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a b s t r a c t 
Elastin, the main component of elastic fibers, has been demonstrated to significantly influence tendon 
mechanics using both elastin degradation studies and elastinopathic mouse models. However, it remains 
unclear how prior results differ between species and functionally distinct tendons and, in particular, how 
results translate to human tendon. Differences in function between fascicular and interfascicular elastin 
are also yet to be fully elucidated. Therefore, this study evaluated the quantity, structure, and mechani- 
cal contribution of elastin in functionally distinct tendons across species. Tendons with an energy-storing 
function had slightly more elastin content than tendons with a positional function, and human tendon 
had at least twice the elastin content of other species. While distinctions in the organization of elas- 
tic fibers between fascicles and the interfascicular matrix were observed, differences in structural ar- 
rangement of the elastin network between species and tendon type were limited. Mechanical testing 
paired with enzyme-induced elastin degradation was used to evaluate the contribution of elastin to ten- 
don mechanics. Across all tendons, elastin degradation affected the elastic stress response by decreasing 
stress values while increasing the modulus gradient of the stress-strain curve. Only the contributions 
of elastin to viscoelastic properties varied between tendon type and species, with human tendon and 
energy-storing tendon being more affected. These data suggest that fascicular elastic fibers contribute to 
the tensile mechanical response of tendon, likely by regulating collagen engagement under load. Results 
add to prior findings and provide evidence for a more mechanistic understanding of the role of elastic 
fibers in tendon. 
Statement of significance 
Elastin has previously been shown to influence the mechanical properties of tendon, and degraded or 
abnormal elastin networks caused by aging or disease may contribute to pain and an increased risk 
of injury. However, prior work has not fully determined how elastin contributes differently to tendons 
with varying functional demands, as well as within distinct regions of tendon. This study determined the 
effects of elastin degradation on the tensile elastic and viscoelastic responses of tendons with varying 
functional demands, hierarchical structures, and elastin content. Moreover, volumetric imaging and pro- 
tein quantification were used to thoroughly characterize the elastin network in each distinct tendon. The 
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results presented herein can inform tendon-specific strategies to maintain or restore native properties in 
elastin-degraded tissue. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 
Elastic fibers are an integral part of the extracellular matrix 

(ECM) of tendon. These elastic fibers are composite structures com- 
prised of a scaffold of fibrillin-based microfibrils with a dense core 
of heavily cross-linked elastin [1] . Within fascicles – the largest hi- 
erarchical subunit of tendon – elastic fibers are relatively sparse 
and strongly aligned with the long axis of the tendon [2] . Con- 
versely, elastic fibers located between fascicles in the interfascicu- 
lar matrix (IFM) have been described as a denser mesh-like net- 
work [ 3 , 4 ]. 

Clinical trends suggest an important role for elastic fibers in 
maintaining healthy tendon function. Heritable disorders that af- 
fect elastic fibers such as Marfan syndrome, Williams-Beuren syn- 
drome, and cutis laxa can cause changes to joint laxity, indica- 
tive of compromised mechanical integrity of the tendons and other 
connective tissues near the joint [5–8] . Furthermore, elastic fiber 
degradation during aging may be a cause for increased risk of ten- 
don injury in the elderly population, possibly due to a loss of fa- 
tigue resistance [ 4 , 9–11 ]. 

It is hypothesized that elastin contributes to the mechanical 
properties of tendon by acting as a linking component between 
adjacent bundles of collagen and regulating collagen reorganiza- 
tion in response to loading [5] . Recent research using elastino- 
pathic mouse models, either with reduced elastin content ( Eln + / −) 
or disconnected and globular elastic fiber nanostructure ( Fbln5 −/ −), 
has demonstrated that mouse tendon that develops without a 
normal elastic fiber network are stiffer than wild-type controls 
[ 12 , 13 ]. This effect is especially true of the Achilles tendon (AT) 
which has greater mechanical demands and is often classified as 
an energy-storing tendon, as opposed to positional tendons that 
experience lower strains during physiological loading [14] . Another 
technique that has been used to evaluate the contribution of elas- 
tic fibers to tissue mechanics is enzymatic treatment using elas- 
tase to break down elastin within the tissue; however, elastase- 
based studies have yielded inconsistent results. Some studies have 
reported changes to tendon and ligament tensile mechanics upon 
elastase treatment including decreased linear modulus, increased 
hysteresis, decreased failure stress, and increased transition strain, 
yet others reported no changes to these same properties [15–18] . 
The effect of elastase treatment on shear properties appears to 
be more pronounced; separate studies consistently reported de- 
creased stress upon shear loading in tendon and ligament samples, 
which is governed most notably by sliding or shearing between 
tendon fascicles and fibers but also by rotation and shear within 
individual tendon sub-units [ 19 , 20 ]. Additionally, isolated tendon 
IFM displayed a considerable decrease in fatigue resistance upon 
elastase treatment [10] . 

