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ABSTRACT
Previous observations of multi‐echo ultrashort echo time (UTE) magnetic resonance imaging (MRI) decay data from the Achilles

tendon (AT) report an off‐resonance non‐water signal associated with non‐collagenous extracellular matrix (ECM) constituents.

This cross‐sectional study investigates the relationship between this MRI‐derived tissue matrix signal and mechanical stiffness of the

AT in professional ballet dancers and non‐dancer adults. Multiexponential analysis of multi‐echo UTE MRI was used to quantify

water components and an off‐resonance AT matrix component. To compare AT structure with its functionality, shear wave

elastography (SWE) ultrasound US was used to measure tendon stiffness along both longitudinal (VL) and transverse (VS) axes. 34

participants, including 15 ballet dancers and 19 non‐dancers, were studied. Dancers exhibited significantly larger VS (p=0.013)

compared to non‐dancers, consistent with prior observations of a training effect in tendon from repeated loading with exercise.

UTE‐derived off‐resonance relaxation component amplitude, β3, was positively associated with VL in dancers (p=0.029) and VS in

non‐dancers (p=0.024), suggesting a microstructural role of this matrix component. While additional work is needed to unam-

biguously assign this off‐resonance signal, these findings suggest its association with non‐collagenous ECM and show potential for

combined use of UTE and SWE imaging to assess tendon structure‐function relationships and adaptations to mechanical loading

in vivo.

1 | Introduction

The Achilles tendon (AT) plays an important role in trans-
mitting forces between the muscles and bones responsible for

human ambulation and athletic movements (dancing, bal-
ance, jumping) [1, 2]. Tendon composition consists of pri-
marily water (50%–75%) and extracellular matrix (ECM) with
low cellularity. ECM is primarily type 1 collagen (60%–85% dry
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mass), which has traditionally been thought to provide the
majority of tensile strength to the tendon [3, 4]. Relative to
type 1 collagen, investigation of non‐collagenous matrix con-
stituents such as proteoglycans, elastin, and cartilage oligo-
meric matrix protein (COMP) have previously been ignored.
However, recent work demonstrates the importance of non‐
collagenous matrix constituents in the modulation of tendon
mechanical properties [5–7]. Mechanical function of tendons
is influenced by both the water distribution within the tissue
compartments and its matrix composition [3, 8, 9]. Remodel-
ing of tendon composition and microstructure are influenced
by repeated mechanical stimulation. This remodeling can lead
to either adaptive modifications that increase tendon stiffness
or maladaptive changes leading to tendinopathy [10, 11].

Multi‐echo ultrashort echo time (UTE) magnetic resonance
imaging (MRI) provides noninvasive and quantitative
information on both tendon matrix constituents and water
distribution within the tendon matrix. Conventionally, a two
compartment model has been proposed to quantify water
bound to collagen molecules and free water in the sur-
rounding extracellular matrix (ECM), using the UTE MRI
water relaxation signal. We have recently extended this
relaxation modeling approach to additionally allow for
characterization of a non‐water compartment attributed to
the extracellular matrix (Figure 1). In our previous work, we
observed an off‐resonance UTE signal with a frequency
consistent with glycosylated ECM proteins [12]. The inter-
pretation of this additional off‐resonance signal has been
supported using detailed nuclear magnetic resonance (NMR)
studies to assign its origin to non‐collagenous ECM com-
ponents [12, 13]. Currently, the origin of this off‐resonance
UTE chemical shift has not been definitively assigned and its
relationship to functional properties of tendon have not been
established.

Shear wave elastography (SWE) ultrasound (US) provides
noninvasive and reliable quantification of AT stiffness prop-
erties [14, 15]. Shear wave speed (V, in m/s) represents tissue
stiffness and is measured with SWE. In other US applications,
such as body imaging of the liver, shear modulus is often

computed from shear wave speed (μ, in kPa) with the
equation:

μ = ρ × V2

where ρ represents tissue density (approximately 1000 kg/m3 in
the human body) [16]. It is important to note that this shear
modulus calculation relies on two assumptions: the tissue is
homogenous with a known density and it displays linear elas-
ticity, meaning the strain of the tissue is directly proportional to
the force applied to it. For this musculoskeletal application, we
focus on shear wave speed to avoid misinterpretations poten-
tially resulting from discrepancies between the ideal tissue
characteristics in these assumptions and the measured tissue
since tendon is heterogenous and displays anisotropic propert-
ies in addition to linear elasticity.

