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ABSTRACT

Magnetic resonance imaging (MRI) uses a large magnetic field and radio waves to generate images of tissues in the body. Conventional MRI
techniques have been developed to image and quantify tissues and fluids with long transverse relaxation times (T,s), such as muscle,
cartilage, liver, white matter, gray matter, spinal cord, and cerebrospinal fluid. However, the body also contains many tissues and tissue
components such as the osteochondral junction, menisci, ligaments, tendons, bone, lung parenchyma, and myelin, which have short or
ultrashort T,s. After radio frequency excitation, their transverse magnetizations typically decay to zero or near zero before the receiving
mode is enabled for spatial encoding with conventional MR imaging. As a result, these tissues appear dark, and their MR properties are
inaccessible. However, when ultrashort echo times (UTEs) are used, signals can be detected from these tissues before they decay to zero. This
review summarizes recent technical developments in UTE MRI of tissues with short and ultrashort T, relaxation times. A series of UTE MRI
techniques for high-resolution morphological and quantitative imaging of these short-T, tissues are discussed. Applications of UTE imaging
in the musculoskeletal, nervous, respiratory, gastrointestinal, and cardiovascular systems of the body are included.
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I. INTRODUCTION—BASIC PRINCIPLES OF MAGNETIC
RESONANCE IMAGING (MRI)

Magnetic resonance imaging (MRI) is a relatively new but fast-
evolving technology that provides noninvasive, high-resolution imag-
ing of internal body structures.' * The technique uses a high magnetic
field and radio waves to generate images of tissues and tissue compo-
nents in the body. A commercial MRI scanner has three major com-
ponents: a main magnet which generates bulk magnetization (M,) in
tissues and fluids, a gradient system which generates additional mag-
netic fields for spatial localization of the MR signal, and a radio fre-
quency (RF) system, which excites the aligned spins and detects the
resulting MR signal (Fig. 1).” The gradient system generates linear gra-
dient fields and introduces a spatial dependence of the frequency and
phase of the signal. A 90° RF pulse rotates M, from the longitudinal
direction into the transverse plane. The MRI signal primarily origi-
nates from hydrogen nuclei (i.e., protons) in water and fat, which have
a high natural abundance in humans and many other organisms. Each
proton can be treated as an individual magnetic moment. Without the
application of an external magnetic field, individual protons are ran-
domly oriented, and this leads to zero net magnetization. When an
external magnetic field By is present, net magnetization aligned along
the By field results. This is the bulk magnetization M,." It is propor-
tional to the strength of the By field [Fig. 1(a)] and can be rotated into
the transverse plane to create transverse magnetization perpendicular
to the By field. The dynamic behavior of the MR signal is characterized
by two time constants: spin-lattice relaxation time (ie., T;), which
characterizes how quickly the longitudinal magnetization (M,) recov-
ers back to its initial value after rotation into the transverse plane
[Figs. 1(e)-1(h)], and spin-spin relaxation time (i.e., T,), which char-
acterizes how fast the transverse magnetization (Myy) decays back to
zero [Figs. 1(i)-1(1)].” Ty is the time needed by M, to reach 63% of its
initial value during an exponential recovery [Fig. 1(h)], whereas T, is
the time required by My, to drop to 37% of its initial value during an
exponential decay [Fig. 1(1)].

In the body, different tissues typically have different Ts and T,s.
Some tissues and fluids, such as muscle, most cartilage, liver, white
matter, gray matter, spinal cord, and cerebrospinal fluid (CSF), have
relatively long T;s (of the order of hundreds to thousands of millisec-
onds) and T,s (of the order of tens to hundreds of milliseconds).”
Such signals are readily imaged using conventional MRI sequences
that can detect signals from the transverse magnetization using echo
times (TEs) of several milliseconds or longer. TE is the time from the
RF pulse to the signal detection. Other tissues and tissue components,
however, such as the osteochondral junction (OC]J), menisci, liga-
ments, tendons, bone, lung parenchyma, and myelin, have much
shorter T;s (hundreds of milliseconds or shorter) and T»s (ranging
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from a few milliseconds down to sub-milliseconds).” ® Their trans-
verse magnetizations decay to zero, or near zero, before the signal can
be detected from them with conventional sequences. A particular
group of techniques employing ultrashort echo time (UTE) sequences
with TEs often of the order of 0.1 ms or shorter are used to directly
image tissues of the type described above which have short (1-10 ms)
or ultrashort T,s (0.1-1 ms).” * Details about these sequences are dis-
cussed in Secs. [1-V1I of this paper.

Il. CONVENTIONAL MRI

Conventional MRI techniques allow direct imaging of tissues
with relatively long T,s. The spatial localization is based on the use of
three orthogonal magnetic field gradients, which are used for slice
selection (G,), phase encoding (Gy), and frequency encoding (Gy.” G,
together with an RF pulse, rotates proton magnetization to form a thin
slice for two-dimensional (2D) imaging or to form a thick slab for
three-dimensional (3D) imaging. The application of G, causes the pro-
tons to gain or lose different phase increments according to their loca-
tion on the y-axis. In contrast, the application of Gy causes proton
magnetizations to rotate at different frequencies according to their
locations on the x-axis. Cartesian sampling is typically used to collect
phase and frequency encoded data in k-space. The final MR image is
reconstructed using inverse Fourier transformation of the 2D or 3D
k-space data.

Over the past four decades, several techniques have been devel-
oped to produce high spatial resolution MR imaging of soft tissues in
the body. The most commonly used sequences are either T;-weighted
or T,-weighted and utilize spin echo (SE), fast spin echo (FSE), and
gradient-recalled echo (GRE) acquisitions. A spin echo is generated by
a pair of RF pulses, whereas a gradient echo is generated by a single RF
pulse in conjunction with gradient reversal (Fig. 2). Figures 2(c)-2(e)
shows a representative Cartesian sampling scheme, k-space data, and
the corresponding MR image.” An SE sequence is insensitive to By
inhomogeneity through an additional 180° RF pulse, which refocuses
dephased transverse magnetization. A GRE sequence typically has a
much shorter TE and repetition time (TR) than an SE sequence, with
TR being the time between successive pulse sequences applied to the
same slice or slab. SE sequences are routinely used for high-resolution
imaging of tissues in the body, and GRE sequences are widely used for
fast imaging due to their shorter TEs and TRs.

Conventional MRI techniques provide morphological and quan-
titative imaging of long-T, tissues in the body.”® Various contrast
mechanisms have been developed to display abnormalities in targeted
tissues based on differences in Tj, T, and proton density (PD)."" 7 A
series of quantitative imaging techniques have also been developed for
robust mapping of MR relaxation times, such as Ty, 0 T, 0 T,
(apparent transverse relaxation time),"” and T, (spin-lattice relaxa-
tion in the rotating frame).”” ** Other quantitative MRI techniques
have also been developed, including measurement of magnetization
transfer ratios (MTRs),'® macromolecular proton fraction (MMF),23
perfusion,”* diffusion,” and susceptibility using quantitative suscepti-
bility mapping (QSM).”

lll. MRI OF SHORT-T, TISSUES

Conventional MRI techniques cannot directly image tissues with
very short Ts due to the fast decay of M, to zero, or near zero, before
the spatial encoding gradients are applied and the signal is detected.”
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FIG. 1. The basic principles of MRI. Without an external magnetic field By, proton magnetic moments are randomly oriented (a). With the application of an external magnetic
field, the magnetic moments are partially aligned either parallel (spin-up) or antiparallel (spin-down) to By (b), resulting in a net bulk magnetization, M, (c). The radio frequency
(RF) system, B4, rotates M, into the x-y plane, creating transverse magnetization (M) (d). When the RF system is turned off, M, and My, undergo simultaneous longitudinal
T, relaxation or recovery (e)—(h) and transverse T relaxation or decay (i)—(l), respectively. T is the time needed for M, to reach 63% of My during its exponential recovery (h),
and T, is the time required for M,, to decay to 37% of its initial value during its exponential decay (L). The human body consists of tissues with short or long T+s (m) and T,s
(n). Conventional MRI sequences typically have TEs of ~2ms or longer. Hence, the decay of M,, before the signal acquisition is minimal for long-T, tissues, but for short-T,
tissues, the signal decays to zero or near zero during this time (). As a result, the M,, of long-T tissues can be captured using a data acquisition window (DAW) before signif-
icant decay. However, because the M,y of short- and ultrashort-T, tissues typically decays to zero or near zero before the DAW, these tissues are rendered “invisible” when
conventional MRI sequences are used. (a) and (b) Reproduced with permission from L. G. Hanson, Concepts Magn. Reson. Part A 32A, 329-340 (2008). Copyright 2008

John Wiley and Sons.*

As a result, short- and ultrashort-T), tissues appear dark on conven-
tional MR images. The lack of signal also means that conventional
clinical MRI sequences are often of little or no value for quantitative
assessment of short- and ultrashort-T, tissues. Their MR relaxation
times and other tissue properties are not known or well-characterized.
These properties can include early biochemical changes such as

proteoglycan depletion, collagen degradation, and changes in water
content.”

To directly detect signals from short and ultrashort-T), tissues, it
is critical to reducing the sequence TE to less than the tissue T,"s to
allow enough time for spatial encoding to be enabled and signal to be
detected before the transverse magnetization decays to zero or near
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zero. Recently, a group of sequences typically with TEs of 0.1 ms or
less has been developed for high-resolution imaging of short-T, tis-
sues. These sequences include ultrashort echo time (UTE) imag-
ing,””~” single point imaging (SPI),"*”” water- and fat-suppressed
proton projection MRI (WASPI),"”*" sweep imaging with Fourier
transformation (SWIFT),* hybrid acquisition-weighted stack of spi-
rals (AWSOS)," pointwise encoding time reduction with radial acqui-
sition (PETRA),"" ramped hybrid encoding (RHE)," and zero echo
time (ZTE) imaging.’" The nominal TEs of these sequences are
~100-1000 times shorter than even the shortest TEs (i.e., a few milli-
seconds) that are typically used with conventional MRI sequences. As
a result, short and ultrashort-T), tissues can be directly imaged with
useful signal levels and high spatial resolution.

Among the new sequences that have been developed for short-T,
imaging, UTE sequences have attracted the most attention for mor-
phological and quantitative assessment of short-T, tissues or tissue
components. UTE sequences are generally based on GRE acquisitions
and use radial or spiral mapping of k-space rather than conventional
Cartesian k-space sampling. By using a different form of slice selection
(i.e., a half RF pulse), radial mapping of k-space, and variable rate
selective excitation, nominal TEs as short as 8 us can be achieved with
2D UTE imaging [Fig. 3(a)].”” > Similarly, 3D UTE imaging can be
achieved by combining a short rectangular RF pulse excitation with a

il

f— & —

pulse for spin refocusing, together with a
slice selection gradient (G,), a phase
encoding gradient (G,), and a frequency
encoding gradient (G,). These allow data
acquisition in k-space with an echo time
(TE) and a repetition time (TR). (b) shows
a gradient-recalled echo (GRE) sequence
which employs a single low flip angle RF
pulse with a shorter TE and a shorter TR
(B) together with the G,, G,, and G, gradients
to acquire signals encoded in k-space. A
diagram illustrating conventional Cartesian
sampling of k-space is shown in (c). An
example of 2D k-space data are shown in
(d), which undergoes fast inverse Fourier
Transformation to produce the MR image
in (e).

(E)

3D radial mapping of k-space [Fig. 3(b)].”"** Furthermore, the radial
trajectory can be twisted for more efficient data acquisition
[Fig. 3(c)].”” " These 2D and 3D UTE sequences make it possible to
detect signals from short- and ultrashort-T), tissues with spatial resolu-
tion, signal-to-noise ratio (SNR), and contrast-to-noise ratio (CNR)
comparable to those of conventional sequences.

While UTE sequences allow direct imaging of short and ultra-
short-T, tissues, there are some technical challenges. First, using a
short TE alone is often insufficient to provide high contrast imaging of
short- and ultrashort-T, tissues,”” which typically have lower proton
densities than surrounding or associated long-T) tissues. As a result,
many short- and ultrashort-T, components, such as those in bone and
myelin, display much lower signals than surrounding or associated
long-T) tissues and are consequently relatively inapparent even with
UTE sequences. Efficient suppression of long-T, signals is of critical
importance for high contrast imaging of short and ultrashort-T, tis-
sues.” *** Second, quantitative imaging frequently allows early detec-
tion of tissue changes more effectively than morphological imaging, as
morphological changes typically happen at later stages in disease pro-
gression. However, conventional quantitative MRI techniques cannot
usually be applied directly to short- and ultrashort-T, tissues because
of rapid transverse relaxation during RF excitation and before and
during data sampling. This relaxation precludes signal detection and
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FIG. 3. Diagrams of the 2D radial UTE sequence (a), the 3D radial UTE sequence (b), and the 3D spiral UTE sequence (c), as well as the corresponding k-space trajectories
(d)~(f). The 2D UTE sequence employs a slice-selective half-pulse excitation followed by 2D radial ramp sampling (a) and (d). The 3D UTE sequence uses a short rectangular
pulse excitation followed by 3D radial ramp sampling (b) and (e) or twisted radial trajectories with conical view ordering (c) and (f).

accurate measurement.” ° Quantitative UTE techniques to evaluate
the various short- or ultrashort-T, tissues or components (e.g., water,
proteoglycan, collagen, myelin, and/or other macromolecules) using
clinical MR scanners have been developed to address these challenges
and will be described in this review as follows: Part I—contrast mecha-
nisms which produce high contrast images of various short-T, tissues;
Part II—quantitative UTE imaging techniques which quantify Ty, T,
T,*, T, and other tissue properties (PD, MTR, MMF, perfusion, dif-
fusion, and susceptibility); and Part III—applications of UTE-based
techniques in the musculoskeletal (MSK), nervous, respiratory, gastro-
intestinal, and cardiovascular systems.

IV. PART I-TECHNICAL DEVELOPMENT
IN MORPHOLOGICAL UTE MRI

Basic UTE sequences developed with different short- and ultra-
short-T, contrast mechanisms are described below. The feasibility of
each approach has been demonstrated ex vivo or in vivo using clinical
MR scanners.

