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Depiction of Achilles Tendon Microstructure In-Vivo Using High-
Resolution 3D Ultrashort Echo-Time MRI at 7T

Misung Han, PhD1, Peder E. Z. Larson, PhD1, Jing Liu, PhD1, and Roland Krug, PhD1

1Department of Radiology and Biomedical Imaging, University of California, San Francisco, San
Francisco, California, USA

Abstract

Objectives—To demonstrate the feasibility of depicting the internal structure of the Achilles

tendon in vivo using high-resolution 3D ultrashort echo-time (UTE) magnetic resonance imaging

(MRI) at 7T.

Materials and Methods—For our UTE imaging, a minimum-phase radiofrequency pulse and

an anisotropic field-of-view 3D radial acquisition were used to minimize the echo time and scan

time. A fat saturation pulse was applied every eight spoke acquisitions to reduce blurring and

chemical shift artifacts from fat and to improve dynamic range of the tendon signal. Five healthy

volunteers and one patient were scanned with an isotropic spatial resolution of up to 0.6 mm. Fat-

suppressed UTE images were qualitatively evaluated and compared to non-fat-suppressed UTE

images and longer echo-time images.

Results—High-resolution UTE imaging was able to visualize the microstructure of the Achilles

tendon. Fat suppression substantially improved the depiction of the internal structure. The UTE

images revealed a fascicular pattern in the Achilles tendon and fibrocartilage at the tendon

insertion. In a patient who had tendon elongation surgery after birth there was clear depiction of

disrupted tendon structure.

Conclusions—High-resolution fat-suppressed 3D UTE imaging at 7T allows for evaluation of

the Achilles tendon microstructure in vivo.

Keywords

Achilles tendon; ultrashort echo-time MRI; tendon microstructure; ultra high field MRI; tendon
fiber structure

Introduction

The Achilles tendon is the largest and strongest tendon in the human body, with 15 cm in

length and 6 mm in thickness on average [1]. By connecting the calf muscles to the

calcaneous bone, the Achilles tendon transmits the power of the calf muscles to the foot,

facilitating running and jumping. To provide great strength during these locomotive
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activities, the Achilles tendon possesses a highly ordered ultrastructure, being primarily

composed of an array of collagen bundles (fascicles, secondary fiber bundles) separated by

thin connective tissue (endotenon) [2]. The endotenon carries small vessels, lymphatics, and

nerves.

Despite its strength, the Achilles tendon is one of the most frequently injured tendons with

various types of traumatic and overuse conditions [3, 4]. Achilles tendon injuries range from

inflammation of the paratendinous tissue (peritendinitis) and structural degeneration of the

tendon (tendinosis) to partial or complete tendon rupture [4, 5]. Due to a higher participation

in sports and recreation activities in modern societies, the incidence of Achilles tendon

injuries is increasing [6, 7]. Thus, there is a high demand for accurate diagnosis and

treatment of Achilles tendon injuries.

Currently, the imaging modalities that are most helpful for delineating tendon abnormalities

are ultrasound and magnetic resonance imaging (MRI). Ultrasound is quick, relatively

inexpensive, and non-invasive; allows for dynamic examination; and provides a higher

spatial resolution than MRI (< 0.2 mm). With ultrasound, the tendon is represented with a

fibrillar pattern of parallel hyperechoic lines in the longitudinal plane, caused by reflections

at the boundaries of collagen bundles and endotenon [8]. A range of Achilles tendon

abnormalities can be detected as hypoechoic regions [9, 10]. The major limitation of

ultrasound is that the results are operator-dependent and it cannot differentiate partial

ruptures from focal degenerative lesions [11]. MRI is more expensive and lacks the

capability of dynamic imaging, but it is highly sensitive to pathological changes within the

Achilles tendon [12, 13]. For most standard MR images, the healthy Achilles tendon is

normally dark due to its very short T2* relaxation time on the order of 1 ms and long T1

relaxation time [14-16]. Therefore, evaluating tendon abnormalities has been based on

detecting areas of increased signal within the tendon and assessing morphologic changes in

the surrounding tissues. However, there are pitfalls because the healthy tendon can also

generate high signal, which can be misinterpreted as tendon abnormalities. Connective tissue

having a longer T2* relaxation time than fascicles can generate increased signal-intensity

stripes on sagittal images and punctuated foci on axial images [17-19]. When the tendon

fiber is at an approximately 55° angle relative to the static magnetic field direction, a bright

signal can be also seen in the distal end of the tendon due to magic angle effects [20].