Prior studies have demonstrated that shear waves spread dif-
ferently depending on tissue characteristics, such as tendon
loading, axis orientation, or presence of tendinopathy. Gen-
erally, waves propagate faster in loaded tendons, slower along
the short axis of healthy tendons compared to the long axis,
and slower in tendinopathic tendons [17–20]. The AT of
jumping athletes (i.e., ballet dancers) display distinguishable
structural adaptations compared to control AT, presumably to
withstand a high frequency of mechanical loading [21].
Interestingly, the intensive training of professional ballet
dancers results in detectable changes in the ultrasound tendon
characteristics of Achilles tendon as early as 6 weeks [22].
SWE US has detected increased stiffness in ballet dancer AT
compared to both runners and non‐running athletes of similar
age [23]. Due to the specialized conditioning of dancer AT, we
suspect that detection of structure‐function interplay would be
plausible in this specific group of athletes. Given factors that
influence tendon remodeling, comparison with a population of
older non‐dancer adults could provide additional insight into
Achilles tendon structure‐function as assessed using SWE
and UTE.

We hypothesize that the variation in mechanical stiffness of
tendon is associated with ECM composition, both of which
are influenced by multiple factors‐including age and the
amplitude and frequency of daily tendon loading‐and
observable using SWE and UTE. This study first reports the
SWE‐derived mechanical properties and UTE‐derived com-
position and relaxation properties of healthy AT between
professional ballet dancers and older non‐dancer adults.
These two groups represent a wide range of factors expected
to influence both mechanical and compositional tendon
properties. Subsequently, relationships between the off‐
resonance UTE‐derived ECM component and SWE‐derived
tissue mechanical properties are analyzed in both profes-
sional ballet dancers and older non‐dancer adults. Addition-
ally, relationships between the UTE off‐resonance ECM
component and UTE‐derived water compartmentation in the
AT are analyzed. Insights into tendon structure‐function re-
lationships and in vivo adaptations to mechanical loading
provide the potential for improved assessment of tendon
health. This enhanced understanding of tendon matrix
properties could also inform injury prevention or rehabilita-
tion strategies in the clinical setting.

FIGURE 1 | Structural schematic of tendon microstructure, with

water and non‐water proton matrix pools accounted for by our multi‐
exponential model. β1 represents the collagen‐bound water, β2 repre-

sents the free water in the tendon, and the non‐water matrix pool is

represented as a single, off‐resonant component denoted β3. As such, β1
and β2 are reported as a relative ratio to β1 + β2 while β3 is reported as a

ratio to β1 + β2 + β3.
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2 | Methods

2.1 | Subjects and Experimental Design

This prospective IRB‐approved study recruited healthy,
asymptomatic professional ballet dancers and healthy, asymp-
tomatic non‐dancer adults. Ballet dancers were assessed at the
beginning of their training season under the supervision of
company physical therapists. Dancer SWE and UTE MRI data
acquisition occurred in the fall of 2022 and has not been pre-
viously described, though there may be some subjects that
overlap with [23]. Descriptive results of UTE MRI data from
n= 6 non‐dancer subjects have been reported previously in [12].

2.2 | Inclusion Criteria and Categorization

This study included both healthy non‐dancer and professional
ballet dancer adults who were able to provide written and
verbal informed consent to participate with sonographic and
magnetic resonance imaging of their ankles. All subjects were
able to ambulate voluntarily with no limitations. They also had
minimal to no symptoms or complaints relating to their AT or
ankle at rest or during physical activity.

