
UC San Diego
UC San Diego Previously Published Works

Title
UTE imaging in the musculoskeletal system.

Permalink
https://escholarship.org/uc/item/9410304n

Journal
Journal of magnetic resonance imaging : JMRI, 41(4)

ISSN
1053-1807

Authors
Chang, Eric Y
Du, Jiang
Chung, Christine B

Publication Date
2015-04-01

DOI
10.1002/jmri.24713

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9410304n
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


UTE Imaging in the Musculoskeletal System

Eric Y. Chang, MD1,2, Jiang Du, PhD2, and Christine B. Chung, MD1,2

1Department of Radiology, VA San Diego Healthcare System

2Department of Radiology, University of California, San Diego Medical Center

Abstract

Tissues, such as bone, tendon, and ligaments, contain a high fraction of components with “short” 

and “ultrashort” transverse relaxation times and therefore have short mean transverse relaxation 

times. With conventional MRI sequences that employ relatively long echo times (TEs), there is no 

opportunity to encode the decaying signal of short and ultrashort T2/T2* tissues before it has 

reached zero or near zero. The clinically compatible ultrashort TE (UTE) sequence has been 

increasingly used to study the musculoskeletal system. This article will review the UTE sequence 

as well as various modifications that have been implemented since its introduction. These 

modifications have been used to improve efficiency or contrast as well as provide quantitative 

analysis. This article also reviews several clinical musculoskeletal applications of UTE.
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Introduction

All biological tissues are heterogeneous and contain a combination of components, each 

with an individual transverse relaxation time (T2 and T2*). The observed signal intensity of 

a tissue at the time of magnetic resonance (MR) imaging depends on many variables, 

including the mean transverse relaxation time of the components within a voxel. One 

commonly used classification scheme defines transverse relaxation values less than 0.1 ms 

as “supershort”, 0.1 – 1 ms as “ultrashort”, 1-10 ms as “short” and greater than 10 ms as 

“long” (1). Some tissues of the musculoskeletal system contain a high fraction of 

components with long transverse relaxation times, such as cartilage, and therefore have long 

mean transverse relaxation times. Other tissues, such as bone, tendon, and ligaments, contain 

a high fraction of components with “short” and “ultrashort” transverse relaxation times and 

therefore have short mean transverse relaxation times.

With conventional MRI sequences that employ relatively long echo times (TEs), there is 

limited opportunity to encode the decaying signal of short and ultrashort T2/T2* tissues 

before it has reached zero or near zero. Although there remains clinical value with seeing the 
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outline of the short T2/T2* tissues, such as hypo-intense tendon outlined by hyper-intense 

fat, a significant amount of information is lost by not being able to directly view the tissue 

and its internal structure (Figure 1). Furthermore, there is no possibility of quantification, 

such as measuring longitudinal (T1) or transverse (T2 or T2*) relaxation times.

A family of clinically compatible sequences is capable of providing TE values less than 1 

ms (1). These can be collectively referred to as the ultrashort TE (UTE) group of sequences, 

although zero TE (ZTE) is also a member of this family. Since their introduction (2), UTE 

sequences have been employed on clinical MR systems from every major manufacturer and 

have been increasingly used to study the musculoskeletal system. With UTE, TEs as short as 

8 μs (0.008 ms) have been achieved, although TE values ranging from 20 – 100 μs are more 

typical.

Images acquired with UTE sequences can be used for qualitative evaluation, such as for 

alteration of the calcified layer of articular cartilage or tendon ultrastructure. Alternatively 

UTE sequences can allow for quantitative evaluation, such as evaluation of bi-component 

fraction of tendon. Furthermore, preparatory pulses can be combined with UTE to sensitize 

the sequence to particular proton pools, such as for the evaluation of the slow molecular 

interactions between water and proteoglycans (T1ρ) (3).

This article will review the UTE sequence as well as various modifications that have been 

implemented since its introduction. These modifications have been used to improve 

efficiency or contrast as well as provide quantitative analysis. We will also review select 

clinical musculoskeletal applications of UTE. This review will only focus on proton 

imaging, although UTE sequences can be useful for imaging of other nuclei including 

phosphorus or sodium.

UTE Techniques

Conventional echo-forming sequences, such as RARE (rapid acquisition with relaxation 

enhancement, also known as fast spin echo) and gradient-recalled echo (GRE), cannot be 

used to generate echo times less than 1 ms on clinical systems. Using these sequences, the 

majority of signal from short components has decayed prior to echo formation. In fact, 

significant transverse relaxation can occur even during radiofrequency (RF) pulse excitation.

The UTE sequence uses a short RF pulse and acquires data as soon as possible after 

excitation finishes. Data acquisition occurs while the readout gradient is being ramped on 

(Figure 2). The sampling pattern of k-space is radial, filled from the center out, and is 

nonlinear in time (4). Slice-selection with 2D imaging is achieved with two excitations, each 

half of a conventional slice selection pulse. The first pulse uses a positive gradient and the 

second a negative gradient, together resulting in the same scenario as a single complete 

excitation pulse (2). Half pulses can also be used for volumetric imaging with a variety of 

methods, each with challenges and proposed solutions (5). Alternatively, 3D imaging can be 

achieved with a non-selective (hard) excitation pulse followed by a 3D radial acquisition (4). 

