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Entheses are regions where tendons and ligaments attach to bone, and are the pri-

mary target in seronegative and other diseases of the musculoskeletal (MSK) system.

MRI has been widely used for visualizing features of inflammatory and degenerative

MSK disease; however, normal tendons and entheses have short transverse relaxa-

tion times (T2), and show little or no signal with conventional clinical MRI pulse

sequences, making it difficult to investigate their MR properties. In this study we

examined the normal MR morphology of the cadaveric Achilles tendon and enthesis

at 3 T using novel three‐dimensional ultrashort echo time (3D UTE) Cones sequences,

and at 11.7 T using conventional MRI sequences. We also studied the MR properties

of the Achilles tendon and enthesis including T2*, T1, and magnetization transfer ratio

(MTR). In addition, MT modeling of macromolecular proton fractions was investigated

using 3D UTE Cones sequences at 3 T. Indentation testing was performed to investi-

gate the mechanical properties of the tendons and entheses, and this was followed by

histological examination. In total five specimens (<50 years) were investigated. On

average, tendons and entheses respectively had T2* values of 0.93 ± 0.48 ms and

2.77 ± 0.79 ms, T1 values of 644 ± 22 ms and 780 ± 55 ms, MTRs of 0.373 ± 0.03

and 0.244 ± 0.009 with an MT power of 1000° and frequency offset of 2 kHz, and

macromolecular proton fractions of 18.0 ± 2.2% and 13.9 ± 1.9%. Compared with

the tendon, the enthesis generally had a longer T2*, a longer T1, a lower MTR, and

a lower macromolecular proton fraction as well as both a higher Young's modulus

and stiffness. Results from this study are likely to provide a useful baseline for iden-

tifying deviations from the normal in seronegative arthritis and other disease of the

entheses.
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1 | INTRODUCTION

In the human body, tendons and ligaments perform the function of transferring force from muscle to bone in order to execute movements. At the

junction between tendons or ligaments and bone, the mechanical load is distributed by entheses.1 These consist of uncalcified fibrocartilage and

calcified fibrocartilage and are situated between the fibrous connective tissue of tendon and cortical bone. The fibrocartilage resists compressive

loads and shear forces and disperses mechanical stress, which is concentrated at the hard‐soft tissue interface spanned by the enthesis. Failure to

disperse the stress may lead to acute and overuse injuries in sports such as tennis or golfer's elbows and jumper's knee.1-3

The importance of entheses extends beyond traumatic and overuse injuries. Disease at these sites is often described as enthesopathy and can

occur in many disorders, including traumatic, degenerative, inflammatory, endocrine and metabolic conditions.2,3 In some cases, enthesopathy

represents the initial and predominant manifestation in conditions such as the seronegative spondyloarthropathies (SpAs).4 Enthesitis is common

in SpA patients and occurs in synovial joints, the Achilles tendon enthesis, the plantar fascia and other sites.4-6

MRI has been widely used for visualizing the features of arthritis and traumatic disease,6 but conventional clinical MRI has not been helpful for

demonstrating and characterizing the key normal tissues present in tendons and entheses. These tissues typically have short apparent transverse

relaxation times (T2)
1,7 and show little or no signal with conventional clinical pulse sequences.8,9

We have developed three‐dimensional ultrashort echo time (3D UTE) pulse sequences with nominal TE values much shorter than those of

clinical sequences.10-12 These UTE sequences allow us to directly image the clinically “MR invisible” Achilles tendon and its enthesis. In this study,

we aimed to investigate the MR morphology of Achilles tendons and entheses at 3 T and 11.7 T, then assess their MR properties, including T2*, T1,

magnetization transfer ratio (MTR) and magnetization transfer (MT) modeling of parameters characterizing the water and macromolecular proton

fractions of tissue using UTE sequences at 3 T. Finally, we wished to perform indentation testing to investigate the mechanical properties of the

Achilles tendon and enthesis, and correlate the results from this with the MR findings.
2 | METHODS AND MATERIALS

2.1 | Specimen preparation

In total five ankle specimens from young donors (three females, two males, average age 35.4 ± 5.0 years, age range 28–40 years) were obtained

from the University of California, San Diego (UCSD) Medical School Anatomical Preparation Laboratory. All the ankle specimens used in this study

were from donors without a history of diseases such as inflammatory arthropathy or trauma involving the ankle. The specimens were stored fresh

frozen in a − 80°C freezer ((Bio‐Freezer; Forma Scientific, Marietta, OH, USA). Each specimen was thawed overnight to room temperature and

imaged at 3 T. After this each specimen was sectioned into thin slices (~3 mm thickness) for high resolution imaging on a Bruker 11.7 T system

(Bruker BioSpec, Ettlingen, Germany). The specimens were sectioned again for indentation testing and finally for histology.