Initial survey questions were conducted to collect demo-
graphic information (such as age, BMI, height, and activity
level) as well as screening for exclusion criteria. Ankle activity
level was defined using a 0 to 10 grade scale to produce a
cumulative score based on an individual's self‐reported phys-
ical capability, as described in [24]. Ankle dominance was
assigned based on subjects’ answers to survey questions (i.e.,
handedness, preference for kicking a ball, lead jumping leg).

2.3 | Exclusion Criteria

Participants with any personal history of ankle surgery,
pathology that affected AT quality (gout, ankylosing spondylitis,
reactive arthritis, fluoroquinolone‐associated tendinopathy,
psoriasis, Reiter syndrome, or any other rheumatologic or

hypercholesteremic condition) were excluded from this study. A
subject with AT pathology or tendinopathy from any insult
within the past 6 months were also excluded (including from
operative repair, trauma, athletic participation, or tendon pain).
Finally, any presence of skin lesions, abrasions, or lacerations
located in the imaged body area were also excluded. These ex-
clusion criteria were replicated from [23].

Due to image quality concerns of the UTE MRI portion of the
study, one dancer was excluded from the study post data
acquisition but before data analysis. We do not count this
participant toward our sample size.

2.4 | Ultrasound and Shear Wave Elastography

AT assessment was performed by a fellowship‐trained
musculoskeletal (MSK) radiologist using a 2D SWE instru-
ment (Logiq S8 US machine; GE Healthcare, Little Chalfont,
UK). Measurements were performed with the ankle in vol-
untary active maximum dorsiflexion (DF). Study partici-
pants were positioned lying prone with their feet over the
edge of the examination table. The 9 L‐D, 5‐ to 15‐MHz
linear array transducer was positioned parallel to the long
axis of the AT to allow measurement of the entire tendon
length in grayscale B‐mode (Figure 2) using a panoramic
image capture [25, 26]. After tendon length was measured,
the probe was rotated 90° to determine the largest dimen-
sion in both width and the antero‐posterior direction of the
short axis, which was deemed the “mid‐substance” of the
AT. Once identified, the same US machine was changed to
elastography mode and a 20‐mm‐thick gel standoff pad
(Aquaflex; Parker Laboratories, Fairfield, NJ) was placed
between the transducer and the subject's skin, according to
the manufacturer's recommendations for musculoskeletal
applications of SWE. All elastography measurements were
made at the visualized mid‐substance of the Achilles ten-
don, approximately 5 cm superior to its insertion on the
calcaneus, of the subject's dominant ankle in both the
transverse and longitudinal planes. To ensure optimal
measurements and avoid outlying readings from applied

FIGURE 2 | Representation of panoramic imaging of the Achilles tendon (AT) in the long axis with red line denoting the tendon length

(as starting from its insertion onto the calcaneus on the left to medial gastrocnemius muscle tendon junction on the right), blue * denoting the

calcaneus, the green brackets denoting a distance of 5 cm as measured by the ultrasound machine, and the dark blue circle denoting the visualized

midsubstance of the AT.
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pressure probe variations, elastography maps were qualita-
tively evaluated for homogeneity throughout the entire ex-
amination [23, 27]. Shear stiffness was recorded using wave
velocity (m/s) with measurements made along the short axis
(VS) and long axis (VL) relative to the AT (Figure 3), as
previously described in [25], using a region of interest
defined within the image [25]. The US machine and probe
can reliably measure tendon shear wave speed up to 15 m/s
and this technique was further validated in [27] by using
three musculoskeletal radiologists making repeated SWE
measurements on the same subjects AT with excellent in-
terobserver reliability and agreement [27]. For this study, a
single image taken by one operator was used for all AT
measurements throughout the entire US exam.

2.5 | MRI

MRI was performed at 3 T (MAGNETOM Prisma Fit; Siemens
Healthineers, Forchheim, Germany) using a 4‐channel radio
frequency coil, wrapped around the posterior part of the study
participant's dominant ankle. Subjects were positioned lying
supine and feet first with adequate padding for comfort and
secured to the exam table with positioning straps to minimize
exam motion during image acquisition. Multi‐echo UTE images
were acquired using a prototype 3D stack‐of‐spirals research
sequence with 16 echoes ranging from a minimum echo time of
60 µs to a maximum echo time of 30ms. Echo times were
sampled with nonlinear spacing to allow digitization of water
and chemically shifted protons from the matrix. Additional
sequence parameters included 40ms repetition time, 30‐degree
excitation flip angle, 4 mm out of plane resolution and
0.625mm in plane resolution, scan time is approximately
45 min.