Judicious use and placement of coils allows for signal to originate mainly from the 

structures of interest. For instance, the use of a surface coil can allow small field-of-view 
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imaging of a superficial anatomic structure without aliasing from deeper structures that are 

not of interest.

One of the limitations of radial acquisition is that many more acquisitions are required to 

satisfy the Nyquist criterion compared with rectangular (Cartesian) sampling. To improve 

overall efficiency, a number of modifications have been proposed to fill k-space, including 

twisted, spiral, and cones projection methods (6,7). Other UTE-type sequences that have 

been used to image species with ultrashort transverse relaxation times include the 

acquisition-weighted stack of spirals (AWSOS) and variable TE (vTE) sequences. The 

AWSOS sequence uses selective excitation, variable-duration slice encoding, and mobile 

spiral readout to sample a cylindrical volume in k-space (8). The vTE sequence uses 

Cartesian k-space sampling, but TE is shortened with asymmetric RF pulses, partial echoes, 

and ramp sampling (9). Although all of these methods result in improved overall efficiency 

compared with radial acquisition, usually longer readout durations are required and blurring 

may result.

An alternative approach to imaging of tissues with short transverse relaxation is with the 

application of the readout gradient prior to excitation. The RF pulse that is applied can be a 

short, hard pulse, referred to as the zero echo time (ZTE) technique (10) or can be a longer, 

frequency-modulated pulse with interleaved transmit-receive operation, known as sweep 

imaging with Fourier transformation (SWIFT) (11). The elimination of rapidly switching 

gradients between TR intervals has many benefits, including decreased acoustic noise and 

reduced eddy current effects. These sequences are inherently 3D due to the presence of the 

readout gradient, which prevents simultaneous application of a slice selection gradient in 

another direction (10). The dead time that is caused by the finite duration of the RF pulse, 

transmit-receive switching, and digital bandpass filtering results in a gap of data at the center 

of k-space (10). The missing data challenge can be addressed with acquisition oversampling 

and algebraic reconstruction in the ZTE technique (10) or filled with a Cartesian single-point 

imaging technique, known as pointwise encoding time reduction with radial acquisition 

(PETRA) (12). A limitation of these techniques is less versatile contrast manipulation, 

although inversion preparation pulses can create T1 contrast (13,14).

Qualitative Imaging for Morphologic or Anatomic Analysis

With the UTE technique, it is possible to obtain signal from tissues with short and ultrashort 

mean transverse relaxation times. However, images are largely proton-density weighted and 

contrast between adjacent musculoskeletal structures is often not as dramatic as with 

conventional images. This highlights the need for manipulation of signal to optimally 

evaluate tissues and tissue components with rapid transverse relaxation.

Image contrast can be manipulated with appropriate selection of TE, where longer TEs add 

T2* weighting. Sequences that lack a refocusing pulse are sensitive to both macroscopic and 

microscopic susceptibility effects (T2*), although use of ultrashort TEs minimizes 

dephasing. Another basic method is with image subtraction between an UTE image and a 

second gradient echo image with much longer TE. The UTE image will capture signals from 

both long and short T2* components whereas the longer TE image will capture signal from 

the long T2* components. Subtraction of the two images will result in selective display of 

Chang et al. Page 3

J Magn Reson Imaging. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



short T2* components (Figure 1). Rescaling of the UTE image prior to subtraction can be 

performed to decrease the signal from muscle and fat relative to the unscaled longer TE 

image, resulting in increased contrast of the short T2* components (15). Subtraction 

techniques are sensitive to patient in-plane and through-plane motion between source 

images.

Preparation pulses prior to UTE acquisition can introduce additional forms of contrast. T1-

weighting can be performed with saturation recovery, where a short rectangular, 

nonselective 90° pulse (e.g., 256 μs in duration) is delivered followed by a larger crusher 

gradient (16). Longitudinal magnetizations of both short and long T2* species are saturated 

and more rapid longitudinal recovery of short T1 components allows for T1-weighting 

(Figure 3).

Preparation pulses can also be used to suppress long T2* species, such as with long T2* 

saturation or inversion and signal nulling (17). Long T2* saturation techniques use a long 

90-110° RF pulse followed by a large crusher gradient (17,18). The short T2* components 

are then selectively detected with the UTE sequence since they experienced significant 

transverse relaxation during the long RF preparation pulse and were able to significantly 

recover their longitudinal magnetization. Two consecutive saturation pulses and subsequent 

spoiling gradients can be used for combined water- and fat-suppression, known as water- 

and fat-suppressed projection imaging (WASPI) (17). A limitation of saturation techniques 

that use hard RF pulses is that they are more sensitive to B0 and B1 inhomogeneities 

compared with the adiabatic inversion and signal nulling techniques. Long T2* inversion 

with adiabatic 180° pulses have been used to overcome this limitation (16). Similar to the 

long T2* saturation technique, the short T2* components are not inverted, but partially 

saturated during the long T2* inversion process. After an appropriate inversion time, the 

long T2* signals are nulled and only the short T2* signals are detected with the UTE 

sequence. A single inversion pulse can be used to reduce approximately 80% of the signal of 

both fat and long-T2* components (such as muscle) (16) or dual inversion pulses can be 

used for complete nulling of both (19,20).