A. UTE with echo subtraction

Multi-echo UTE data acquisition and subsequent echo subtrac-
tion are very effective techniques for suppressing long and medium T,
signals and providing high contrast imaging of short-T, tissues or tis-
sue components.””* Short-T, contrast is achieved by subtracting a
later echo image from the first, a technique that is equivalent to T,
bandpass filtering. Signals from long-T), tissues decay minimally by
the time of the later echo, leading to a significant reduction of long-T,
signals after echo subtraction. Signals from short-T) tissues or tissue
components drop significantly by the time of the later echo and are
much less affected by echo subtraction. T,*-related signal loss prior to
subtraction can be reduced by minimizing the RF pulse duration, the

TE, and the readout window.’” This dual-echo UTE subtraction tech-
nique has been used effectively to demonstrate cartilaginous endplate
(CEP) morphology, including cartilaginous endplate thickening and
irregularity on subtracted 3D UTE images (Fig. 4)."” The cartilaginous
endplate is well visualized on 3D UTE images but not on longer TE
T,-weighted SE images, and UTE-detected cartilaginous endplate
abnormalities shown in this way are significantly correlated with the
Miyazaki grade (p < 0.001)."” UTE with echo subtraction has also
been used to image cortical bone, menisci, ligaments, tendons, graft
material, and fixation elements following surgical tissue trauma
repair.”’ The major limitation of the technique is its sensitivity to sus-
ceptibility, By field inhomogeneity, and chemical shift effects. Fat has
multiple resonance peaks leading to a short T, which has the poten-
tial to create a significant residual signal on echo-subtracted UTE
images.

B. UTE with long-T; saturation

Long-T, signal saturation can be achieved by using a long-
duration low amplitude 90° pulse to flip the long-T, magnetization
into the transverse plane, where it is eventually spoiled by a large
crusher gradient.”*””" The short-T, magnetization experiences signif-
icant transverse relaxation during the saturation process. As a result,
its longitudinal magnetization is unchanged and is subsequently avail-
able for detection by the UTE data acquisition [Fig. 5(a)]. Long-T>-
saturated UTE imaging has been applied to ultrashort-T, components
in the brain, such as myelin.”’ A key parameter in UTE myelin imag-
ing is the time-bandwidth product of the saturation pulse, which is
related to spectral profile sharpness. Rectangular pulses, single-band
pulses, and dual-band pulses have all been systematically investigated.
Figures 5(b)-5(d) shows MR images of the brain in a healthy volunteer
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FIG. 4. The contrast mechanism for short-T, imaging with long-T, signal suppression is achieved via subtraction of a second echo image from the first (i.e., UTE) echo image
(a). A mid-sagittal 3D UTE image of the C3-4 disk in a 61-year-old male patient shows cartilaginous endplate thinning (solid black arrow) and a cartilaginous endplate defect
(dashed arrow), as well as focal nodular low signal intensity from a cartilaginous endplate defect (white arrow) (b). UTE with echo subtraction highlights areas of cartilaginous
endplate thinning (solid black arrow) as well as the cartilaginous endplate defect (dashed arrow), both of which are well visualized because of the increased contrast-to-noise
ratios (c). The focal low signal intensity associated with the cartilaginous endplate defect seen in panel (b) appears as focal irregular cartilaginous endplate thickening and irreg-
ularity (white arrow) in panel (c). (b) and (c) Reproduced with permission from Kim et al., Am. J. Roentgenol. 210, 1131-1140 (2018). Copyright 2018 American Roentgen Ray

Society."’

FIG. 5. Numerical simulation of transverse (M,,) and longitudinal (M,) magnetiza-
tions vs /T, in response to a rectangular pulse yB4z =90°, where 7 is the pulse
duration (a). The long-T, components are rotated into the transverse plane. In con-
trast, the short-T, components are located along the longitudinal axis. An example
of UTE imaging of the brain in a healthy volunteer is shown without long-T, sup-
pression (b), with a rectangular suppression pulse (duration = 16 ms) (c), and with
a single-band suppression pulse (duration =40 ms, time-bandwidth product = 2.4)
(d). Short-T, components in white matter and the falx cerebri (long, thin arrows) are
apparent only after long-T, suppression. (a) Reproduced with permission from
Sussman et al., Magn. Reson. Med. 40, 890-899 (1998). Copyright 1998 Wiley."®
(b)~(d) Reproduced with permission from Larson et al., Magn. Reson. Med. 56,
94-103 (2006). Copyright 1998 Wiley.”

using UTE imaging with and without long-T, saturation. The ultra-
short-T, components in white matter are obscured when using regular
UTE imaging but highlighted when long-T, saturation pulses are
applied. This short-T, component is present in myelin; it is lost in
patients with multiple sclerosis (MS).” The long-T, saturation pulse
improves contrast for short-T, components in the falx cerebri [long,
thin arrows in Figs. 5(c) and 5(d)]. Long dual-band saturation pulses
have also been employed to suppress signals from long-T, tissues and
tissue components;”’ however, long-T, saturation is generally very
sensitive to off resonance effects, which can lead to incomplete long-T,
signal suppression. Another limitation of long-T) saturation is its sen-
sitivity to short-T; contamination: the short-T, contrast may be
reduced due to fast signal recovery during the saturation recovery
period from tissues with long-T,s but short-T;s (e.g. fat).
Furthermore, the long-T, saturation technique is sensitive to By inho-
mogeneity, which may result in significant residual long-T, signals
and thereby degrade short-T, contrast.

C. UTE with off-resonance saturation

Short-T), tissues or tissue components such as the osteochondral
junction, menisci, tendons, ligaments, cortical bone, and myelin have
much broader spectral absorption lineshapes than long-T, tissues.
They can be selectively affected by appropriately placed off resonance
RF irradiation. A high-power saturation pulse placed a few kilohertz
away from the water peak can preferentially saturate signals from
short-T, tissues, leaving long-T, water and fat signals largely unaf-
fected. Subtraction of UTE images with and without off resonance RF
irradiation of this type can effectively suppress long-T), signals and cre-
ate high contrast imaging of short-T, tissues.”””’ Off-resonance RF
saturation can also be used to create phase contrast for short-T, tis-
sues. Phase changes detected using GRE sequences have provided a
new source of image contrast. In conventional MRI, short-T, compo-
nents, including myelin, contribute minimally to phase contrast.
Regular UTE images do not show significant phase contrast between
gray and white matter; however, UTE imaging with off resonance RF
saturation pulses can provide high phase contrast in the brain even at
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a nominal TE of 106 us.”* Compared to conventional MR imaging,
UTE with off resonance RF saturation provides reversed phase con-
trast between gray and white matter. Figure 6 shows the magnitude
and phase UTE images of the saturated components calculated using
complex subtraction.” The saturated signal component of combined
gray matter and CSF has a positive phase shift, while that of the white
matter primarily shows a negative phase shift. CSF appears to have a
similar positive phase shift in both UTE and GRE phase images, but
white matter shows the opposite sign. UTE-based MRI phase images
may improve the characterization of tissue microstructure in the brain
by accessing short-T, components, thereby providing a better way of
demonstrating phase contrast.”

D. UTE with long-T, adiabatic inversion

The adiabatic inversion recovery UTE (IR-UTE) sequence
employs a long adiabatic inversion pulse (e.g., Silver-Hoult pulse,
duration 7 of ~8ms) to invert the longitudinal magnetizations of
long-T, water and fat [Fig. 7(2)].7°°" The degree of inversion depends

(A) ox

Off-Resonance
Saturation

REVIEW scitation.org/journal/are

on the tissue T, with full inversion when T, > 1, and saturation when
T, < 1.7 When the pulse duration t is much longer than the trans-
verse relaxation times of short-T, tissues, the transverse magnetiza-
tions of short-T, tissues may experience significant relaxation, leading
to approximate saturation rather than complete inversion. When the
UTE acquisition starts at an inversion time (TI) designed to allow
the fully inverted long-T, magnetization to reach the null point,
short-T) tissues can be selectively imaged. A major advantage of the
Silver-Hoult adiabatic inversion pulse is its insensitivity to B; and
B, inhomogeneities. It provides uniform inversion of long-T, mag-
netizations when the RF pulse amplitude is above the adiabatic
threshold.®” It is also insensitive to off resonance effects due to its
relatively broad spectral bandwidth (~1kHz). The IR-UTE
sequence provides high short-T, contrast.”” Figures 7(b) and 7(c)
shows representative IR-UTE and conventional clinical FSE images
of the forearm. Cortical bone and tendons show near zero signal
on the FSE image but high signal and excellent contrast on the
IR-UTE image. The IR-UTE sequence can also be used to create
high contrast for other short-T), tissues or tissue components such

Gz
360°

a o

FIG. 6. Diagram of the 3D radial UTE
sequence with off resonance saturation

el R A A

A vl

(a). This technique employs two consecu-
tive 180° adiabatic inversion pulses for off
resonance saturation and a minimum-
phase pulse for excitation followed by 3D
radial ramp sampling with a minimal nomi-
nal TE of 0.106 ms. An example of off res-
onance saturated UTE magnitude (b) and
phase (c) imaging in the brain of a healthy
volunteer is shown with a TE of 0.106 ms
and a saturation frequency of —1.2kHz.
Three selected axial magnitude images
show high signal intensity in white matter,
indicating higher ultrashort-T, components
(b). The corresponding phase images
demonstrate negative phase shifts in white
matter and positive phase shifts in CSF
(c). (a)-(c) Reproduced with permission
from Wei et al., Neurolmage 175, 1-11
(2018). Copyright 2018 Elsevier.”*
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as the osteochondral junction, menisci, ligaments, tendons, and
myelin.

E. UTE with long-T, adiabatic inversion
and echo subtraction

The IR-UTE sequence can be combined with dual-echo acquisi-
tion and echo subtraction for selective imaging of non-aqueous myelin
protons.””**7* Figures 8(a) and 8(b) describes the contrast mecha-
nism. The adiabatic inversion pulse uniformly inverts the longitudinal
magnetizations of long-T, components in white and gray matter”” but
saturates the myelin magnetization, which has an ultrashort T, (T,
< 1ms) and experiences significant transverse relaxation during the
long adiabatic inversion process.”””” The dual-echo UTE data acquisi-
tion starts at the TI necessary for the inverted longitudinal magnetiza-
tion of long-T, white matter to reach its null point. The saturated
myelin magnetization recovers quickly during this TI because of its
short T,.°° The UTE sequence detects free induction decay (FID) sig-
nals from myelin and long-T, gray matter, which has a longer T than
long-T, white matter. The second echo acquires signals from non-
nulled long-T, gray matter as the myelin signal quickly decays to near
zero. Subtraction of the second echo image from the first provides
selective imaging of myelin in white matter. At the null point, the
white matter signal only comes from myelin. The gray matter signal,
on the other hand, is more complicated because there is a degree of
cancelation between the positive longitudinal magnetization from
myelin and the negative longitudinal magnetization from long-T,
components. The net effect is a reduced signal when the FID is
acquired.”” At the second echo (e.g., TE ~ 2ms), the myelin signal
quickly decays to zero, while the long-T, gray matter signal remains
essentially unchanged. Consequently, the gray matter has a higher sig-
nal at the second echo than at the FID [Fig. 8(b)]. As a result, subtrac-
tion of the second echo from the FID produces a positive signal for
myelin in white matter but a negative signal for gray matter, thus
creating high myelin contrast between the two [Fig. 8(e)].”

F. UTE with dual adiabatic inversion

The dual adiabatic inversion UTE (dual-IR-UTE) sequence
employs two Silver-Hoult adiabatic inversion pulses to invert the
longitudinal magnetizations of long-T, water and fat, respectively
[Fig. 9(2)].”* 7° The longitudinal magnetizations of short-T, tissues are
not inverted but largely saturated because of the fast signal decay

scitation.org/journal/are

FIG. 7. The contrast mechanism for IR-
UTE imaging where an adiabatic inversion
pulse is used to invert and null long-T, tis-
sues, followed by a UTE free induction
decay (FID) acquisition to detect signals
from short-T, tissues (a). Clinical FSE
imaging of a forearm shows near zero sig-
nal for cortical bone and tendons (b),
whereas the IR-UTE sequence provides
high signal and contrast for both (c).

during the long adiabatic inversion process.”” The UTE data acquisi-
tion starts at delay times of TI; and TI, that are chosen to invert and
null the long-T, water and fat magnetizations, respectively.”* The
long-T, water magnetization has a longer T; and requires a longer
inversion time TI; to reach the null point. In contrast, the long-T, fat
magnetization has a shorter T, value requiring a shorter inversion
time TI, to reach its null point. An appropriate combination of T},
TI,, and TR allows robust suppression of long-T, water and fat signals
simultaneously. Figures 9(b)-9(f) shows PD-FSE, T;-FSE, GRE, basic
UTE, and dual-IR-UTE images of a human patella sample.”* The deep
radial and calcified cartilage are inapparent with conventional FSE and
GRE sequences but are highlighted as a linear, well-defined area of
high signal (arrows) using dual-IR-UTE imaging. A similar technique,
double adiabatic inversion UTE sequence, has also been proposed for
high contrast imaging of short-T) tissues. It employs two identical adi-
abatic inversion pulses to invert the longitudinal magnetizations of
two or more long-T, tissues.”” This technique can simultaneously sup-
press long-T), tissues with a broad range of T;s (e.g., fat and muscle).

G. UTE with adiabatic inversion and fat saturation

The adiabatic inversion recovery and fat saturation UTE (IR-FS-
UTE) technique [Fig. 10(a)] provides high contrast for short-T, tissues
by using an adiabatic inversion preparation to suppress long-T, water
and using chemical shift-selective (CHESS) imaging to suppress
fat.”"* An example is 3D IR-FS-UTE imaging of the cartilaginous
endplate of the spine. The adiabatic inversion pulse is centered at
—220Hz, a frequency midway between the water and fat peaks at 3 T.
The adiabatic pulse uniformly fully inverts the longitudinal magnetiza-
tions of long-T, water and fat but only partially inverts the longitudi-
nal magnetizations of short-T, tissues, such as the cartilaginous
endplate (CEP)."" TI is chosen to null signals from long-T, tissues
such as the nucleus pulposus (NP), leaving signals from short-T, tis-
sues such as the CEP selectively deteted by the 3D UTE data acquisi-
tion. Short-T) tissues typically have short T;s, leading to a fast signal
recovery during TT and thus high signals at data collection.”” ** The
inversion preparation that nulls the NP signal with a long T, cannot
null the fat signal which has a much shorter T;. CHESS imaging
is used before the UTE data acquisition to suppress fat signals fur-
ther, thereby improving the CEP contrast. A train of spokes is
acquired after each IR-FS preparation to speed up data acquisition.
Figures 10(b)-10(d) show clinical and 3D IR-FS-UTE imaging of
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FIG. 8. The contrast mechanism for myelin imaging using a dual-echo IR-UTE acquisition with echo subtraction (a). This technique employs an adiabatic inversion pulse to
invert and null signals from long-T, components in white matter (WM, ). Long-T, components in gray matter (GM, ) have negative longitudinal magnetization at the time of FID
data acquisition because GMy_ has a longer T4 than WM. Myelin magnetization in white matter (WMyyejin) and gray matter (GMyyeiin) is saturated mainly due to its ultrashort
T, and recovers quickly during Tl. At the null point, the white matter signal comes from WMpyyeiin, Whereas the gray matter signal includes both the positive GMyyejin and the
negative GM,. At the second echo, signals from WMpyeiin and GMyyeiin quickly decay to zero, but GM,'s signal remains unchanged. As a result, a higher net magnetization
(MneT) in gray matter is produced at the second echo than at the FID (b). An example is shown on IR-UTE imaging of the brain of a healthy volunteer with a TE of 8 us (c)
and 2.2ms (d). Echo subtraction shows excellent WMyyeiin contrast with a positive signal for myelin in white matter (short thick arrows) and a negative signal in gray matter
(long thick arrows) (). Rubber (long thin arrows) and pads (arrow heads) have short T,s and are only visible with UTE images (c) and (e).

the lumbar spine in a patient. The IR-FS-UTE images depict a small
incipient Schmorl’s node on the superior vertebral body endplate
with a preserved thin cartilaginous endplate, which could not be
identified in the clinical T;- or T,-FSE images. This result demon-
strates the potential of the IR-FS-UTE sequence for imaging the
CEP of the spine with high contrast and its potential for diagnosing
early degenerative changes in the intervertebral disk. The 3D IR-
FS-UTE sequence can also be used to depict other short-T, tissues,
such as the osteochondral junction, menisci, tendons, ligaments,
and bone.”® The IR-FS preparation module can be combined with
other UTE-type sequences, such as zero echo time (ZTE), for high
contrast imaging of short-T, tissues.”” Generally, the IR-FS scheme
shows low sensitivity to B; and B, inhomogeneities and provides
higher contrast for the CEP, the osteochondral junction, and other
short-T, tissues than UTE-based dual-echo subtraction and long-
T, saturation approaches.