2.2 | MRI

MR data were acquired using a 3D UTE Cones sequence implemented on a 3 T MR750 scanner (GE Healthcare Technologies, Milwaukee, WI,

USA) with a maximum gradient performance of 50 mT/m and 200 mT/m/ms. A knee coil was used for data acquisition. Morphological imaging

was performed with the basic 3D UTE Cones sequence, which employed a short rectangular pulse (duration 52 μs) for signal excitation followed

by spiral sampling with conical view ordering.11 Conventional clinical gradient echo and fast spin echo (FSE) sequences, including T1 and proton

density weighted imaging, were performed for comparison. Quantitative imaging at 3 T was performed with a dual‐echo 3D UTE Cones sequence

to measure T2* (two sets of dual echoes with TE values of 0.032/4.4 ms and 0.4/8.8 ms, TR = 20 ms, a flip angle or FA of 10°, fat saturated). 3D

UTE Cones variable FA (VFA) acquisitions were used to measureT1 (TR = 20 ms, FA = 5°, 10°, 20°, and 30°, TE = 0.032 ms) with B1 correction using

actual FA mapping (TR = 20/100 ms, FA = 45°, TE = 0.032 ms).13 A Cones MT sequence was used to measure MTR with a series of MT frequency

offsets (Δ f = 2, 5, 10, 20, and 50 kHz) and MT powers (θ = 400°, 600°, 800°, 1000°). To accelerate the UTE‐Cones MT data acquisition, multiple

spokes (n = 11) were utilized with each MT preparation pulse.14 Other imaging parameters included a bandwidth (BW) of 166 kHz, a field of view

(FOV) of 11 cm, a slice thickness of 2 mm, 36 slices, acquisition matrix of 256 × 256, total scan time of 8 min for T2* measurement, 31 min for T1

measurement, and 43.3 min for MTR and MT modeling, respectively.

Morphological imaging was performed on a 11.7 T system (Bruker BioSpec) with a maximum gradient performance of 750 mT/m and

6600 T/m/s. A birdcage coil was used for signal excitation and data acquisition. The higher field strength and much more powerful gradient

and RF systems were expected to result in a much improved signal to noise ratio, allowing higher spatial resolution imaging of fine structure in

the Achilles tendon and enthesis. A conventional 2D gradient recalled echo (GRE) sequence was performed with the following imaging parameters:

bandwidth of 110 kHz, FOV of 4 × 3 cm, FA = 50°, TR = 800 ms, TE = 3.2 ms, slice thickness 1 mm, 10 slices, acquisition matrix 400 × 226, total

scan time 3 min.

A quantitative MRI data analysis algorithm was written in MATLAB (MathWorks, Natick, MA, USA) and was executed offline on the DICOM

images obtained using the protocols described above. T2* was obtained via single‐component exponential fitting of the two dual‐echo 3D UTE
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Cones images. T1 was obtained via single‐component fitting of the 3D UTE Cones images acquired with different FAs.13 MTR was calculated as

the ratio of signal difference without and with the MT pulse applied over the signal without the MT pulse. MT modeling was performed using a

modified rectangular pulse approximation model (RP model) on data acquired with a multi‐spoke 3D UTE‐Cones MT sequence. Details of the

algorithm have been reported elsewhere.14
2.3 | Indentation testing

Indentation testing was performed on each enthesis slice. We used a previously reported rapid indentation test for measuring local compressive

stiffness.15 Tissue specimens were hydrated with phosphate‐buffered saline containing proteinase inhibitors. A matrix of test sites was mapped

onto the surface of the Achilles tendons and entheses. Each of the test sites was subjected to indentation testing to obtain force‐displacement

data. Using a custom bench top apparatus (two‐axis grippers, SMAC, Carlsbad, CA, USA; 50 g load cell, FUTEK, Irvine, CA, USA) fitted with a