Off-resonance saturation with subtraction can also provide contrast for the short T2* 

components (21). This technique relies on the fact that short T2* components have broad 

spectral linewidths compared with long T2* components such as fat and water. A high 

power saturation pulse placed +1 to +2 kHz away from the water peak results in suppression 

of the short T2* components. Subtraction of two UTE images acquired with and without the 

off-resonance preparation pulse will accentuate the short T2* components.

Phase differences between tissues and tissue components can also be used to generate 

contrast with UTE imaging. Phase evolution has been shown to occur during the RF pulse 

and readout periods of the UTE sequence (22). Phase images may generate more contrast 

than magnitude images (18) and susceptibility weighted images can also be performed when 

both care combined.

Fat suppression can be important to increase conspicuity of musculoskeletal tissues. 

Unfortunately a chemically selective technique, which is the most commonly used in clinical 
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practice, is problematic when the objective is to image short T2* tissues. The broad spectral 

linewidths of the short T2* components overlap with the main fat peak and the fat-saturation 

pulse may inadvertently cause direct saturation of the components of interest. The 

combination of UTE with a chemical shift based water-fat separation method (Iterative 

Decomposition of Water and Fat With Echo Asymmetry and Least-Squares Estimation, 

IDEAL) has been successfully implemented to overcome this challenge (23). The UTE-

IDEAL sequence utilizes multiple echoes which not only allow for multi-frequency fat 

spectral modeling, but also provides quantitative T2* information.

Quantitative Imaging

T2* relaxation time is dependent on interactions between spins, tissue hydration, and 

susceptibility effects (24). T2*quantification is made possible with the acquisition of a series 

of images with constant repetition time (TR) and variable TE. Tissues with short T2* can be 

quantified with the UTE sequence. However, increases in TE result in different patterns of 

eddy currents, leading to variations in slice profile and different degrees of long T2* 

contamination (25). A number of approaches have been used to reduce errors (18,26). 

Additionally, quantification of short T2* signal has been performed following long T2* 

suppression (16).

T2* can be calculated with a mono-exponential decay model or with a multi-exponential 

decay model. While multi-exponential T2* analysis may provide unique and useful 

information, a number of challenges exist. These include sensitivity to spatial resolution, 

image signal-to-noise ratio, the number and spacing of echoes, the number of fitting 

components, and the differences between component T2* values (27). Knowledge of the 

total number of components and transverse relaxation time of each individual component in 

a particular tissue is based on data acquired with high-performance spectroscopic systems 

using Carr–Purcell–Meiboom–Gill (CPMG) sequences and nonnegative least squares 

(NNLS) approaches. Although this allows for no a priori assumptions about the total number 

and T2 relaxation of components, it cannot be used to characterize short T2 tissues on 

clinical MR systems due to minimal TE limitations. It is assumed that the number and 

relationship between components made with CPMG and UTE sequences at various field 

strengths is similar, but UTE sequences will incorporate local susceptibility effects resulting 

in a shortening of T2* relative to T2. Multi-component analysis in humans is typically 

performed with the assumption of two components. Use of UTE sequences allows detection 

of a “short” T2* component (containing short and ultrashort components) and a “long” T2* 

component (28). In vivo bi-component analysis has been successfully employed with 

multiple tissues of the musculoskeletal system (25) (Table 1).

The magic angle effect causes variations in transverse relaxation values dependent on 

collagen fiber orientation relative to B0 (29). Transverse relaxation is shortest when fibers 

are oriented at 0° and longest when they are oriented at 54.7°. While this phenomenon can 

be used to improve contrast, it confounds the quantitative evaluation of highly oriented 

collagen-rich tissues in the clinical setting. The magnitude of the effect on transverse 

relaxation depends on sequence type and parameters, but intensity variations greater than a 

factor of 10 have been demonstrated (29). Furthermore, results from spectroscopic systems 
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have shown that both the total number and individual component T2 relaxation times vary 

depending on orientation in the magnet (30). Despite this, studies performed on clinical MR 

systems with bi-component UTE T2* analysis suggest that fractional analysis is much less 

sensitive to magic angle effects compared with single component analysis (31). For instance, 

Pauli et al showed that one histologically normal patellar cartilage specimen demonstrated 

CPMG-measured T2 values varying from 30.7 to 79.3 ms, dependent on fiber orientation 

with the main magnetic field. For the same full-thickness ROIs, short T2* water fractions 

ranged from 18.8 to 20.7%, appearing much less sensitive to the magic angle effect (31).

T1 relaxation time is dependent on tissue water content and the macromolecular 

environment of the tissue (24). Rapid T1 quantification of short T2* tissues is possible with 

the UTE technique combined with a saturation recovery technique for 2D imaging (16,18) 

or with a variable flip angle (VFA) method for 3D imaging (32). The VFA method relies on 

the acquisition of 3D UTE datasets with two through six optimized flip angles. Both the 

saturation recovery and VFA methods demonstrate good agreement with each other (33). 

Specifically, Wright et al measured T1 values in volunteer Achilles tendons and mean T1 for 

the regions of interest were 725 ± 42 ms and 698 ± 54 ms for the saturation recovery and 

VFA UTE techniques, respectively, without significant difference between the two 

measurements (33).