Some of the seemingly conflicting results of these past stud- 
ies may be accounted for by considering differences in experimen- 
tal design, particularly in the ability to resolve subtle changes by 
normalizing data to account for sample variability. Still, much of 
what may appear to be contradictory results could potentially be 
resolved by considering which tendon was used in these elastase 
experiments. As mentioned previously, prior work using mouse 
models demonstrated a more substantial role for elastic fibers in 
energy-storing tendons compared to positional tendons [12] . Sim- 
ilarly, elastin content has been shown to be greater in energy- 
storing horse tendons than in positional tendons from the same 

limbs [4] . This information suggests that elastase treatment would 
have a larger impact on tendons with a more energy-storing func- 
tion. In addition to differences between tendon types due to func- 
tional requirements, differences in tendon structure between dif- 
ferent species could also lead to divergent responses to elastase. 
Smaller tendons from mice or rats lack the elastin-dense IFM that 
is present in tendons from larger animals and humans [21] . Be- 
cause of the different distributions of elastic fibers within the IFM 
and within the fascicles of tendon, it is likely that interfascicu- 
lar elastin and fascicular elastin function through different mech- 
anisms. Consequently, elastase treatment of smaller tendon that 
lacks IFM may yield different results than larger tendon where the 
fascicular structure and IFM are both present. 

Because of this variation in elastin content and distribution be- 
tween different types of tendons, it is essential to account for 
tendon type in order to reach a comprehensive understanding of 
how elastic fibers affect tendon mechanics. Fully appreciating dif- 
ferences between tendons could also lead to progress in tendon- 
specific injury prevention and treatment. In this study, we sought 
to measure elastin content and distribution in a wide range of dis- 
tinct tendons from various mammalian species and perform me- 
chanical testing in conjunction with elastase treatment to evaluate 
the effect of elastin degradation on tensile mechanics of each ten- 
don type. The study was designed to include samples that spanned 
a range of hierarchical organizations and functional demands. 
2. Methods 
2.1. Sample collection 

Tendons were harvested from C57BL/6 mice (4-5 months, mixed 
sex), Long-Evans rats (4-5 months, male), mongrel dogs (2 years, 
female), duroc pigs (4-5 months, mixed sex), black angus cows 
(15–16 months, mixed sex), and humans (37–95 years, mixed sex). 
Due to the anatomical differences between these species, it has 
been proposed that the superficial digital flexor tendon (SDFT) and 
the long digital extensor tendon (LDET) of hooved mammals are 
functionally analogous to the Achilles tendon (AT) and the tibialis 
anterior tendon (TBAT), respectively, of humans and other non- 
hooved mammals [22] . Consequently, the SDFT and LDET were har- 
vested from pig and cow hind limbs, and the AT and TBAT were 
harvested from mouse, rat, dog, and human limbs as representa- 
tive energy-storing and positional tendons, respectively, that can 
be compared between species. 

Mouse tendons were either harvested immediately after eu- 
thanasia and flash frozen in optimal cutting temperature com- 
pound (OCT) for two-photon microscopy or stored at –20 °C until 
later use for compositional analysis or mechanical testing. Rat and 
dog tendons were harvested from animals used in other studies 
and stored at –20 °C. Pig and cow hind limbs, purchased from a 
local abattoir, were harvested immediately and flash frozen in OCT 
for two-photon microscopy or stored at –20 °C until later use for 
compositional analysis or mechanical testing. Human tendons used 
for compositional analysis and mechanical testing were acquired 
through anatomical donations at the Washington University in St. 
Louis School of Medicine (age range 79–95 years). Separate human 
tendon samples used for two-photon microscopy were freshly har- 
vested from individuals undergoing below knee amputation; small 
pieces of tendon ( ∼1 cm 3 ) were immediately flash frozen in OCT 
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for two-photon microscopy (age range 37–63 years). The cause of 
amputation was failure of prior orthopaedic surgery, complications 
from trauma, osteomyelitis, or Charcot foot deformity. All tendon 
tissue appeared visually normal with no evidence of disease or 
damage. 

All experiments were performed with approval from the Insti- 
tutional Animal Care and Use Committee and the Institutional Re- 
view Board. 
2.2. Compositional analysis 

Energy-storing and positional tendons from all six species were 
used for compositional analyses as described previously ( n = 4–
6 per group) [23] . Briefly, a segment of the tendon midsubstance 
was isolated and weight was recorded before and after lyophiliza- 
tion. Samples were hydrolyzed in 6N hydrochloric acid at 100 °C 
for 48 h, dried, and rehydrated in water. 

