Article published online: 2023-11-23

& Thieme

Ultra-short echo time (UTE) MR imaging: A brief review on technical

considerations and clinical applications

MR-Bildgebung mit ultrakurzen Echozeiten: ein kurzer Uberblick
zu methodischen Uberlegungen und klinischen Anwendungen

Authors

Anne Slawig'-2¥, Maik Rothe' 2, Andreas Deistung' 2, Klaus Bohndorf', Richard Brill', Simon Graf"-2,
Andreas Max Weng?3, Walter A Wohlgemuth'-2, Alexander Gussew’2

Affiliations

1 University Clinic and Outpatient Clinic for Radiology,
University Hospital Halle, Germany

2 Halle MR Imaging Core Facility, Medical faculty, Martin
Luther University Halle Wittenberg, Halle, Germany

3 Department of Diagnostic and Interventional Radiology,
University Hospital Wurzburg, Wurzburg, Germany

Key words
MR-imaging, UTE, quantitative imaging, ultrashort echo time

received 13.06.2023
accepted 26.09.2023
published online 23.11.2023

Bibliography

Fortschr Rontgenstr 2024; 196: 671-681
DOl 10.1055/a-2193-1379

ISSN 1438-9029

© 2023. Thieme. All rights reserved.
Georg Thieme Verlag KG, RiidigerstraRe 14,
70469 Stuttgart, Germany

Correspondence

Anne Slawig

University Clinic and Outpatient Clinic for Radiology,
University Hospital Halle, Ernst-Grube Str. 40, 06120 Halle,
Germany

anne.slawig@uk-halle.de

ABSTRACT

Background With the availability of MRI sequences with
ultrashort echo times (UTE sequences), a signal can be gained
from tissue, which was formerly only indirectly accessible.
While already extensively employed in various research set-
tings, the widespread transition of UTE imaging to clinical
practice is just starting.

Methods Based on a systematic literature search as well as
knowledge gained through annual participation in conferen-
ces dedicated to advances in MRI, this review aims to give a
brief overview of technical considerations and challenges of
UTE imaging and summarizes the major areas of application
of UTE imaging.

Results UTE is already employed in clinical practice for struc-
tural lung imaging as well as the characterization of tissue
composition and its alterations in selected musculoskeletal,
cardiovascular, or neurodegenerative diseases. In specific
contexts it can replace CT examinations with ionizing radia-
tion and is especially attractive for pediatric patients and long-
itudinal monitoring of disease progression and treatment.
Conclusion UTE imaging provides an interesting and very
valuable tool for various clinical purposes and promises a
multitude of new insights into tissue properties. While some
challenges remain, ongoing adoption in the clinical routine
can be expected, as UTE approaches provide a new contrast
and capture a signal in tissue formerly invisible on MR
imaging.

Key Points

= UTE imaging gains relevance in clinical settings

= UTE imaging is employed for the characterization of tissue
composition and its alterations in selected musculoskele-
tal, cardiovascular, or neurodegenerative diseases

= UTE imaging is employed in the clinical routine for struc-
tural lung imaging

= UTE imaging promises a multitude of new insights into
tissue properties
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ZUSAMMENFASSUNG

Hintergrund Mit der Verfligbarkeit von MRT-Sequenzen mit
Ultrakurzzeit-Echos (UTE-Sequenzen) wird die direkte Bildge-
bung von Gewebeanteilen mdéglich, die bisher nur indirekt als
dunkle Region im Kontrast zu hellen Strukturen zuganglich
waren. Wahrend die UTE-Bildgebung in der Forschung bereits
in groBem Umfang eingesetzt wird, steht der Ubergang in die
klinische Praxis noch am Anfang.