T1ρ quantification allows for the assessment of extremely slow molecular motions (34). T1ρ 

has been used to investigate large macromolecules such as proteoglycans and their 

characteristic polysaccharide chains known as glycosaminoglycans (GAGs). In T1ρ 

imaging, longitudinal magnetization is brought into the transverse plane with a 90° pulse 

and subsequently locked with a spin-lock pulse. During the locking pulse, magnetization 

relaxes by the time constant T1ρ. A -90° pulse is then delivered to flip the magnetization 

back into the longitudinal plane with subsequent delivery of a crusher gradient to spoil 

residual transverse magnetization. Magnetization stored in the longitudinal axis is then read 

out by the UTE sequence, which allows for measurements to be made in short T2* tissues. 

T1ρ is quantified by repeating the experiment with various spin lock times and fitting the 

data to an exponential equation (3).

Magnetization transfer (MT) contrast is based on interactions between the free and restricted 

proton pools. MT may provide unique information about the microscopic and chemical 

environment. The MT sequence employs an off-resonance RF saturation pulse, which is 

typically far from the narrow peak of free water. The RF pulse affects the short T2* 

components, which have broad spectral linewidths. Exchange with the free water pool leads 

to a loss of longitudinal magnetization. Combination with the UTE sequence allows for the 

assessment of the MT effect in short T2* tissues. The MT ratio (MTR) is a useful measure 

to quantify the MT effects and is derived from one image without the MT preparation pulse 

(M0) and one image with the MT pulse (MSAT).

[1]
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Measurement of MT is particularly challenging with short T2* tissues since the RF pulse 

may directly saturate the free proton pool (35). Furthermore, MT measurements are sensitive 

to many technical variables and are highly dependent on the specific imaging parameters of 

the applied pulse sequence. When comparing longitudinal measurements of MTR, one 

should use the same frequency and power values for the off-resonance pulse. Additionally, 

the same field strength should be used since MTR is affected by T1 relaxation time and 

therefore measurements at 3T are expected to yield slightly lower values compared with 

1.5T (36). MTR is much less sensitive to magic angle effects compared with transverse 

relaxation times (37).

Applications

To date, UTE sequences have been used to study many tissues of the musculoskeletal 

system. This section will focus on anatomical considerations unique to individual tissues as 

well as review qualitative and quantitative clinical applications.

Articular cartilage

Anatomical Considerations—Articular cartilage refers to hyaline cartilage which lines 

the ends of the bones in diarthrodial joints. Chondrocytes are scarce in cartilage, but are 

responsible for producing and maintaining the extracellular matrix (ECM). Cartilage is 

composed of approximately 65 – 80% water (38) and of the dry weight, approximately 60% 

is collagen and 12% is sulfated proteoglycan (39,40). Collagen fibrils are predominantly 

composed of type II collagen. Type X collagen is found in calcified cartilage (41). Aggrecan 

is the major proteoglycan in articular cartilage, containing chondroitin sulfate and keratin 

sulfate (GAG) chains.

Articular cartilage can roughly be separated into four zones: the most superficial zone, 

tangential zone, middle zone, and deep zone (42,43). In general, collagen fibrils vary from 

being fine and parallel at the articular surface to thicker and perpendicular at the deep zone 

(44). Furthermore, the collagen network has a preferred orientation known as the split-line 

direction. Proteoglycan content also shows depth variation, increasing with depth from the 

surface (45).

The deep zone of cartilage is attached to subchondral bone through a metabolically active 

region of calcified cartilage, ranging from 79 – 243 μm in thickness (46). With advancing 

age, the calcified cartilage decreases in thickness. In addition, the number of tidemarks, 

which represents the junction between the calcified and uncalcified cartilage, also increases 

with advancing age such that after age 70 nearly all tidemarks will be duplicated with up to 

four being present (46).

Imaging—Cartilage has a high fraction of long T2* components and therefore cartilage 

demonstrates high signal with both conventional and UTE sequences. However, with the 

UTE sequence, signal is also obtained from the short T2* components. Of particular interest 

is the calcified layer of cartilage, which may be involved in the pathogenesis of chondral 

degeneration (47). The UTE sequence has been shown to be sensitive to the presence of the 

calcified cartilage layer (48), largely due to short T1 relaxation. With subtraction or 

Chang et al. Page 7

J Magn Reson Imaging. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



application of preparation pulses such as single or double inversion recovery, selective 

visualization of the calcified layer can be achieved (19) (Figure 4).

Studies performed with articular cartilage on spectroscopic systems suggest that there are up 

to four pools of protons, each with distinct relaxation times, including bulk water, water 

trapped between collagen fibers, water associated with proteoglycans, and water associated 

with collagen (49). The UTE sequence allows for detection of all components except for 

water associated with collagen, which has supershort transverse relaxation (T2* less than 20 

μs) (50). Compared with conventional sequences, detection of these additional components 

may be useful in determining early stages of disease. Using a mono-exponential decay 

model, Williams et al found that UTE-T2* values were more sensitive to matrix 

degeneration compared with conventional T2 values based on histological standards (51). 

However, in contrast to conventional techniques, the UTE-T2* values decreased with 

increasing degeneration.

