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1Department of Radiology, VA San Diego Healthcare System, San Diego, CA 2Department of 
Radiology, University of California-San Diego, La Jolla, CA 3Department of radiology, Siriraj 
Hospital, Bangkok, Thailand

Abstract

Ankle injury is common in both the athletic and general population, with magnetic resonance 

imaging (MRI) the established non-invasive means of evaluation. This manuscript provides 

consideration for a state-of-the-art routine MR protocol of the ankle. It provides problem-solving 

tools based upon specific clinical indications. Further it introduces principles and implementation 

of novel Ultrashort Echo Time (UTE) MRI in the ankle, including morphologic and quantitative 

assessment.

Introduction

It is widely recognized that ankle injuries are common in the high performance athlete as 

well as the general population and account for up to 10% of emergency room visits [1–3]. 

Ankle injuries have been reported to represent the most common type of lesion in 24 of 70 

sports, with ankle sprain being the most frequent [4]. Osteochondral lesions of the ankle are 

being recognized as an increasingly common injury, and have been reported in up to 50% of 

acute ankle injury, particularly those sports related [5–7]. Achilles tendon injury represents 

one of the most common sites of overuse injury in athletes, with pathology including the 

tendon and surrounding soft tissues [8].

Clearly, pathology that commonly affects the ankle varies in tissue type, mechanism of 

injury, and acute versus chronic presentation. When the complex anatomy of the ankle is 

factored into these components of the equation of MR diagnosis, it is necessary to leverage 

all tools at our disposal for accurate characterization of disease. The goal of this manuscript 

is to provide an update in MSK imaging techniques for ankle evaluation, targeting clinical 

questions or diagnostic challenges. It will offer guidance and considerations for routine 

protocol, indication driven protocols addressing specific clinical concerns, and finally profile 

the application of Ultrashort Echo Time (UTE) MR imaging techniques in the ankle.
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Routine Ankle Protocol

The acquisition of optimal MR images for the ankle has inherent challenges beyond its 

complex anatomy. The ankle represents the transition point between the distal lower leg and 

foot, those structures oriented at right angles to one another. Because of this relationship, 

imaging at or near the magic angle is difficult to avoid.

Its peripheral position obligates attention to maintain imaging at the isocenter of the bore to 

leverage homogeneous field strength and gradients. While consideration of imaging plane 

and pulse sequence choice will be primarily emphasized for both the routine protocol and 

tailored protocols, the coils for image acquisition cannot be taken for granted. It has been 

long since established that dedicated surface coils improve spatial resolution and field 

homogeneity, particularly for the imaging of small peripheral joints [9]. Dedicated extremity 

coils are generally implemented to optimize signal to noise [10]. The use of local transmit 

coils permits reduction in amount of radiofrequency (RF) power and associated specific 

absorption rate compared with receive-only coils. This allows for more slices per acquisition 

[11, 12]. The development of multichannel coils increases signal-to-noise-ratio (SNR) and 

the ability to use parallel imaging techniques [13].

While not crucial, there are significant advantages to ankle MR image acquisition on a 3T 

system. Clearly, the main advantage of higher field strength results from a near linear 

increase of SNR. The increase in SNR can be used to improve resolution, decrease scan 

time, or both. There are also potential drawbacks to increased field strength. Metallic 

susceptibility increases with increasing field strength, resulting in greater signal loss, 

geometric distortion and heterogeneous fat suppression, among other things. Chemical shift 

and pulsation artifacts are also more pronounced. T1, and to a lesser degree, T2 relaxation 

times are affected by field strength, requiring alterations in pulse sequence parameters [12].

The routine ankle MR protocol is practically based upon achieving a balance between spatial 

resolution and fluid sensitivity. The better spatial resolution yields better anatomical 

identification, and higher fluid sensitivity can improve overall detection of pathologic 

lesions. Non-contrast-enhanced fast spin-echo proton density-weighted or intermediate-

weighted sequences are established as the anchor sequence for most protocols, and have 

been validated in the literature [10, 14, 15]. This corresponds to a long repetition time 

(>3500 milliseconds) and moderate echo time (28–34 milliseconds) [10]. The intermediate 

TE (between that of standard PD-weighted and T2-weighted sequences) offers a balance of 

SNR and fluid sensitivity. Without fat suppression, this sequence serves as an anatomic 

sequence with an arthrogram effect. It offers excellent contrast between fatty marrow and 

subchondral bone, subchondral bone and articular cartilage, as well articular cartilage and 

joint fluid. This sequence is broadly applied across joint to assess articular cartilage. It does 

not, however, unmask altered marrow signal in fatty tissues, and the sequence is susceptible 

to the magic angle effect. This is a phenomenon that accounts for signal changes in 

anisotropic tissues, such as articular cartilage or tendon [16, 17]. It occurs when collagen 

bundles are oriented 55 degrees to the main magnetic field, and mimics tendon degeneration. 