Collagen content was measured using a Chloramine-T and Er- 
lich’s solution colorimetric assay using a standard curve of pure 
hydroxyproline, assuming collagen contains 13.5% hydroxyproline 
by mass [23] . Elastin content was measured using a competitive 
enzyme-linked immunosorbent assay with an anti-desmosine an- 
tibody measured using a standard curve of purified elastin, assum- 
ing the ratio of desmosine to elastin was consistent between all 
samples and the elastin used for the standard curve. 

Tendon composition data were analyzed using a linear mixed 
model that included species, tendon type (i.e., energy-storing vs. 
positional), and the species-tendon type interaction as fixed ef- 
fects, and included donor as a random effect. Post-hoc comparisons 
of predicted means with Bonferroni correction were performed 
within significant highest-order fixed model effects. 

Based on results from elastin content determination (see Re- 
sults section), tendons from mouse, cow, and human were selected 
for further analysis. 
2.3. Two-photon microscopy 

Three-dimensional image stacks of elastin, collagen, and cell 
nuclei in energy-storing and positional mouse, cow and human 
tendons were acquired using two-photon microscopy ( n = 5 per 
group). 

Mouse tendons were freshly harvested and immediately flash 
frozen in OCT. The tendons were transversely sectioned using a 
cryostat to a thickness of 150 µm. After rinsing the sections in 0.1X 
PBS for 5 min three times to clear the OCT, sections were incu- 
bated in 16 µM Alexa Fluor 633 Hydrazide and 8 µg/mL Hoechst 
33342 in a blocking solution of 1% bovine serum albumin and 
0.05% Triton-X in 0.1X PBS for 2 h to fluorescently label elastin 
and cell nuclei, respectively [24] . Sections were then rinsed an ad- 
ditional three times in 0.1X PBS for 5 min each. 

Small pieces ( ∼1 cm 3 ) of cow and human tendons that were 
freshly harvested were immediately flash frozen in OCT. A cryo- 
stat was used to remove tissue from opposite ends of the sample 
in a transverse orientation. Subsequently, samples were rinsed in 
PBS, incubated in 2 µM Alexa Fluor 633 Hydrazide and 1 µg/mL 
Hoechst 33342 in the blocking solution described above to fluores- 
cently label elastin and cell nuclei, respectively [24] . Samples were 
incubated in serial solutions of 30% fructose, 60% fructose, and 90% 
fructose with 0.5% α-thioglycerol in 0.1X PBS for 2 h each and then 
left in the 90% solution overnight to optically clear the tissue [25] . 

Three-dimensional (3D) image stacks were acquired using a 
two-photon microscope. Collagen was imaged using second har- 
monic generation (excitation 1200 nm; emission 595–605 nm), 
while elastin and cell nuclei were fluorescently imaged using the 
labels listed above (excitation 810nm; emission 640–660 nm and 

440–500 nm, respectively). Two image stacks were acquired at ran- 
domly selected locations from the cow and human tendon sam- 
ples. Because the mouse tendon sections were mostly captured 
within a single field of view, only one image stack was acquired 
per mouse tendon sample. 

Regions of IFM and fascicular matrix (FM) in the image stacks 
were separated using manual tracing of the collagen signal without 
knowledge of the elastin or cell nuclei signals to avoid bias in the 
tracing. Elastic fibers were isolated from background signal in the 
elastin channel using background subtraction and automated in- 
tensity thresholding. Similarly, cell nuclei were isolated using auto- 
mated thresholding. The elastic fiber network was analyzed using 
a voxel-wise 3D fiber analysis algorithm to calculate fiber orienta- 
tion and connectivity [26] . For cow and human image stacks, the 
voxel-wise data were combined across the two acquired images to 
compute average values for each tendon sample. 