It has been shown that four types of T2* decay patterns can be visualized on clinical MR 

systems (52), but a bi-component model is the best that can be achieved within clinically 

allowable imaging times and may be sufficient to describe the decay pattern in cartilage 

(50). Pauli et al found a significant correlation between increasing short T2* fractions and 

worsening degrees of degeneration (31).

Evaluation of reproducibility is an integral part of the validation of new imaging techniques. 

There are limited studies to date presenting reproducibility data for quantitative measures 

with the UTE techniques. However, one study performed by Williams et al imaged 11 

asymptomatic subjects on three consecutive days using UTE-T2* mapping and found 

intersession precision error of 8% which corresponded to a mean T2* of 1.2 ms (53). Intra-

observer reliability was also assessed in the same study and was found to be excellent.

Bone

Anatomical Considerations—Bone is composed of approximately 15% water by 

volume, either bound to collagen or residing within spaces, and 85% type I collagen and 

calcium hydroxyapatite (54). From a structural perspective, the periosteum, cortical bone, 

trabecular bone, and marrow elements are distinct.

Periosteum is a membrane that covers the outer surface of nearly all bones except at the 

joints. It is composed of a superficial fibrous layer and an inner, thinner osteogenic layer 

(55). Total periosteal thickness in human mid-diaphyseal regions is about 100 μm for both 

tibia and femora, with mean fibrous layer thicknesses of 72-77 μm and mean inner layer 

thickness of 29-23 μm (56). Cortical bone is the dense outer layer, composing approximately 

80% of the total mass of the adult skeleton, with approximately 5-10% porosity (57). 

Cortical bone pores consist of Haversian canals, Volkmann's canals, resorption cavities, 

lacuna, and canaliculi. These are occupied by blood vessels, nerves, or osteocytes. 

Trabecular bone is predominantly found in the axial skeleton as well as near the joints of 

long bones and demonstrates 75-95% porosity (57). It consists of a three-dimensional 

structure of interconnected plates and rods, filled with bone marrow. Bone marrow may be 

red or yellow, each with a different chemical composition. Red marrow contains 
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approximately 40% fat, 40% water, and 20% protein and yellow marrow contains 

approximately 80% fat, 15% water, and 5% protein (58). Precise composition of marrow 

varies by location and is dependent on age, gender, individual health, and other variables.

Imaging—Normal periosteum as well as alterations due to age, acute fracture or chronic 

injury can be readily visualized with UTE imaging (55). Although reported mono-

exponential T2* values for adult periosteum range from 5 – 11 ms, there is a sufficiently 

high proportion of short T2* components that signal is readily seen on subtraction between 

UTE and longer TE images (55).

Studies performed with cortical bone on spectroscopic systems have found three pools of 

protons, including collagen methylene protons, collagen-bound water, and a broad peak 

consisting of pore water and lipid (59). UTE sequences can detect all but collagen methylene 

protons whose T2* values are supershort (less than 50 μs) (60). Mono-exponential T2* 

values obtained with the UTE sequence have been reported to range from 0.39 – 0.5 ms 

(16,61). Separation of collagen-bound water from pore water is important since the two are 

associated with different contributions to bone quality and strength. Expansion of pore 

volume due to aging or osteoporosis weakens bone (59).

A wide variety of UTE-based techniques have been used to qualitatively and quantitatively 

evaluate the components of cortical bone water (18). Based on relaxation differences, 

clinically compatible techniques that can distinguish between bound and pore water include 

use of bi-component analysis, single adiabatic inversion, or double adiabatic inversion (62) 

(Figure 5). More recently, two UTE-derived indices that have been significantly correlated 

with micro-CT porosity are the porosity index (63) and suppression ratio (64), both which 

have the potential to be readily implemented into clinical practice. The porosity index is 

calculated from two acquisitions, one with an 50 μs TE, capturing signal from pore water 

and collagen-bound water, and a second with a 1.2 ms TE, capturing only signal from pore 

water. Porosity index is defined as the ratio of mean intensity in the 1.2 ms TE image to that 

of the 50 μs TE image. The suppression ratio is also calculated from two acquisitions, one 

image with long T2* suppression and an unsuppressed image. The suppression ratio is 

defined as the ratio of mean intensity between the unsuppressed to suppressed images. The 

concept is that suppression will increase with increasing pore sizes, which are associated 

with longer T2* values.

UTE techniques have not been as widely explored for trabecular bone and bone marrow as 

they have for cortical bone. Direct imaging of ex vivo trabecular bone architecture has been 

performed using a ZTE sequence (65). In the presence of trabeculae, bone marrow T2* 

relaxation time shortens due to magnetic field inhomogeneities. In this setting, UTE 

techniques may be useful to measure the effective T2* as a surrogate for trabecular density. 

UTE-IDEAL could potentially be used for the evaluation of bone marrow composition.

Surrogate measures for bone porosity have shown promising reproducibility data. Rad et al 

measured bone water concentration in 10 subjects twice within two months and found 

intraclass correlation coefficient of 0.95 (66). Studies using the suppression ratio have also 

found high reproducibility with intraclass correlation coefficient of 0.99 (64).
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Menisci of the Knee

Anatomical Considerations—The menisci of the knee are semilunar shaped 

fibrocartilaginous structures. They are composed of approximately 70% water and of the dry 

weight, approximately 60-70% is collagen and 2-8% is proteoglycan (67). There are at least 

six well-defined fiber groups within the meniscus, including the surface meshwork, lamella, 

circumferential, radial, vertical, and meshwork fibers around the circumferential fibers 

(68,69). The circumferential bundles are the largest fiber group, mainly composed of 

collagen type I, and are continuous into the root ligaments. The radial fibers are another 

prominent fiber group, which may appear as larger collagen bundles (radial ties) or sheets 

(70). Radial fibers mainly consist of type I collagen and extend from the peripheral margin 

of the meniscus towards the free edge, and are generally horizontal in direction. 