2.6 | MRI Analysis

Regions of interest were selected in the UTE image at the
visualized mid‐substance of the AT and approximately 5 cm
superior to its insertion on the calcaneus in an effort to match
the location of SWE tendon stiffness measurements (Figure 4).
In lieu of the conventional bi‐exponential model that only

FIGURE 3 | Representative SWE US probe orientation on the AT (depicted with black bar) showing measurements in the transverse and

longitudinal orientations captured at approximately 5 cm proximal to the distal insertion of the calcaneus. Shear wave maps were obtained in the

axial (transverse) and sagittal (longitudinal) planes with colorimetric scale ranging from 5 to 13m/s.

FIGURE 4 | Representative region of interest shown in the sagittal

plane of a UTE image (TE = 3.8ms) selected at the mid‐substance of the
human AT for relaxation signal quantification.

4 Journal of Orthopaedic Research®, 2025

 1554527x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jor.70075 by T

est, W
iley O

nline L
ibrary on [23/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



captures water proton pools, multi‐exponential fitting of the
UTE relaxation signals was performed:

y TE β e β e β e e( ) = + +n
R TE R TE R jω TE jϕ

1
− *

2
− *

3
( * + )n n n2,1 2,2 2,3 3 3

where β R ω, * ,k k k2, and ϕk represent the amplitude fraction
(β = 1)k , relaxation rate, frequency, and phase of the k‐th
component, respectively. Signals from on‐resonance relaxation
components, represented as β1 and β2, have been previously
attributed to rapidly relaxing collagen‐bound water and more
slowly relaxing interstitial water, respectively [9]. The current
model (Figure 1) includes an off‐resonance relaxation compo-
nent (β3) that has previously been attributed to protons chem-
ically shifted from water that reside within the extracellular
matrix [12]. As such, β1 and β2 are reported as a relative ratio to
β1 + β2 while β3 is reported as a ratio to β1 + β2 + β3.

2.7 | Statistics

Demographic characteristics were summarized using means
and standard deviations for continuous variables. Two‐tailed
t‐tests were performed to determine if differences in SWE and
UTE parameters between professional ballet dancers and non‐
dancer adults. Due to the limited sample size, comparisons
were limited to the specific subset of SWE and UTE parame-
ters needed to test the hypothesis above: VL, VS, β2, and β3. β1
was omitted due to its numerical dependence on β2. Pearson
correlation was performed to examine if linear relationships
existed between microstructure UTE and mechanical SWE
properties. The Benjamini‐Hochberg method was used for
group‐wise and correlation analyses to decrease the probability
of false‐positives from multiple comparisons, with a false‐
discovery rate of α= 0.1.

3 | Results

34 total participants were enrolled and evaluated in this study
including 19 healthy, non‐dancer adults and 15 professional
ballet dancers. Data from one ballet dancer was excluded based
on insufficient UTE image quality (n= 33). Table 1 shows
subject characteristics of dancer and non‐dancer groups.
Dancers were younger with lower weight and BMI than non‐
dancers.

Table 2 shows SWE and UTE parameter averages and standard
deviations for the subset of tendon properties compared
between the dancer and non‐dancer groups (complete list of
parameters shown in Table S1). SWE showed larger VS

(p= 0.013) in dancers. All multi‐echo UTE MRI signal decays
exhibited oscillations that were represented with minimal error
using the three‐component model (Figure 5). The frequency
(ω3) of the off‐resonance component was 365 ± 82.5 Hz and
369 ± 137 Hz from the water signal for the non‐dancer and
dancer cohorts, respectively (see Table S1). There were no sta-
tistically significant group differences in UTE parameters,
however the off‐resonance signal amplitude trended lower in
dancers (p= 0.050, Table 2).