0.48 mm diameter stainless steel plane‐ended tip, three locations were tested within a 1 mm area. The loading protocol consisted of application

of a 0.02 N tare load, followed by a ramp compression to 125 μm at 50 μm/s, a pause at the peak depth for 1 s, and a release. Measurement at

each point was repeated three times and the force results were averaged. A field of points was selected to encompass the area of interest in each

specimen covering the enthesis and nearby Achilles tendon. The peak force at each location was measured, recorded, and averaged. The average

peak force was used to calculate structural indentation stiffness (the peak force divided by the indentation depth). We also computed the elastic

modulus, using a linear elastic model assuming a Poisson's ratio of 0.5.16
2.4 | Histology

Standard histologic procedures were applied to the tissue blocks, which were sectioned at 8 μm slice thickness in the sagittal plane with 12 slices

collected at 1 mm intervals throughout the block. Alternate sections were stained with Masson's trichrome and toluidine blue. MR images were

overlaid on histological indentation maps by visually aligning the outer edges of the specimen.
3 | RESULTS

Figure 1 shows representative histology of the normal Achilles tendon and enthesis. The Achilles tendon and enthesis show distinct structural

differences. The Achilles tendon appears as a dense fibrous connective tissue (Figure 1A‐C), while the enthesis shows uncalcified and calcified

fibrocartilage including a basophilic line at the tidemark. This represents a region at which calcification has ceased and calcium has subsequently

accumulated (Figure 1D‐F).

Figure 2 shows selected 3D UTE Cones images of a cadaveric Achilles tendon and enthesis specimen, clinical T1w and PDw images at 3 T, and

a high resolution GRE image obtained at 11.7 T. The clinical sequences show near zero signal for the Achilles tendon and intermediate signal for
FIGURE 1 Histological images of an ankle specimen, demonstrating normal Achilles tendon (A‐C) and enthesis (D‐F) using hematoxylin and eosin
(HE) staining. Scale bar, 1 mm in A and D, 200 μm in B and E, 50 μm in C and F. The fibrous connective tissue tendon is seen at progressively
higher resolution from A to C. Tendon, uncalcified fibrocartilage, basophilic tidemark, calcified fibrocartilage, and cortical bone are seen in D‐F at
progressively higher resolution



FIGURE 2 Morphological imaging of a cadaveric human ankle specimen at 3 T using clinical T1w FSE sequence (A) and 3D UTE Cones sequence
with fat suppression (B), as well as at 11.7 T imaging using a GRE sequence (C). The upper green arrows in A‐C show the Achilles tendon. The lower
broad blue arrows in images A‐C show the enthesis. This is poorly seen in A, appears uniformly intermediate in B and has a relatively high signal in C
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part of the enthesis (arrow), while the 3D UTE Cones sequence shows intermediate signal for both tendon and enthesis (arrow). The 11.7 T image

shows greater detail including high contrast between the tendon and enthesis (arrow).

Figure 3 shows representative single‐component T2* fitting for the Achilles tendon and enthesis, respectively. A short T2* of 0.74 ± 0.11 ms

was demonstrated for the Achilles tendon, while a longer T2* of 2.69 ± 0.48 ms was demonstrated for the enthesis. Entheses have longer T2*

values, which is consistent with the higher signal observed at 11.7 T, using a relatively long TE of 3.2 ms.

Figure 4 shows UTE MT images acquired with four frequency offsets (2, 5, 10, and 20 kHz) with an MT power of 1000°. The corresponding

MTR maps are also displayed. Higher MTR values were observed when lower MT frequency offsets were used. The ankle enthesis had a lower

MTR than the Achilles tendon for each set of MT frequency offset and MT power values.

Figure 5 shows selected quantitative T1 and MT fitting curves of one specimen. Excellent T1 and two‐pool MT modeling were achieved for

both the Achilles tendon and enthesis. The enthesis had a longer T1 and lower macromolecular proton fraction than the Achilles tendon.

Figure 6 illustrates the biomechanics of sampling of a representative enthesis slice. Indentation stiffness varied significantly with site, but

demonstrated a significantly higher elastic modulus and stiffness for the enthesis compared with the tendon (p < 0.001).