Methoden Basierend auf einer systematischen Literaturre-
cherche sowie Erkenntnissen, die durch die jahrliche Teil-
nahme an Konferenzen zu Fortschritten in der MRT gewonnen
wurden, soll dieses Review einen kurzen Uberblick {iber die
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technischen Uberlequngen und Herausforderungen der UTE-
Bildgebung geben und die wichtigsten Anwendungsbereiche
zusammenfassen, in denen diese bereits Einzug gehalten hat.
Ergebnisse UTE-Bildgebung wird bereits in der Klinik zur
strukturellen Lungenbildgebung sowie zur Charakterisierung
der Gewebezusammensetzung und ihrer Verdnderungen bei
ausgewdhlten Erkrankungen des Bewegungsapparats, des
Herz-Kreislauf-Systems oder bei neurodegenerativen Erkran-
kungen eingesetzt. Unter bestimmten Rahmenbedingungen
kann es strahlungsintensive CT-Untersuchungen ersetzen
und ist besonders attraktiv fiir padiatrische Patienten und die
Langzeitiiberwachung von Krankheitsverldufen und Behand-
lungen.

Schlussfolgerung Die UTE-Bildgebung ist ein vielverspre-
chendes Verfahren fiir verschiedene klinische Zwecke und
verspricht eine Vielzahl neuer Erkenntnisse zu Gewebeeigen-
schaften. Auch wenn noch einige Herausforderungen zu

bewiltigen sind, ist eine fortschreitende Etablierung der UTE-
Bildgebung in der klinischen Routine abzusehen, da sie einen
neuen Bildkontrast bietet und Signale im Gewebe erfassen
kann, die der MR-Bildgebung bisher verschlossen geblieben
sind.

Kernaussagen

= UTE-Bildgebung gewinnt an Relevanz im klinischen
Umfeld.

= UTE-Bildgebung wird zur Charakterisierung der Gewebe-
zusammensetzung und deren Verdanderungen bei
ausgewdhlten muskuloskelettalen, kardiovaskuldren oder
neurodegenerativen Erkrankungen eingesetzt.

= UTE-Bildgebung wird in der Klinik zur strukturellen
Lungenbildgebung eingesetzt.

= UTE-Bildgebung verspricht eine Vielzahl neuer Erkenntnis-
se (iber Gewebeeigenschaften.

Introduction

In a clinical setting, MRI distinguishes itself from other imaging
modalities by its superior contrast in soft tissue. However, some
areas appear dark, like lung, bone, ligament, or tendon (> Table 1
for examples), mainly due to the rapid transverse relaxation of the
magnetization as typically found in solid tissue with large
amounts of bound water or in highly inhomogeneous regions
where multiple air-tissue interfaces cause susceptibility variations.
The rapid signal decay caused by fast relaxation makes quantita-
tive imaging of such structures challenging, since conventional
MRI techniques are unable to capture the signal in time.

Due to the latest developments in hardware, a novel MRI acqui-
sition strategy has gained interest for acquiring information in just
such regions. The availability of super-fast switching RF transmit-
ters and receiver coils as well as advanced gradient coils enabled
the implementation of sequences with ultrashort echo times
(UTE) or even zero echo time (ZTE). Thus, imaging of tissues and
components, which were formerly inaccessible to MRI, becomes
feasible. In contrast to conventional MRI acquisition strategies,
sequences with extremely short echo times can detect a signal
from tissues with very short effective transverse relaxation times
(T2%). They also allow imaging in areas near magnetic field inho-
mogeneities or distortions, e.g., near metallic implants, or with
multiple susceptibility interfaces, e. g., in lung parenchyma.

A major advantage of UTE and ZTE MR imaging in contrast to
CT or other radiographic imaging techniques is the lack of ionizing
radiation, which poses a certain, albeit low, risk due to the sto-
chastic nature of ionizing radiation damage. That makes these
methods especially attractive for examinations of pediatric
patients as well as longitudinal monitoring of disease progression
and treatment, where repeated scans would accumulate a high
life dose of ionizing radiation [1-6]. For lung imaging it is even
estimated that up to 90 % of lung CT examinations could be
replaced by ionizing-radiation-free MRI without compromising
diagnostic quality [7].

As UTE imaging becomes more widely available, it is broadly in-
vestigated in research and will find its place in the clinical routine.
Dedicated reviews extensively examine the use of UTE in specific
areas in detail, e. g. in musculoskeletal [8, 9], bone [10, 11], or
lung MRI [T, 12, 13]. In contrast to these and other comprehen-
sive reviews [14] on technical aspects and numerous possible
applications, this study briefly summarizes the major techniques
and fields of application. The focus is on routines that are already
part of the clinical routine at a limited number of sites and have an
impact on patients.