Quantitative data from two-photon microscopy were analyzed 
using a linear mixed model that included species, tendon type, re- 
gion (i.e., FM vs. IFM), the species by tendon type interaction, and 
the tendon type by region interaction as fixed effects, and included 
donor as a random effect. The interaction between species and re- 
gion and the three-way interaction between species, region, and 
tendon type were not included because mouse tendon lacked data 
across both regions, making it impossible to analyze these effects 
while including the entire dataset. Post-hoc comparisons of pre- 
dicted means with Bonferroni correction were performed within 
significant highest-order fixed model effects. 
2.4. Elastase verification 

Mouse AT and cow SDFT were used to confirm elastin degrada- 
tion upon exposure to elastase ( n = 3–4 per group). Mouse ATs 
were isolated and clamped on opposite ends to simulate condi- 
tions for mechanical testing, then incubated in a control solution 
containing 0.1 mg/mL soybean trypsin inhibitor (Elastin Products 
Co., SB903) in 1X PBS or an elastase solution containing 0.1 mg/mL 
of soybean trypsin inhibitor and 4.0 units/mL of porcine pancre- 
atic elastase (Elastin Products Co., EC134) in 1X PBS for 2 h at 
37 °C, where one unit of elastase is the quantity able to hydrolyze 
1 µmol of the substrate Suc-(Ala) 3 -p-nitroanilide (Elastin Products 
Co., NS945) in one minute under the conditions described previ- 
ously [27] . Similarly, 90 mm-long segments from the midsubstance 
of cow SDFTs were isolated and the ends were wrapped in latex 
and clamped to simulate conditions for mechanical testing. The 
SDFT segments were incubated in the same elastase solution or 
control solution for 24 h at 37 °C. 

Following incubation, tendons were flash frozen in OCT and 
transversely sectioned to a thickness of 80 µm. The tendon sections 
were imaged using a two-photon microscope using a 25 X/0.95 
NA water immersion lens. Images were taken of the cow SDFT 
at 1 mm increments from the edge of the tendon; the mouse AT 
cross-section was largely contained within a single field of view. 
Elastin was imaged using two-photon excited autofluorescence (ex- 
citation 880 nm; emission 495–540 nm) and collagen was imaged 
using second harmonic generation (excitation 880 nm; emission 
400–440 nm). The elastin was isolated from the background aut- 
ofluorescence using background subtraction and automated thresh- 
olding, and the volume ratio of elastin to collagen in each image 
was calculated using an intensity threshold to determine collagen 
volume. 

Elastase verification data were analyzed using linear mixed 
models. Mouse data included treatment as a fixed effect and donor 
as a random effect. Cow data included treatment, distance from 
tendon edge, and their interaction as fixed effects, with donor 
included as a random effect. Post-hoc comparisons of predicted 
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means with Bonferroni correction were performed within signifi- 
cant highest-order fixed model effects. 
2.5. Mechanical testing 

Mechanical testing was performed on energy-storing and po- 
sitional tendons from mice, cows, and humans before and after 
incubation in either elastase or control solution, described above 
( n = 5–7 per group). Testing using incubation in control solution 
was necessary to account for changes to mechanical properties that 
result from repeated mechanical testing and from extended incu- 
bation periods. Using this approach, data can be normalized within 
samples to the pre-incubation properties, and can also be normal- 
ized between treatment groups (i.e., without or with elastase) to 
fully isolate the effects of elastin degradation on tendon mechan- 
ics. 

Mouse tendons were isolated from surrounding tissue and 
cross-sectional area (CSA) was measured using a laser scanning de- 
vice. Samples were clamped between pieces of sandpaper to pre- 
vent slipping in a custom fixture. After loading the fixture in the 
test machine and establishing a pre-stress of 0.5 MPa, samples 
were subjected to a mechanical test consisting of ten cycles of pre- 
conditioning to 6% strain at a rate of 1 %/s, 10 min of stress relax- 
ation at 6% strain, and three triangular loading curves to 2, 4, and 
6% strain at a rate of 1 %/s, with one minute of rest between each 
segment of the test. After the initial test, the clamp fixture was re- 
moved and incubated in either control or elastase solution as de- 
scribed above while maintaining the gauge length at 37 °C for 2 h. 
The samples were re-tested following the incubation using the test 
protocol described above. 

Cow and human tendons were cut to a length of 90 mm and 
thinned to a thickness of 1.5–2.0 mm using a freezing stage micro- 
tome to improve clamping and to ensure complete penetration of 
elastase into the samples (see Results section). After samples were 
thinned, CSA was measured using a laser scanning device. The cen- 
tral 40 mm of each sample was wrapped in PBS soaked gauze 
while the ends were left exposed, and the sample was placed in a 
room at 37 °C for 1.5 h to dry the tendon ends for improved clamp- 
ing. Samples were then clamped between pieces of sandpaper in 
a custom clamping fixture, and clamps were sealed with putty to 
prevent rehydration of the tendon ends. After loading the fixture in 
the testing machine and establishing a pre-stress of 0.5 MPa, sam- 
ples were mechanically tested using the same protocol listed above 
for mouse tendon, incubated in either control or elastase solution 
as described above at 37 °C for 24 h, and then re-tested using the 
same protocol. 