Non-fat suppressed intermediate- or proton density-weighted sequences can be replaced by 

T1-weighted sequences for anatomic evaluation, but do not have the added benefit of fluid 
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sensitivity. Inversion recovery sequences respond to both the need for a sequence that offers 

sensitivity to altered signal in fatty tissues, as well as one that is less susceptible to the magic 

angle effect [18, 19]. Table 1 provides a routine ankle MR protocol with imaging parameters 

and acquisition times noted.

Tailored Ankle Protocol – Indication Driven

It is quite common for MR imaging studies to be performed to address a specific clinical 

question. In the majority of cases, a routine MR protocol should accurately diagnose and 

characterize disease. There are, however, clinical or technical challenges that may benefit 

from implementation of additional tools in the MR armamentarium. From a clinical 

standpoint, patients often present in the subacute or chronic stage of disease where intrinsic 

tissue contrast does not allow facile diagnosis. Complex anatomy is certainly encountered in 

the foot and ankle with many curving structures. In addition, in some cases, the ability to 

render images in an alternative way can prove useful to referring physicians, offering them 

an interface that facilitates a better understanding of anatomic relationships, or extent of 

disease. Table 2 lists clinical and imaging conditions that may benefit from addition 

problem-solving imaging planes and sequences.

Specialized Imaging Planes

Several reports have introduced the concept of specialized imaging planes for evaluation of 

structures about the ankle. One such application includes the peroneal tendons, 2 of the 13 

tendons that cross the ankle joint. Prior studies have reported variable accuracy in MRI 

diagnosis of peroneal pathology ranging from 56 to 100% [20, 21]. One pitfall in MR 

diagnosis of peroneal pathology certainly includes the interpretation of altered signal within 

these tendons, as they transition through a 90 degree directional change as they course from 

the ankle to their ultimate sights of attachment in the foot. Imaging the foot in 20 degrees of 

plantar flexion has been advocated to decrease magic angle effect [22–24]. In addition, an 

oblique sagittal plane, termed the “peroneal view” has been proposed for the evaluation of 

peroneal tendon pathology [25]. Peroneal views were acquired using 2 mm slice thickness in 

a plane parallel to a line between the lateral border of the posterior portion of the calcaneus 

and lateral margin of the peroneal tubercle at the mid-calcaneal level (Fig. 1B). This results 

in an image that profiles the peroneal tendons along their long axis, through their 90 degree 

directional change (Fig. 1C).

The value of oblique imaging planes has also been explored for evaluation of ankle 

ligaments. Injuries to the distal tibiofibular syndesmosis occurs in up to 11% of all ankle 

sprains, and may increase to more than 40% in contact or collision sports [26, 27]. The value 

of MRI in acute and chronic syndesmotic injuries has been described in several papers [27–

29]. Since the anterior and posterior distal tibiofibular ligaments run obliquely to orthogonal 

planes, false-positive interpretation may result regarding the presence of a syndesmotic 

injury [28, 29] (Fig. 2A). Hermans, et al., proposed an oblique axial imaging plane 

(approximately 45 degrees) orthogonal to the course of the ligaments and concluded that it 

offered better interpretation of ligament continuity, thickening and contour [30] (Fig. 2B). 
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This technique has been adopted in MR ankle protocols and referred to as the “syndesmotic 

view” [31] (Fig. 2C).

Similarly, a tailored imaging plane has been described for evaluation of the calcaneofibular 

ligament. As with the syndesmotic ligaments, the calcaneofibular ligament runs oblique to 

conventional imaging planes. The angle formed by the ligament and calcaneal axis is about 

13 degrees, and the angle of the ligament to the plantar fascia is about 55 degrees [32]. 

Routine MR has had low reported sensitivity and mediocre specificity and accuracy for the 

diagnosis of calcaneofibular ligament tears [33]. Park, et al., evaluated the utility of 

diagnostic accuracy of the oblique coronal plane (Fig. 3A) for visualization of the 

calcaneofibular ligament and diagnosis of injury. They concluded that it provided better 

anatomical evaluation and improved sensitivity and accuracy for diagnosis [33].

Inversion Recovery versus IV Contrast Administration

In general, the use of MRI with contrast material is not recommended by the American 

College of Radiology (ACR) in their consensus report of Appropriateness Criteria for acute 

trauma, chronic ankle pain, or stress fracture [34]. MRI with contrast is generally considered 

useful in the setting of suspected inflammatory arthritis, improving diagnostic accuracy in 

evaluation of synovitis and tenosynovitis, as well as serving as a way to evaluate response to 

therapy [35, 36]. Contrast enhanced MRI has also been shown to improve visibility of 

plantar plate lesions in the setting of metatarsalgia [37]. In an interesting article by Zubler, et 

al., the authors explored the additional value of T1-weighted contrast material-enhanced fat-

suppressed MRI compared to STIR images in patients with acute and chronic pain. They 

hypothesized that the application of contrast would improve diagnostic accuracy, diagnostic 

confidence and correlation with pain. While their conclusions did not support contrast 

enhancement for routine MR protocols, they did document limited added value for soft 

tissue more than osseous lesions. Specifically, they illustrated a soft tissue lesion in the 

plantar fascia for which contrast enhancement markedly changed lesion grading.