Technical overview

To enable imaging of tissues with ultrafast relaxation times (espe-
cially T2*), the echo time (TE), i.e., the time between excitation
and readout, must be as short as possible. While conventional
MR sequences feature TEs of a few milliseconds, ultrashort or
zero echo time sequences can achieve values below 0.2 ms. Both
UTE and ZTE are necessarily implemented as gradient echo
sequences and therefore are sensitive not only to relaxation due
to molecular interactions but also due to magnetic field inhomo-
geneities. Therefore, an effective transverse magnetization
relaxation time (commonly known as T2*), usually much shorter
than intrinsic T2, needs to be considered. In a classic MRI
sequence with Cartesian k-space sampling, the TE is determined
by multiple imaging gradient events required for slice selection
and spatial encoding (> Fig. 1A). The minimal achievable TEs are
therefore restricted by hardware performance, especially
maximum gradient strength and slew rate, as well as by safety
restrictions preventing peripheral nerve stimulation. Current
state-of-the-art clinical MRI scanners typically provide gradient
strengths of about 45-80 T/m and slew rates of about 200-
220T/m/s [15-17]. Specialized coils can push the slew rate for
certain applications up to 500 T/m/s [17].

To avoid time-consuming gradient switching, UTE sequences
exploit the possibilities of non-Cartesian k-space sampling, like
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» Table 1 Examples of T2* times in different tissues with ultrashort
relaxation times or tissue with ultrafast relaxing components.

Tissue Long T2* Short T2*
component  component

Osteochondral

junction

= Bone 2-3ms <0.5ms [15, 22,
55, 63]

= Subchondral <1ms [22, 64]

bone

= Cartilage 35ms 0.5ms [15]

= Knee meniscus 19ms 2ms [15]

= Tendon 8-20ms <1ms [15]

Skull 1-3ms [33]

Lung 0.5-0.85ms [4, 39, 65]

White matter 0.42ms [48]

= Myelin <0.3ms [16]

= Axonal water 33-37ms

Carotid plaque 0.31t03.87ms  [55]

calcification

Bound water <1ms [26]

(tendon/collagen)

Free water >7ms [26]

center-out radial or spiral read-out trajectories. By starting each
encoding line in the center of k-space, valuable time for phase
encoding is saved and sampling is started directly while gradients
are still ramping up. Furthermore, most UTE techniques use 3D
k-space sampling with short hard pulses (> Fig.1B). For
2D-setups half pulses were suggested in order to shorten the
time after the main peak of the excitation pulse [18]. More sophis-
ticated setups, like VERSE pulses [19], will make it possible to fur-
ther shorten slice selection and associated rephasing gradients
(» Fig.1C).

Most ZTE sequences pursue a different strategy, where read-
out gradients are already starting before the actual excitation
pulse in order to save ramp-up times after the pulse (> Fig. 1D).
The main drawback is an acquisition gap thus created in the cen-
ter of k-space. Several strategies were suggested to acquire the
missing data [20]. Promising results for application have been
reported for algebraic reconstruction [21], water- and fat-
suppressed proton projection MRI (WASPI), which combines a
ZTE acquisition with short radial projections [22] or pointwise
encoding time reduction with radial acquisition (PETRA), which
employs Cartesian single point acquisition to cover the missing
central positions in k-space [23, 24].

What remains as the minimum TE in all cases is a technical
dead time required to switch the RF amplifiers between excitation

» Fig. 1 Overview of different pulse sequence implementations to
achieve ultrashort echo times. A standard gradient echo sequence
with full pulse and cartesian readout of k-space feature TE times of a
few milliseconds. B For 3 D acquisitions, no slice encoding gradients
are necessary and fast hard pulses can be employed to achieve TE
values below 0.2 ms. C For 2 D acquisition, TE can be significantly
shortened by employing half pulse excitation with VERSE modula-
tion and non-cartesian read-out trajectories, like center-out radial
trajectories. D In ZTE imaging the read-out gradients are directly
started before the excitation pulse. Consequently, the echo time
equals the dead time required by the RF amplifiers to switch from
excitation to acquisition, which typically lies in the range of 0.04-
0.1 ms.

and acquisition modes, which typically lies between 0.04-0.1 ms
[23, 25] for clinical scanners, but has also been reported to be as
low as 0.008 ms [26] or even 0.005 ms employing advanced RF
instrumentation hardware [25].