Within‐group correlations between SWE and UTE parameters
were analyzed to assess relationships between tendon micro-
structure and function. In the ballet dancers, off‐resonance
component amplitude, β3 was directly correlated with tendon
longitudinal SWE velocity VL (ρ= 0.58, p= 0.029, Figure 6A).
In the non‐dancer group, β3 was directly correlated with the
short axis SWE velocity, VS (ρ= 0.52, p= 0.024, Figure 6B).
Additionally, there was a positive association between β3 and β2
(ρ= 0.50, p= 0.031, Figure 6C) in non‐dancers, suggesting
increased concentration of this off‐resonance ECM component
(represented by β3) is associated with an increased proportion of
unbound bulk water (represented by β2) in the tendon (see
Figure 1).

4 | Discussion

This study suggests that applying the multi‐component UTE
model used in this study provides a link between tendon ECM
components and mechanical adaptations from sport, potentially
providing a framework for understanding tendon injury and
treatment response. SWE US tendon stiffness has been inves-
tigated before this study and shown to be reliable in

TABLE 1 | Study subject characteristics by group.

Variable
Overall
(N= 33) Dancer

Non‐
dancer

Gender

Male 18 (55%) 6 (43%) 12 (63%)

Female 15 (45%) 8 (57%) 7 (37%)

Age (years) 33.5 ± 12.2 23.9 ± 3.4 40.5 ± 12.0*

Body Mass
Index
(kg/m2)

22.6 ± 3.7 20.0 ± 1.7 24.6 ± 3.5*

Height (m) 1.7 ± 0.1 1.7 ± 0.1 1.7 ± 0.1

Mass (kg) 66.6 ± 15.0 57.2 ± 10.9 73.5 ± 13.9*

*Indicates a difference with p< 0.05 between dancer and non‐dancer groups.

TABLE 2 | UTE and SWE measurements showing group differ-

ences in ECM/water distribution and mechanical properties of AT by

group. All values reported as mean ± standard deviation unless other-

wise noted. β2 represents the slowly relaxing water component, β3 the
off‐resonant ECM component, VL the long axis shear wave velocity,

and VS the short axis shear wave velocity of AT.

Variable Non‐dancer Dancer

UTE

β2 0.178 ± 0.058 0.147 ± 0.077

β3 0.156 ± 0.070 0.113 ± 0.052(*)

SWE

VL (m/s) 7.868 ± 0.424 7.799 ± 0.650

VS (m/s) 7.237 ± 0.422 7.743 ± 0.607*

*Indicates a statistically significant difference between groups based on the
Benjamini–Hochberg method using a false discovery rate of α= 0.1.
(*) Indicates a mean difference between groups with p= 0.05.
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FIGURE 5 | Representative multi‐echo UTE decay signal from the AT mid‐substance ROI with multiexponential fit overlayed to demonstrate the

appropriateness of our multi‐component model.

FIGURE 6 | SWE and UTE correlations among non‐dancers and professional dancers. (A) Positive association (p= 0.029) was observed between

off‐resonance signal amplitude (β3) and SWE wave speed in the longitudinal direction (VL), reflecting an increase in stiffness with increasing

amplitude of matrix pool. (B) Positive association (p= 0.024) between non‐dancer signal amplitude (β3) and SWE wave speed in the transverse

direction (VS), reflecting an increase in stiffness with increasing amplitude of matrix pool. (C) Exploratory analysis revealed a positive association

(p= 0.031) between signal amplitude (β3) and long component (β2), suggesting increases in this ECM component is associated with an increase in the

free water pool size in non‐dancers.