For all tests using elastase, the activity of the solution against 
the substrate Suc-(Ala) 3 -p-nitroanilide was monitored daily by 
measuring the rate of change of absorbance at 410 nm during the 
initial reaction between the elastase solution and substrate to en- 
sure consistency between tests [27] . When the activity as defined 
above dropped below 3.6 units/mL, additional elastase was added 
to return the activity to 4.0 units/mL. 

Stress relaxation data were analyzed using quasi-linear vis- 
coelastic (QLV) theory, where the stress relaxation response over 
time is given by the convolution integral of the reduced relax- 
ation function ( G(t) ) with the instantaneous elastic stress response 
( σ e ( ε) ) [28] . The forms of the instantaneous elastic stress response 
and the reduced relaxation function used in this study are given in 
Eqs. (1) and (2) , respectively [29–31] . 
σ e ( ε ) = A (e Bε − 1 ) (1) 
G ( t ) = 1 + C [ E 1 ( t/ τ2 ) − E 1 ( t/ τ1 ) ] 

1 + C ln ( τ2 / τ1 ) (2) 

The material constants A and B describe the magnitude and 
nonlinearity of the elastic stress response, respectively, the mate- 
rial constant C describes the shape of the relaxation function, τ 1 
and τ 2 are the relaxation time constants, and E 1 is the exponen- 
tial integral function. The QLV model was fit to the ramp and re- 
laxation data to determine these five material constants for each 
sample ( Fig. 1 (a, b)). Details on the model fitting are included in 
Appendix A [32] . 

Hysteresis values were calculated from the three triangular 
loading waveforms to 2, 4, and 6% strain as the difference be- 
tween the integrals of the loading and unloading curves divided 
by the integral of the loading curve. The modulus was determined 
through a linear regression fit to the data from the final 0.5% strain 
of the ramp to 6% strain. The transition point between the toe and 
linear region was determined from the intersection of the loading 
curve and a parallel line offset by 0.5% from the regression modu- 
lus line ( Fig. 1 (c)). 

To ensure that the samples used across the control and elas- 
tase treatment groups had similar baseline mechanics, the pre- 
incubation mechanical properties from tendons within each sub- 
group of species and tendon type were analyzed using a linear 
mixed model with treatment as a fixed effect and donor as a ran- 
dom effect. 

To compare baseline properties across species and tendon 
time, pre-incubation mechanical properties were analyzed using 
a linear mixed model with species, tendon type, and their in- 
teraction as fixed effects, and donor as a random effect. Post- 
hoc comparisons of predicted means with Bonferroni correction 
were performed within significant highest-order fixed model ef- 
fects. These data and the corresponding analysis are included in 
Appendix B. 

Finally, mechanical data were analyzed to evaluate the effects 
of elastase on mechanical properties. All data were normalized 
within each sample by subtracting the post-incubation measure- 
ments from the pre-incubation measurements ( Fig. 2 (a, b)). The 
magnitude differences between pre- and post-incubation measure- 
ments were evaluated as opposed to the percent differences be- 
cause while neither can be properly assumed to fully account 
for inter-sample variability, magnitude differences provide real, di- 
mensioned quantities with more meaning than dimensionless per- 
cent values and also produce more consistent data for material 
constants with small values where percent differences can be con- 
siderably large. Within the control groups, these magnitude differ- 
ence values represent the effect of repeated mechanical testing, 
while in the elastase groups, these values represent the sum of 
the effect of repeated mechanical testing and the effect of elastase 
treatment. These normalized data were analyzed using a linear 
mixed model that included species, tendon type, treatment and all 
possible interactions as fixed effects and included donor as a ran- 
dom effect. Additionally, the pre-incubation values for each mea- 
surement were included as a fixed effect to account for initial vari- 
ability between individual samples within groups. For each group, 
the difference between the least squares means of the control and 
elastase groups along with the standard error of that difference 
were calculated to determine the isolated effect of elastase treat- 
ment on each mechanical property ( Fig. 2 (b, c)). Where warranted 
by the model fixed effects, post-hoc testing of the isolated effects 
of elastase with Bonferroni corrections was performed to deter- 
mine (1) if the isolated effect of elastase was significant (i.e., dif- 
ferent than zero) and (2) if the isolated effect of elastase varied by 
species and/or tendon type. Fixed effects not including treatment 
were necessary for model fitting, but their significance was not rel- 
evant to this study so they were not evaluated further regardless of 
significance. 
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Fig. 1. Analysis of mechanical testing data. Representative QLV fitting to the (a) ramp and (b) relaxation portions of stress relaxation. (c) Hysteresis is calculated from the 
integrals of the loading and unloading curves. The modulus is determined by linear regression to the final 0.5% strain of the loading curve, while the transition stress and 
strain are calculated from the intersection of a parallel line offset by 0.5% strain from the fit modulus line with the loading curve. 