Isotropic Three-Dimensional Fast Spin Echo Acquisition for Three-Dimensional Rendering

Isotropic three-dimensional fast spin echo volumetric acquisitions have emerged on all MR 

vendor platforms [38, 39]. These sequences have been leveraged in the literature to assess 

small anatomic structures due to their submillimeter, high-resolution source images [40–44]. 

Due to the isotropic, submillimeter nature of the acquisition and the approximation of tissue 

contrast that approaches 2D fast spin echo techniques, the possibility of scan once and 

reformat in any plane has become plausible [45, 46].

The value of 3D computed tomography (CT) reconstruction of osseous structures has been 

demonstrated in the literature for characterization of fracture, as well as guidance for 

hardware placement in the foot and ankle [47, 48]. CT has traditionally been the method 

used for evaluation of bone, 2D as well as 3D reconstructions. Studies are, however, 

emerging in the literature that show that MR provides resolution and contrast that allow 

equal or superior ability to detect osseous lesions compared with CT [49–51]. Recent studies 

have addressed the use of 3D MR sequences (Fig. 4A) to generate 3D renderings (Fig. 4B) 

of bone [51–53]. Radzi, et al., used 3D MRI to assess post-operative alignment in trauma 
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patients that sustained pilon fractures, and found performance comparable to 3D CT 

reconstructions [53]. Clearly, complex trauma, articular surface evaluation, and osseous 

alignment are among many potential indications in ankle evaluation that could benefit from 

3D visualization. The capability to provide this information from MR imaging establishes a 

one-stop shop, where the patient can avoid the delay of an added imaging study [54]. 

Currently, off-line post-image processing is required to produce the 3D MR reconstructions. 

While various software packages can be used for this purpose, automated segmentation 

algorithms are not readily available.

MR Neurography

Many indications for detailed nerve evaluation exist in the ankle, including but not limited to 

tarsal tunnel syndrome, the diabetic foot, and entrapment syndromes [55–57]. MR 

evaluation of peripheral nerves requires a combination of sequences that provides high-

resolution imaging and sensitivity to mobile water. Protocols based on a combination of T2 

(Fig. 5A) and diffusion-weighted imaging (DWI) neurographic sequences predominate in 

the literature. These include T1 FSE, T2 adiabatic inversion recovery, proton density, 3D 

inversion recovery, and 3D diffusion-weighted reversed fast imaging with steady state 

precision (DW-PSIF) hybrid pulse sequences [58–61]. The DW-PSIF hybrid pulse sequence 

provides nerve-selective images (Fig. 5B), with suppression of adjacent vascular structures. 

The sequence can be implemented readily, but requires optimal shimming. Off isocenter 

imaging or large areas may be suffer from ghosting artifacts or poor fat suppression. Further, 

this sequence does require post-processing for image reformatting.

Metal artifact reduction sequences

Imaging around metal and in the postoperative setting provides significant challenges for 

MRI in the ankle [62]. The artifacts encountered are a result of differences in the 

magnetization between human tissue and metal prostheses [63, 64]. Four general types of 

artifact that can be seen include signal loss, signal pileup, geometric distortion, and failure of 

fat suppression. Basic MRI principles and consideration of magnetism, dephasing, and 

signal mis-registration, as well as the properties of the metal in question, promoted 

parameter changes in conventional MR sequences that are broadly referred to as Metal 

Artifact Reduction Sequences (MARS). Because magnetization and inhomogeneity are 

directly proportional to field strength, greater artifact is expected at 3 T than 1.5 T. Because 

susceptibility is inversely proportional to strength of the frequency encoding gradient, it is 

still possible to achieve reasonable metal artifact reduction with a 3-T MR scanner, though 

as a general rule, imaging at lower field strength is recommended [65]. Increasing matrix 

and decreasing slice thickness reduces intravoxel dephasing, but introduces the disadvantage 

of lower signal-to-noise ratio (SNR) [66]. This can be offset by increasing acquisition time, 

however, attention to ultimate scan time is required as patient motion will also degrade 

image quality. Perhaps most importantly, increasing receiver bandwidth will increase the 

strength of the frequency encoding gradient thereby reducing susceptibility. The use of spin-

echo sequences corrects for dephasing caused by inhomogeneity (Fig. 6A and B). Gradient-

echo sequences should be avoided. Shorter echo times result in less dephasing. Though 

inversion recovery sequences suffer from low SNR, they provide reasonable fat suppression 

as the fat profile depends on T1 recovery rather than precessional frequency [67] (Fig. 6C).