Ultrashort echo-time (UTE) imaging uses specific radiofrequency (RF) pulses and

acquisition methods to shorten the echo time (TE), allowing for a direct visualization of

short T2* components [14, 21, 22]. Recently, several studies have been performed to

discriminate healthy tendons and pathological tendons using UTE imaging combined with

contrast injection [15, 23], T2* relaxation time quantification [15, 24], or magnetization

transfer effect quantification [25, 26]. It was also shown that fiber structure can be

delineated with high-resolution UTE imaging because of T2* relaxation time difference

between fascicles and endotenon [15, 27]. However, this fiber structure depiction has been

shown only for ex-vivo specimens and limited regions of the in vivo Achilles tendon.

There is an increasing interest in using ultra high-field (7T) systems for musculoskeletal

MRI [28, 29] mainly due to inherent increase in signal-to-noise ratio (SNR), which is
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proportional to the field strength. However, ultra high-field MRI is challenging because of

increased B0 and B1 inhomogeneities, limited availability of phased-array coils, and

increased RF power deposition. Despite these challenges, the SNR improvement and better

delineation of structural information at 7T over 3T has been demonstrated in many joints

such as the knee [28-30] and ankle [31]. Several studies have shown that UTE imaging at 7T

is also feasible, providing high signal from ultra-short T2 components without substantial

degradations in image quality [24, 32].

In this work, we used three-dimensional (3D) UTE imaging [33, 34] at 7T to demonstrate

the feasibility of visualizing internal tendon microstructure in-vivo. The 3D UTE imaging

can provide high isotropic resolution, which is helpful for evaluating complex structure. We

optimized the 3D UTE sequence for the highest possible spatial resolution to depict the

Achilles tendon and tested the pulse sequence on five healthy volunteers and one patient.

Materials and Methods

UTE Imaging Pulse Sequence

Our 3D UTE imaging sequence was developed for a MR950 7T scanner (GE Healthcare,

Waukesha, WI, USA) equipped with a maximum gradient amplitude of 5 G/cm and

maximum slew rate of 200 mT/m/ms. To achieve an ultrashort TE, a minimum-phase RF

pulse was followed by 3D radial acquisition as shown in Fig. 1. The minimum-phase RF

pulse was used instead of a non-selective hard pulse to limit the slab-direction field of view

(FOV). A short RF pulse with a duration of 432 μs and a time-bandwidth product of three

was used to minimize T2* decay during excitation. This RF pulse was first designed using

the Shinnar-Le Roux algorithm [35], and then the RF waveform was reshaped using the

variable-rate selective excitation algorithm [36] to be played on the slab-select gradient

ramps. The slab-selection rephasing gradient lobe was located following the slab-select

gradient lobe.

For 3D radial imaging, k-space was traversed from the center to the periphery, starting data

acquisition with the rising slope of the readout gradient (ramp sampling). The radial

trajectories were determined based on the prescribed spatial resolution and FOV. In

particular, an anisotropic FOV was supported with our radial trajectories, which can be

tailored to a non-circular object instead of an isotropic FOV to reduce scan time [37]. The

gradient delay for each axis was measured from the scanner and the sequence was adjusted

to reduce the mismatch between the actual and ideal trajectories. Readout gradients were

fully rewound after data acquisition and a gradient spoiler was added along the z direction.