Fig. 2. Statistical modeling is used to isolate the effects of elastin degradation on 
tendon mechanics. (a) Raw experimental data has two values from each sample. (b) 
Data are normalized within samples by subtracting the pre-incubation value from 
the post-incubation value. These data are input into a linear mixed model. (c) To 
normalize data to the effect of repeated mechanical testing shown in the control 
treatment group, the difference between treatment groups is determined within 
the linear mixed model, which includes data across species and tendon types (not 
shown in this figure). 
2.6. Statistical analyses 

All statistical analyses described above were performed using 
JMP (SAS Institute). Due to the nature of this study, where a 
large number of groups were analyzed with relatively small sam- 
ple sizes, p -values less than 0.10 were considered statistically sig- 
nificant to decrease the potential for false negatives, while individ- 
ual p -values for each effect were independently considered in data 

analysis and interpretation [ 33 , 34 ]. Fixed effect p -values are in- 
cluded in the figures while post-hoc comparison p -values are rep- 
resented with symbols. Plots were produced using Prism (Graph- 
Pad). All data bars are shown as mean ± standard error. Mean 
values described in the results section below represent the least 
squares means from model predictions. 
3. Results 
3.1. Tendon composition 

The effect of tendon type on collagen content ( Fig. 3 (a)) nor- 
malized to dry weight was dependent on species (i.e., significant 
species ∗tendon type fixed effect). Post-hoc comparisons were used 
to determine which species had significant differences between 
tendon types. In mice, energy-storing tendons had higher collagen 
content than positional tendons. Conversely, pig and cow positional 
tendons had higher collagen content than energy-storing tendons. 
Collagen content was similar between tendon types in rat, dog, and 
human tendons. 

Elastin content normalized to dry weight was 16% greater in 
energy-storing tendons compared to positional tendon, with mean 
values of 1.01% and 0.87% across all species, respectively ( Fig. 3 (b)). 
Moreover, elastin content varied by species. Most notably, human 
tendons had more elastin than all other species by a factor of 
two or more. Other, smaller differences between elastin content in 
other species were also statistically significant: cow vs. pig, cow vs. 
rat, dog vs. pig, and mouse vs. pig. 

Based on these results, tendons from mice (lower elastin con- 
tent and no IFM), cow (lower elastin content with IFM), and hu- 
man (higher elastin content with IFM) were chosen for further ex- 
perimentation to represent a range of elastin contents and struc- 
tural hierarchies. 
3.2. Tendon structure and elastin distribution 

Two-photon microscopy produced clear 3D images of collagen, 
elastic fibers, and cell nuclei ( Fig. 4 ). Distinct collagen fascicles 
were evident in the cross-sections of cow and human tendon, al- 
though the IFM was visually more distinct in human tendon com- 
pared to cow. Mouse tendon appeared similar to a single fasci- 
cle from cow or human tendon and did not contain any notice- 
able IFM. Individual elastic fibers could be distinguished within 
the elastin channel of the image stacks, where the fibers were 
generally straight and aligned with the major axis of the tendon 
( Fig. 4 (g–l)). Elastic fibers within the IFM of cow and human ten- 
don appeared qualitatively more densely packed and less organized 
compared to elastic fibers in the FM. 

Within the two-photon microscopy image stacks, the mean cel- 
lular density was approximately four-fold greater in the IFM com- 
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Fig. 3. (a) The effect of tendon type on collagen content was dependent on species. Energy-storing tendons had greater collagen content compared to positional tendons in 
mice, while positional tendons had greater collagen content compared to energy-storing tendons in pig and cow. ∗∗p < 0.01, ∗∗∗p < 0.001 (b) Elastin content was greater in 
energy-storing tendons compared to positional tendon across all species. Human tendon had at least double the elastin content compared to other species, and there were 
other, smaller differences between species. Different letters indicate a significant ( p < 0.1) difference between species. 

pared to the FM but was not significantly affected by tendon type 
or species ( Fig. 5 (a)). 

Analysis of the isolated elastic fiber network yielded measure- 
ments of volume ratio, connectivity ratio, and orientation vari- 
ance [26] . The effect of tendon region on elastin volume ( Fig. 5 (b)) 
was dependent on tendon type (i.e., significant tendon type ∗region 
fixed effect). While the volume ratio was greater in the IFM com- 
pared to FM of both tendon types, the effect only reached signif- 
icance in energy-storing tendons with post-hoc testing, while the 
effect in positional tendons was statistically insignificant. Similarly, 
the elastin volume ratio was generally greater in energy-storing 
tendons compared to positional tendons, but the effect was sta- 
tistically significant in the IFM but not the FM. Species had no sig- 
nificant impact on elastin volume measured in the two-photon mi- 
croscopy images, although general trends were similar to the dif- 
ferences observed in the compositional analysis reported above. 