Siriwanarangsun et al. Page 5

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 June 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Metal artifact reduction sequences are now available on most vendor platforms, and include 

techniques such as view angle tilting (VAT), multiacquisition variable-resonance image 

correction (MAVRIC), and slice encoding metal artifact correction (SEMAC) [64, 68, 69]. 

VAT corrects for in-plane distortion by skewing readout data so the slice can be considered 

to be viewed at an angle. In this way, shifts in the slice-selection plane are correctly re-

registered [70]. MAVRIC is a multispectral technique that improves both in-plane and 

through-plane artifact [71]. It decreases image artifacts (Fig. 7) by combining multiple 

individually acquired data sets at frequencies slightly offset from the dominant proton 

frequency. SEMAC also correct for in-plane and through-plane distortion. It applies 

additional phase encoding to correct through-plane distortion [66, 72]. MAVRIC and 

SEMAC have been found to reduce metal artifact with similar efficacy [73]. MAVRIC SL is 

a hybrid sequence that combines the additional phase encoding of SEMAC with spectral 

selectivity of MAVRIC to further minimize artifact [74]. A list of metallic reduction 

techniques and their availability are demonstrated in Table 3.

Novel Magnetic Resonance Pulse Sequence – Ultrashort Echo Time (UTE) 

MR Imaging

Rationale

There are many novel MR applications and works in progress (WIP’s) that offer advantages 

in the realm of diagnosis and characterization of musculoskeletal pathology. UTE MRI, 

however, has introduced a paradigm shift in our understanding of the rather extreme 

limitations that conventional MR contrast mechanisms, conceived for brain evaluation with 

the advent of MR scanners, imposed upon a large cohort of musculoskeletal tissues. 

Conventional MR pulse sequences were originally applied and optimized for the longer T2 

tissues of gray and white matter. All biological tissues, based upon their structure and 

composition, have individual intrinsic MR properties, among them the transverse relaxation 

time (T2 and T2*). The observed MRI signal intensity of a tissue depends upon many 

variables, including the mean transverse relaxation time. Tissues with short T2 relaxation 

times appear anechoic on conventional MR sequences. Logistically in these cases, after the 

excitation, the proton has relaxed before signal can be acquired. A 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 [75, 76]. The 

musculoskeletal tissues of bone, calcified layer of cartilage, tendon and ligament fall into the 

categories of short and ultrashort T2 tissues. As we consider the MR evaluation of these 

tissues with current grading schemes for pathology, it becomes readily apparent that we have 

limited capability to diagnose pathology in these tissues until they are transformed to long 

T2 tissues (i.e., severe disease in the form of fracture or tear), that can be characterized by 

standard MR contrast mechanisms.

Physics and Logistics

Given that UTE MRI techniques, largely WIP sequences that work on many modern 3T 

scanners without the necessity of hardware modification, should acquire signal from 

ultrashort and short T2 tissues, echo times less than 1 ms would be desirable. Standard MR 
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sequences cannot be used to generate echo times less than 1 ms on clinical MR scanners. 

The UTE sequence uses a short radiofrequency (RF) pulse and acquires data as soon as 

possible after excitation. Data acquisition occurs while the readout gradient is being ramped 

on. It uses a radial k-space sampling pattern that fills from the center out, and is nonlinear in 

time. 2D imaging slice selection is achieved with two excitations, each is a half conventional 

slice selection pulse using a positive and negative gradient that results in a single complete 

excitation pulse when combined. 3D imaging is achieved with a non-selective excitation 

pulse followed by a 3D radial acquisition [76]. Alternative approaches to pulse sequence 

construction result in variations of the UTE MRI, and include zero echo time (ZTE), sweep 

imaging with Fourier transformation (SWIFT), and pointwise encoding time reduction with 

radial acquisition (PETRA) [77–79].

With UTE MRI techniques, it is possible to obtain signal from tissues with short and 

ultrashort mean transverse relaxation times (Fig. 8A). It is important to realize that the 

acquisition of signal from short T2 tissues is only one component of unmasking its 

infrastructure. Several methods of fine tuning image contrast, such as echo subtraction to 

emphasize short T2 components (Fig. 8B), have been introduced in the literature and are 

beyond the scope of this manuscript. There is no question, however, that the application of 

UTE MRI techniques in the musculoskeletal system provide insight into the structural 

integrity of short T2 tissues in a way that we, as imagers, have never before encountered. 

Through this lens, the technique provides an opportunity to diagnose disease at a completely 

different point along the spectrum of severity.

Morphologic Assessment

In the ankle, the primary applications for UTE MRI techniques would include evaluation of 

the calcified layer of cartilage (Fig. 8) in the setting of talar dome injuries, tendon pathology, 

and entheseal pathology. Table 4 provided UTE imaging parameter that are used in our 

institute.