Fat suppression was performed to improve dynamic range of tendon signal and remove any

blurring and chemical shift artifacts [38] from fat. The fat saturation pulse used was a

minimum-phase pulse with a 90° flip angle, 1 kHz bandwidth, and 4 ms pulse duration. The

center frequency of this pulse was -1043 Hz below the water resonant frequency, and it was

applied every eight spoke acquisitions to minimally increase the scan time.
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In Vivo Experiments

Five healthy volunteers (under age 35) and one patient (age 32) operated with a tendon

elongation surgery (splitting the tendon and then sewing together) right after birth were

imaged at 7T. Informed consent was obtained prior to scans. A head-only quadrature coil

was used to transmit and a 32-channel phased-array head coil (Nova Medical, Wilmington,

MA) was used to receive signal. The subjects laid supine with one foot located in the head

coil. To fit the foot, the upper part of the phased-array coil was shifted off from its original

location for head imaging. The leg was positioned as parallel to the B0 field as possible to

minimize magic angle effects.

For each subject, standard sagittal T1-weighted 2D fast-spin echo (FSE) imaging and fat-

suppressed T2-weighted 2D FSE imaging were first performed, using 15 × 15 cm2 FOV, 416

× 256 matrix size, 0.36 × 0.59 mm2 spatial resolution, 21 slices, 3 mm slice thickness, and

±41.7 kHz readout bandwidth. As other scan parameters, T1-weighted FSE used a repetition

time (TR) of 764 ms, TE of 8.6 ms, echo train length of 3, and averaging of 2, while fat-

suppressed T2-weighted FSE used a TR of 3407 ms, TE of 68.8 ms, echo train length of 8,

and averaging of 3. The total scan time was 4 min for T1-weighted FSE and 5 min for fat-

suppressed T2-weighted FSE. High-resolution UTE imaging with TR/TE = 8 ms/229 μs was

performed with applying slab-selection along the superior to inferior direction. The flip

angle was optimized to 8° assuming T1 of tendon was 800 ms [16, 39]. The readout

bandwidth was ±250 kHz, the readout time was 0.768 ms, and either 0.6 mm or 0.65 mm

isotropic spatial resolution was used with prescribing a FOV of 15 × 9 × 12.2 cm3 or 14 ×

8.4 × 11.6 cm3 respectively. This resulted in the number of spokes to acquire as 110797 or

114816 and the scan time as approximately 18 min. For some of the healthy volunteers,

longer-echo images (with TE of 2.2 ms) or UTE images without fat suppression were

additionally acquired.

UTE image reconstruction was performed off-line with 3D gridding using a Kaiser-Bessel

kernel [40] followed by an inverse Fourier transform. The acquired data from the 16 coil

elements located on the anterior part of the head coil were not used for reconstruction. The

coil images from the remaining 16 elements were combined using a sum of squares. UTE

images with and without fat suppression as well as UTE images with longer-TE images

were qualitatively compared.

Results

For all subjects, high-resolution UTE imaging was able to visualize the Achilles tendon

directly and depict its internal microstructure. Figure 2 demonstrates results from one

healthy volunteer. Figure 2a-b shows sagittal reformatted slices from fat-suppressed 3D

UTE imaging with two different TEs of 229 μs and 2.2 ms. An isotropic spatial resolution of

0.65 mm was used. With a TE of 229 μs, the tendon had relatively high signal depicting the

fascicular pattern, where stripes of higher signal represented endotenon while those of lower

signal represented fascicles. A high signal was also observed at the tendon insertion to the

calcaneous bone (enthesis, dashed arrow), which consists of fibrocartilage. The structure,

histology, and MR imaging of the enthesis are well presented in these articles [15, 41, 42].

With a TE of 2.2 ms, the tendon became mostly dark; however, some of the bright strips that
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were present in Fig. 2a and the enthesis were still visible, indicating that T2* relaxation

times in those regions were higher than in other regions of the tendon. A standard T1-

weighted FSE image and a standard fat-suppressed T2-weighted FSE image at the matching

position are shown in Fig. 2c-d. In Fig. 2c, bright strips were observed at the locations close

to those at Fig. 2b (solid arrow); in Fig. 2d, they were almost non-existent.