The connectivity ratio output by the fiber analysis algorithm 
provides a measure between zero and one, indicating the ratio of 
voxels that are part of a fiber intersection or branching location. 
The elastic fiber network was determined to be more connected 
in the IFM compared to the FM ( Fig. 5 (c)). Furthermore, the ef- 
fect of tendon type on connectivity was dependent on species (i.e., 
significant species ∗tendon type fixed effect). In cow, ener gy-storing 
tendons had greater elastic fiber connectivity than positional ten- 
dons, while tendon type did not significantly impact connectivity 
in mouse and human tendon. Within this interaction, there was 
also a significant difference between cow and human positional 
tendons where the human positional tendons had greater connec- 
tivity. 

Lastly, the orientation variance was calculated from the three- 
dimensional orientation distribution ( Fig. 5 (d)). This measurement 
gives a value between zero and one, where zero indicates per- 
fect alignment and one represents fully isotropic alignment. The 
variance was higher (i.e., the elastic fibers were less aligned) in 
the IFM compared to the FM, with mean values of 0.27 and 0.11 

across species, respectively. Although the variance in orientation 
was greater in the IFM, the relatively low value of 0.27 indicates 
the elastic fibers in the IFM still demonstrate a dominant orienta- 
tion along the axis of the tendon, although less strongly than in 
the FM. Orientation variance was also different between species: 
cow tendon had lower variance values than both mouse and hu- 
man tendon. 

In summary, the largest effects in cell quantity and elastin 
structural organization were seen in differences between the IFM 
and FM. Compared to the FM, the IFM had greater cellular density 
and a denser, more connected, and less aligned elastic fiber net- 
work. Smaller effects were observed between species and tendon 
type, where larger differences were observed in fiber connectiv- 
ity and diameter between tendon types in cow tendon compared 
to mouse and human tendon. Although the interaction between 
species and region could not be evaluated due to mouse tendon 
lacking IFM, there were larger differences between IFM and FM in 
human tendon compared to cow tendon, and the IFM qualitatively 
appeared more distinct in human tendon. 
3.3. Elastase verification 

Degradation of elastin with elastase treatment was demon- 
strated using two-photon excited autofluorescent imaging of 
elastin, where the elastin signal was significantly diminished after 
enzymatic treatment. In mouse Achilles tendon, elastin signal was 
decreased by 80% throughout the whole cross-section of the ten- 
don ( Fig. 6 (a)). In contrast, the effectiveness of elastase treatment 
was dependent on location in cow tendon due to the larger size 
( Fig. 6 (b)). Elastin volume in control images was not dependent 
on location, so these data were pooled together for comparison to 
elastase-treated tendon. From the periphery of the tendon up to 
2 mm from the tendon edge, elastin was significantly degraded. 
However, the elastin content was unaffected further towards the 
center of the tendon after the 24 h incubation, indicating that the 
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Fig. 4. Representative two-photon microscopy images of tendon cross-sections across species and tendon types. (a–f) Maximum intensity projections across a depth of 5 µm 
showing collagen (SHG) in red, elastin (Alexa 633) in green, and cell nuclei (Hoechst 33342) in blue. (g–l) Three-dimensional reconstructions of the elastic fiber network 
from the full image stack. 
elastase enzyme only penetrated 2 mm-deep into the sample. Con- 
sequently, all samples for mechanical testing were thinned to a 
maximum thickness of 2 mm to ensure complete elastin degrada- 
tion. With both sides of the tendon exposed to the elastase solu- 
tion, this incorporated a sufficient safety factor to have confidence 
in the elastase treatment protocol. 
3.4. Effect of elastase on mechanical properties 