Calcified layer of cartilage—Ankle sprains have an estimated daily occurrence of 

27,000 in the United States with 50% leading to osteochondral lesions [80, 81]. The 

osteochondral junction is comprised of hyaline articular cartilage, a deep zone of calcified 

cartilage that attaches the superficial cartilage to the subchondral bone. The region of 

calcified cartilage is quite thin and ranges in thickness from 79–239 microns [82]. 

Assessment of the calcified layer of cartilage is important in assessment of osteochondral 

injury, has been implicated in mechanisms for the development of osteoarthritis, and is 

important in the assessment of marrow-stimulating techniques for cartilage repair (abrasion, 

drilling, microfracture) [83]. In the latter, it is crucial to assess not only the presence and 

nature of fill tissue, but to verify the reconstitution of cartilage-bone interface [84–86].

Bae, et al., characterized the UTE MRI appearance of the calcified layer of cartilage as a 

linear region of increased signal intensity at the superficial cartilage – subchondral bone 

interface. In the setting of trauma, the calcified layer may be absent, whereas in 

degeneration, increasing thickness correlates with histologic descriptions [87].
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Tendon/ Enthesis—The Achilles tendon (Fig. 9 and 10) is among the most frequently 

injured tendons of the body and can be the site of traumatic and overuse conditions as well 

as inflammatory conditions. Achilles tendinopathy is the most common cause of posterior 

heel pain, and is often caused by mechanical stress related to overload or overuse of the 

muscle-tendon unit [88]. Recent literature has implicated non-uniform mechanical loading 

of the triceps surae (lateral and medial gastrocnemius, soleus) with overuse conditions 

emphasizing a gap in our ability to non-invasively identify individual contributions and 

segmental structural changes in complex tendons [89]. In a broader sense, the entire 

spectrum of tensile tendon structural alteration that leads up to frank tearing and the short T2 

tissue transformation to a pathologic long T2 tissue, is somewhat of a black box. Tissue 

characterization in microtrauma, degeneration, and repair with reference standards to tissue 

integrity and perhaps more importantly tissue function are highly desirable areas of 

development for UTE MRI techniques from the standpoint of clinical need [90, 91].

Similarly, the entheseal tendon has great interest from a clinical standpoint. The literature 

suggests that there is a significant cohort of seronegative patients with spondyloarthropathies 

who have subclinical disease involving the lower limb [92, 93] (Fig. 10).

Tendons are highly ordered structures with the tensile tendon structure dominated by type I 

collagen that is organized into fibrils and ultimately larger fiber bundle units (Fig. 9A). At 

the tendon attachment to bone, the enthesis or entheseal tendon, has a complex structural 

composition that functions to decrease mechanical stress from the soft tissue tensile tendon, 

to the osseous site of attachment. Robson, et al., demonstrated that UTE MRI was able to 

demonstrate the fascicular pattern of tensile tendon, as well as the complex structure of the 

entheseal tendon, or “entheseal organ”. In keeping with its mechanical function to serve as 

an intermediate between soft tissue and bone, the enthesis was demonstrated to have a 

fibrocartilaginous nodule within the tendon (analogous to a sesamoid bone) as well as at the 

interface to the bone [94]. UTE MRI demonstrates the regions of fibrocartilage with 

increased signal intensity, distinct from the fascicular appearance of the tensile tendon (Fig. 

10A).

Quantitative Assessment

T2* mapping—UTE MRI techniques have also been applied for quantitative assessment of 

musculoskeletal tissues. MR-based techniques have been developed to allow 

characterization and quantification of the biochemical composition of tissue. This has been a 

crucial development for musculoskeletal MRI, allowing noninvasive assessment of 

biochemical, structural and possibly functional tissue status at early stages of disease, in 

repair tissue and the ability for longitudinal follow-up in all applications. The quantitative 

nature offers an objective data point.

In the ankle, the primary applications for quantitative evaluation include Achilles tendon 

(Figs. 9 and 10) and cartilage (Fig. 11). There is a growing body of literature that has 

established that T2* mapping is more sensitive to early structural changes in short T2 tissues 

than its long TE counterpart, standard T2 mapping. Both T2* and T2 relaxation data are 

acquired using a constant repetition time (TR) variable TE technique, in which signal 

intensities from regions of interest are plotted against TE (Fig. 9C), resulting in a map of T2 
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relaxation (Fig. 9B). The practical difference in the two techniques is the range of TE values 

used to create the map. In standard T2 mapping (Fig. 11A), the TE values range from 10 to 

80 ms. In T2* mapping (Fig. 11B), the TE values range from less than 1 ms to 20 ms (Fig. 

9B).