UTE images with and without fat suppression acquired from a different healthy volunteer

are compared in Fig. 3. An isotropic resolution of 0.6 mm was used. Figure 3 clearly

demonstrates that fat suppression improved the conspicuity of the Achilles tendon by

reducing blurring and chemical shift artifacts from the fat. Without fat suppression, a bright

signal was generated at the boundary of the tendon adjacent to Kager’s triangle (depicted by

a solid arrow) and the internal tendon structure was less pronounced. The signal from the

tendon was partially saturated by the fat suppression pulse because the tendon has a short

T2* value and therefore has a wide spectrum. Based on regions-of-interest analysis, fat

suppression decreased the tendon signal by 23%.

Figure 4 shows axial reformatted slices from fat-suppressed UTE images of the volunteer as

in Fig. 3. Slices at six different positions along the inferior to superior direction (positions

denoted in (a)), including the insertion site (b-c), proximal to the insertion site (d), and the

musculotendinous junction (g), are presented here. In (b), the enthesis fibrocartilage was

visible as a bright signal (solid arrow). This cartilage was visible in (c) again, and

additionally the sesamoid fibrocartilage (dashed arrow) and a fascicular pattern in the

posterior part of the tendon were depicted. At superior levels above the insertion site, the

fibrocartilage was not detected and a fascicular pattern was demonstrated over the entire

tendon.

The ability to assess the tendon structure in arbitrary planes with our high-resolution

isotropic UTE imaging is demonstrated again in Fig. 5. Here, an axial, sagittal, and coronal

reformatted slice from fat-suppressed UTE images of the equivalent ankle as in Fig. 2a are

shown. A fascicular pattern was shown in each slice and in particular the directions of

groups of fascicles were discernible in the coronal reformatted slice. Three different groups

of fascicles were distinguishable (denoted by solid arrows), varying in where they originated

from and which part of the calcaneous bone they were attached to.

Images from a 32 year-old patient who had tendon elongation surgery right after birth are

shown in Fig. 6. Sagittal reformatted slices from UTE imaging at the locations denoted in

Fig. 6a and T1-weighted 2D FSE images at the matching locations are presented. On the

FSE images, bright signal was generated due to fat infiltration (solid arrows), but destruction

on the tendon fiber structure was not clear. However, UTE images were able to depict

disrupted fiber microstructure and discontinuous fascicles in the region of the former tendon

incision.

Discussion

In this work, we have presented the feasibility of an optimized high-resolution 3D UTE

imaging for the depiction of the Achilles tendon microstructure on a 7T clinical scanner. No
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hardware modifications were required with our technique. The Achilles tendon generated

relatively high signal that revealed a fascicular pattern, differentiating fascicles and

endotenon due to their different T2* relaxation times. The enthesis, being commonly

involved in overuse injuries in sport [5, 43], was well delineated as well. The 3D isotropic

imaging allowed for evaluating tendon microstructures in arbitrary planes, which was useful

in assessing these complex structures.

Ignoring relaxation effects, SNR increases with the field strength due to increased

magnetization; however, this theoretical SNR increase is not normally realized in vivo due

to increase in T1 and decrease in T2*. We measured T2* in the mid-region of the Achilles

tendon by acquiring images at six TEs (0.25, 0.5, 1, 2, 4, and 8 ms at 3T; 0.23, 0.5, 1, 2, 3,

and 5 ms at 7T) for one volunteer at both 3T and 7T. The estimated T2* was 1.2 ms at 3T

and 0.85 ms at 7T. Even with T2* decrease at 7T, the effect on the signal is only a 9%

decrease when using an ultrashort TE of 230 μs. The overall SNR gain at 7T over 3T in the