H. UTE with short TR adiabatic inversion

The short TR adiabatic inversion recovery UTE (STAIR-UTE)
sequence [Fig. 11(a)] utilizes the 3D IR-UTE data acquisition with a

short TR and a high flip angle within limits imposed by specific
absorption rate (SAR) concerns in clinical imaging.** ** A very short
TR and TT combination suppress signals from long-T, tissues with dif-
ferent Tys above a specific minimum value. To speed up data acquisi-
tion, multiple spokes are acquired after each adiabatic inversion pulse.
This provides fast volumetric imaging of short-T), tissues such as corti-
cal and trabecular bone in the spine and myelin in the brain’s gray and
white matter. The spokes acquired before and after the null point (cen-
ter spoke) have opposite M,s for long-T), tissues, leading to signal can-
celation and additional long-T, signal suppression and, thus, more
selective imaging of short-T, tissues. Numerical simulation suggests
that more efficient long-T, signal suppression can be achieved with
shorter TRs (e.g, <150 ms) and higher flip angles™ because shorter
TRs provide more effective long-T, signal suppression. In addition,
higher flip angles provide more T; weighting. The latter benefits short-
T, imaging as short-T) tissues typically have shorter T s than long-T,
tissues. Figures 11(b)-11(f) shows 3D STAIR-UTE brain imaging in a
29-year-old female volunteer at different TEs. Long-T, signals from
white matter, gray matter, and CSF are efficiently suppressed, and only
ultrashort T,* signals from non-aqueous myelin protons are detected.
This is shown by the excellent fitting of the signals from white matter
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with a single component curve which shows a T, of 0.22 = 0.01 ms,
close to the T,* of lyophilized myelin powder.””

The 3D STAIR-UTE sequence also shows high contrast imaging
of cortical and trabecular bone in the lumbar spine, with excellent sup-
pression of signals from long-T, tissues.”” These results demonstrate
that the STAIR-UTE technique reduces long-T, signals from muscle
and fat effectively despite their differences in T,. Direct imaging of tra-
becular bone in the spine, hip, or ankle is challenging due to high sig-
nals from marrow fat and other long-T, tissues. Many UTE-based
sequences, such as dual-echo acquisition with echo subtraction,””*”**
long-T, saturation,”” ! adiabatic inversion recovery,Sg and spectral
pre-saturation with inversion recovery (SPIR)*” may be unable to sup-
press signals from fat and other long-T?2 tissues effectively. If suppres-
sion is unsatisfactory in this respect, the residual signal can be much
higher than that from trabecular bone, leading to significant long-T,
signal contamination. Recently, Wurnig et al. combined the SPIR
preparation with 3D UTE data acquisition (SPIR-UTE) to directly
image trabecular bone in the spine.”” This approach resulted in a rela-
tively long T," value of 2.42 = 0.56 ms for trabecular bone at 3T,
which is about eight times longer than the T,* of 0.31 = 0.01 ms mea-
sured with a 3D STAIR-UTE sequence, suggesting that SPIR-UTE
imaging of trabecular bone is subject to significant fat signal contami-
nation.”® The 3D STAIR-UTE-measured value of T,* for trabecular

UTE acquisition to create short-T, con-
trast. An example is shown on clinical PD-
FSE (b), T-FSE (c), GRE (d), regular
UTE (e), and dual-IR-UTE (f) imaging of a
cadaveric human patella sample. The
deep radial and calcified cartilage are
invisible with clinical sequences but
highlighted as a linear, well-defined area
of high signal (arrows) with the dual-IR-
UTE sequence. (b)—(f) Reproduced with
permission from Du et al., Osteoarthritis
Cartilage 21, 77-85 (2013). Copyright
2013 Elsevier.”®

bone is very close to the T,* of ~0.3ms for cortical bone measured
with various IR-based UTE techniques,” *’ implying that marrow fat
and water are effectively suppressed with this sequence and that tra-
becular bone is therefore being selectively detected.™

I. UTE water/fat imaging

Fat suppression is often required to enhance the short-T, con-
trast. However, the commonly used CHESS technique is problematic
when imaging short-T, tissues because of their broad spectral band-
widths, which overlap with that of fat. Fat suppression pulses can satu-
rate signals from short-T, tissues directly due to spectral overlap or
indirectly due to magnetization transfer.”””””* Conventional chemical
shift-based decomposition techniques such as single- or multi-point
Dixon approach” and IDEAL (Iterative Decomposition of water and
fat with Echo Asymmetry and Least-squares estimation)’ provide
excellent water-fat signal separation for long-T) tissues. These techni-
ques have provided the impetus for developing new methods, such as
UTE-based IDEAL (UTE-IDEAL), which combines conventional
water-fat separation methods with UTE data acquisition.”” The meth-
ods are designed to preserve signals from short-T, tissues while pro-
viding high contrast, water-only images, as well as T," and fat fraction
maps. UTE-IDEAL employs multifrequency modeling of fat to
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(A_X) Adiabatic IRpulse === improve water/fat signal separation.”” Figure 12 shows UTE-IDEAL
CEP  __o====""" imaging of the ankle of a 28-year-old volunteer. Excellent fat water

PP - n | | | | I_”_l ________ separation with T," and fat fraction mapping can be achieved simulta-

/,/' _________ = Time neously, not only for long-T), tissues but also for short-T, tissues, such

' e as the Achilles tendon and enthesis, which are invisible with conven-
- tional MRI sequences.

The single-point Dixon technique allows fast water and fat sepa-
ration.”*”” More recently, a single echo UTE (sUTE) technique was
proposed to solve the smoothness-constrained inverse water/fat prob-
lem. The sUTE method can separate fat from water, remove unwanted
low-frequency phase terms, and facilitate susceptibility-weighted
imaging from a single complex UTE image.'’”'"" Figure 13 shows rep-
resentative water- and fat-separated images using sUTE-based Dixon
(sUTE-Dixon) and Cartesian six echo-based Dixon (6TE-Dixon)
imaging for water-fat separation.'”’ An acute wedge compression frac-
ture and bone marrow edema are clearly identified at L3 in this
patient, with an excellent depiction of the fluid and bone marrow sepa-
ration line in the fat images. These results suggest that the sUTE tech-
nique can be used to simultaneously evaluate vertebral fractures and
bone marrow edema in the thoracolumbar spine.'”’

J. UTE with water excitation

Fat suppression is crucial for high contrast UTE imaging of
short-T, tissues in the musculoskeletal system. Short-T, tissues such
as cortical bone and tendon typically have much lower proton densi-
ties and shorter T,s than fat. In addition, fat has a short T,. These
effects result in a relatively high fat signal in T;-weighted UTE imag-
ing. Further, UTE imaging is based on non-Cartesian sampling and is
therefore sensitive to chemical shift and partial volume artifacts.'*”
Consequently, it is necessary to incorporate fat suppression techniques

FIG. 10. The 3D IR-FS-UTE sequence. This combines adiabatic inversion pulse
preparation and CHESS imaging with UTE acquisition to visualize short-T, tissues
such as the cartilaginous endplate (CEP) (a). The adiabatic inversion pulse inverts
and nulls signal from the nucleus pulposus (NP) in the intervertebral disk. CHESS
imaging is used to suppress signal from fat. A multi-spoke 3D UTE acquisition fol-

lows to provide high contrast imaging of the CEP. The sequence was used in the
spine (T11-L5) of a 38-year-old male volunteer with conventional 2D T,-FSE (b),
2D T4-FSE (c), and 3D IR-FS-UTE (d) sequences. Excellent contrast is achieved
for the CEP using the 3D IR-FS-UTE sequence [arrow in panel (d)] but not with the
clinical T,- and T4-FSE sequences [arrows in panels (b) and (c)]. The preserved
cartilaginous endplate around the Schmorl’s node in the superior endplate of L2

into most morphological and quantitative UTE imaging outside the
brain. In clinical practice, the most frequently used approach for fat
suppression is CHESS imaging, which employs a spectrally selective
RF pulse followed by a gradient spoiler to suppress signals from fat.
However, CHESS imaging may directly saturate the broad signal of

can only be seen with the IR-FS-UTE sequence. (a)-(d) Reproduced with permis-

hort-T, ti indirectly att te short-T, signals due to MT
sion from Lombardi et al,, NVIR Biomed. 34, e4579 (2021). Copyright 2021 Wiley. " o' -2 HSSHes or mdurectly arentiate sEorts’> sighdls due fo

effects, especially with collagen-rich tissues.'”*"'*
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FIG. 11. The 3D STAIR-UTE sequence uses a short TR (e.g., TR ~ 150 ms or shorter) and short Tl (e.g., ~64 ms) to suppress long-T, signal components (a). lts efficacy is
demonstrated in STAIR-UTE imaging of the brain in a 29-year-old volunteer with TEs of 0.032 (b), 0.1 (c), 0.3 (d), and 2.2 ms (e), as well as exponential fitting of the STAIR-
UTE signal for the white matter which shows a T,* of 0.22 == 0.01 ms (f), consistent with long-T, signal suppression. (b)(f) Reproduced with permission from Ma et al.,
Radiology 297, 392-404 (2020). Copyright 2020 Radiology Society of North America.”
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FIG. 12. UTE-IDEAL imaging of the ankle of a 28-year-old healthy volunteer. This shows robust water and fat signal separation and produces a water-only image with high sig-
nal and contrast of the Achilles tendon and enthesis (a), a fat-only image (b), a fat fraction map (c), and an R,* map (d).

Water excitation can effectively resolve these challenges.'”*'"” A
series of short RF pulses with binomial amplitude ratios have been
proposed for water-selective excitation in 3D UTE imaging.'® A
nearly complete absence of fat signal can be achieved without the need
for long preparation schemes or saturation pulses.'’” Figure 14(a)
shows the pulse scheme, including the time interval between the two
rectangular excitation pulses (Ti,) and the duration of a single RF
pulse (Trg), which forms a 1-1 double RF excitation pulse. The trans-
verse magnetization at the beginning of this double RF pulse excitation
is near zero due to RF spoiling and spoiler gradients. Off-resonance
Larmor frequencies are not excited by the 1-1 double RF pulse during

sUTE-Dixon

6TE-Dixon

the saturation period. Figures 14(b)-14(d) show water-selective 3D
UTE imaging of finger tendons and the posterior cruciate ligament
with very low signal from fat.'”® Recently, a new soft-hard composite
pulse has been developed for water excitation.'” The soft pulse has a
narrow bandwidth and is centered on the fat peak, so it only flips the
fat magnetization. In distinction, a rectangular pulse with the same flip
angle as the soft pulse is used to rotate the water and fat magnetiza-
tions in opposite directions. The fat magnetization experiences flipping
up and down with an identical flip angle, leading to near zero trans-
verse magnetization and excellent fat suppression. In addition, the
low-power soft pulse has little direct or indirect saturation effect on

FIG. 13. Comparison of sUTE-Dixon,
Cartesian 6TE-Dixon, and STIR (short tau
inversion recovery) images in a patient with
an acute wedge compression fracture of L3
with bone marrow edema. The STIR image
shows an edema-equivalent signal alteration
(red arrows). Compared with the STIR and
the 6TE-Dixon scans, the UTE scan has
higher in-plane resolution and thicker slices.
The bone marrow edema is visible in the
SUTE-Dixon images, and the contrast
between water and fat is comparable with
the 6TE-Dixon images. The sUTE-Dixon
water images contain signals within the
anterior subcutaneous fat region (green
arrows), which is prone to artifacts associ-
ated with abdominal breathing. Reproduced
with permission from Kronthaler et al.,
Magn. Reson. Med. 87, 1771-1783 (2022).
Copyright 2022 Wiley.""'
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FIG. 14. Diagram of the 3D radial water-selective UTE sequence (a), which uses a 1-1 double RF pulse excitation and centric 3D radial mapping of k-space. Results are
shown in (b)—(d) using a water-selective 3D UTE sequence on a 3 T clinical scanner. Tendons of the finger flexors are clearly depicted in sagittal (b) and axial () UTE images.
The posterior cruciate ligament of the knee joint is also depicted with positive contrast (d). Reproduced with permission from Springer et al., Magn. Reson. Med. 71, 534-543
(2014). Copyright 2014 Wiley.'*

short-T, magnetizations. As a result, the soft-hard composite pulse combines highly undersampled interleaved projection reconstruction
provides high signal and contrast imaging of knee joint tissues with with multi-echo UTE data acquisitions at progressively increasing TEs
much reduced short-T, signal attenuation.'** [Fig. 15(2)].""%"""* The projections are divided into multiple inter-
leaved groups [Fig. 15(b)]. Each group of projections sparsely but uni-
formly covers k-space, and view sharing with a sliding window

K. UTE spectroscopic imaging reconstruction algorithm is used to reconstruct images at each

With conventional chemical shift imaging, small phase encoding
gradients are employed for spatial localization, followed by an FID
acquisition and Fourier transformation in the time domain to generate
spectroscopic information.'”” For long-T, tissues, this provides high
spectral resolution but low spatial resolution. For short-T, tissues, it is
essential to reduce the minimal TE. UTE spectroscopic imaging

