles tendon (B) and limited signal for the meniscus (D) of a healthy young
volunteer, the UTE-T1p imaging of the same volunteer shows much higher signal for both
the Achilles tendon (C) and meniscus (E). Modified from Ref. 74, with permission.
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Figure 12.
The 3D UTE-AdiabT1p sequence employs a train of adiabatic IR pulse to generate T1p

contrast, followed by multi-spoke 3D UTE data acquisition (A). Representative 3D UTE-
AdiabT1p images of the knee joint of a 23-year-old volunteer with ROIs (red circles)

and corresponding fitting curves of quadriceps tendon (B), PCL (C), meniscus (D), and
patellar cartilage (E), as well as the corresponding exponential curve fitting showing UTE-
AdiabT1p values of 13.7£1.0ms (F), 22.5%1.2ms (G), 21.5+1.1ms (H), and 43.5+5.9ms (1),
respectively. Modified from Ref. 81, with permission.
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Figure 13.

The 3D UTE-MT sequence employs a Fermi pulse for MT preparation followed by UTE
acquisition with a short rectangular pulse for signal excitation and a 3D Cones trajectory

to allow time-efficient sampling with a minimal TE of 32us (A). Multiple spokes (Ngp) are
sampled after each MT preparation to speed-up data acquisition (by a factor of Ngp) (B).
Selected 3D UTE-MT images of a bovine bone sample acquired with an MT power of 300°
and five frequency offsets of 2kHz (C), 5kHz (D), 10kHz (E), 20kHz (F), and 50kHz (G), as
well as an MT power of 1100° and five frequency offsets of 2kHz (H), 5kHz (1), 10kHz (J),
20kHz (K), and 50kHz (L). Excellent two-pool fitting is achieved with the RP model (M).
Selected mapping of macromolecular proton fraction f (N), T2, (O), RMgm (P), and Ry,
(Q) are also displayed. Modified from Ref. 89, with permission.
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Figure 14.
Histology with synovial tissues (Tissue A and Tissue B) from a 28-year-old hemophilia

patient who subsequently underwent TKA. Susceptibility map estimated in two
representative slices (A and C) and the corresponding histological images (B and D).

Blue dots in B and D exhibit iron (black and blue arrows). The measured susceptibility

is 4.5£1.8ppm for Tissue A and 2.7+1.1ppm for Tissue B, which agrees with the observation
that Tissue A shows denser iron than Tissue B in histology. Modified from Ref. 99, with
permission.
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Figure 15.
UTE imaging of the human forearm as well as AIR mapping of bound water and DAFP

mapping of pore water in tibial midshaft in the axial (15t row) and coronal (2" row) planes.
Modified from Ref. 51, with permission.
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Figure 16.
Coregistered axial (A) CT and (B) ZTE MR images of the same humeral head in similar

image planes in an 18-year-old man. An enthesopathic cyst manifests as hypointensity in

the ZTE image (arrow in B). Arrow in (A) indicates the same location where the cyst is
occult. The glenoid appears different because postures differed at acquisition of both images.
Modified from Ref. 108, with permission.
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