To date, clinical feasibility has been shown in evaluation of articular cartilage in the knee 

and hip, as well as Achilles tendon and the rotator cuff [95–99]. Quantitative T2* mapping 

of tendon(Figs. 9B and 10D). may be more complex than that of the calcified layer of 

cartilage. The latter is a tissue that is majority short T2 in nature with T2* values on the 

order of 1ms, whereas the tendon seems to have complex composition with significant 

variable T2* components, necessitating care in interpretation of quantitative data [90, 100]. 

In cadaveric tissue, a bicomponentT2* analysis showed short T2* fraction of normal 

appearing tendon was 79.2% with a mean T2* of 1.8 ms, with a long T2* fraction of 20.8% 

with a mean T2* of 2.5 ms [100].

Conclusion

Design of the ankle protocol remains stage-of-the-art depending on various trading off 

factors. Higher magnetic field improves SNR and reduce scan time although its increase 

metal artifact. Specialized imaging planes are useful in identifying and evaluating certain 

structures. However, prolong scanning time remains biggest draw back. MR neurography 

offers opportunity in evaluating small peripheral nerve with less interfering vascular signal. 

Metal reduction techniques should be applied in all cases that contain metal prosthesis. The 

MAVRIC and SEMAC have been found to reduce metal artifact with similar efficacy. Novel 

UTE sequence offers new contrast mechanism and clearly becoming valuable tool in both 

structural and quantitative evaluation.
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Fig. 1–. 
A 37-year male with split tear of peroneus brevis tendon.

A, T2-weight (T2w) sagittal image (TR/TE 2750/66 ms) with fat saturation. Slight high 

signal of the peroneus brevis tendon (thick arrow) and partially seen the distal portion[A].

B and C, T2w fat saturation image in sagittal oblique peroneal planes [B] and axial proton 

density weight image [C] (TR/TE 2000/76 ms, 2075/43 ms). The sagittal oblique peroneal 

planes [B] generate by tilting the sagittal image in oblique orientation (the dash line in axial 

image [C]), High signal at distal portion of the peroneus brevis tendon (arrow heads) with 

central linear fluid signal indicating split tear.

D, Proton density-weighted fat suppressed image in coronal plane (TR/TE 2925/26.3) 

confirms the finding of split tear peroneus brevis seen on sagittal oblique peroneal plane [B].
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Fig. 2–. 
Proton density-weight images of the ankle (TR/TE, 2000/37 ms) in different imaging planes.

A, In the axial plane, the tibiofibular ligament (thick arrow) is only partially visible due to 

marked oblique orientation of the ligament.

B and C, In coronal [B] and oblique syndesmosis [C] planes generate by tilting the axial 

image in oblique orientation (the dash line in coronal image [B]), a normal continuation of 

the anterior tibiofibular ligament (thin arrow) can be appreciated.
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Fig. 3–. 
A 35-year-old male with split tear of the peroneus brevis tendon.

A and B, Proton density-weighted (PDw) image with fat saturation in Calcaneofibular 

ligament plane [A] (seen as dash line in the sagittal PDw image [B]). (TR/TE, 2925/26 ms 

[A] and 3225/34 ms [B]) Note increase signal intensity and separation of the peroneus brevis 

tendon was observed (thin arrow, A). High signal intensity and thickening of the adjacent 

calcaneofibular ligament was also depicted (thick arrow, A).
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Fig. 4–. 
3D volume rendering of the talus and calcaneus.

A, Sagittal high-resolution Isotropic three-dimensional fast spin echo volumetric acquisition 

image of the ankle obtained at submillimeter (0.4 mm) isotropic resolution (TR/TE, 800/19 

ms).

B, 3D volume rendering of the talus and calcaneus in lateral view.
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Fig. 5–. 
Ankle MR neurography of a 49-year-old male presented with shooting pain along plantar 

medial aspect of the mid foot.

A, Coronal T2-weighted image with fat saturation revealed fluid surrounding the flexor 

hallucis longus tendon suggesting tenosynovitis. Increased signal intensity and thickening of 

the adjacent medial plantar nerve (thin arrow) were found.

B, 3D Diffusion-weighted reversed fast imaging with steady state precision (DW-PSIF) 

image showed hypersignal intensity of the medial plantar nerve at level of Henry’s knot 

(thick arrow). (Courtesy of Dr. Jenny T. Bencardino, M.D., Professor of Radiology and 
Orthopaedic Surgery NYU School of Medicine, New York, NY)
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Fig. 6–. 
74-year-old female with status post triple arthrodesis.

A, B and C, Sagittal image FSE PDw [A], FSE T2w with fat saturation [B] and Short Tau 

Inversion Recovery (STIR) [C] (TR/TE 580/20 [A], 2010/42 [B], 2156/25 [C]) in 1.5 T 

scanner. Increase metallic pile up and in plane artifacts during fat saturation sequence [B] as 

compared to non fat saturation sequence [A]. Adequate fat saturation without increase in 

artifact on STIR [C] was observed. (Courtesy of Dr. Laura Bancroft, M.D., Professor of 
Radiology, Florida Hospital Orlando, University of Central Florida College of Medicine, 
Orlando, FL)
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Fig. 7 –. 
Demonstration of ankle imaging in the presence of total ankle arthroplasty in a 52-year-old 

female with demonstrate placement of total ankle arthroplasty. Additional medial malleolar 

buttress screw as well as syndesmotic fusion utilizing tightrope technique were performed.