TE."""'"” Fourier transformation in the time domain (with images
acquired at different TEs) is used to generate spectroscopic images.
T," can be derived from the exponential fitting of time-domain images
or line shape fitting of the magnitude spectrum, and proton density
and frequency shift can be quantified. Figures 15(c)-15(1) show time-
domain and spectral domain UTE spectroscopic images of the tibial

.......................... e
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FIG. 15. Diagram of the 2D UTE spectroscopic imaging sequence (a) and the interleaved variable TE acquisition scheme (b). This technique employs highly undersampled
interleaved acquisitions, where each group of projections uniformly covers k-space with its TE progressively delayed by a predefined time (e.g., 80 us). An example is shown
on long-T, suppressed UTE spectroscopic imaging of the tibial midshaft of a 29-year-old volunteer in the time-domain with TEs of 8 (c), 88 (d), 168 (e), 408 (f), and 968 wus
(9), and in the spectral domain with frequency offsets of 2500 (h), 51 (i), 0 (j), —366 (k), and —3200 Hz (I). Undersampling streaks are shifted to high spectral frequencies, pro-
ducing streak-free water (j) and fat (k) images. Signals from long-T, water and fat were suppressed using an adiabatic inversion pulse. A pixel-based UTE spectrum for cortical
bone (m), a relative proton density map (n), and a T,* map (o) are also displayed. Reproduced with permission from Du et al., Magn. Reson. Med. 58, 1001-1009 (2007).
Copyright 2007 Wiley.""”
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midshaft of a 29-year-old volunteer with muscle and fat signals sup-
pressed by an adiabatic inversion pulse.''’ The interleaved acquisition
produces oscillating streak artifacts, which are shifted to high frequen-
cies in the spectral domain, resulting in streak-free bone images near
the on-resonance frequencies. Figures 15(m)-15(0) show a single-
pixel bone spectrum, relative PD, and T,* maps. T,* derived from line
shape fitting ranges from 300 to 500 us, broadly consistent with the lit-
erature.””  Spectroscopic images can also be generated for many
other short-T) tissues, including the osteochondral junction, menisci,
ligaments, and tendons.''”''” This technique provides short-T,
images with high spatial resolution, moderate spectral resolution, and
minor streak artifacts in clinically acceptable scan times.

L. Contrast mechanisms with other pulse sequences

The different UTE-type sequences can be combined with each of
the above contrast mechanisms for high contrast imaging of various
short-T) tissues and tissue components in the body. For example, adia-
batic inversion recovery-based preparations can be combined with
RHE,*” ZTE, 1'% and PETRA™'" sequences for high contrast
imaging of cortical bone, myelin, and other short-T, tissues, respec-
tively. On-resonance long-T, suppression or off resonance short-T,
saturation can be applied to WASPI, SWIFT, PETRA, SPI, RHE, and
ZTE sequences where echo subtraction is not easily applicable for cre-
ating short-T, contrast. For example, SWIFT has been combined with
off resonance saturation to image the interface between cartilage and
subchondral bone.”” The use of many of the above contrast mecha-
nisms with SPI, WASPI, AWSOS, PETRA, RHE, and ZTE sequences
remains to be investigated.

M. Summary of contrast mechanisms

All the major MR vendors have implemented UTE-type sequen-
ces on their equipment for research purposes, and various morpholog-
ical UTE imaging techniques have been developed. The technical
performance in terms of B; and B, inhomogeneities, chemical shift
artifacts, CNR and SNR efficiencies, significant advantages and disad-
vantages, promising and challenging clinical applications, and related
references for each contrast mechanism are detailed in Table I
Among the different contrast mechanisms discussed above, dual-echo
UTE with echo subtraction is the most time-efficient method.
However, it is sensitive to chemical shift, off resonance, and suscepti-
bility effects leading to inefficient long-T, suppression.”””* Long-T,
saturation-based contrast mechanisms, including T,-selective RF exci-
tation,”” dual-band UTE,”””' UTE with on-resonance or off resonance
saturation,”” and WASPL***! are sensitive to B; and B, inhomogenei-
ties, which leads to incomplete long-T, signal suppression and there-
fore compromised short-T, contrast. UTE  spectroscopic
imaging'"’ "> and water/fat separation techniques’’ """ have great
potential for SNR-efficient imaging of short-T) tissues by avoiding the
short-T, signal attenuation associated with chemical shift-based fat
saturation pulses but lack long-T, water suppression. Adiabatic inver-
sion recovery-based techniques, including basic IR-UTE,”® ”* dual-IR-
UTE,”*7° IR-FS-UTE,”* " and STAIR-UTE,***® seem to be most
promising as they provide more uniform suppression of long-T, water
and fat signals than other contrast mechanisms due in large part to
the insensitivity of adiabatic inversion pulses to B; and B, inhomoge-
neities.”® *®  Overall, the IR-based UTE techniques, especially

REVIEW scitation.org/journal/are

STAIR-UTE, seem the most promising approach for high contrast
imaging of ultrashort T," tissues such as the osteochondral junction,
trabecular bone, and myelin. Dual-echo UTE with echo subtraction
works best for high contrast imaging of short T, tissues with relatively
high proton densities (e.g., the menisci, ligaments, and tendons) but is
more difficult with ultrashort-T, tissues that have low proton densities
(e.g., bone and myelin) where efficient long-T, suppression is of criti-
cal importance. The basic UTE sequence seems to be the best option
for high-resolution imaging of the lung, where motion compensation
is a high priority.

V. PART II-TECHNICAL DEVELOPMENT
IN QUANTITATIVE UTE MRI

The focus of current UTE techniques is to reduce TE and
improve signal detection by implementing different data sampling and
image reconstruction strategies, as well as novel contrast mechanisms.
However, it is also essential to quantitatively evaluate short-T, tissue
relaxation times and other MR properties, including Ty, T, T>, T},
MTR, MT modeling of MMEF, perfusion, diffusion, susceptibility, and
water content.” *'*""'*” These biomarkers may be beneficial for evalu-
ating early degeneration and monitoring therapy.

Current standard clinical MR sequences cannot be used to quan-
tify short-T, tissues due to a lack of signal.” * For example, conven-
tional inversion recovery-based T, quantification techniques are
problematic for short-T), tissues such as cortical bone because the stan-
dard inversion pulse does not invert the longitudinal magnetization of
cortical bone, and the transverse magnetization loses coherence too
rapidly for spatial encoding.'**"'*” Accurate quantification of short-T,
tissues requires consideration of fast transverse relaxation during both
magnetization preparation and spatial encoding. A series of quantita-
tive UTE imaging techniques have been developed to assess the relaxa-
tion times and other MR properties of short-T, tissues using clinical
MR scanners.

A. UTE T, measurement

Many techniques for mapping the T, of long-T, tissues have
been developed,'*'*'**'*” with variable repetition time (VTR) and
variable flip angle (VFA) methods being two of the most widely used
'[echniques.sz‘83 However, VIR and VFA methods are disadvantaged
by sensitivity to B; field inhomogeneity. While the actual flip angle
imaging (AFI) technique has been developed to overcome this chal-
lenge,'”” short-T, tissues still pose a problem with all currently avail-
able conventional T, mapping techniques due to the lack of detectable
signal when conventional data acquisitions with a long TE are used. A
combination of UTE, AFIL, and VIR or VFA techniques (UTE-AFI
VTR/VFA) has been developed for accurate quantification of T; of
short-T, tissues [Figs. 16(a) and 16(b)].*** Figures 16(c)-16(h) show
T, mapping of an agarose phantom, a bovine cortical bone sample,
and the tibial midshaft of a healthy volunteer.”” UTE-VTR-based T,
maps show lower T; values and more B; spatial modulation than
UTE-AFI-VTR-based T, maps. Furthermore, the UTE-AFI-VFI
method provides fast and accurate T; mapping of short-T, tissues.”
T, values for long-T) tissues, such as cartilage and muscle, obtained
with this technique are generally consistent with the literature."* '° T,
values for short-T), tissues, such as the menisci, ligaments, tendons,
and cortical bone obtained in this way, remain to be validated using a
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TABLE I. Summary of short-T, imaging contrast mechanisms, including echo subtraction, long-T, saturation, off resonance saturation, adiabatic inversion recovery, adiabatic inversion recovery with echo sub- >
traction, dual adiabatic inversion recovery, adiabatic inversion recovery with fat saturation, short TR adiabatic inversion recovery, fatiwater imaging, water excitation, and spectroscopic imaging, as well as the o
technical performance in terms of B4 inhomogeneity, B, inhomogeneity, fat-related chemical shift artifacts, CNR efficiency, SNR efficiency, a summary of the significant advantages and disadvantages, promising -g
and challenging clinical applications, and related references for each technique. OCJ = osteochondral junction. g
Technical Performance Summary of significant advantages L)
o (*** best) and disadvantages Applications .,2-
Short-T, imaging »
contrast mechanisms  B; B, Fat CNR SNR Advantages Disadvantages Promising Challenging References §
Echo subtraction e * e High SNR, fast Low CNR, sensitive to ~ Most MSK tissues, — Trabecular bone, 6, 30, 32, 47, A
acquisition, easy to Bo/susceptibility/off liver, lung, iron myelin and 58 2
implement with UTE resonance, strong fat sig-  overload, implants 0
sequences nal, difficulty with ZTE/ s
WASPI/SWIFT/PETRA 2
sequences
Long-T, saturation * * * * o Medium SNR, variety of Low CNR, sensitive to Most MSK tissues  Trabecular bone, 32, 49-51,
long-T, suppression B,/By/susceptibility/ off myelin and 58
pulses resonance, strong residual
fat signal
Off-resonance R o High CNR, suitable for ~Low SNR, slow acquisition Most MSK tissues  Trabecular bone, 32 and
saturation UTE, ZTE, SWIFT, (need two acquisitions (CEP, OCJ, etc.) myelin 52-54
PETRA with and without
saturation)
Adiabatic Inversion e o * * High CNR, robust to Low SNR, fat signal Most MSK tissues,  Trabecular bone, 6,32, and
recovery B,/B, inhomogeneity, contamination, slow iron overload myelin 55-60
good for UTE, ZTE, acquisition, difficulty in
SWIFT, PETRA suppressing long-T,
tissues with a broad range
of Tys
Adiabatic inversion R ARk o High CNR, robust to B; Low SNR, slow Most MSK tissues,  Trabecular bone 55, 64-66,
recovery + echo inhomogeneity, magni-  acquisition, difficulty in iron overload, 68, and
subtraction tude, and complex suppressing long-T, Myelin 70-73
subtraction tissues with a broad range
of Tys
Dual adiabatic inver- B o High CNR, robust to B; Sensitive to By Most MSK tissues,  Trabecular bone 32,62, and
sion recovery inhomogeneity, suppres- inhomogeneity, off especially the CEP, 74-77
sion of long-T, water and resonance, slow OCJ, etc.
fat acquisition, difficulty in @
suppressing long-T, g
tissues with a broad range )
of Tys =)
Adiabatic inversion R e e High CNR, robust to B;  Sensitive to By inhomoge- Most MSK tissues,  Trabecular bone 61 and %
recovery + fat inhomogeneity, suppres-  neity, off resonance, slow especially the CEP, 78-80 5
saturation sion of long-T, water and  acquisition, difficulty in 0(J, etc. 2
fat suppressing long-T), tis- 5

sues with a broad range of
TIS
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TABLE I. (Continued.)

Technical Performance

Summary of significant advantages

(*** best) and disadvantages Applications
Short-T, imaging
contrast mechanisms  B; By Fat CNR SNR Advantages Disadvantages Promising Challenging References
Short TR adiabatic R e High CNR, robust to Low SNR, slow Cortical/trabecular  Meniscus, enthesis 61 and
inversion recovery B,/By inhomogeneity, acquisition, reduced bone, tendon, iron 86-88
suppression of water/fat performance when overload, myelin
regardless of T imaging tissues with
slightly longer T,"s and
T;s (e.g., meniscus,
enthesis)
Fat/water imaging S * High SNR, reasonable No long-T, suppression, Menisci, ligaments,  Trabecular bone, 97, 100, and
water/fat separation, fast low CNR for tissues with  enthesis, tendons myelin 101
acquisition ultrashort T,*, and low
PD (e.g., bone, myelin)
Water excitation * * o o High SNR, reasonable No long-T, suppression, Menisci, ligaments, = Trabecular bone, 106-108
water/fat separation low CNR for tissues with  enthesis, tendons myelin
ultrashort T,*, and low
PD (e.g., bone, myelin)
Spectroscopic imaging ~ *** ¥ eEE s High CNR, excellent No long-T, suppression, ~Menisci, ligaments, Trabecular bone, 110-112

water/fat separation

low CNR for tissues with
ultrashort T,*, and low
PD (e.g., bone, myelin)

enthesis, tendons

myelin
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FIG. 16. The T, relaxation times of short-T, tissues can be measured with the 3D
UTE sequence using a variable TR (VTR) method (a) or an actual flip angle imag-
ing (AFI) VTR method (b). UTE-VTR T4 mapping for a phantom (c), a bovine tibia
(e), and the tibia and fibula midshaft of a volunteer (g), as well as UTE-AFI-VTR T4
mapping for the phantom (d), the bovine tibia (f), and the tibia and fibula midshaft of
a volunteer (h), respectively. The UTE-AFI-VTR method provides more homoge-
nous T4 maps (d), (f), (h), suggesting that it is more consistent than the UTE-VTR
method. Reproduced with permission from Ma et al., Magn. Reson. Med. 80,
5098-608 (2018). Copyright 2018 Wiley.**

spectrometer where higher RF and stronger gradient systems allow
more accurate quantification.

B. UTE T>* measurement

Because of their fast signal decay, clinical MRI sequences have
difficulty measuring T, and T,* values of short-T, tissues such as
bone, ligaments, tendons, and menisci.”*"** UTE-based T,* (UTE-
T,*) overcomes this limitation and can assess collagen structural integ-
rity and degeneration in articular cartilage, ligaments, and menisci.'*’
UTE-T,* mapping of meniscus degeneration before the surface break-
down can be an important biomarker of early disease. Figure 17 shows
three human meniscus samples assessed by UTE-T,", polarized light
microscopy, and alcian blue staining.'** Samples with no clinical signs
of tear or degeneration showed lower UTE-T," values (<8ms) and

REVIEW scitation.org/journal/are

normal histopathological scores (<3) [Fig. 17(a)]. In distinction, sam-
ples with grade I-III degeneration on the clinical MRIs showed highly
heterogeneous UTE-T,* maps and relatively high histopathological
scores (>5) [Fig. 17(b)]. Specimens with evidence of tear and/or
degenerated signal in the corresponding clinical MRI images of the
posterior meniscus showed relatively high mean UTE-T,* values
(>10ms) and degenerated histopathological scores (>5) [Fig. 17(c)].
UTE-T,* values increased with increasing meniscus injury and
decreased with healing.'”” These results suggest that UTE-T,* map-
ping can potentially identify joints at risk of degeneration and facilitate
monitoring of therapeutic effects.