In general, UTE sequences profit from the advantages of non-
Cartesian sampling, like robustness to motion. ZTE sequences
have the additional advantage of being very quiet as gradients
are switched only in small increments. Limitations include the
fact that a majority of UTE sequences are 3 D acquisitions, which
might be inconvenient for some applications. Moreover, an acqui-
sition that is performed during the gradient ramp-up phase can
result in distortions and require correction measures. The
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non-uniform sampling of non-Cartesian trajectories is also less
efficient than Cartesian sampling schemes and can result in
prolonged measurement times. Sophisticated setup of the meas-
urement and trajectory design, e. g. density-corrected k-space
sampling methods [27, 28], can mitigate this effect and again
drastically shorten measurement time for clinical application.

While similar in their goal, UTE and ZTE sequences pose differ-
ent challenges to the scanner hardware. While they can in general
be implemented on any clinical scanner, the performance and
minimum achievable echo times depend on the hardware specifi-
cations. UTE sequences profit from high field strengths, for
improved SNR, and high gradient amplitude, slew rate, and fideli-
ty to ensure good image quality and resolution. ZTE on the other
hand requires no fast gradient switching but continuously high
amplitudes and therefore a virtually unlimited duty cycle. Addi-
tionally, it demands high standards in terms of RF power transmis-
sion and efficiency, which, in contrast, are not crucial for UTE
sequences. Both methods profit from rapid switching processes
between transmit and receive modes. [29]

UTE images are inherently weighted by proton density and
thus offer weak tissue contrast. Therefore, several approaches
are described to accentuate fast relaxing tissue compartments
[14], including difference imaging and/or magnetization prepara-
tion with inversion pulses (» Fig.2). The former implies the
subtraction of images acquired with ultrashort and moderate TEs
(» Fig. 2A) in order to suppress the signal from slowly relaxing tis-
sue, e.g., from muscles (> Fig. 2B), bone pores, myocardium, or
edemas in musculoskeletal and cardiac imaging. The latter
employs preparation pulses to null the signals from non-relevant
tissues at the time of acquisition (> Fig. 2D), like subcutaneous
and bone marrow fat in bone imaging or slowly relaxing compo-
nents in white matter (> Fig. 2E). A combination of both can fur-
ther serve to suppress the signal from multiple components
posing different relaxation times, e. g. the slowly relaxing compo-
nents in white and grey matter to enhance the signal from ultra-
fast relaxing myelin (» Fig. 2G). Both techniques rely on the
assumption of well distinguished compartments with homoge-
neous relaxation parameters, which might fail in pathological
conditions [30, 31]. More advanced techniques, such as the
sliding window technique or complex echo subtraction can help
to reduce contamination by interfering tissue compartments [9,
14, 32-35].

In addition to structural imaging, quantitative UTE is also of
clinical interest to investigate the composition of tissues. Biologi-
cal tissue is typically composed of several compartments, which
are characterized by individual relaxation properties (> Table 1).
The signal of tightly bound water molecules, e.g., in collagen or
myelin, decays significantly faster than the signal from less tightly
bound or free water molecules, e. g., extracellular water or axonal
water. The concentration of short T2* components may increase
in certain pathologies (like fibrosis, iron-deposition, in some
stages of hemorrhage and calcification or in deposition diseases
or cellular infiltrations) or decrease in others (e. g., edema, infiltra-
tion, tumors) [36]. More advanced composition evaluation is
achieved by accessing quantitative parameters like T2* and T1
relaxation times or magnetization transfer properties in dense
tissues. UTE is highly relevant for obtaining such quantitative

information, e. g., for T2* mapping from multi-echo acquisitions
(» Fig. 2A, C), which was previously impossible due to no signal
being detectable in ultrafast relaxing tissues.