Proteoglycan content also vary by region, with a higher content at the central portion 

compared with the peripheral portion (71). The adult meniscus is vascularized at the 

peripheral 10-25%, but avascular at the more central portions (72).

Imaging—UTE can be used to demonstrate individual fiber groups. Additionally, meniscal 

calcifications can be imaged and quantified (73). Increased mono-exponential T2* values 

may indicate sub-clinical meniscus degeneration (74). UTE with bi-component analysis has 

also been successfully applied to the meniscus (28) and can be useful in quantifying normal 

versus abnormal meniscal regions (Figure 6). T1ρ relaxation may be sensitive to changes in 

proteoglycan and GAG content and UTE- T1ρ has been applied to the meniscus (3). The 

vascularized portions of the meniscus and meniscal root ligaments can been visualized in 

vivo with UTE imaging after intravenous contrast administration (Figure 7).

Temporomandibular Joint

Anatomical Considerations—The temporomandibular joint (TMJ) is one of the most 

complex and essential joints in the body. The osseous components include the mandibular 

condyle and the mandibular fossa, which is a concave depression in the squamous portion of 

the temporal bone. The articular disc typically separates the two bones from direct contact. 

The articular surfaces of the bones are covered with fibrocartilage which, when compared 

with hyaline articular cartilage, is less susceptible to the effects of aging and allow for 

improved healing capacity (75). The TMJ is capable of active remodeling throughout life, 

including the articular fibrocartilage which maintains the balance between physiologic and 

pathologic responses (76).

The fibrocartilaginous surfaces of the mandibular condyle and fossa contain water, collagen 

and proteoglycan. Although the exact percentages have not been well studied, collagen is the 

most abundant extracellular matrix constituent. TMJ discs are composed of approximately 

80% water and the dry weight is composed of approximately 62% collagen and 3% GAG 

(77).

Imaging—3D UTE images have been used to evaluate condylar shape and can readily 

visualize the fibrocartilaginous surface (78). The TMJ disc contains a sufficiently large long 

T2* component that it can be readily detected with conventional spin-echo imaging. 

However, with UTE imaging, T2* contrast can be optimized between the disc and lamina 
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(79). Quantitative T2* values have been generated for the TMJ discs and condylar 

fibrocartilage (80) (Figure 8). Increasing UTE T2* values of TMJ disc have correlated with 

lower indentation stiffness (softer disc) and less collagen orientation as indicated by 

polarized light microscopy (80). Quantitative UTE T2* maps can facilitate characterization 

of the individual portions of the TMJ disc (Figure 9).

Tendons, Ligaments, and Entheses

Anatomical Considerations—Tendon composition varies by anatomic location in 

addition to health. Total water content of healthy Achilles tendons is approximately 66% 

(81) whereas normal rotator cuff tendons contain about 75% water (82). Of the dry weight 

of tendon, approximately 65-87% is collagen (mainly type I) and 0.2-5% is GAG (83,84). In 

regions subject primarily to tension, such as the tensile zone of the Achilles, collagen 

content is higher and GAG content is lower. In regions also subject to pressure, such as the 

rotator cuff or near the entheses (where soft tissue connects to bone), collagen content is 

lower and GAG content is higher. Ligaments are grossly similar to tendons, but contain 

slightly lower amounts of collagen and more GAGs (84).

Tendon and ligaments are highly ordered due to the assembly of type I collagen into fibrils 

that aggregate to form larger fiber bundle units. Endotenon and endoligament invest and 

bind the collagen fibers together, and also serve as a conduit for neurovascular structures 

(83,85). Regions of fibrocartilage or fat can be found within tendons, ligaments, and 

entheses at sites subject to compression, such as within the distal Achilles, rotator cuff, or 

tibialis posterior (86).

Tendon degeneration is a necessary precursor to tendon tearing. Degenerated tendons 

demonstrate higher total water content, decrease in collagen content, collagen fiber 

disruption, and GAG accumulation (81,82,87). Fibrocartilaginous metaplasia and an 

accumulation of other substances such as mucous, fat, and eosinophils can also be seen in 

degeneration (87). Entheses are a characteristic site of involvement with 

spondyloarthropathies (88).

Imaging—Tendons, ligaments, entheses, and their individual components can be readily 

visualized with the UTE sequence (89). Differences in relaxation between collagen fascicles 

(shorter T2*) and endotenon, endoligament, and fibrocartilage (longer T2*) can be used to 

create internal contrast. Tendon alterations which are subtle or not visible at higher TEs are 

readily visible on UTE images with or without exogenous contrast enhancement (89).