Table 1 summarizes the quantitative UTE MTR measurements of the ankle specimens. The mean and standard deviation of MTR for each

frequency offset and MT pulse power are displayed. For a typical MT pulse power of 1000°, the MTR for the Achilles tendon decreased from

0.373 ± 0.030 to 0.095 ± 0.010 when the frequency offset was increased from 2 kHz to 20 kHz. In comparison, the MTR for the enthesis

decreased from 0.244 ± 0.009 to 0.068 ± 0.002 when the frequency offset was increased from 2 kHz to 20 kHz. A similar trend was observed

at MT pulse powers of 600° and 800°. The MTR for the enthesis was about 20–40% lower than that of the Achilles tendon for each specific

MT pulse power and frequency offset.
FIGURE 3 Single‐component T2* fitting of fat saturated 3D UTE Cones images of a representative cadaveric ankle specimen. This shows a short
T2* of 0.74 ± 0.11 ms for the Achilles tendon (A) and 2.69 ± 0.48 ms for the ankle enthesis (B). The location of the samples was as indicated by the
green and blue arrows in Figure 2



FIGURE 4 Selected 3D UTE Cones MT images of an ankle specimen acquired with different MT frequency offsets and MT powers (A‐D) and the
corresponding MTR maps with an MT power of 1000° and frequency offset of 2 kHz (E), 5 kHz (F), 10 kHz (G), and 20 kHz (H). The ankle enthesis
has a lower MTR than the Achilles tendon for each set of MT frequency offset and MT power. The blue arrows show the regions of the enthesis

FIGURE 5 3D UTE Cones quantitative T1 (A, B) and MT modeling (C, D) fitting curves of a representative cadaveric human ankle joint specimen.
This shows a T1 of 636±29 ms for the Achilles tendon (A) and 744±26 ms for the enthesis (B), and a macromolecular proton fraction of 19.0±1.4%
(C) for the Achilles tendon and 13.3 ±0.9% (D) for the enthesis
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Table 2 summarizes other quantitative UTE MRI measurements and biomechanical results for the Achilles tendon and enthesis. The mean and

standard deviation of each measurement, including T2*, T1, and macromolecular fraction as well as indentation testing results, are listed. Generally,

compared with the Achilles tendon, the ankle enthesis had a longer T2*, a longer T1, and a lower macromolecular proton fraction, as well as a

higher Young's modulus and stiffness.



FIGURE 6 Biomechanical testing of an ankle specimen. A, B, MR images of the selected specimen slice at 3 T (A) and 11.7 T (B). C, D,
Photograph and elastic modulus mapping of a small region covering both the Achilles tendon and enthesis (C), as well as an enlarged map
showing selected indentation points (D). E, F, Both theYoung's modulus (E) and stiffness (F) were about four times higher for the enthesis than for
the Achilles tendon

TABLE 1 The mean and standard deviation of MTR measurements for the Achilles tendon and enthesis in five normal ankle specimens. The MTR
data were acquired with three MT power settings of 1000°, 800°, and 600°, and four frequency offsets of 2, 5, 10, and 20 kHz

MTR 2 kHz 5 kHz 10 kHz 20 kHz

1000° Tendon 0.373 ± 0.030 0.279 ± 0.021 0.212 ± 0.017 0.095 ± 0.010
Enthesis 0.244 ± 0.009 0.191 ± 0.008 0.141 ± 0.002 0.068 ± 0.002

800° Tendon 0.292 ± 0.022 0.206 ± 0.025 0.146 ± 0.013 0.071 ± 0.006
Enthesis 0.223 ± 0.013 0.160 ± 0.020 0.107 ± 0.015 0.051 ± 0.005

600° Tendon 0.215 ± 0.011 0.153 ± 0.007 0.115 ± 0.006 0.045 ± 0.005
Enthesis 0.165 ± 0.006 0.120 ± 0.007 0.087 ± 0.005 0.035 ± 0.009

TABLE 2 The mean and standard deviation of T2*, T1, and MTR modeling of macromolecular proton fraction ( f ), as well as elastic modulus and
stiffness, of the Achilles tendon and enthesis of five normal ankle specimens

T2* (ms) T1 (ms) f (%) Elastic modulus (MPa) Stiffness (N/mm)

Tendon 0.93 ± 0.48 644 ±22 18.0 ±2.2 0.0079 ±0.0043 0.0486 ±0.0216

Enthesis 2.77 ± 0.79 780 ± 55 13.9 ± 1.9 0.0319 ± 0.0061 0.1838 ± 0.0643
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4 | DISCUSSION

The use of 3D UTE pulse sequences allows normal tendinous and enthesis structures that have not previously been visualized with clinical

sequences to be demonstrated.