Joints

Pathological and subclinical changes in joint tissues like tendons,
ligaments, and cartilage are one of the most promising applica-
tions of UTE imaging [37, 38]. While the low contrast in initial
UTE images is not necessarily beneficial in joint imaging, the
possibility to gain quantitative values provides significant new
information. Next to T2* mapping, a multi-compartment analysis
is of interest to quantify tissue composition and the respective
T2* values of various compartments, which might be derived,
e.g. by means of multi-exponential fitting of UTE multi-echo
series.

Several studies applied UTE to examine the recovery of ten-
dons after injury or healing progress after reparative surgery
[39]. Furthermore, inflammation processes were described as
being associated with T2* changes, reflecting increased extracel-
lular water content and reduced collagen content in tendinopathy
[40]. In cartilage, T2* serves as a biomarker for degenerative
processes, e. g. in osteoarthritis [41].

In the Achilles tendon, the short T2* component was identified
as a potential biomarker not only for ageing-related degenerative
processes but also for tendinopathy with a specificity of 1 and a
sensitivity of 0.86 [42]. In the same study, the reduced amount
of bound water in tendinopathy patients was detected with a
specificity of 0.43 and a sensitivity of 0.95.

In the shoulder tendons, a recent longitudinal study demon-
strated a correlation between the UTE-based T2* values and the
healing process 3, 6, 12, and 24 months after arthroscopic rotator
cuff repair surgery, which was evaluated by means of Sugaya
classification and patient satisfactory groups [39].

The T2* relaxation time has also been demonstrated to reflect
the impaired integrity of deep cartilage layers, for example after a
complex knee trauma. This was demonstrated for example, by an
increase in T2* values of up to 28 % in the cartilage layer of the
medial femoral condyle two years after anterior cruciate ligament
(ACL) reconstruction [43]. Another clinical study reported an even
stronger T2* increase in the same cartilage region in patients with
acute ACL injury and comparable results two years after ACL
reconstruction [41].

T2* relaxation time is also used to characterize meniscal inju-
ries. A study of three cohorts showed that, compared to healthy
subjects, T2* increases in the meniscus up to 27 % in patients
with ACL injuries and even more than 90 % in ACL trauma patients
with additional, morphologically detectable meniscus injuries
[41]. The same study also showed a significant recovery of initial
T2* differences between examined groups two years after ACL
reconstruction.

Bone

Bone, as a very dense tissue, has very fast T2* relaxation times and
appears as voids on conventional MRI. At the same time, it fea-
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» Fig.2 To generate contrast for ultrafast relaxing structures in tissues with multiple components, UTE imaging is combined with magnetization
preparation and/or difference imaging of two acquisitions with different echo times. A T2* relaxation of two components with short (red) and long
(blue) relaxation times. By subtracting two images acquired at different echo times (TE1 and TE2), signal from slowly relaxing components can be
suppressed. By acquiring multiple echoes (e. g., TE1 to TE6), a (multi-)exponential fit can be performed to quantify T2*-relaxation times. B In the
knee, an acquisition at two different echo times and subsequent subtraction make it possible to scale down the signal in muscle and fat tissue and
enhance the signal from tendons or ligaments. C T2* map of the knee calculated from acquisitions at 3 different echo times. D An inversion pre-
paration can be employed to suppress the signal of tissues with long T1 relaxation times by setting an appropriate inversion time (TI). Thus, only the
signal from fast relaxing structures remains at echo time (TE1). E Inversion prepared UTE acquisition in the brain (coronal view) with an inversion
time (TI) of 500 ms suppresses the signal of the slowly relaxing components in white matter. The first echo (TE1 =0.03 ms) shows the considerable
signal of fast-relaxing white matter components, whereas the white matter signal is nearly vanished in the second echo (TE2 = 2.5 ms). F Combining
the inversion preparation and difference imaging makes it possible to suppress the signal from two different slowly relaxing components. G In the
brain (coronal view), subtraction of two inversion prepared acquisitions at ultrashort and moderate echo times suppresses the signal not only from
slowly relaxing components in white matter but also in gray matter, substantially enhancing the contrast of myelin’s fast-relaxing components.
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» Fig.3 Example of morphological and quantitative UTE imaging of cranial bones. Skull, segmented from UTE (A) and CT (B) acquisition, and 3D
rendering of whole skull of an adult subject with remaining frontal suture (sutura frontalis persistens, indicated by white arrows) segmented from
T2* map (C) and difference image (D) of double echo UTE acquisition, respectively.