Achilles tendon is expected to be 114% with our UTE imaging if T1 difference is ignored. In

our work, the excitation flip angle was only optimized to provide the highest SNR from the

tendon not considering contrast-to-noise ratios with surrounding tissues. However, the

tendon was differentiated because adjacent Kager’s triangle and bone marrow were

suppressed with fat saturation and muscle as well as skin provided higher signal than the

Achilles tendon. On UTE images, adjacent muscle generated 66% and 36% higher signal

than the tendon at 3T and 7T, respectively. Increased B0 and B1 inhomogeneities, increased

RF power deposition, and lack of dedicated phased-array coils are challenges for 7T MRI.

However, using a low flip angle (8°) made our UTE imaging to be minimally sensitive to B0

and B1 inhomogeneities and generated low RF power deposition. The head array coil was

sufficient for all subjects and provided high SNR on the Achilles tendon.

Fat suppression is very important for this application because large off-resonances from fat

(> 1 kHz) can cause blurring and chemical shift artifacts with 3D radial acquisitions. These

artifacts can affect the structural analysis of the surrounding tissues. We observed that when

fat suppression was not applied, artifacts from the adjacent Kager’s triangle degraded the

depiction of the tendon microstructure. As a fat suppression method, we used spectrally

selective saturation. This method is normally sensitive to B0 and B1 inhomogeneities, but

the larger resonant frequency difference between fat and water at 7T than at a lower field

strengths results in reduced saturation of the broad short T2 component and allows for

design of a shorter saturation pulse that is less sensitive to B0 and T2. Alternatively, a short

inversion time inversion recovery (STIR) technique can be used. This method is less

sensitive to B0 inhomogeneities and can be also insensitive to B1 inhomogeneities when an

adiabatic inversion pulse is used. However, a longer scan time is typically required due to

the inversion time, which is challenging with a large number of spokes required in 3D UTE

imaging.

The readout time substantially affects image quality for UTE imaging. When it is longer,

more blurring artifacts are caused by off-resonances and the signal decay of ultra-short T2*

components [34]. To minimize these artifacts, the readout time should be as short as

possible while providing a proper gradient area and satisfying the maximum amplitude and

slew rate constraints. It was demonstrated that the optimized readout time for 3D UTE
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imaging is 0.69 T2* [34], which provides the maximum SNR while generating minimal

blurring artifacts for ultra-short T2* components. The readout time we used was 0.77 ms,

which was longer than the optimal value 0.59 ms given that T2* of the tendon was 0.85 ms.

Reducing the readout time would further improve the depiction of the Achilles tendon

structure.

Radial trajectories are commonly used to minimize the TE but this is more vulnerable to

image artifacts caused by system imperfections than conventional Cartesian trajectories. In

particular, eddy currents and group delays of gradient amplifiers result in mismatches

between the prescribed and actual trajectories and degrade image quality [44]. In this work,

we corrected for gradient delays, which improved image quality significantly. More

advanced techniques such as measuring the actual trajectories [45] can also be incorporated

to further correct for system imperfections. Because 3D radial acquisitions are not very

sensitive to motion [46], no visible motion artifacts were seen even with 18 minute scan

time. This scan time can be easily reduced in future studies by combining with parallel

imaging.

We have demonstrated that our optimized high-resolution 3D UTE sequence can visualize

internal fiber structures down to the level of the fascicle. Since the diameter of the fascicle in

human is known to be in a range of 150 μm - 1 mm [47], it is reasonable that our UTE

imaging depicts fascicular patterns. Our patient images clearly depicted disrupted tendon

microstructure due to the incision from the tendon elongation surgery. Ultrasound also

provides internal structure of the tendon down to this level, but MRI might be more useful

because of the capability to assess pathologies in surrounding organs including bone marrow

and Kager’s triangle. Future work will include patient studies to demonstrate the feasibility

of 3D UTE imaging to depict changes in the fiber structure with early degeneration, to

monitor the healing process after rupture, and to evaluate different treatment options.

