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Abstract

Tendon mechanical properties have been proposed as a biomarker of tendon health to track
response to injury and treatment. Prior to utilizing these properties in an injured population, it is
critical to understand how these are influenced by age and sex in an uninjured population. A
retrospective analysis was conducted of 118 uninjured Achilles tendons to evaluate the
relationship between tendon mechanical properties, age and sex. Mechanical properties (shear
modulus and viscosity) were assessed using continuous shear wave elastography. A moderator
regression analysis was completed to examine the relationship between tendon mechanical
properties, age and sex, after adjusting for body mass index and physical activity level. There was
an interaction between age and sex for shear modulus (p=0.049, R? change=0.034). Females had a
negative relationship between age and shear modulus (p=0.030, p=-0.350) but no relationship was
observed for males (p=0.78, $=0.031). A positive relationship was found between age and
viscosity (p=0.034, p=0.214). Increased viscosity was related to increased age with no difference
between sexes. The effect of aging on shear modulus differed between men and women and may
help explain sex specific injury risks and their differing response to mechanical load.
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Introduction

The Achilles tendon is a collagenous connective tissue running between the gastrocnemius
and calcaneal insertion. This structure is critical to activities of daily living and sports
performance since it is responsible for transferring force from the triceps surae muscles to
the foot and storing and releasing energy during repetitive, dynamic tasks. The Achilles
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tendon is also a common site of injury, with Achilles tendinopathy occurring most
frequently.? Achilles tendinopathy is a clinical diagnosis of pain, swelling and impaired
function of the Achilles tendon.2 It is one of the most commonly reported foot and ankle
injuries in athletic populations but also occurs frequently in non-athletic populations.34 In a
cross-sectional study of patients reporting to Dutch general practice physicians, the
incidence rate for midportion Achilles tendinopathy was 1.85 per 1,000 patients but only
35% of the cases were related to sports activity.*

The incidence rate of Achilles tendinopathy increases with age until the middle decades of
life, with the highest incidence occurring between ages 41-60.4 It is hypothesized that age-
related changes in tendon mechanical properties may contribute to the increasing incidence
of tendinopathy with age. However, the relationship between age and mechanical properties
remains unclear. Animal studies have shown decreased,>® increased,”+® or unchanged tendon
compliance or mechanical properties in response to aging.2:19 In vitro and in vivo human
studies are similarly inconclusive, as they have found either decreased or unchanged
mechanical properties with age.11-16 The relationship between aging and tendon mechanical
properties may also be influenced by sex, since female sex hormones appear to blunt the
collagen synthesis response to loading.1” Furthermore, in human studies, it has been
difficulty to separate the influence of aging from age-related declines in physical activity and
increases in body mass index (BMI).18 Thus, the extent to which aging influences
mechanical properties of tendon tissue remains elusive.

Recently, there has been increased interest in using tendon mechanical properties as a
biomarker of tendon health and the response to injury. Our research group has developed a
non-invasive form of ultrasound imaging called continuous shear wave elastography
(cSWE), which has the ability to quantify mechanical properties in vivo.1® cSWE has the
advantage of not relying on muscle contraction and can provide quantitative values for
viscoelastic properties (shear modulus and viscosity).19 The ability to evaluate these
properties may provide new insights into the aging process in tendon, the impact of injury,
and help explain sex differences in the response to loading and treatment. However, prior to
using tendon mechanical properties as a biomarker, it is crucial to understand how these
properties are influenced by age and sex in an uninjured population. Therefore, the purpose
of this study is to determine the relationship between viscoelastic properties of the human
Achilles tendon, age, and sex, after adjusting for physical activity and BMI.

Materials and Methods

Study Design

Participants

This study is a retrospective analysis of uninjured Achilles tendons from studies performed
in the Delaware Tendon Research Lab from November 2013 to December 2018.

Participants were either healthy or had unilateral Achilles tendinopathy or Achilles tendon
rupture. For healthy participants, the right limb was selected for analysis. For participants
with unilateral injuries, the contralateral, uninjured limb was used for analysis. Each subject
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signed an informed consent approved by the University of Delaware institutional review
board. A licensed physical therapist assessed and screened each subject for tendon health
through palpation and B-mode ultrasound imaging. Participants were excluded if they had
pain on palpation or reported pain during loading of the Achilles tendon, or if they had
hypoechoic regions or a tendon thickness greater than 7mm on B-mode ultrasound imaging.
Additionally, only participants that had completed all measures described below were
included for analysis.