A and B, Sagittal proton density-weighted (PDw) images using fast spin echo [A] and 

MAVRIC [B] (TR/TE, 5867/24 ms [A], 4917/43 ms [B]). In PDw fast spin echo image [A], 

metal artifacts including spatial distortion and signal pile-up makes it difficult to evaluate the 

interface of the implant. The MAVRIC image [B] demonstrates more accuracy depiction of 

the implant, notably the tibial component, with clear visualization of the pegs. (Courtesy of 
Dr. Corolyn Sofka, M.D., Associate Professor of Radiology, Weill Cornell Medical College, 
Hospital for special surgery, New York, NY)
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Fig. 8–. 
Novel UTE MR imaging of the ankle joint.

A, Sagittal UTE image (TR/TE, 16/0.08 ms) demonstrated full thickness articular cartilage 

of the talar dome (arrow heads) with an intermediate signal intensity.

B, Echo subtraction image (TE 0.08 – TE 3.3 ms) demonstrated a thin curvilinear 

intermediate signal intensity of the calcified cartilage layer (arrows).
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Fig. 9–. 
Novel Ultrashort Time to Echo (UTE) MR imaging of the Achilles tendon.

A, Axial UTE image of the Achilles tendon (TR/TE, 400/0.1). Note intermediate signal 

intensity of the tendon that reveals internal fascicular pattern of the tendon fibers.

B, Color mapping of UTE T2* relaxation times (color range 0–4 ms).

C, Global region of interest UTE T2* quantification performed using single component 

fitting shows low noise and a T2* value of 1.7 milliseconds.
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Fig. 10–. 
Sagittal MR images of the calcaneus at Achilles tendon enthesis.

A, UTE MR image (TR/TE, 16/0.08 ms) in a 30 year old male without Achilles symptoms 

demonstrates fibrocartilaginous surface of the posterior calcaneus (arrow heads) and 

fibrocartilaginous nodules at inner Achilles tendon surface (dotted area).

B and C, proton density spin echo with fat saturation [B] and UTE [C] images of a 34 year 

old female presented with chronic posterior ankle pain (TR/TE, 3050/68 ms [B] and 16/0.08 

ms [C]). Thickening and enlargement of the Achilles tendon was seen on the conventional 

image [B]. Small spurs (thick arrow) was noted at the attachment site. UTE image [C] 

demonstrated an absence of the fibrocartilage of posterior calcaneus (thin arrows) and 

Achilles surface suggestive of enthesopathy.

D, Colour mapping of UTE T2* relaxation time (color range 0–6 ms), diffuse heterogeneous 

prolong T2* relaxation time of the Achilles tendon is demonstrated.
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Fig. 11–. 
A and B, Comparison of ankle MR image T2 mapping [A] and T2* mapping [B].

Coronal T2 mapping [A] (Variable TE, from 7.9 to 63.4 ms; Color range 0–60 ms) 

demonstrate diffuse homogeneous cartilage signal along articular surface.

Coronal T2* mapping [B] (Variable TE from 0.08 to 5 ms; Color range 0–20 ms) 

demonstrate bilaminar pattern with lower T2* at inner calcified cartilage layer and higher 

T2* at more superficial cartilage layer.
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TABLE 1:

Suggestion for routine ankle protocol on a 3.0 T scanner.

Plane and sequences without fat saturation TR/ TE (ms) ST/space (mm) FOV (cm) Matrix ETL Scan Time (min:sec) 
d

Axial FSE PDw 
a 5000/33 3.3/0.5 11–15 512×256 12 2:25

Coronal FSE PDw 
a 5000/33 4/0.5 11–15 512×384 12 3:28

Sagittal FSE PDw 
a 4500/33 3/0.5 11–15 512×384 12 3:05

Plane and sequences with fat saturation

Sagittal FSE-IR (IR170) 
a 4000/13 3.3/0.5 18 256×192 12 6:49

Axial FSE T2w FS 
b 3500/50 3.3/0.5 11–15 512×256 12 5:22

Coronal FSE T2w FS 
b 5000/45 4/0.5 11–15 512×384 12 5:25

Sagittal FSE T2w FS 
c 3500/50 3/0.5 11–15 512×384 12 7:42

Note

a
Base protocol should include these sequences. T1-weighted sequence can replace FSE PDw in sagittal plane if desired, as the base protocol 

includes a fluid sensitive sagittal sequence with the FSE-IR.

b
Possible additional sequences for evaluating ankle structures, with longer scan time as a trade off.