In conclusion, our 3D UTE pulse sequence allows for high-resolution structural imaging of

the Achilles tendon in vivo using a clinical 7T MRI scanner without specialized hardware.

The combination of a minimum-phase slab-selective RF pulse and anisotropic FOV 3D

radial trajectory provided a high-resolution UTE imaging of the Achilles tendon within a

clinically feasible scan time, and fat suppression greatly improved the depiction of the

tendon microstructure. Our approach demonstrated a normal fascicular pattern in the healthy

Achilles tendon with differentiating fascicles and endotenon and delineated fibrocartilage at

the tendon insertion. Disrupted tendon microstructure was also visualized on patient images.
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Figure 1.
Pulse sequence for 3D UTE imaging. By using a short minimum-phase RF pulse and 3D

radial trajectory, a TE of 229 μs was achieved when the slab was 12 cm thick. A fat

suppression pulse was applied every eight spoke acquisitions.
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Figure 2.
UTE images and standard FSE images from a healthy volunteer. Magnified images of the

tendon are shown on the right. (a-b) Sagittally-reformatted slices from fat-suppressed 3D

UTE sequence, having TEs of 229 μs and 2.2 ms. In (a), a fascicular pattern is depicted in

the tendon. In addition, high signal is observed at the enthesis (tendon insertion), which is

consisted of fibrocartilage (dashed arrow). In (b), the tendon is much darker but some of the

bright strips shown in (a) (solid arrow) and the enthesis are still visible. (c-d) Matching

slices from standard T1-weighted FSE and fat-suppressed T2-weighted FSE. In both FSE

images, the tendon generates almost no signal but the bright strips at the similar locations in

(b) are visible in (c) (solid arrow). Here, the slice thickness for the UTE images is 0.65 mm

while this for the FSE images is 3 mm.
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Figure 3.
Comparison of UTE images with and without fat suppression. Sagittal reformatted slices

from 3D UTE imaging with (a) and without (b) fat suppression. Magnified images of the

tendon are shown on the right. With fat suppression, blurring and chemical shift artifacts

from the fatty tissue are substantially reduced, improving the depiction of tendon

microstructure. When fat suppression is not applied, a bright signal occurs at the boundary

of the tendon adjacent to Kager’s triangle (arrow) due to chemical shift artifacts from fat.
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Figure 4.
Axial reformatted UTE slices at different locations along the Achilles tendon. On the sagittal

reformatted UTE slice (a), the positions of six axial reformatted slices are denoted. In (b-g),

the slices from the inferior to superior locations are shown. At the insertion site (b-c), the

enthesis fibrocartilage is depicted as a bright signal (solid arrow). In (c), the sesamoid

cartilage is also visible (dashed arrow) and a fascicular pattern is demonstrated in the

posterior region of the tendon. At more superior levels, the fascicular pattern is visible

throughout the whole Achilles tendon. The tendon is merged to the muscle at the

musculotendinous junction (g).
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Figure 5.
Internal structural analysis of the Achilles tendon. (a-c) Axial, sagittal, and coronal

reformatted slices. The positions of the slices are denoted as dashed lines in (a-b). A

fascicular pattern is observed in the tendon. In (c), the orientations of the fascicles can be

characterized, allowing for distinguishing different groups of fascicles as denoted by solid

arrows. Numerous other tendons in the ankle are also well depicted, indicated in (a).
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Figure 6.
Images from a 32 year old patient who underwent tendon elongation surgery right after

birth. (a) UTE coronal reformatted slices. (b-d) UTE sagittal reformatted slices at three

different locations denoted in (a). (e-g) T1-weighted FSE images at the matching locations.

On the FSE images, bright signal in the tendon results from fat infiltration (solid arrows). On

the UTE images, disrupted microstructure and discontinuous fascicles in the region of the

tendon surgical incision (solid arrows) are depicted. The yellow dotted arrow in (b) denotes

susceptibility artifacts from a post surgical microscopic remnant.
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