tures a complex architecture with multiple compartments that
contribute to the UTE signal [9]. Therefore, common UTE tech-
niques in bone imaging include subtraction or double inversion
preparation approaches for morphological, CT-like evaluation of
injuries, as well as assessment of quantitative markers, which can
be used to characterize the bone microstructure and mechanical
bone properties like stiffness and elasticity. The latter varies, e. g.
depending on age or as a consequence of degenerative structural
changes like osteoporosis, and thus determines the risk of bone
fractures [11].

The evaluation of the multi-compartment UTE signal decay
further allows a selective quantification of free and bound water
fractions and thus provides information about the status of bone
matrix thinning, as is characteristic in osteoporosis [44]. One
highly relevant parameter is the so-called porosity index, defined
as a ratio between the signal intensities in bones at moderate and
ultra-short TEs, which was previously shown to correlate with por-
osity metrics in uCT as well as bone stiffness [45]. Furthermore,
the macromolecular proton fraction, as it can be assessed by
magnetization transfer prepared UTE imaging, uniquely provides
information about the amount of bone collagen, and thus allows
characterization of the elasticity of bone [46]. Against this back-
ground, UTE is a very promising tool for bone status assessment
and prediction of fracture risks, e.g., in aging patients or osteo-
porosis. This is particularly relevant given the moderate sensitivity
of conventional diagnosis tools like quantitative CT or dual-energy
X-ray absorptiometry (DEXA)-based measurements of mineral
bone density [47].

UTE techniques have also been successfully applied to image
cranial bone, achieving CT-like contrast of diagnostic quality
(» Fig. 3). Although the spatial resolution obtained by UTE ima-
ging is typically not as high as with CT, overall agreement in visible
structural features (e. g., sutura lambdoidea and cranial layers)
has been found in both modalities [48]. Consequently, UTE ima-
ging is capable of imaging skull fractures and, when combined
with conventional MR, it is superior to CT for fracture characteri-
zation [49]. In addition, the spatial mapping of T2* provides
information on cranial bone sublayers and further might enable
assessment of post-fracture bone recovery or adolescence
development (> Fig. 3C, D).

Lung

For a long time, MRI of lung pathologies was of no clinical interest
as low proton density and very short T2* times made it almost im-
possible to gather any signal from the lung parenchyma. This is
changing rapidly due, at least in part, to the ongoing introduction
of UTE sequences, and research has demonstrated the feasibility
of UTE MRI for detecting various lung pathologies. Morphological
depiction of the lung parenchyma using UTE imaging can identify
hyper- and hypointense areas, which indicate “plus” and “minus”
pathologies, respectively. The unique strength of UTE sequences,
compared to other MRI sequences, lies in the detection of
“minus” pathologies, such as emphysema, congenital lobar over-
inflation, congenital pulmonary airway malformation, and air
trapping (examples shown in » Fig. 4). While other MRI sequen-
ces are well suited for imaging “plus” pathologies (e. g., atelecta-
sis, inflammatory consolidation, and pulmonary hamartoma)
especially with increased water content (like edema, pneumonia,
effusion, mucus), UTE imaging also provides adequate visualiza-
tion in such cases [5, 13].

Current clinical indications for lung MRI include evaluation of
cystic fibrosis, lung cancer, and lung nodule characterization as
well as pulmonary hypertension [2]. Other pathologies, like pul-
monary embolism, pulmonary parenchymal abnormalities, chron-
ic obstructive pulmonary disease, asthma, interstitial lung disease,
neonatal lung disease, or obstructive airway diseases are likely to
be added to the list shortly [2, 12].

The feasibility of UTE MRI for monitoring cystic fibrosis has
been shown and validated against CT and pulmonary function
testing for assessing the severity of structural alterations [50].
The functional information obtained thereby can also serve for
quantitative analysis of ventilation and hyperinflation [51],
characterization of various forms of inflammation, and the detec-
tion of small changes in cases of mild cystic fibrosis [52].