Most tissues in the body have multiple water components, which
have different T, and T,* values."”*'*” For example, white matter of
the brain has three distinct water components, including myelin water
(water trapped in the myelin sheath), axon water (water within mye-
linated axons), and mixed water (interstitial water)."”® Most musculo-
skeletal tissues have free water and water bound to the organic matrix.
Bound water typically has a short T, and is challenging to detect, espe-
cially in tissues such as cortical bone and tendons. UTE bi-component
analysis facilitates the assessment of bound and free water in short-T,
tissues.'”” > Recent studies suggest that short and long T,* values
and their fractions are significantly correlated with tissue proper-
ties."*""'** Recently, a large-scale prospective study was conducted
to investigate the association between UTE bi-component T,* anal-
ysis and symptoms during exercise therapy for patellar tendinop-
athy.'”” Among 76 athletes, a significant decrease in T,* was found
consistent with the presence of degenerative tissue in the patellar
tendon (Fig. 18).

C. UTE T,, measurement

Ty, imaging has emerged as a useful noninvasive method for
monitoring biochemical changes in various body tissues. It has been
employed to probe macromolecules in the liver, """ muscle, """
spine,"””"*" brain,"”*"** and cartilage.”’**'>> However, because con-
ventional T, imaging sequences cannot evaluate short-T tissues due
to the lack of detectable signal,lg; 1% UTE-based T, » (UTE-T,,)
sequences have been developed to evaluate macromolecular changes
(e.g., proteoglycan depletion) in short-T, tissues [Fig. 19(a)]."”" "*" In
this approach, a conventional continuous wave spin-lock pulse is used
for magnetization preparation, with the magnetization stored along
the z-axis subsequently detected by UTE data acquisition. This tech-
nique enables T;, imaging of various short-T, tissues such as the
Achilles tendon, ligaments, menisci, and deep layers of articular
cartilage. Figures 19(b)-19(d) show 3D UTE-T,, and 2D GRE-T},
imaging of the Achilles tendon in a young, healthy volunteer.””” The
GRE-T,,, sequence provides little signal for the Achilles tendon
because of its relatively long TE. In contrast, the 3D UTE-T, , sequence
shows a much higher signal in the Achilles tendon and demonstrates a
short mean T}, of 3.07 + 0.35 ms.

A major limitation with conventional T;, imaging is the magic
angle effect.'””'** T, , values may be significantly increased when col-
lagen fibers are reoriented from 0° to near 54° (the magic angle) rela-
tive to the By field. Trains of adiabatic inversion pulses have been
employed to generate a new contrast, termed AdiabT,,,'"" """ which
is less sensitive to the magic angle effect.” However, the AdiabT,
sequence can only be applied to long-T, tissues. To address this limita-
tion, a UTE-based AdiabT,, (UTE-AdiabT,,) sequence has been
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FIG. 17. UTE-T,* mapping (a)-(c), polar-
ized light microscopy (d)—(f), and alcian
blue staining (g)-(i) of three cadaveric
human meniscus samples. The first sam-
ple from a 34-year-old female donor is a
clinically unremarkable and histologically
normal medial meniscus and shows a low
mean UTE-T,* value [(@), T,"=7
=+ 2ms] with the matrix highly organized,
tightly woven, and brightly birefringent on
polarized light microscopy with a smooth
ground substance [(d) and (g), histology
score 0]. The second sample from a 76-
year-old male donor is a clinically and his-
tologically degenerate meniscus, and
shows a heterogeneous UTE-T,* map
with a relatively low mean UTE-T,* value
[(b), Ty* =8 = 3 ms] with grade Il degen-
eration exhibiting cyst formation and disor-
ganized collagen fibers [(e) and (h), score
6]. The third sample from a 75-year-old
male donor is a clinically diagnosed grade
Il degenerate meniscus, and shows an
elevated mean UTE-T,* value [(c),
T,* =13 £ 4ms] with disorganized, less
birefringent collagen and mucoid degener-
ation [(f), (i), histology score 7].
Reproduced  with  permission  from
Williams et al., Osteoarthritis Cartilage 20,
486-494  (2012).  Copyright 2012
Elsevier.'*

FIG. 18. A 19-year-old male volleyball
player with patellar tendinopathy’s proxi-
mal patellar tendinopathy was subject to
3D UTE imaging at baseline (left column),
12 weeks (middle column), and 24 weeks
(right column) (a). UTE T, analysis of
automatically selected voxels (cyan) in
degenerative tissue in the patellar tendon
based on a fitting threshold indicating
degeneration of 0%-30% short-T, com-
ponents (b). The mean UTE T,
decreased from 19.9 = 7.3 ms at baseline
to 17.2£58ms at 12weeks and 16.8
+49ms at 24 weeks. Single-component
UTE T, maps are on a scale from dark
blue (short T,') to red (long To) (c). Bi-
exponential fitting shows the short-T,
fraction on a scale from dark blue (0%
short-T, components) to red (100%
short-T,” components) (d). Reproduced
with permission from Breda et al, J.
Magn. Reson. Imaging 54, 1596-1605
(2021). Copyright 2021 Author(s), licensed
under a Creative Commons Atftribution
(CC BY) License.'*
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FIG. 19. Diagram of the 3D UTE-T4, sequence (a), which employs a composite
spin-lock pulse followed by multi-spoke UTE data acquisition. 3D UTE-T4,, images
(b) and 2D GRE-Tj,, images (c) of the Achilles tendon of a 38-year-old healthy vol-
unteer were acquired with four different spin-lock times of 0.02, 1, 5, and 10 ms,
respectively. The Achilles tendon shows a signal void with the 2D GRE-T,
sequence but a high signal with the 3D UTE-T;,, sequence. It demonstrates a UTE-
T4, value of 3.07 = 0.35ms using a single-component exponential fitting model (d).
Reproduced with permission from Ma et al, NMR Biomed. 30, 3709 (2017).
Copyright 2017 Wiley.'

developed to provide robust T;, mapping of both short- and long-T,
tissues on a clinical whole-body scanner.'”” """ The UTE-AdiabT,,
sequence employs a series of adiabatic inversion pulses followed by 3D
UTE data acquisition to generate T, contrast [Fig. 20(a)]. As an
example, the knee joint of a young, healthy volunteer was imaged with
the 3D UTE-AdiabT,, sequence and showed high signal and contrast
for all the principal joint tissues [Figs. 20(b)-20(g)].""” More recent
work suggests that the 3D UTE-AdiabT,, values show a much
reduced magic angle effect compared to both the regular T,,, UTE-
Typ, and UTE-T,* values."””

D. UTE proton density measurement

UTE imaging can map the PD of short-T, tissues by comparing
their MR signal with that of a calibration phantom.*"**"** For exam-
ple, bone water (BW) concentration can be quantified by comparing
the UTE signal of bone with that of a water phantom, thereby provid-
ing a new metric for assessing bone quality without ionization radia-

. 31 . .
tion. In a recent study, bone water concentration was measured in

scitation.org/journal/are

the tibial midshaft of healthy pre- and postmenopausal women and
patients with renal osteodystrophy (ROD). The UTE measurements
were compared with bone mineral density (BMD) measured at the
same site using peripheral quantitative computed tomography (CT),
as well as with BMD of the lumbar spine and hip obtained with dual
x-ray absorptiometry. Figure 21 shows cross-sectional images of the
tibial midshaft in three representative subjects, as well as scatterplots
of bone water and volumetric BMD, obtained from the three groups of
women. Patients with renal osteodystrophy had 135% higher bone
water content than the premenopausal group (p < 0.001) and 43%
higher than the postmenopausal group (p =0.02). A much more sig-
nificant change was observed in bone water than in BMD. Compared
with the premenopausal group, cortical thickness was lower by 25% in
the postmenopausal group (p < 0.05) and by 28% in the renal osteo-
dystrophy group (p < 0.01), with no significant difference between
these two groups.”’ Manhard et al. developed UTE techniques further
to map bound water and pore water in cortical bone and observed
excellent correlations between bending strength and bound or pore
water concentrations.'”’

E. UTE magnetization transfer imaging

Magnetization transfer (MT) refers to the transfer of spin magne-
tization from macromolecular protons to water protons. MT imaging
allows indirect assessment of macromolecules with restricted motion
and extremely short Tos."”"'” In this technique, a saturation pulse is
placed at a frequency offset Af away from the water peak to saturate
macromolecular protons. These exchange with water protons (either
by chemical exchange or magnetization transfer), leading to a signifi-
cant reduction in the detectable signal. A simple way to quantify the
MT effect is to measure the magnetization transfer ratio (MTR) or off
resonance saturation ratio (OSR). Clinical MT sequences based on
conventional data acquisitions cannot evaluate short-T) tissues such as
bone. UTE-based MT (UTE-MT) sequences enable direct detection of
water signals in short-T) tissues and indirect assessment of macromo-
lecular signals (T,*s ~ 0.01 ms), which are invisible even with UTE
sequences. The MTR in cortical bone was investigated by Springer
et al. by combining the 3D UTE data acquisition with a Gaussian-
shaped off resonance saturation pulse.'”” Grosse et al. employed OSR
to study tendon degeneration.'”* Figure 22 shows ultrasound and MR
images of a symptomatic patient with Achilles tendinopathy. The
highest overall test performance in distinguishing healthy from patho-
logically altered tendons was achieved with OSR values at
Af=750Hz. OSR outperforms T,* and T; relaxation times in differ-
entiating mild and severe tendinopathy from healthy controls. OSR is
a clinically useful biomarker for detecting early tendon alterations. In
interventional studies, it may help monitor patients with tendinopathic
alterations.'”*

More comprehensive quantitative information can be derived
through MT modeling, as MTRs or OSRs are only semi-quantitative
and show a moderate correlation with tissue properties.””” The widely
used two-pool MT model includes a free pool (water protons) and a
semisolid pool (collagen protons).””'”>""*"”” The free pool has a
Lorentzian line shape, while the semisolid pool has a Gaussian or
super-Lorentzian line shape due to its restricted molecular motion. As
MT modeling requires repeated data acquisition with a series of MT
powers and frequency offsets, the associated long scan time is a signifi-
cant challenge for clinical applications. To reduce the total scan time,
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FIG. 20. Diagram of the 3D UTE-AdiabT;,, sequence (a), which employs a train of adiabatic inversion pulses to generate T+, contrast followed by multi-spoke UTE data acqui-
sition. Selected 3D UTE-AdiabT,, images of the knee joint of a 23-year-old healthy volunteer with regions of interest (red circles and triangle) drawn in the quadriceps tendon
(b), the posterior cruciate ligament (c), and the meniscus (d), as well as the corresponding exponential fittings. These demonstrate UTE-AdiabTj,, values of 13.7 = 1.0 ms (e),
225+ 1.2ms (f), and 21.5 = 1.1 ms (g), respectively. Reproduced with permission from Ma et al., Magn. Reson. Med. 80, 1429-1439 (2018). Copyright 2018 Wiley."®”

multiple spokes (N;,) can be acquired after each MT preparation, and decreased in cartilage and meniscus with mild and advanced
a modified rectangular pulse approximation can be used to reduce the osteoarthritis.' '’
associated errors.’® Figure 23 shows a UTE-MT sequence utilizing
these approaches, as well as imaging of a cadaveric human Achilles

tendon specimen with three different MT powers (300°, 700°, and F. UTE quantitative susceptibility mapping

1100°) and five frequency offsets (2, 5, 10, 20, and 50kHz). The ) Magnetic  susceptibility _iS an irppor@nt material p_roperty.
Achilles tendon is invisible with conventional MRI but is visualized Tissues generate local magnetic fields (i.e., dipole fields), which alter
with a high signal on all the UTE-MT images [Figs. 23(c)-23(])]. the local B, field. These perturbations of the By field can be observed
Relatively smooth maps were generated for MMF, transverse relaxa- through phase accumulation in GRE sequences using MRIL">'%* %
tion time Tyy, and water longitudinal relaxation rate R, with The observed static field at a specific spatial location includes contribu-
increased variation observed in exchange rate RMo,,. MMF was orien- tions from surrounding tissues, which can be modeled as the sum of
tation-independent'”” and was highly correlated with tissue biome- dipole fields generated by respective magnetic susceptibility sources.

chanical ~properties and histologically confirmed degeneration ~ This can be approximated by convoluting the dipole kernel with the
status.”*'®" Recent clinical studies suggest that MMF and MTR are spatial susceptibility distribution. Quantitative susceptibility mapping
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FIG. 21. Axial imaging of the tibial midshaft of a 40-year-old healthy volunteer with clinical GRE (a), radial UTE without (b) and with (c) soft-tissue suppression; that of an 80-
year-old post-menopausal volunteer with GRE (d), radial UTE without (e) and with (f) soft-tissue suppression; and that of a 52-year-old patient with renal osteodystrophy
(ROD) with GRE (g), radial UTE without (h) and with (i) soft-tissue suppression. Scatterplots show bone water (BW) concentration (j) and volumetric BMD (vBMD) (k) for the
younger age group (20-40 year-old), the older age group (60-80 year-old), and the ROD group, respectively. The younger age group has a lower BW concentration and a
higher vBMD, and the older age group has a higher BW concentration. The ROD patient group has an abnormally high BW concentration. Reproduced with permission from
Techawiboonwong et al., Radiology 248, 824-833 (2008). Copyright 2008 Radiology Society of North America.”’

(QSM) solves this ill-posed deconvolution (or dipole inversion) prob-
lem by estimating susceptibility from the measured field perturbance
using nonlinear optimization techniques.”” The method has become
an important way of assessing iron and calcium content in soft tis-
sues.”'** However, the susceptibility of bone and iron overload can
be more challenging to measure due to the lack of detectable signal
with conventional GRE sequences. UTE-based QSM sequences can
accurately detect phase evolution in bone and iron overload.'"'**
The phase changes with increasing TEs can be used to evaluate bone
susceptibility using various algorithms such as morphology-enabled
dipole inversion.”® Figure 24 shows a susceptibility map and the corre-
sponding CT slice of a porcine specimen.'®” The close correspondence
between diamagnetic regions in QSM and regions of high Hounsfield
number on CT images is supported by a strong linear correlation
(R=0.88) [Fig. 24(c)]. Several other studies show the value of UTE-
QSM for the quantitative assessment of bone mineral and iron over-
load. A close linear relationship was observed between UTE-QSM sus-
ceptibility and iron concentration measurements,**'”” and excellent
agreement was observed between UTE-QSM susceptibility maps and
histological iron staining of synovial tissues in a 28-year-old hemo-
philia patient who subsequently underwent total knee arthropathy."”"