Physical Activity Level

To describe participant activity level, all participants completed the Physical Activity Scale
(PAS), which is a 6-point scale with higher scores indicating greater levels of physical
activity.20

Mechanical Properties

Tendon mechanical properties were quantified using cSWE, as described in detail by
Corrigan et al. and Cortes et al., using a SonixMDP Q+ ultrasound scanner (Ultrasonix,
Vancouver, Canada) with a L14-5/38 transducer and a 128-channel external data acquisition
unit.1921 For this technique, the participant was positioned in prone with their feet secured
against a footplate set at 10° dorsiflexion to remove the slack from the tendon. An external
actuator (mini-shaker type 4810, Bruel & Kjaer, Naerum, Denmark) was used to propagate a
shear wave along the length of the Achilles tendon at eleven known frequencies. The
ultrasound probe was used to record raw radiofrequency data. For the uninjured subjects, the
ultrasound probe was placed on the free portion of the right Achilles tendon, just distal to
soleus junction. For the subjects with contralateral injury, the probe was placed on the
uninjured tendon at the site equivalent to their pathological location on the injured tendon.
Care was taken to ensure that the measures were obtained from the free tendon and not over
the tendon-bone or tendon-muscle interface. A custom MatLab code (Mathworks, MA,
USA) was used to quantify linear displacement of the tendon and shear wave speed. Based
on wave speed, tendon shear modulus and viscosity were estimated using the Voigt model.1°

Statistical Analysis

Statistical analysis was performed using IBM SPSS v.25 (Chicago, IL). Descriptive statistics
were calculated for participant characteristics and mechanical properties for the complete
sample, and by sex. Independent t-tests were used to determine if males and females differed
for continuous, normally distributed variables. Mann-Whitney U tests were used for ordinal
or non-normally distributed variables. Two Sequential Regression Models were performed,
one for each mechanical property, shear modulus and viscosity, with four predictors (BMI,
PAS, age and sex) and the age by sex interaction.22 In the first block the covariates to adjust
for, BMI and PAS, were entered. Next the main effects of sex and age were added, and in the
third block their interaction was included. For each model, the change in R2 was tested for
significance to see if it significantly improved model fit. Assumptions were examined using
visual inspection and Shapiro-Wilk’s test for normality. Additionally, data was screened for
outliers and extreme cases. Alpha level was set at 0.05 for all analysis.

Transl Sports Med. Author manuscript; available in PMC 2021 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sprague et al.

Results

Page 4

One hundred and eighteen uninjured limbs were included in the analysis. Descriptive
statistics for the complete sample, males, and females are presented in Table 1. Males and
females differed in BMI (p<0.001) but there were no differences in age, physical activity
level, shear modulus or viscosity (p>0.05).

Regression Results

In the initial analysis, one outlier was identified for shear modulus. After removing the
outlier, all assumptions were met for both outcomes. There was a significant interaction for
shear after adjusting for physical activity level and BMI (p=0.049, R? change = 0.034)
(Table 2). Using a simple slopes approach, it was found that there was a significant negative
relationship between age and shear modulus in females (p = 0.030, B = —0.350) and no
relationship in males (p=0.78, B = 0.031) (Figure 1)23. For viscosity, after adjusting for
physical activity level and BMI, the interaction of age and sex was not significant, therefore
the main effects model is reported (p=0.728, RZ change = 0.001) (Table 3). The main effect
of age was the only significant predictor (p = 0.034, p = 0.214) (Figure 2).

Discussion

The purpose of this study was to investigate the relationship between viscoelastic properties
of uninjured Achilles tendons, age and sex, after adjusting for BMI and physical activity
level. We found that there was a significant interaction between age and sex for shear
modulus, indicating that the relationship between age and shear modulus was dependent on
sex. There was a negative relationship between age and shear modulus for females and no
relationship for males. In the regression model for viscosity, there was no interaction
between age and sex, and there was a positive relationship between age and viscosity.

In this study we chose to adjust for physical activity level and BMI, which have been shown
to influence tendon structure and mechanical properties. Tendons are mechanosensitive,
responding to loading with increased collagen synthesis and tendon remodeling.24 Previous
studies in the Achilles and patellar tendons have demonstrated that strength training and
habitual physical activity, such as running, results in increased stiffness and Young’s
modulus.2>-27 Greater BMI may influence tendon mechanical properties in a couple ways.
First, since these individuals are heavier, they subject their tendons to greater loads during
daily activities, especially in weight-bearing tendons.28 Second, higher BMI is associated
with greater adiposity and several systemic conditions, such as diabetes and high cholesterol,
which may alter mechanical properties directly or through medications for their treatment.
29.30 Therefore, it was critical to adjust for these factors to isolate the effects of sex and age
on tendon mechanical properties.