Studies performed with tendon on spectroscopic systems suggest that there are up to four 

pools of protons (90), although many other studies have found three, likely corresponding to 

tightly bound water, weakly bound water, and free water (30). The number of components 

and T2* values vary depending tendon orientation and spatial resolution (30). Bi-

exponential T2* analysis has been successfully performed in vivo using both UTE and vTE 

sequences, and fractions and T2* values vary depending on tendon location, consistent with 

different tendon compositions. More recently, Juras et al have found bi-exponential T2* 

values to be more useful for distinguishing between healthy volunteers and patients with 
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Achilles tendinopathy compared with mono-exponential values (91). Bicomponent analysis 

can also be useful in quantifying the injured or postoperative tendon (Figure 10).

Intervertebral Disc

Anatomical Considerations—The intervertebral discs of the spine contain a central 

nucleus pulposus surrounded by a peripheral annulus fibrosus. Healthy nucleus pulposi 

contain about 70-90% water and of the dry weight, 65% is proteoglycan and 15-20% is type 

II collagen (92). The annulus fibrosus contains about 60-70% water and of the dry weight, 

20% is proteoglycan, and 50-60% is collagen (92). The collagen of the annulus is also 

highly ordered, forming more than 20 concentric lamellar sheets. The individual lamellae 

within a disc alternate in orientation, approximately ±25° relative to the endplates (93).

The cartilaginous endplate (CEP) is an approximately 0.6 – 1 mm thick layer of hyaline-like 

cartilage that forms an interface between the intervertebral disc and the vertebral body. The 

CEP is strongly attached to the annulus fibrosus, but only weakly attached to the vertebral 

body, which is why it is predominantly considered a component of the disc (94). Similar to 

hyaline cartilage at other sites, the deep zone of the CEP attaches to bone through a thin 

layer of calcified cartilage. The intervertebral disc is avascular and blood vessels in the bone 

and longitudinal ligaments serve as routes for nutrients and waste. Solutes move by 

diffusion through the CEP and annulus fibrosus. Calcification of the CEP with advancing 

age or degeneration may hinder nutrition of the intervertebral disc and result in deterioration 

of biomechanical integrity (95).

Imaging—Studies performed with spectroscopic systems suggest that there are four water 

components in both the nucleus pulposus and annulus fibrosus (96), likely corresponding to 

water tightly bound to collagen, water loosely bound to collagen, water associated with 

residue proteins, and water associated with GAG. Healthy nucleus pulposi were shown to 

contain a majority of water associated with GAG whereas healthy annuli were shown to 

contain a majority of water loosely bound to collagen and associated with residue proteins 

(96).

UTE techniques allow for visualization of components of the intervertebral disc that cannot 

be directly seen with conventional techniques. These include the longitudinal ligaments, 

annulus fibrosus, and the CEP (Figure 11). The uncalcified and calcified portions of the CEP 

can be visible with UTE images, creating a bilaminar appearance (97).

Challenges

We have summarized various qualitative and quantitative UTE techniques as well as 

potential applications in the musculoskeletal system. Notably, there are relatively few 

clinical studies to date using UTE techniques. This highlights a number of challenges that 

are continuously being improved upon. Challenges to clinical translation can be broken up 

into three categories, including hardware limitations, software availability, and validation 

studies.
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Hardware continues to improve and many challenges are relatively solvable, such as 

sufficiently fast transmit-receive switches and precise RF waveform transmission. One of 

the most important challenges to UTE imaging is the requirement for high gradient 

performance. Unfortunately this problem is more difficult to solve. In particular, gradient 

waveforms are often far from ideal due to current induction from the rapidly switching 

gradients (eddy currents). Short term eddy currents disturb the UTE measurement in a 

number of complicated ways (26). These can be improved with gradient calibration, 

minimized with certain imaging tactics, or overcome with more complex pulse sequences. 

For instance, positioning at magnet isocenter typically results in improved image quality. 

This is clearly easier to obtain with peripheral joints such as the ankle compared with more 

centrally located joints such as the shoulder or hip. Imaging more spherical or cylindrical 

parts such as the leg will decrease susceptibility and typically result in higher image quality 

compared with less cylindrical body parts such as the fingers with the many air-tissue 

interfaces. Removal of the slice-select gradient with the use of 3D imaging together with a 

short rectangular excitation pulse also decreases eddy currents.

Software availability is another major challenge to widespread use. At the time of this 

article, there are no product UTE-type sequences available, although nearly all major 

vendors have a near-product UTE sequence in development. Furthermore, the near-product 

sequences are typically qualitative and used for morphologic or anatomic analysis. Cross-

platform quantitative sequences are scarcer. Finally, there are relatively few validation and 

reproducibility studies compared with feasibility studies, in part because they are more time 

consuming and expensive. However, as shown in this article, these types of studies are 

occurring and the results are quite encouraging.