UTE-QSM was reported to be positively correlated with cortical bone
porosity (R*=0.46) but negatively correlated with BMD
(R>=0.49)."”?

G. UTE perfusion

Perfusion plays a vital role in tissue growth and development, dis-
ease, and healing. For instance, reduced perfusion is observed in osteo-
porotic trabecular bone.'”” Decreased osseous vascularity contributes
to increased fracture risk,"”* and specifically in vertebral trabecular
bone, reduced perfusion occurs in synchrony with reduced BMD.'”
Perfusion also plays a crucial role in the recovery from a meniscus
tear, tendon/ligament injury, and many other soft tissue injuries.
Dynamic contrast-enhanced MR imaging allows the study of perfu-
sion in various soft tissues. However, it is challenging to study perfu-
sion in short-T), tissues such as cortical bone, menisci, ligaments, and
tendons which show little or no detectable MR signal with conven-
tional pulse sequences. UTE-based dynamic contrast-enhanced MRI
resolves this challenge and can be used to evaluate perfusion in short-
T, tissues.”>'”” For example, Robson et al. applied dynamic UTE
MRI to study contrast enhancement in meninges, falx, tendons,
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Off-Resonance Saturation

[ ————————

FIG. 22. Diagram of a 3D radial UTE sequence with off resonance saturation (a). Selected images of a symptomatic 45-year-old male patient with a one-year history of recurrent severe poste-
rior heel pain (b)—(i). Panoramic (b), transverse (c), and power Doppler ultrasound image (d); PD-FSE (e) and T»-FSE (f) images, calculated OSR maps at 2 kHz off resonance (g) as well as
T4 (h) and T,* maps (i) which demonstrate pathological tendon alterations over the whole tendon. There is a marked increase in T,* values in the tendon near the calcaneus (i), mainly due to
the magic angle effect rather than pathological tendon alterations. Reproduced with permission from Grosse et al,, J. Magn. Reson. Imaging 41, 964-973 (2015). Copyright 2015 Wiley.'*
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FIG. 23. Diagram of the 3D UTE-MT sequence (a), which employs a Fermi pulse for MT preparation followed by a Cones data acquisition with a minimal TE of 32 us. Multiple
spokes (Np) are acquired after each MT pulse to accelerate data sampling by a factor of Ny, (b). UTE-MT images of an Achilles tendon sample with an MT power of 300°
and five frequency offsets of 2 (c), 5 (d), 10 (e), 20 (f), and 50 kHz (g), as well as an MT power of 1100° and five frequency offsets of 2 (h), 5 (i), 10 (j), 20 (k), and 50 kHz (I),
are shown. Two-pool modeling (m) allows mapping of macromolecular proton fraction f (n), Tom (0), RMom (p), and Ryy, (g). Reproduced with permission from Ma et al., Magn.
Reson. Med. 79, 692-700 (2018). Copyright 2018 Wiley.'"®
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FIG. 24. CT (a) and UTE-QSM (b) of a porcine hoof specimen, where UTE-QSM
values in ppb and CT values in Hounsfield units (HU) show a high correlation
(R*=0.77) (c), indicating that UTE-QSM can be used to evaluate bone mineral
content. Reproduced with permission from Dimov et al., Magn. Reson. Med. 79,
121-128 (2018). Copyright 2018 Wiley. '’

. .. . . 196
ligaments, menisci, periosteum, and cortical bone. "’ More recently,

Wan et al. investigated perfusion in the tibial midshaft of a 38-year-
old healthy volunteer. Kinetic analyses demonstrated a mean K" of
0.23+0.09min"" and K, of 0.58*0.11min"" (Fig. 25)."”" K™

REVIEW scitation.org/journal/are

reflects the size of the extravascular extracellular space that contrast
agents can penetrate. In contrast, K, and the slope of the enhance-
ment curve reflect the speed of contrast agent entry and washout.'”
Therefore, UTE-based perfusion and pharmacokinetic modeling may
increase our understanding of vascularity, metabolism, and related dis-
eases in bone and other short-T, tissues, which are otherwise difficult
to evaluate with different techniques.

H. UTE diffusion

Double echo steady state (DESS) MRI has been widely used due
to its versatility and options for flexible control of Ty, T,, and diffusion
weighting.'”**** Recently, UTE-based DESS (UTE-DESS) imaging
has been introduced.””””"* This technique is effective for imaging the
knee joint and characterizing tissues with short and long T,s. Free
induction decay-like UTE signal (S+) and echo-like signal (S—) are
acquired with a pair of balanced readout and read-in gradients for
center-out and fly-back data acquisitions which are separated by a
trapezoidal spoiling gradient. The fly-back acquisition of S— signal is
prone to imaging artifacts such as blurriness and displacement of pix-
els due to the deviations in trajectory and phase errors in the k-space
data caused by eddy currents. It is necessary to compensate for the lin-
ear and By eddy current effects by using, for example, a thin-slice exci-
tation approach which requires a one-time phantom calibration.”"”
The resultant S+ and S— signals include contributions from the cur-
rent RF excitation and the stimulated echoes of the preceding RF exci-
tations.””’ Typically, the S— images are more associated with T, and
diffusion weighting than S+ images are. The T, weighting mainly
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occurs during TR, with a longer TR resulting in higher T, weighting.
The diffusion weighting mainly occurs during TR and is modulated by
the flip angle and the gradient moment of the spoiling gradient, which
equals [ Gdt. Longer TR, lower flip angle, and a larger gradient
moment yield higher diffusion weighting. The signal model used for
DESS is also applicable to UTE-DESS.”""*"* Four parameters, PD, T},
T,, and diffusivity, can be estimated by fitting the S+ and S— signal
intensity using this signal model. Figure 26 shows the UTE-DESS
sequence and its application in a 52-year-old patient with synovitis
and knee osteoarthritis. In long-T) tissues such as the synovium, UTE-
DESS T, and apparent diffusion coefficient (ADC) values match
closely with values obtained using conventional techniques. UTE-
DESS assessment of diffusion in short-T) tissues, such as menisci, liga-
ments, and tendons, remains to be investigated. Reference ADC values
can be derived from tissue samples using a spectrometer with much
stronger RF and gradient systems than clinical systems to assess the
accuracy of quantification of diffusion in short-T, tissues.

(A)

scitation.org/journal/are

I. Other quantitative UTE MRI techniques

Many other techniques have been proposed for quantitatively
mapping short-T, tissues or tissue components. For example, the
organic matrix density in bone can be quantified by comparing its
WASPI signal with a calibration phantom.”’ Cartilage T; can be
mapped with a variable flip angle SWIFT (VFA-SWIFT) approach.””
VFA-SWIFT allows robust T; mapping in deep cartilage and subchon-
dral regions that appear as low or no signal areas with conventional
sequences and whose T;s cannot be reliably quantified. The ZTE
sequence cannot be used to measure T,* values of short-T, tissues
based on the traditional variable TE approach because ZTE requires a
minimal delay between RF excitation and data acquisition to minimize
the loss of the k-space center. To overcome this problem, Wiesinger
et al. developed a Looping Star pulse sequence where multiple mag-
netic coherences are excited and gradient-refocused in the form of a
looping k-space trajectory to generate FID and multiple gradient echo
images for T,* mapping.””’ Looping Star imaging can also be used for
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FIG. 26. Diagram of the 3D UTE-DESS sequence (a), which employs balanced center-out spiral readout gradients (S+) and fly-back spiral readout gradients (S—) with a
spoiler gradient in-between to spoil the residual transverse magnetization from S-. An example is shown on the knee joint of a 52-year-old female patient with synovitis and
osteoarthritis using T4-FSE (b), T,-FSE with fat saturation (FS) (c), Carr—Purcell-Meiboom-Gill (CPMG)-T, (d), echo planar imaging (EPI)-based DWI ADC (e), UTE-DESS
S+ (f), UTE-DESS S— (g), UTE-DESS T, (h), and UTE-DESS ADC (i). The UTE-DESS sequence provides T, and ADC maps similar to standard CPMG-T, and EPI-DWI
ADC maps. (a) Reproduced with permission from Jang et al., Magn. Reson. Med. 86, 881-892 (2021). Copyright 2021 Wiley.”"*
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QSM and functional MRL.*""*% The robustness and quantification - 9 . .
accuracy of these techniques remain to be investigated. - :\ - E § ® -
§12 =2ge S5 = o 928
J. Summary of quantitative UTE MRI techniques 5|5 2 Tes S5 ST 2
A variety of quantitative UTE imaging techniques have been ;3 : g [LE [\3 :': ; l:‘ 5 3 3:2 g
developed. These techniques have great potential for improving diag- f. n N Y — o
nosis, as summarized in Table II, wherein the targeted tissue compo- N 8 32 - -

nent, the major confounding factor (e.g., the magic angle effect),
changes with degeneration, and clinical applications for each bio-
marker are detailed. UTE-based T,* mapping allows quantitative eval-
uation of collagen degradation in short-T) tissues such as the menisci,
ligaments, and tendons."”"1*>"¥7 1% UTE-based T, o allows assess-
ment of proteoglycan depletion in both short- and long-T, tis-
sues.” 1Y UTE-MT  imaging, especially signal modeling,
enables quantitative mapping of macromolecular fractions and
exchange changes in the menisci, ligaments, tendons, and bone,'”? 1%
UTE-QSM can directly quantify hemosiderin deposition in hemo-
philic joints and calcium in bone.'®” "> UTE perfusion permits robust
separation of the red zone from the white zone in the meniscus, evalu-
ation of bone physiology at the molecular level, and monitoring of
bone fracture healing,'”*"”” UTE diffusion has the potential for assess-
ment of early disease-stage changes in highly ordered tissues such as
the menisci, ligaments, and tendons.””*"* An important application is
the assessment of cartilaginous endplate diffusivity, which is a crucial
factor affecting spine disk degeneration.”’ Intervertebral disk degener-
ation is closely related to a reduction in diffusivity of the cartilaginous
endplate.””” Direct quantitative UTE imaging of the cartilaginous end-
plate is highly significant in diagnosing disk degeneration and manag-
ing back pain.*”*"

The magic angle effect is a major source of error in quantitative
UTE imaging, ™" '*” with both T, and T, being highly sensitive to it
(Fig. 27)."°" The highly ordered collagen fibers in the short-T, tissues
are subject to strong dipole-dipole interactions, which are modulated
by the term 3cos?(6) — 1, where 0 is the angle between the fiber orien-
tation and the main magnetic field By.”'" Previous studies show that
T, values can increase more than 200% in the middle and deep zones
of articular cartilage and 300% in ligaments when 0 is oriented from
0° to 54°."°" A strong magic angle effect has also been observed in MR
neurography with T, values enhanced by 37% for the sciatic nerve
from 74.5 * 13.4ms at 0° to 104.0 = 16.9 ms at 55° relative to By. The

Clinical applications
Osteoporosis, osteoarthritis, liver/
joint iron, lung, etc.

Osteoarthritis, ankle/shoulder/spine degeneration, etc.
Bound/pore water mapping in bone (osteoporosis)
Myelin mapping (multiple sclerosis,
Alzheimer’s disease, etc.)
Osteoporosis, osteoarthritis, ankle/shoulder/
spine degeneration
Osteoporosis, osteoarthritis, ankle/shoulder/
spine degeneration
Bone/tendons/ligaments fracture, meniscal tear, etc.
Menisci/ligaments/tendons degeneration, etc.

Osteoarthritis, ankle/shoulder/spine degeneration, etc.

porosity
Decrease with degeneration

Changes with degeneration
Increase with degeneration/
bone porosity

Increase or decrease with degeneration Osteoarthritis, hemophilia, liver/joint iron, lung, etc.
Increase with degeneration
Increase with degeneration
Increase with bone porosity,

Decrease in brain lesion
Decrease with degeneration/bone

Increase with iron/calcium deposition Osteoporosis, liver/joint iron, Parkinson’s disease, etc.

Increase with degeneration

TABLE II. Summary of quantitative short-T, imaging techniques, including UTE-based T4, T,*, T4, adiabatic T4, proton density (PD), magnetization transfer ratio (MTR), macromolecular fraction (MMF), quan-
Increase with degeneration/fracture

titative susceptibility (QSM), perfusion, and diffusion, as well as the targeting tissue component, the major confounding factor—the magic angle effect, changes with degeneration, clinical applications, and related

L
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related changes,”'” posing a problem for accurate clinical diagnosis 8= S 5 % §
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FIG. 27. The angular dependence of T, (a) and T4, (b) for the superficial, middle, and deep layers of articular cartilage. Both T, and Ty, show strong magic angle effects in the middle
and deep layers, where the collagen fibers are highly organized. UTE-T4,, shows a similar magic angle effect (c), while UTE-AdiabT,, shows a much reduced angular dependence (d).
The Achilles tendon shows a strong angular dependence in UTE-T,* (e) but almost no angular dependence in MMF derived from two-pool UTE-MT modeling (f). (a) and (b)
Reproduced with permission from Shao et al., Osteoarthritis Cartilage 25, 2022-2030 (2017). Copyright 2017 Elsevier.®" () and (d) Reproduced with permission from Wu et al,, Magn.
Reson. Med. 84, 2551-2560 (2020). Copyright 2020 Wiley.”” (e) and (f) Reproduced with permission from Ma et al., NMR Biomed. 29, 15461552 (2016). Copyright 2016 Wiley.””

applications in the musculoskeletal, nervous, respiratory, gastrointesti-
nal, and cardiovascular systems, as summarized below.

A. UTE MRI in the musculoskeletal system

The musculoskeletal system has many connective tissues with
short or ultrashort T,/T,* relaxation times, such as the osteochondral

junction, menisci, ligaments, tendons, and bone. These are primarily
invisible with conventional clinical MRI sequences.”'” The ability to
directly capture signals from these short-T, tissues or tissue compo-
nents can significantly change how musculoskeletal diseases such as
osteoarthritis and osteoporosis are diagnosed.