Pulmonary thin-section MRI with a UTE sequence can success-
fully detect lung nodules and can be used to distinguish nodule
types [53]. A high sensitivity was shown, especially for the detec-
tion of small pulmonary nodules in a range of 4-8 mm [54]. UTE
MRI was also employed in a lung cancer screening study and
performed comparable to standard- or low-dose CT [55].
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» Fig. 4 Images of pediatric patients with air-trapping (A, B) and congenital pulmonary airway malformation (C, D) demonstrate the application of
UTE for lung imaging of “‘minus” pathologies. A CT image and B UTE image of a case of air-trapping in the upper right lobe, a classic “‘minus”

pathology, distinguished by a decrease in signal intensity (indicated by yellow arrows). C CT imaging of a cyst associated with congenital pulmonary
airway malformation, and D corresponding UTE image. Arrows indicate the area of reduced signal intensity in the cyst. In contrast to conventional
MRI sequences, UTE makes it possible to distinguish such signal losses as it can gain a signal from the surrounding lung parenchyma and therefore

provide contrast between healthy tissue and the pathology.

Most recently, chestimaging was considered a vital instrument
for the screening, diagnosis, and surveillance of patients during
the COVID-19 pandemic [56]. While radiography and CT were em-
ployed, concerns about the repeated exposure to ionizing radia-
tion also suggested the use of UTE MR imaging. In fact, UTE MRI
was found to be a valuable tool and potential alternative to CT in
acute disease as well as post-COVID patients [57, 58].

Brain

Both grey and white matter consist of multiple components with
short or long T2* relaxation times. Initial evaluations of short T2*
components revealed signal variation in multiple pathologies,
some of which were not as obvious on conventional MRI, e. g. mel-
anoma metastases, meningeal disease, chronic hepatic encepha-
lopathy, probable calcification, and probable radiation damage
[59].

Today, the major focus of UTE in the brain is to directly capture
the myelination. As protons in myelin have extremely short T2*
relaxation times of <1 ms, UTE is required for direct assessment
[60]. A common approach for selective imaging of protons in
myelin is the combination of inversion preparation and difference
imaging (> Fig. 2F, G). By selecting appropriate inversion times
(400-500 ms), long T2* white matter components featuring also
long T1 times will be nulled [14, 61, 62]. In addition, the “differ-
ence imaging” approach can suppress residual grey matter contri-
butions, which manage to recover through the long inversion
process in the preparation phase.

Direct assessment of myelin integrity is of importance for diag-
nosis, treatment monitoring, and prognosis assessment in many
neurological diseases, such as multiple sclerosis (MS), Alzheimer’s
disease, Parkinson’s disease, epilepsy, and traumatic brain injury
[14].

In initial exploratory studies in MS patients, inversion pulse
prepared UTE imaging revealed differences between lesions and
normal-appearing white matter as well as myelin loss in normal-
appearing white matter, which was not apparent on T2-FLAIR
imaging [63, 64]. Studying the clinical manifestation of MS, a

significant correlation was found between direct UTE imaging of
myelin and disability in patients [65].

Cardiovascular System

The presence of fast relaxing structures in the cardiovascular
system is usually associated with pathological processes, e.g.,
carotid plaque calcifications or fibrosis. Inversion pulse prepared
UTE imaging allows the direct assessment of calcified tissue [66-
69]. The assessment of calcifications of coronary arteries, for in-
stance, serves as an independent risk factor for future coronary
events [70]. Imaging of calcifications in the carotid artery is
another use case as the presence of calcifications may affect the
biomechanical stability of atherosclerotic plaques. Because of
the high correlation between inversion pulse prepared UTE and
CT images of plaque calcifications and the high variability of these
plaques [68], UTE-based measurements could therefore serve as
an additional tool for MRI-based management of atherosclerosis
and plaque classification [69].

Due to its unique capability to detect the collagen signal, UTE
imaging is also used to differentiate fibrosis from inflammation,
which enhances its utility in cardiac imaging [71]. Visualization of
scars in the myocardium, without the need for contrast adminis-
tration, is a very attractive application of UTE and also opens the
door for serial imaging [71].