Previous in-vitro and in-vivo studies of human tendon mechanical properties found no
changes or reduced mechanical properties with aging.11-16 However, these studies have
utilized measures of stiffness, Young’s modulus, or correlates, such as shear wave speed, and
have not examined shear modulus or viscosity. Our results suggest that influence of aging on
shear modulus differs for men and women, with shear modulus declining with age in
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females but remaining relatively unchanged in males. Estradiol, the primary female sex
hormone, has an inhibitory effect on collagen synthesis in response to exercise, which may
partially explain the sex specific response to aging.1” We theorize that as a result of this
reduced collagen synthesis capacity, women may be less capable of maintaining tendon
homeostasis, leading to a gradual decline in mechanical properties. There is some evidence
to suggest that collagen synthesis capacity improves after menopause, once the inhibitory
effect of estradiol is reduced.3! Magnusson et al. found that post-menopausal women have
greater Achilles tendon cross-sectional area than pre-menopausal women, even though they
load their tendons less.3! Menopause typically occurs during the 5™ decade of life.32
Relatively few of the women included in this study were greater than 50 years old (11/48,
23%) and the number of women who had reached menopause is unknown. Therefore, we
were not able to determine whether this relationship between age and shear modulus is
maintained after menopause and this relationship requires further investigation.

To our knowledge, this is the first study to directly investigate the effect of aging on tendon
viscosity. We found a positive relationship between age and viscosity, which was not
dependent on sex, indicating that viscosity increases with age. The viscosity of the tendon is
likely influenced by the water content in the tendon. A decrease in water content has been
reported to occur with aging and could be a reason for the increase in viscosity with age seen
in this study.33 Advanced glycolytic end-products (AGEs) accumulate with age, especially in
tissues with slow collagen turnover, such as tendon.33 AGEs form cross-links between
collagen fibers, which contribute to dehydration of collagen fibers and reduced water
content.29:34 Furthermore, animal studies have demonstrated a decrease in proteoglycans
within the tendon with age, which further contributes to reduced water content.33 AGEs can
also form cross-links in the collagen of tendons proposed to increase the stiffness of the
tendon and that might also account for the increased viscosity with age.2? The risk of tendon
injuries increases with age however,3® in this study the relationship between age and
viscosity is the opposite of what we have observed in injured Achilles tendons, where
viscosity is reduced.19:36 Further study is needed to determine how viscosity can be used for
evaluating injury severity and response to mechanical loading.

Studying the effects of aging on tendon mechanical properties has been challenging, since
prior methods for assessing mechanical properties in-vivo have relied on muscle contraction.
37 Since strength often decreases with age, alterations in mechanical properties in prior
studies may reflect decreased force or torque output rather than changes within the tendon.
This limitation can be negated to a certain extent by normalizing to the maximal common
force or torque across participants. However, this method may underestimate mechanical
properties.38 In this study, we utilized cSWE, which is not reliant on muscle contraction,
thereby eliminating the confounding factor of muscle strength.1® Additionally, the method
has the advantage of providing multiple measures of tendon mechanical properties, shear
modulus and viscosity.1® Shear modulus is obtainable from commercial elastography
systems but viscosity is not. The diverging relationships between these two properties and
age suggests that they may be measuring different aspects of tendon changes, which may
provide a more nuanced representation of tendon health and response to injury.
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We acknowledge that there are several limitations to this study, which may limit the
generalizability to a larger population. First, shear modulus and viscosity were calculated
using the Voigt model that assumes a linear isotropic viscoelastic medium under no stress. In
other words, the Voigt model assumes that the relationship between the applied shear stress
and the values obtained for mechanical properties are linear and these values are the same,
regardless of which direction along the material the measurement is made. Tendon is a
nonlinear structure and the mechanical properties differ based on the direction of an applied
load, due to its fibrous composition. However, since the shear deformation are very small,
the nonlinearity of the tendon is expected to have a negligible effect. Additionally, there is a
proportional relationship between the square of the speed and the shear modulus in
anisotropic materials when the wave is traveling in one of the main anisotropy axes, which is
similar to the relationship for isotropic materials. Finally, the wave speed is also affected by
tendon thickness and tensile stress.3%40 Unfortunately, there is currently no formulation
available that includes all those effects. However, in our recent publication, we demonstrated
that the shear modulus measured using the proposed method is linearly proportional to the
Young’s modulus at different values of ankle dorsiflexion.2! This linearity suggest that the
shear modulus reported in this study is closely related to material properties of clinical
relevance for the tendon. Secondly, many of the participants had contralateral injuries.
Although the included tendons were screened to ensure that they were uninjured and did not
display signs of structural changes on ultrasound imaging, these tendons may have had
subclinical changes that were not detected that may influence mechanical properties. Third,
the menstruation status of the female participants is unknown, so it is unclear what
percentage of female participants were pre- or post-menopausal. This may influence these
relationships due to a drop in circulating levels of estradiol, a collagen synthesis inhibitor,
after menopause. Finally, the majority of participants were less than 50 years old, so it is
possible that the relationships observed may be different in the later decades of life.

Perspectives

This study utilized cSWE to determine the influence of age and sex on Achilles tendon
mechanical properties, after adjusting for BMI and physical activity level. Shear modulus
was negatively related to age in women and was not related to age in men. Additionally,
viscosity was positively related to age but the relationship did not differ between men and
women. These results illustrate that the response to aging differs between men and women.
Mechanical properties have been proposed as a biomarker of tendon health. Therefore, these
results will help separate the alterations in these properties due to age and sex from the
impact of injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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