Osteoarthritis is historically considered a cartilage disease; how-
ever, cartilage damage may not necessarily result in osteoarthritis.”"*

Appl. Phys. Rev. 9, 041303 (2022); doi: 10.1063/5.0086459
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There is a shift in the understanding of osteoarthritis from a cartilage
disease to a “whole joint organ” disease.”'” Damage to the medial and
lateral menisci, anterior cruciate, posterior cruciate, collateral liga-
ments, quadriceps and popliteus tendons, subchondral bone-cartilage
interface, and subchondral bone all influence the initiation and pro-
gression of cartilage damage.”'®*'” Any joint tissue deterioration is
likely to have a negative impact on cartilage integrity, thereby leading
to failure of the joint as a whole.”'**** For instance, the meniscus
functions not only as a facilitator of load distribution and shock
absorption™" but also plays a crucial role in proprioception,”* *** an
essential aspect of its protective function. Hunter et al. studied the con-
nection between meniscal pathologic changes and loss of cartilage in
symptomatic knee osteoarthritis and reported a strong correlation
between meniscal position/damage and cartilage loss.”'® Each aspect
of meniscal abnormality (either damage or a change in position) sig-
nificantly affected the risk of cartilage loss. Structural changes in the
collateral ligaments and tendons of the interphalangeal joints may pre-
cede morphological changes in cartilage and eventually contribute to
subsequent cartilage degeneration.”’” Therefore, quantifying both
short- and long-T, tissues of the joint using UTE-type sequences is
likely to be more effective in detecting alterations in the early stages of
osteoarthritis than conventional clinical sequences alone, which only
assess long-T, tissues.””~'*** UTE imaging can also be used to track
superparamagnetic iron oxide nanoparticles labeled multipotent mes-
enchymal stem/stromal cells injected into joints containing osteochon-
dral defects, thereby providing a method for monitoring the treatment
of osteoarthritis.”**

Osteoporosis leads to increased bone fragility and fracture risk
due to low bone mass and microarchitectural deterioration of bone.
Bone consists of mineral, organic matrix, and water with a volume
fraction of ~43%, ~35%, and ~22%, respectively,zy’229 with the
three bone components ordered in a complex hierarchical structure.”*’
Stiffness and strength are determined by bone minerals,””' whereas
ductility and the ability to absorb energy before fracturing are deter-
mined by collagen.””” Viscoelasticity and poroelasticity are determined

TWPD (mmoliL) BWPD (mmoliL)

34-year-old
Female
Volunteer

75-year-old
Female
Volunteer

PWPD (mmollL)
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by bone water.””” Over the last several decades, the contributions of
organic matrix and water to bone quality have largely been neglected,
with bone minerals drawing the focus of scientific thinking.”* The
diagnostic gold standard in clinical practice is x-ray-based BMD mea-
surement. However, ~60% of bone by volume is composed of the
organic matrix and water, which make significant contributions to the
mechanical properties of bone but cannot be evaluated with x-ray-
based techniques. As a result, BMD alone predicts fractures poorly,
with an accuracy of only 30%-50%.”"" **” Methods capable of simul-
taneous assessment of organic matrix, water, and mineral are needed
for a more comprehensive evaluation of bone quantity and quality.

UTE MRI techniques can potentially evaluate all three major
components in bone: water, organic matrix, and mineral.>*%>*°
Total water proton density (TWPD) and bound water proton density
(BWPD) can be measured with UTE and IR-UTE sequences, respec-
tively, with pore water proton density (PWPD) estimated by sub-
tracting BWPD from TWPD.”® Bone MMF can be measured with
UTE-MT imaging and two-pool signal modeling,'’® and macromo-
lecular proton density (MMPD) can be estimated as a function of
MMEF and TWPD. Several bone sample studies have demonstrated
that TWPD, PWPD, and MMF are significantly correlated with bone
porosity, BMD, and mechanical properties.”’ °>**""*** Higher
TWPD and PWPD values but lower BWPD, MMF, and MMPD
values were observed in older human subjects compared to young
subjects.”” Figure 28 shows various proton density maps generated
from a 34-year-old female volunteer and a 75-year-old female volun-
teer.”*” PWPD was generally higher in older subjects than in younger
subjects, but BWPD and MMPD were lower in older subjects.

Bound water and pore water contribute differently to the
mechanical properties of bone, with bound water correlated with bone
strength and toughness, and pore water inversely correlated with the
modulus of elasticity.”*” There are other bone imaging biomarkers,
such as the porosity index, which is defined as the ratio of signal inten-
sities between a long TE and the shortest TE obtained by the UTE
imaging,'*>*** and the suppression ratio, which is defined as the ratio

MMF (%)

MMPD (mmol/L)

(E)

FIG. 28. The tibial midshaft of a 34-year-old female volunteer was subject to total water proton density (TWPD) mapping from PD-weighted UTE imaging (a), bound water PD
(BWPD) mapping from IR-UTE imaging (b), pore water PD (PWPD) mapping from the subtraction of TWPD from BWPD (c), macromolecular fraction (MMF) mapping from
UTE-MT modeing (d), and macromolecular PD (MMPD) mapping from TWPD combined with MMF (e). Also shown are maps of TWPD (f), BWPD (g), PWPD (h), MMF (i),
and MMPD (j) of the tibial midshaft of a 75-year-old female volunteer. The older volunteer has higher PWPD, but lower BWPD and MMPD than the younger volunteer.

Reproduced with permission from Jerban et al., Bone 127, 120-128 (2019). Copyright 2019 Elsevier.”
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between bone UTE signal without long-T, suppression and with long-
T, suppression.””” The porosity index is significantly correlated with
UCT-based porosity, mechanical stiffness, age, and collagen estimation
from near-infrared spectroscopy.”** In contrast, the suppression ratio
correlates significantly with bone porosity and age.'”” These UTE-
based biomarkers will likely have significant advantages over the cur-
rent gold standard BMD. One example concerns raloxifene, a Food
and Drug Administration (FDA)-approved agent that is designed to
treat bone loss, decrease fracture risk, and improve bone mechanical
properties. Notably, these benefits are essentially independent of bone
mass changes and are mediated by an increase in matrix-bound water
as measured by UTE MRL*** The hydroxyl groups on raloxifene pro-
vide a possible explanation for the therapeutic effect of raloxifene. It is
important to identify a cell-independent mechanism that can be
utilized for novel pharmacological approaches to enhancing bone
strength,”*

Morphological and quantitative UTE imaging of short-T, tissues
also has applications in other musculoskeletal diseases such as spine
degeneration,”’8 ! rotator  cuff  disorders,'” " tendinop-
athy,"**'*2%%2* psoriatic arthropathy,”” hemophilia arthropathy,'”’
and temporomandibular disorders.””" *>* Direct imaging of short-T,
tissues may have a significant impact on the diagnosis and therapeutic
management of such diseases.

B. UTE MRI in the nervous system

Myelin integrity is crucial for the normal function of the nervous
system.””* **” Myelin is a lipid-rich, multilaminar sheath, which is
wrapped around axons and facilitates fast propagation of action poten-
tials in axons. Normal cognitive function and behavior are highly
dependent on the presence of myelin, which can increase action
potential transmission speed by ~100-fold and decrease refractory
time by ~30-fold. Those factors together increase brain “connectivity”
or the brain’s information processing capacity by ~3000-fold, making
myelin indispensable for the development and maintenance of elabo-
rate cognitive functions.””* **° The speed at which neuron signals are
transmitted is directly related to the thickness of the myelin wrapping
and neuronal myelin content, and generation of oligodendrocytes and
myelin is required for learning complex motor skills.””” *** Myelin
impairment can disrupt axonal transport, integrity, and plasticity,
leading to a massive reduction in signal transduction.””* *°° Given its
essential role in the development and maintenance of elaborate cogni-
tive functions, myelin plays a crucial role in the pathogenesis of many
neurological diseases such as multiple sclerosis,”’ Alzheimer’s
disease,”® Parkinson’s disease,””” epilepsy,””” and traumatic brain
injury.””"

It is of central importance to develop advanced MRI techniques
to measure myelin content and its MR properties. However, conven-
tional MRI techniques have TEs that are too long to detect signals
from the non-aqueous protons in myelin which have extremely short
T,s («1ms).””” As a result, conventional MRI focuses on long-T,
water components (CSF, intracellular water, extracellular water, and
myelin water). This approach provides high-resolution images of gray
and white matter structures and volumes but not of short-T, compo-
nents. It is, therefore, highly desirable to develop novel MRI techniques
that can detect myelin signals and reliably quantify myelin content
and MR relaxation times. Over the past two decades, most researchers
in this field have focused on myelin water (via multi-component T, or

REVIEW scitation.org/journal/are

27.

T,* analysis),27j’ ° magnetization transfer,”’® or diffusion”’” to indi-
rectly assess myelin with suboptimal results. For example, most con-
ventional MRI-based techniques cannot distinguish the several
cardinal pathological substrates of multiple sclerosis, namely, demye-
lination, remyelination, inflammation, edema, axonal loss, and
gliosis.””* **" Furthermore, these indirect imaging techniques cannot
quantify myelin properties such as its T; and T,*.

Direct assessment of the integrity of myelin may be of value for
diagnosing and assessing prognosis in many neurological diseases,
including multiple sclerosis.”” " "*"'°"'"* UTE-type sequences with
TEs < 0.1 ms allow direct imaging of myelin.” " The main challenge
to this approach is selectivity because long-T, water components show
far higher signals than myelin.”' Adiabatic inversion pulses can uni-
formly invert and suppress the longitudinal magnetizations of various
water components, making it possible to selectively image myelin with
the IR-UTE sequences.‘5 37 Figures 29(a)-29(d) show representative
clinical and IR-UTE brain images from a 28-year-old female donor
with confirmed multiple sclerosis.”” Areas of normal appearing white
matter show a high signal on the IR-UTE echo subtraction image,
while areas of abnormality appear with a low signal. Some lesions on
the IR-UTE images correspond to T, hyperintense areas of abnormal-
ity on conventional T,-weighted images and hypointense areas on T,-
weighted fluid-attenuated inversion recovery (T,-FLAIR) images.
However, the abnormalities seen on the IR-UTE images extend into
adjacent areas that are seen as normal appearing white matter on con-
ventional images, demonstrating how the IR-UTE sequence show
areas of abnormality that are invisible on conventional T,-weighted
and T,-FLAIR images. Figures 29(e)—(h) show results from a 69-year-
old female patient with multiple sclerosis. Clinical magnetization-
prepared rapid gradient echo (MP-RAGE) and T,-FLAIR images are
shown for comparison.”” Lesions detected with these two clinical
sequences show a signal loss on the STAIR-UTE images. In a feasibil-
ity study of four healthy volunteers (21-47 years of age, three males,
one female) and four patients with multiple sclerosis (49-69 years of
age, four females), lesions in patients showed a lower mean myelin
proton fraction value of 5.7+ 0.7% compared with the value of
8.9+ 0.6% in normal white matter (NWM) of healthy volunteers.””
The difference was statistically significant (p < 0.0001). Normal gray
matter (NGM) had a myelin proton fraction value of 5.9 = 0.3%.
These results suggest that STAIR-UTE-measured myelin proton frac-
tion may be a valuable biomarker for multiple sclerosis diagnosis and
therapeutic monitoring.

Several other UTE-based techniques have been developed for
imaging myelin in vivo. Long-T, saturated 2D UTE imaging can detect
myelin loss in patients with multiple sclerosis.”” UTE-MT has been
proposed for myelin imaging and quantification, with UTE-based
MTRs showing a strong correlation (R*=0.71) with percent coverage
of myelin basic protein immunostaining.”** More recently, a novel
hybrid filling technique has been developed to directly image myelin
with improved scan efficiency using ZTE imaging with significant
dead time gaps.''? However, T, variations in different regions of the
human brain may lead to imperfect suppression of signals from long-
T, white matter and gray matter. A novel technique called dual-echo
sliding inversion recovery UTE imaging has been developed to provide
robust signal suppression from various water components regardless
of their T; values.”*’ This technique potentially allows more accurate
whole-brain myelin mapping. Direct morphological and quantitative
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FIG. 29. A brain specimen from a 28-year-old female donor with confirmed multiple sclerosis (MS) was imaged with clinical PD-FSE (a), T,-FSE (b), and MP-RAGE sequences
(c), as well as the IR-UTE sequence (d). Lesions (yellow arrows) are hyperintense on PD-FSE and T,-FSE images but hypointense on MP-RAGE and IR-UTE images. Partial
myelin loss can only be detected with the IR-UTE sequence [red arrowhead in panel (d)] and appear normal [red arrowheads in panels (a)—(c)] with the PD-FSE, T,-FSE, and
MP-RAGE sequences. A 69-year-old female MS patient was imaged with MP-RAGE (e) and T»-FLAIR sequences (f), as well as the STAIR-UTE sequence with magnitude
subtraction (g) and complex subtraction (h) with obvious myelin loss indicated by yellow arrows. MS lesions in four patients showed a lower mean myelin fraction of
5.7 = 0.7% compared with 8.9 = 0.6% for normal white matter (NWM) and 5.9 = 0.3% for normal gray matter (NGM) in four healthy volunteers. (a)-(d) Reproduced with per-
mission from Sheth et al., Neurolmage 136, 3744 (2016). Copyright 2016 Elsevier.”” (e)(i) Reproduced with permission from Ma et al., J. Magn. Reson. 323, 106898 (2021).

Copyright 2021 Elsevier.”’

imaging of myelin with 3D UTE-type sequences, rather than indirect
imaging of myelin or long-T, water components with conventional
MRI sequences, is likely to improve the diagnosis and monitoring of
the effectiveness of treatment in many neurological diseases.

C. UTE MRI in the respiratory and gastrointestinal
systems

A short TE is necessary for direct imaging of organs such as the
lung™**”" and organs such as the liver that can incur high iron over-
load.””* *”* The lung parenchyma is poorly visualized with conven-
tional MRI due to its low PD and short T,* resulting from the air and
soft-tissue interfaces within the lung. While the liver is typically visible,
hemochromatosis or iron overload may significantly reduce its T,",
thus rendering it invisible. UTE-type sequences have been employed
to resolve this challenge. However, using a short TE alone is frequently
insufficient to provide robust imaging of the lung and liver, which are
both subject to respiratory motion.

Respiratory motion-compensation (MoCo) strategies based on
motion tracking for retrospective motion correction or compensation
have been developed.”®” *"’ The motion can be indirectly tracked by
measuring the respiratory-induced abdominal movement using exter-
nal respiratory belts. MoCo reconstruction resolves motion by aligning
all motion state images to the same state via image-based registration.
A new free-breathing motion-corrected pulmonary MRI strategy, iter-
ative MoCo reconstruction UTE (iMoCo UTE), has been developed
for high-resolution lung MRL’"’ The technique employs a pseudo-
random UTE sequence with motion-resolved reconstruction and
motion estimation and a novel iMoCo reconstruction with

compressed sensing. The reconstruction algorithm iteratively fits the
data to a nonrigid motion model and uses compressed sensing princi-
ples to suppress noise and artifacts. Figure 30 shows volumetric UTE
imaging of a non-sedated 10-week-old infant with pulmonary intersti-
tial glycogenosis, with an isotropic resolution of 0.9 mm and a total
scan time of 5 min.””" Vessel structures (red arrow) and airways (green
arrows) are depicted much better with iMoCo reconstruction. The
bulk motion of the infant was captured with an image-based navigator,
whereby any data corrupted by bulk motion was rejected [Fig. 30(b)].
Bulk motion rejection improves the sharpness of both the vessels and
diaphragm (red arrows) [Fig. 30(c)].