Apart from tissue characterization, UTE approaches are benefi-
cial for characterizing complicated flow patterns of the cardiovas-
cular system. It has been proven advantageous over conventional
MRI sequences in imaging complex flow [72, 73], clipped cerebral
aneurysms, and coil embolization [74, 75]. However, UTE-based
angiography approaches are still subject to methodological
research only.

Methodological Challenges

Despite providing morphological and quantitative information in
dense tissues, the UTE techniques are still less common in clinical
protocols due to certain limitations. For example, morphologic
UTE imaging with high spatial resolution typically requires 3D
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» Table 2 Summary or major fields of application of UTE imaging, main techniques applied in each field, and pathologies in the current focus of

UTE imaging.

Area Main techniques applied Focus of application References

Joints T2* mapping, multi-compartment analysis Recovery of injured tendons [39]
Tendinopathy [40]
Osteoarthritis [41]

Bone Subtraction or double inversion preparation, Morphological imaging [44, 45]

e Fracture risk assessment [40, 42, 43]

Osteoporosis and porosity evaluation [41]

Lung Short TE imaging Imaging of minus pathologies
Cystic fibrosis, [50-52]
Lung cancer and lung nodule characterization [53-55]
Pulmonary hypertension [2]
Post-COVID [57, 58]

Brain Combination of inversion preparation and Myelination

0 S el Multiple Sclerosis (MS), 62, 65]

Neurological diseases [14]
Traumatic brain injury [14]

CV system Inversion preparation Atherosclerosis and plaque classification [68, 69]
Fibrosis [71]
Visualization of scars [71]
Characterization of flow [72, 73]

spatial encoding with a large number of k-space readouts, which
is associated with examination times of several minutes. This
becomes especially crucial in less compliant patients or in moving
organs, e.gd., in the heart. In addition, multi-echo-series acquisi-
tion for difference imaging or T2* mapping, as well as additional
magnetization preparation, required for example to null the inter-
fering tissue compartments or to access the magnetization trans-
fer mechanisms, also extend the examination time. Therefore,
slice and in-plane resolutions should be accurately adjusted to
the target structures. Furthermore, a moderate signal-to-noise
ratio due to low proton density and rapid signal decays in dense
tissues makes UTE more susceptible to imaging uncertainties and
artifacts. Against this background, more advanced reconstruction
and post-processing methods, which employ, for example,
compressed sensing or artificial intelligence based approaches,
become relevant to face the challenges of UTE imaging with
appropriate quality and within a clinically suitable examination
time. Finally, non-cartesian k-space sampling often leads to less
predictable, radially or spirally shaped interferences between
tissues with different chemical shifts, e. g., between fat and water,
which might also hamper morphological differentiation.
Therefore, appropriate adjustment of readout bandwidth and
previously mentioned nulling techniques become important to
reduce these artifacts.

Conclusion

In conclusion, ultrashort echo time imaging provides an interest-
ing and very valuable tool for various clinical purposes and promi-
ses new insights into tissue properties. UTE (and ZTE) sequences
provide a new contrast and capture signal in tissue components
formerly invisible on MR imaging due to their very short relaxation
times. Besides advanced morphological visualization, quantitative
UTE techniques assess relaxation or magnetization transfer prop-
erties in ultrafast relaxing structures. Consequently, UTE has
found its place in structural lung imaging as well as the character-
ization of tissue composition and its alterations in musculoskele-
tal, cardiovascular, or neurodegenerative diseases (> Table 2).
Due to the lack of ionizing radiation exposure, it is especially
attractive for pediatric patients and longitudinal monitoring of
disease progress and treatment.

Further prospects includes the extension of UTE applications to
other pathologies in already mentioned organ systems (e.qg.,
pathologies of central nervous, cardiovascular, musculoskeletal
and pulmonary systems) as well as other clinical fields like dentis-
try or radiation therapy. Furthermore, the clinical potential of UTE
imaging can be further elevated by the assessment of additional
quantitative parameters like magnetic susceptibility of fast relax-
ing tissues or by imaging of other nuclei with intrinsically shorter
relaxation times, like sodium or phosphorus, which are currently
scientific targets only.
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