This study is the first to report high resolution morphological imaging of the Achilles tendon and enthesis at 3 T and 11.7 T. The ultrahigh field

imaging at 11.7 T provides an excellent depiction of the fine details of the collagen fiber structure as well as high contrast between the Achilles

tendon and enthesis. The enthesis shows distinctly higher signal, especially when imaged with a longer TE and at higher field strength. Further-

more, the 11.7 T images with much improved enthesis contrast helps guide ROI placement, and thus more accurate quantitative evaluation of

T1, T2*, MTR, and MT modeling of macromolecular proton fraction for the Achilles tendon and enthesis. It is also the first study to quantitatively

evaluate the MR and biomechanical properties of the two different tissues. The ankle enthesis has significantly longer T2*, longer T1, lower MTR,
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and lower macromolecular proton fractions.17-20 In disease the T2* values of both tendon and enthesis are likely to be elevated, so images with

longer echo times should be included for more accurate T2* measurement. The enthesis has higher Young's modulus and stiffness compared with

the tendon. These different MR and mechanical properties can be correlated with the structural and functional differences between the two tis-

sues. The elastic modulus and stiffness still have variations across both tendons and entheses. We think this probably reflects genuine differences

in tissue collagen and in the case of entheses of calcium as well.

The Achilles tendon and enthesis are structurally different.21-23 Enthesis contains higher concentrations of glycosaminoglycans than tensile

tendon, and this is associated with increased swelling pressure and resistance to compression.24-26 The tensional regions of tendons or ligaments

typically have numerous fascicles of longitudinally aligned collagen fibers separated by looser connective tissue, which merges with the epitenon

or epiligament. Within the tendon/ligament matrix, sparse, elongated fibroblasts are visible. As the enthesis is approached, the structure of the

tendon/ligament changes over a short distance, from the typical appearance of dense fibrous connective tissue to that of uncalcified

fibrocartilage.1 Here cells are more rounded and usually arranged in rows, although at some enthesis, there is no regular pattern discernible in

the arrangement of cells. The cells are surrounded by a small amount of aggrecan‐containing extracellular matrix and separated by collagen fibers,

which immunolabel strongly for type II collagen. The aggrecan in the matrix gives the fibrocartilage its elevated water content and is critical to the

role of fibrocartilage in resisting compression. The transition to the third zone (calcified fibrocartilage) is usually marked by a basophilic line, the

tidemark (Figure 1). This represents a region at which calcification has ceased and calcium has subsequently accumulated. Under physiological

conditions the tidemark is relatively straight. The fibers of tendons and ligaments continue across it (generally at right angles) as they pass from

uncalcified to calcified fibrocartilage. The tidemark may be duplicated or even multiplied in cases with additional calcification fronts. The junction

between calcified fibrocartilage and subchondral bone (i.e. the cement line) is highly irregular. It is the anatomic boundary between tendon or

ligament and bone, and thus the true site of union of the tissues.21

There are several limitations of this study. First, abnormal tendons and entheses were not investigated in this study. It is a natural next step to

apply the morphological and quantitative UTE MRI techniques to ankle specimens with different degrees of degeneration, and determine the value

of UTE derived MRI biomarkers for predicting mechanical and histological degradation. The preliminary studies performed in this paper provide a

technical basis for such further studies. Second, we did not investigate the effects of the freeze–thaw cycle on tendon and enthesis MR charac-

teristics or tissue biomechanical properties. However, our prior studies suggest that repetitive freeze‐thawing cycles have no statistically signifi-

cant effect on UTE T2* measurement.27 Third, simple single‐component T2* was investigated rather than more complicated bi‐component T2*

analysis. Bi‐component T2* analysis provides information on bound and free water T2* values and relative fractions, which may further improve

the quantitative evaluation of tendons and enthuses.28 A single‐component T2* analysis was performed due to its simplicity, ease of clinical

application and relatively short scan time, especially as T1 measurement together with MTR and MT modeling took over an hour with our current

protocol. Further optimization is needed to reduce the total scan time.

In conclusion, we have demonstrated that high resolution morphological imaging of the Achilles tendon and enthesis can be achieved at 3 T

and especially 11.7 T. The 3D UTE Cones sequences also provide quantitative measures of T2*, T1, MTR, and MT modeling of macromolecular

proton fractions. These UTE measures can potentially be used as biomarkers of biomechanical degradation of the tendons and enthuses, and this

is likely to help in the clinical investigation of SpA and other diseases of entheses.
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