Several other UTE techniques have been developed for lung
imaging. Ohno et al. compared UTE MRI with multidetector CT for
pulmonary function assessment and clinical stage classification of
chronic obstructive pulmonary disease (COPD) in smokers.”* They
found that the mean T,* value of the moderate COPD group was sig-
nificantly different from that of the severe or severe COPD group
(P <0.05). UTE MRI is potentially as valuable as multidetector CT for
pulmonary function loss assessment and clinical stage classification of
COPD in smokers. Recently, UTE sequences have also been employed
for lesion-based comparative analysis in patients with COVID-19.””"
UTE-MRI is expected to have significant clinical potential for assessing
COVID-19, including screening, diagnosis, surveillance, and treatment
monitoring.

UTE MRI has also been developed for morphological and quanti-
tative imaging of the gastrointestinal system. Hematologic disorders
such as f-thalassemia and sickle cell anemia require frequent thera-
peutic blood transfusions to prevent disease complications, but this
can lead to iron overload, most notably in the liver, and is treated with
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FIG. 30. Volumetric imaging of the lung of a 10-week-old infant. Representative coronal (first row) and axial (second row) slices reconstructed with different motion correction
and reconstruction strategies are displayed (a). The iMoCo images depict vessels (red arrows) and airways (green arrows) better than the non-gating, motion resolved, soft-
gaging, and MoCo images. An image-based navigator was used to reject data acquired outside the bulk movement (red dashed outline in time window) (b). The iMoCo recon-
structed images with bulk motion rejection depict small vessels (red arrows) much better than those without bulk motion rejection (c). Reproduced with permission from Zhu

et al., Magn. Reson. Med. 83, 1208-1221 (2019). Copyright 2019 Wiley.”*”

iron chelation therapy.””” A reliable quantitative assessment of the

hepatic iron content is essential for disease management and monitor-
ing treatment response to iron chelation therapy.”” Krafft et al.
employed UTE T,* to quantify hepatic iron content””* and found that
UTE-T," was consistent with biopsied hepatic iron content in patients
with massive iron overload at 1.5 and 3T. A thorough biopsy-
referenced trial is needed before the path to clinical adoption of these
methods can advance.

D. UTE MRI in the cardiovascular system

UTE sequences have obvious advantages over conventional MRI
sequences in imaging complex flow,””*”" very fast flow,”” clipped
cerebral aneurysms, and coil embolizations,”””"" as well as vascular
calcifications.””" *”* UTE reduces artifacts related to rapid, turbulent
flow.””>*”* The self-gated 4D phase contrast UTE sequence provides
robust and accurate flow velocity mapping of the mouse heart in vivo
at high magnetic fields, with SNR, gating efficiency, flow artifacts, and
image quality all improved compared to conventional GRE-based 4D

phase contrast imaging.””> ZTE shows much-reduced susceptibility
artifact compared with conventional time-of-flight MR angiography
and improved intracranial vascular stenosis assessment.””” UTE is also
less sensitive to off resonance artifacts from metallic implants*”” and is
therefore advantageous for imaging clipped aneurysms and coil embo-
lizations.”””*"" Furthermore, UTE allows direct imaging of vascular
calcification, which may have a T,* value similar to that of cortical
bone and make it invisible with conventional MRI.™" *"*

An example of UTE’s applicability in the cardiovascular system is
carotid plaque calcification which has a major impact on the biome-
chanical stability of atherosclerotic plaques.””**** Particular calcifica-
tion patterns may help in grading lesions and may further indicate
stability.””” However, there is a lack of a reliable noninvasive imaging
technique that can assess carotid plaque calcification with the soft tis-
sue components of atherosclerotic plaques. Conventional MRI pro-
vides high signal and contrast for the artery lumen, fibrous tissue, and
lipid core, but not carotid plaque calcification, which has a very short
T, and appears as a signal void, precluding direct imaging and quanti-
tative characterization. Thus, carotid plaque calcification is invisible to
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the regular UTE sequence compared with the high signal from the sur-
rounding soft tissues. The IR-UTE sequence, on the other hand, selec-
tively suppresses signals from the long-T, tissue components and
results in an excellent depiction of carotid plaque calcification.”’ ™"
There is a strong correlation between IR-UTE and micro-CT morpho-
logical images of carotid plaque calcification.””” Carotid plaque calcifi-
cation varies significantly from sample to sample, with a significant
increase in Ty and T,* with free water concentration and a substantial
decrease in free water concentration with mineral density.””
Therefore, the utility of UTE-based measurements is likely to play an
essential role in the management of atherosclerosis.

Another example of the advantages offered by UTE imaging in
the cardiovascular context is an endovascular treatment involving coil
embolization, which has been widely used to manage both ruptured
and unruptured intracranial aneurysms.”” Radiofrequency shielding
and susceptibility artifacts make it difficult to visualize flow in intracra-
nial stents with commonly used 3D time-of-flight MR angiography
techniques. UTE-type sequences, such as ZTE, are less sensitive to the
susceptibility artifacts associated with metallic devices and can be used
for a more accurate assessment of intracranial anterior circulation
aneurysms treated with stent-assisted coil embolization. Figure 31
shows an example of a 73-year-old woman. The aneurysm occlusion

© 'A

FIG. 31. Stent-assisted coil embolization of the anterior communicating artery was
performed in a 73-year-old woman with the aneurysm remnant indicated by the
long white arrow and stent edges indicated by short black arrows (a). X-ray digital
angiography shows the stent edges indicated by short black arrows (b). A minimal
signal loss was observed on silent MR angiography at the stented segment (out-
lined arrow), with the aneurysm remnant well depicted (long white arrow) (c). A
complete signal loss was observed in the stented segments (outlined arrows), with
the aneurysm remnant invisible in 3D time-of-fight MR angiography (d).
Reproduced with permission from Takano et al, Am. J. Neuroradiologg 38,
1610-1616 (2017). Copyright 2017 the American Society of Neuroradiology.”

scitation.org/journal/are

was better depicted with the ZTE MR angiography than with 3D time-
of-flight MR angiography.

E. Summary of UTE MRI applications

We have only briefly discussed applications of UTE imaging in
the musculoskeletal, nervous, respiratory, gastrointestinal, and cardio-
vascular systems. There are many other applications as well, including
iron-labeled stem cell tracking,226 where UTE-based T}, T,*, and QSM
techniques are expected to help map stem cells, especially when they
are labeled with highly concentrated iron (thus resulting in very short
T,*s)."”""”! UTE MRI can potentially be used to evaluate macrocalcifi-
cations, including their water, collagen, and mineral contents in the
breast."*”'7#**0"*>%% UTE MRI may also find applications in iron
oxide nanoparticle-based hyperthermia,””” where an alternating mag-
netic field heats the iron oxide nanoparticles for cancer therapy. It is
challenging to monitor temperature because of the high concentration
of iron oxide nanoparticles, typically on the order of 30mM or
higher,”” leading to an ultrashort T,* of tens to hundreds of microsec-
onds.'*""” UTE-based techniques can capture these phase changes to
monitor T or temperature changes. More research is needed to evalu-
ate UTE performance across myriad clinical applications
systematically.

VIl. CONCLUSIONS AND OUTLOOK

Direct imaging of short-T, tissues can be used to improve the
diagnosis of various diseases in the body’s musculoskeletal, nervous,
respiratory, gastrointestinal, and cardiovascular systems. UTE imaging
with high signal, high spatial resolution, and contrast of otherwise
invisible tissues or tissue components will likely improve the classifica-
tion and staging of diseases in a significant way. For example, the most
widely used MRI scoring method, known as WORMS,”"” in osteoar-
thritis MR imaging incorporates 14 features mostly related to articular
cartilage, although osteoarthritis is a whole organ disease. There are no
widely accepted imaging scoring systems for the menisci, ligaments,
tendons, and bone primarily due to the poor signal and contrast that
results from conventional MRI. UTE imaging of all significant tissue
components in the joint may significantly improve morphological
assessment of joint degeneration.

Another example of UTE imaging’s potential to reinvent diagno-
sis and monitoring relates to the Pfirrmann grading system, which is
widely used to evaluate intervertebral disk degeneration.”'"”'* While
the cartilaginous endplate plays a vital role in the transportation of
oxygen and nutrients necessary to maintain disk health,”'” it is difficult
to image with conventional MRI sequences. High contrast UTE imag-
ing of the cartilaginous endplate, however, is likely to improve the per-
formance of the Pfirrmann grading system.” ®" The power of
combined morphological and quantitative UTE imaging for both
short- and long-T), tissues facilitates a more comprehensive assessment
of tissue degeneration, directly influencing the development and
advancement of new grading systems not only for musculoskeletal dis-
eases but other diseases throughout the body as well.

Although UTE imaging has provided excellent preliminary
results in many areas, clinical applications are still limited at this stage
of the technique’s development. The significant challenges in UTE
MRI lie in the following areas:

First, short-T, imaging is typically associated with low SNR and
spatial blurring because of the relatively low proton densities of the
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tissues of interest and the fast signal decay during data sampling.”""

A short sampling window is required to minimize spatial blurring,
which limits spatial resolution.”’ An effective strategy would be to
develop stronger gradient and RF systems. For example, Weiger et al.
employed a high-performance gradient insert that provided a maxi-
mum strength of 200 mT/m and a slew rate of 600 mT/m/ms, both of
which are 4-5 times stronger than the typical gradient strength of
~40 mT/m and slew rate of ~150 mT/m/ms on clinical scanners.""*
The gradient inserts allowed UTE imaging of short-T tissues such as
myelin with higher spatial resolution, less blurring, and higher SNR. A
higher power RF system also augments UTE imaging’s capabilities as
transverse relaxation during RF excitation becomes essential for short-
T, tissues. A shorter pulse with a higher power helps to minimize sig-
nal loss during RF excitation. Local parallel transmission becomes vital
in some cases, such as myelin imaging of the brain, where the specific
absorption rate (SAR) is limited for safety considerations. The parallel
transmission allows stronger RF pulses without SAR constraints”"”’
and can be used for more efficient excitation of myelin magnetization.
This is crucial for accurate myelin density mapping or trabecular bone
density mapping. Stronger RF and gradient systems are expected
to benefit all UTE-type sequences, particularly STAIR-UTE type
sequences, due to the requirement for a short TR to suppress long-T,
signals”® ™ efficiently.

Second, eddy currents are a significant factor limiting clinical
applications. UTE sequences are based on non-Cartesian sampling
and are typically more sensitive to eddy current effects than Cartesian
techniques.”””*"* 2D UTE sequences are susceptible to eddy currents
due to the use of half-pulse excitation, where two acquisitions with
opposite slice selection gradient polarities are needed to form a single
slice. Eddy currents may shift or distort the k-space trajectories, lead-
ing to out-of-slice excitation, affecting morphological and quantitative
2D UTE imaging.””*° While the 3D UTE sequences based on nonse-
lective rectangular pulse excitation are less sensitive to eddy currents
due to the elimination of slab-selection gradients,”” " eddy currents
can still distort the radial and spiral trajectories, especially for later ech-
oes in multi-echo acquisitions. Eddy current compensation and k-
space trajectory measurement are critical in facilitating more reliable
UTE imaging.”””"* In comparison, ZTE is insensitive to eddy cur-
rents because the k-space data are sampled after gradient ramp-up, '
increasing interest in imaging cortical bone with ZTE sequences.” '
ZTE can be used to visualize cortical bone and intraosseous lesions
that are occult using CT. A recent study demonstrated that cysts seen
with ZTE differed from the subchondral ganglion cysts identified dur-
ing grading, which were subsequently confirmed in patients’ standard-
of-care MRI examinations.”'”

Third, quantitative UTE imaging is also subject to long-T, water
and fat signal contamination errors. Because long-T) tissues typically
have higher proton densities, long-T), signal contamination has a sig-
nificant impact on the quantification accuracy in short-T, imaging.
This is especially the case for quantitative imaging of thin structures
such as the osteochondral junction (0.1-0.2 mm thick)’"” and the car-
tilaginous endplate (0.5-1 mm thick), which anchors the disk to the
vertebral body and is responsible for nutrient transport and waste
product elimination.”'” Regular UTE with variable TEs can be used
for T,* mapping of these structures, but the value will likely be subject
to significant errors due to partial volume effects and long-T, signal
contamination.”* """ Efficient long-T, suppression is a critically

scitation.org/journal/are

important factor to consider for accurate T,* mapping and quantifica-
tion of Ty, T, T,", T, and PD of the cartilaginous endplate, osteo-
chondral junction, trabecular bone, and other short-T, tissues.”* ”

Fourth, fat contamination and related off resonance artifacts are
other potential sources of error with UTE imaging.’>”*'"* Fat
contamination can significantly affect MR relaxation times (e.g., T, T,
T,", T,) and tissue properties (e.g., water content, MMF, susceptibility,
perfusion, diffusion). Furthermore, UTE sequences employ center-out
radial or spiral mapping of k-space, which can lead to off resonance arti-
facts (e.g., spatial blurring due to the ring-shaped point spread function)
that are notably different from those seen with a Cartesian sampling of
k-space.'’” For example, displacements of fat in the red bone marrow of
the skull may simulate subdural hematomas. Displacement of perivesi-
cal fat signal centrally over the bladder wall mimics a bladder tumor,
and displacement of fat signal from red bone marrow in the lumbar
spine to the intervertebral disks simulates their cartilaginous end-
plates.”” Chemical shift-based artifacts in UTE imaging are significant
to recognize as they can easily mimic normal structures and/or diseases.

Fifth, the magic angle effect should be considered in both morpho-
logical and quantitative UTE imaging."”*'** Most short-T, tissues are
collagen-rich, so their UTE signal intensities can be highly angular-
dependent. Many biomarkers, including UTE-T," and UTE-T,, also
show strong angular dependency. Angular independent biomarkers such
as UTE-AdiabT, ,'”"" and UTE-MT modeling'*"'*’ may allow more
reliable quantification of tissue degeneration and monitoring of treat-
ment. UTE-DESS-derived ADC may also be insensitive to the magic
angle effect, but further research on this technique is needed.”"****

Finally, UTE MRI requires comprehensive and time-consuming
data analysis involving various tissues or tissue components. The suc-
cessful application and integration of deep learning-based automatic
segmentation and quantitative relaxometry could be used to facilitate
the translational study of the novel morphological and quantitative
UTE MRI techniques discussed herein.””” *** These advances may
have a significant impact on the diagnosis and treatment monitoring
of various diseases in the musculoskeletal, nervous, respiratory, gastro-
intestinal, and cardiovascular systems of the body.
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