6 Journal of Orthopaedic Research®, 2025
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determining injured versus non‐injured states. Healthier ten-
dons exhibit greater stiffness while “softness” is associated with
tendinopathies and self‐reported clinical symptoms [17, 18].
Regarding our SWE measurements, we found increased VS in
dancers compared to older non‐dancers, similar to the stiffer VS

in dancers compared to runners and non‐athletes reported in
[23]. However, there was no significant difference in VL

between dancers versus non‐dancers, while [23] reported higher
VL in the dancer group. Collagen fibrils in tendons are orien-
tated in the longitudinal direction while supporting proteins,
such as ECM proteins, are intermixed throughout the tendon
structure with various interactions with each other and collagen
fibrils (transverse, longitudinal, oblique, multi‐directional axes).
Thus, greater short axis stiffness may indicate structural
reinforcement of the support proteins rather than collagen
fibrils, whereas long axis stiffness could be due to changes in
collagen fiber properties. We note that our nondancer group in
the current study is significantly older so this discrepancy could
be due to an age effect.

With the development of multi‐echo UTE MRI, we are now able
to observe more detailed tendon microstructure in vivo that was
previously only detectable ex vivo. Interestingly, an off‐
resonance component unaccounted for by the standard bi‐
component model of tendon microstructure has been detected
[12]. The tissue components giving rise to off‐resonance signals
in multi‐echo UTE decay data from tendon have yet to be
definitively assigned. High‐resolution magic angle spinning
(HRMAS) NMR studies of healthy and damaged tendon explant
tissue have identified prominent resonances assigned to
chemical groups belonging to ECM proteins, glycoproteins, and
metabolites [13]. Importantly, HRMAS NMR captures an ide-
alized representation of the chemical shift spectrum by lever-
aging high radiofrequency power, sample spinning, and magic
angle position to provide high spectral resolution of semi‐solid
tissues. However, many of these spectral lines are broadened
with conventional MRI acquisition, rendering them
undetectable. With UTE, we consistently observe an off‐
resonance signal amplitude with an average chemical shift
frequency comparable to glycoprotein subunits in tendon. The
chemical shift frequencies observed in this study are consistent
with our previous work in healthy non‐athletic volunteers [12].
Similar chemical shift frequencies have been identified in the
intervertebral disc using in vivo 1H magnetic resonance (MR)
spectroscopy and attributed to the N‐acetal resonance in
proteoglycan [28]. The fitted frequency value for this compo-
nent in the dancer cohort showed a somewhat large variance
among subjects, influenced by readings from 6 subjects showing
offset frequencies greater than the mean value. In general, large
variance in frequency estimation could be a result of the model,
which only represents a single off‐resonance component. If
multiple MR‐visible off‐resonance components are present in
tendon, fitting of a single off‐resonance component can produce
greater dispersion errors in frequency estimation [12]. Addi-
tionally, the use of nonlinear echo spacing can lead to reduced
accuracy and precision of frequency estimation. Despite these
limitations, multi‐echo UTE signal decays from tendon con-
sistently exhibit a detectable off‐resonance signal amplitude.

The off‐resonance signal amplitude (β3) shows a direct asso-
ciation with SWE tendon stiffness measures in dancers and

non‐dancers, suggesting its association with a matrix constit-
uent of structural origin. However, this structure‐function
relationship appears to exist for tendon stiffness measures in
different orientations of the tendon: i.e., (β3) is correlated with
stiffness along the tendon in dancers and is correlated with
stiffness perpendicular to the length of the tendon in non‐
dancers. Previous work demonstrates that non‐collagenous
ECM proteins serve a vital role in the tendon's mechanical
properties, including load‐bearing functionality in addition to
the known role of type I collagen [3, 5–7, 10, 11, 29]. Among
these ECM components are proteoglycans, elastin, and COMP,
which all exhibit chemical shift resonances comparable to
those reported here and serve as major constituents in peri-
cellular and interfascicular matrices. These components also
function in the viscoelastic responses to shear, tension, and
compressive loading in both the fiber direction and orthogonal
to the fiber direction [5–7]. For example, defective decorin and
biglycan (the primary proteoglycans found in ECM of tendon)
in mice knockouts have lower tendon stiffness measurements
post‐injury compared with wild‐type mice [30]. Similarly,
mutations in COMP result in joint laxity in humans, and both
COMP and elastin knockout mice display an increased
diameter of the collagen fibrils in their AT, which is assumed
to be compensatory response [6, 31]. Indeed, several ECM
components have been shown to facilitate collagen formation
during matrix remodeling resulting in increased tensile stiff-
ness [6, 32], consistent with our observed positive association
between β3 and VL in dancers. In non‐dancers, the positive
association between β3 and β2 might suggest hydrophilic
properties of this ECM component as would be expected in
small leucine‐rich proteoglycans (SLRPs), attracting water to
the bulk water compartment. SLRPs are known to be attached
and oriented laterally between collagen fibers [33] and thus
could provide increased lateral stiffness, consistent with the
observed direct correlation between β3 and VS in this group.
Given the observed relationships between SWE‐derived stiff-
ness and the off‐resonance component of our UTE model, we
believe this UTE signal is related to these ECM proteins and
could have some influence on the variation in AT mechanical
properties.