c
Possible additional sequences that can use to replace Sagittal FSE-IR.

d
Scan time was calculated on 3.0 T GE Discovery 750; GE Healthcare, Milwaukee, WI

Abbreviations: TR, repetitive time; TE, time to echo; SL, slice thickness; FOV, field of view; ETL, echo train length; FSE, fast spin echo; PDw, 
proton density-weighted; T2w, T2-weighted; FS, fat saturation; IR, inversion recovery.
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TABLE 2:

Indication for protocol modification 
a

Considerate for 
additional plans

Recommended Sequence Clinical conditions Imaging conditions

Sagittal oblique peroneal 

plane 
a

FSE T2w or T2w with FS • Tenderness of peroneal tendon
• Crepitus on motion

• Inconclusive of peroneus tendon tear 
on routine protocol

Oblique tibiofibular 

syndesmosis plane 
a

FSE PDw or PDw with FS • Anterior ankle pain after trauma
•Positive external rotation stress 
maneuver

• Decrease overlapping of tibiofibular 
shadow in weight bearing x ray with 
subtle tear on routine protocol

Oblique calcaneofibular 

ligament plane 
a

FSE PDw with FS or T2w 
with FS

• High grade ankle sprain
• Marked positive anterior drawer test
• Positive Talar-tilt test

• Talar-tilt on x ray
• Inconclusive of calcaneofibular 
ligament tear during routine protocol

IV Contrast 
administration

FSE T1W with subtraction or 
T1W with FS

• Suspicious of synovitis or 
tenosynovitis
• Suspicious of tumor

• Subtle synovial proliferation on 
routine protocol
• Indeterminate nature mass/nodule

Metal reduction 
sequences

FSE-IR, no chemical fat 
suppression
FSE rather than SE
Avoid gradient

• All cases with metal instrument with 
suspicious of parainstrumental lesion

• Metal instrument on radiograph or 
routine MR

Note−

a
The additional planes should consider as problem solving sequences if both clinical and imaging conditions apply.

Abbreviations: FSE, fast spin echo; T2w, T2-weighted; FS, fat saturation; PDw, proton density-weighted.
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TABLE 3:

Metal artifact reduction principle technique and availability.

Sequence Availability Technique Principle Result Draw back

MARS Most clinical 
magnets

Optimize 
conventional 
sequence

High-bandwidth sequences, increase 
section selection, increase echo train 
length, decrease echo spacing, and 
increase image matrix

Decrease in plane 
and geometric 
distortion 
Decrease signal 
loss by select 
spine-cho 
sequence

Through section 
distortion Low SNR

Advance 
WARP
O MAR 
XD

Siemen 
Healthcare
Phillip 
Healthcare

Multispectral 
technique 
SEMAC-VAT

Two-dimensional fast spine-echo or 
turbo spine-cho sequence with 
extending VAT and additional phase 
encoded in third dimension (Z-axis).
Overlapping section gives a detailed 
map of how magnetic susceptibility has 
distorted the image. Then slice 
reconstruction by complex algorithm in 
order to shift them into proper position.

Further decrease 
in-plane and 
through-plane 
artifact

Relative long scan 
time May result in 
back folding artifact

MAVRIC GE healthcare Multispectral 
technique 
MAVRIC

Several three-dimensional standard 
spine-echo sequence that use difference 
off-resonance frequency-selective 
excitation that generate one combined 
data set.

Further decrease 
in-plane and 
through-plane 
artifact

Relative long scan 
time Require many 
phase encoding steps 
to cover entire region 
(questionable 
feasibility in large 
joint)

MAVRIC 
SL

GE healthcare Multispectral 
technique

Hybrid sequence that combines z-phase 
encoding of SEMAC with variable 
resonance imaging combination of 
MAVRIC. Slice selection gradient is 
applied to each spectral bin and gradient 
is reapplied to achieve VAT

Even further 
decrease in-plane 
and through-plane 
artifact

Decrease spatial 
resolution contrast and 
less fat saturation in 
STIR

Abbreviations: MARS, metal artifact reduction sequence; SNR, signal to noise ratio; SEMAC, slice encoding for metal artifact correction; O MAR, 
orthopedic metal artifact reduction; VAT, view angle tilting; MAVRIC, multiacquisition with variable-resonance imaging combination.; STIR, short 
tau inversion recovery.
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TABLE 4:

UTE MR imaging protocols.

Plane and sequences TR (ms) TE (ms) Thickness/space (mm) FOV (cm) Matrix

Sagittal UTE ankle 15.6 0.08, 3.2, 6.4 and 9.6 2.5/0 12–14 384×384

Coronal UTE ankle 14.2 0.08, 3.2, 6.4 and 9.6 1.0/0 12–14 384×384

Axial UTE Achilles tendon 15.2 0.08, 3.2, 6.4 and 9.6 3.0/0 8–10 256×256
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