Conclusion

In summary, UTE sequence and its modifications should be considered as complementary to 

conventional MR techniques and may allow for improved evaluation of the musculoskeletal 

system. Tissues with short mean T2* and short T2* components can now be qualitatively 

highlighted or quantitatively evaluated. Clinical translation of UTE techniques is likely to 

occur in the near future and ongoing research will provide validation for widespread use.
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Figure 1. 
Axial images of an asymptomatic volunteer after Achilles tendon repair. Proton density FSE 

image using 6.6 ms TE (A) shows no signal within the Achilles tendon (arrow). 3D-UTE-

Cones image using 30 μs TE (B) shows internal structure of the repaired Achilles tendon. 30 

μs minus 6.6 ms subtraction image (C) highlights short T2* components, which are more 

abundant in between healed fascicles. Images courtesy of Michael Carl, PhD.
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Figure 2. 
Ultrashort TE (UTE) pulse sequence diagrams and k-space trajectories. 2D-UTE sequence 

uses a slice-selective half-pulse excitation followed by ramp sampling (A) to fill k-space 

(B). 3D-UTE sequence uses a short rectangular hard pulse excitation followed by ramp 

sampling (C) to fill k-space (D).
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Figure 3. 
Coronal oblique images of the left shoulder. High-resolution conventional FSE sequence 

with 23 ms TE (A) shows no signal from the calcified cartilage (arrows). 2D-UTE image 

with 8 μs TE (B) shows signal but poor contrast from the calcified cartilage (arrows). T1-

weighted saturation recovery image with 2D-UTE acquisition (C) highlights the calcified 

cartilage (arrows).

Chang et al. Page 21

J Magn Reson Imaging. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Axial MR images of a patella. High resolution spin-echo sequence with 38 ms TE (A) shows 

no signal from the deep radial and calcified cartilage (arrows). 8 μs minus 5 ms subtraction 

image (B) highlights the calcified layer of cartilage (arrows). Pixel map of mono-

exponential T2* values generated from UTE images (C) with bi-exponential analysis 

yielding short T2* of 0.7 ms, short fraction 23%, long T2* 37.7 ms, and long fraction 77% 

(plot not shown).
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Figure 5. 
Axial MR images through the leg of a healthy volunteer. Clinical gradient echo sequence 

(A) shows a signal void in the region of the tibial cortex (arrow). The UTE sequence (B) 

shows slightly higher signal from the tibial cortex (arrow), but poor contrast due to the high 

signal from the surrounding muscle and fat which limit the dynamic range for cortical bone. 

The IR-UTE sequence (C) selectively suppresses signal from fat and muscle creating high 

contrast for the short T2* components of cortical bone (arrow). An eraser (dashed arrows) 

with known T1 and T2* values (approximately 200 ms and 300 μs, respectively) was placed 

for reference.
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Figure 6. 
40-year-old patient with longitudinal-horizontal tear of the posterior horn of the medial 

meniscus. Conventional sagittal-oblique MR image with 38 ms TE (A) shows meniscus tear 

(arrow). Mono-exponential T2* map generated from UTE images (B) highlights regions of 

degeneration (arrowheads) adjacent to the tear (arrow). Quantitative bi-exponential fitting 

through the superior halves of the normal anterior horn (C) and degenerated posterior horn 

(D) shows notable differences in the degenerated portion with longer short T2* time and 

smaller short T2* fraction confirming degenerative tear.
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Figure 7. 
Axial MR images through the lateral meniscus of a healthy volunteer. Clinical gradient echo 

sequence with 12 ms TE (A) shows the C-shaped lateral meniscus (LM). 3D UTE-Cones 

image with 30 μs TE (B) was obtained 1 minute after intravenous gadolinium contrast 

administration, showing early perfusion to the peripheral meniscus (arrowheads). A 30 μs 

minus 12 ms subtraction image generated from dual-echo 3D UTE-Cones source images (C) 

46 minutes after contrast administration shows diffusion of gadolinium into the peripheral 

meniscus (thin arrows). Note relatively avascular region at the popliteal hiatus (dashed 

arrow). Popliteus tendon is marked with an asterick.
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Figure 8. 
Sagittal MR images through the TMJ. Select multi-echo images ranging from 100 μs to 25 

ms (A-F) show condylar fibrocartilage (solid arrow) and TMJ disc (dashed arrow). Mono-

exponential T2* fitting curve (G) shows excellent curve fitting with T2* values of 6.97 ms 

and 3.21 ms for the disc and fibrocartilage, respectively.
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Figure 9. 
Temporomandibular joint disc of a 35-year old asymptomatic volunteer. (A) Conventional 

T1-weighted fast-spin echo image with mouth closed (A) shows the normal position of the 

TMJ disc. Quantitative pixel map generated from UTE images (B) show increased T2* 

values at the intermediate zone and posterior band, suggestive of early-stage degeneration. 

Mono-exponential T2* analysis of the entire disc (C) shows excellent curve fitting with T2* 

value of 11.4 ms.
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Figure 10. 
60-year old man several years after successful right Achilles tendon repair. Axial UTE MR 

images of the repaired right Achilles tendon (A) compared with the same patient's 

asymptomatic left Achilles tendon (B). Quantitative bi-component analysis performed in the 

tendons (dashed ovals) show that the short T2* value and fraction of the repaired right 

tendon (C) has approached the asymptomatic left side (D), confirming adequate collagen 

remodeling.
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Figure 11. 
Lumbar spine imaged with conventional T2-weighted FSE sequence (A) and UTE 

subtraction image (B) generated from 10 μs TE minus 10 ms TE. Short T2* components are 

directly visible in the anterior longitudinal ligament (arrow), outer annulus fibrosus (dashed 

arrow), and cartilaginous endplate (arrowheads) on UTE subtraction image, but not on the 

conventional image. Images courtesy of Won C. Bae, PhD.
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