The ability to non‐invasively measure variation in tendon
molecular composition and relate this to structural and
functional changes is highly desirable and yet still somewhat
elusive. UTE MRI combined with quantitative magnetiza-
tion transfer (qMT) has shown sensitivity to pathomimetic
treatment of tendon samples with collagenase [34]. How-
ever, this study primarily focused on degradation of type I
collagen, lacking assessment of additional non‐collagenous
matrix components. Additionally, quantitative MR parame-
ters have been nonspecifically attributed to varying amounts
of collagen and glycosaminoglycans in cadaveric AT tissue
samples at its enthesis site [35]. Our initial results suggest
that the off‐resonance UTE signal component may provide
more direct quantitation on these non‐collagen matrix
components.

The utilization of noninvasive, nonradiative imaging modalities
to assess tendon structure and function is advantageous. Com-
paring SWE parameters with corresponding UTE measure-
ments could potentially capture information about tendon
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structure‐function properties in vivo. Further development of
this approach could be used to inform injury prevention or
rehabilitation strategies.

There are some limitations of this study worth noting. Our
small sample size, especially regarding the professional ballet
dancer cohort (n= 14), likely limited our ability to compare
SWE and UTE parameters. However, these initial comparisons
suggest that there is sensitivity of these two modalities for
structure‐function studies in tendon and supports further eva-
luation in larger cohorts. The groups in this study were also not
age‐matched and therefore age‐effects could influence differ-
ences in tendon composition and stiffness properties, especially
given the significant age differences between the dancer and
non‐dancer groups. In addition to lower age, dancers also had
lower BMIs when compared to the non‐dancer group, intro-
ducing another potential confounder. We also note UTE and
SWE observations from the professional dancers were obtained
mid‐season, so ongoing AT matrix remodeling is expected.
Further work with longitudinal or age‐matched cross‐sectional
observations of groups over a range of activity‐level would be
useful for directly assessing SWE US and UTE metrics of
structure‐function changes with activity. Finally, we note that
in vivo measurement of tendon properties is affected by tendon
loading and thus there has been debate in terms of best prac-
tices for reliable quantification of meaningful tendon stiffness
properties (e.g. under neutral‐relaxed, dorsiflexed, constant‐
applied ankle torque, static standing, etc.). We performed all
shear wave measurements under voluntary maximum dorsi-
flexion in this study based on our prior observations that this
ankle positioning produced the most reproducible measure-
ments. We note that like all ankle positioning/loading proto-
cols, this procedure could impart some influence on the
measured stiffness properties.

5 | Conclusion

This study demonstrates associations between AT micro-
structural components and tendon stiffness as assessed by multi‐
echo UTE MRI and SWE US, respectively, in professional ballet
dancers and non‐dancers. Increased tendon stiffness was asso-
ciated with off‐resonance UTE signal components, suggesting
a structural origin of this off‐resonance signal from non‐
collagenous extracellular matrix proteins that may play a critical
role in tendon mechanical adaptations. These findings highlight
the potential of integrating UTE and SWE imaging to investigate
tendon structure‐function relationships and adaptations to
mechanical loading in vivo. Enhanced structure‐function
assessment of tendon health and injury status could improve
rehabilitation protocols or injury prevention strategies for ath-
letes, including professional dancers.
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