Comparison of pre-incubation mechanical properties between 
tendons designated to control or elastase treatment groups was 

performed to ensure baseline differences in mechanical properties 
did not affect subsequent measurements and analyses. Of all prop- 
erties measured, the only statistically significant difference in base- 
line properties between treatment groups was the modulus of cow 
energy-storing tendons (data not shown). This difference was con- 
sidered to be acceptable because of (1) relatively low significance 
( p = 0.053), (2) no other material constants had a statistically sig- 
nificant difference between these groups, and (3) subsequent anal- 
yses did not reveal any unusual results to indicate that the minor 
difference in baseline properties impacted any conclusions from 
the data. 
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Fig. 5. Data and statistical analysis from two-photon microscopy. Post-hoc testing was performed only within significant highest order fixed effects, with p -values shown 
in bolded font. (a) The IFM had a four-fold greater volume of cell nuclei compared to the FM without distinction between species or tendon type. (b) The effect of region 
on elastin volume was dependent on tendon type. Energy-storing IFM had greater elastin volume than energy-storing FM and positional IFM. (c) Connectivity of the elastic 
fiber network was greater in the IFM than the FM across species and tendon types. The effect of tendon type on elastic fiber connectivity was dependent on species, where 
cow positional tendon has lesser connectivity compared to cow energy-storing tendon and human positional tendon. (d) Elastic fibers in the FM were more aligned than 
elastic fibers in the IFM across all species and tendon types, and elastic fibers in cow tendon were more aligned than elastic fibers in mouse or human tendon independent 
of region or tendon type. ∗∗p < 0.01, ∗∗∗p < 0.001. 

Fig. 6. (a) Elastase treatment significantly degraded elastin through mouse tendon. (b) Elastase treatment significantly degraded elastin in cow tendon up to 2 mm from the 
tendon edge, while deeper into the tendon was not affected. ∗∗p < 0.01. 

A detailed comparison of the effects of species and tendon type 
on baseline mechanical properties is outside of the main focus of 
this study (namely, the effect of elastin removal on subsequent 
properties). Still, the analysis was performed and results are in- 
cluded in Appendix B. 

The QLV theory produced good fits for all experimental data 
and yielded five material constants for each sample: A, B, C, τ 1 , 
and τ 2 . The first two constants, A and B , are primarily indicative of 

elastic properties. The change in the constant A , which represents 
the magnitude of the stress response, was decreased by elastase 
treatment in comparison to control treatment by an average of 0.19 
MPa, demonstrating an overall effect of elastase across all tendons 
( Fig. 7 (a)). The material constant B primarily indicates the shape, or 
the modulus gradient, of the loading curve, where a higher value 
of B signifies a curve in which the rate of increase of the tangent 
modulus with increasing strain is increased. Elastase treatment sig- 
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Fig. 7. Data and statistical analysis from QLV fitting of stress relaxation. Model predictions of isolated elastase effects are the difference between treatment groups for 
each tendon group. Post-hoc testing was performed only within significant highest order fixed effects that included treatment, with p -values shown in bolded font. (a) The 
constant A was decreased by elastase treatment across all species or tendon types. (b) The constant B was increased by elastase treatment across all species and tendon 
types. (c) The effect of elastase treatment on C was dependent on species, where C was significantly increased by elastase treatment in human tendon but not mouse or cow 
tendon independent of tendon type. (d) The effect of elastase treatment on τ 1 was dependent on species, although the effect on any individual species was not significant. (e) 
The effect of elastase treatment on τ 2 was dependent on tendon type, where τ 2 was decreased by elastase in energy-storing tendon but not positional tendons independent 
of species. Individual bars significantly different than zero: # p < 0.1, ## p < 0.01. Significant difference between bars: ∗p < 0.1. 

nificantly increased B across all species and tendon types by an av- 
erage of 6.46, indicating an increased modulus gradient caused by 
the removal of elastin ( Fig. 7 (b)). 

The effect of elastase on the material constant C ( Fig. 7 (c)), 
which represents the shape of the relaxation curve, was depen- 
dent on species (i.e., significant species ∗treatment fixed effect). 
In both human tendon types, C was significantly increased upon 
exposure to elastase, while cow and mouse tendon values of C 
were not affected. The change in the fast relaxation time constant 
τ 1 was dependent on the interaction between species and treat- 
ment ( Fig. 7 (d)). However, this effect had relatively low signifi- 
cance and post-hoc testing of the isolated elastase effects on in- 
dividual species showed no significant differences. The slow relax- 

ation time constant τ 2 ( Fig. 7 (e)) was significantly decreased after 
elastin degradation in energy-storing tendons compared to controls 
but was unaffected by elastase in positional tendons (i.e., signifi- 
cant tendon type ∗treatment fixed effect). 

Hysteresis at lower strains was variable due to low signal-to- 
noise ratios in the stress data, so only hysteresis values calculated 
from the 6% strain curves are reported. The effect of elastase treat- 
ment on hysteresis ( Fig. 8 (a)) was dependent on the interaction 
between species and tendon type (i.e., significant species ∗tendon 
type ∗treatment fixed effect). Of all tendons used in this study, only 
mouse energy-storing tendons demonstrated a statistically signifi- 
cant effect of elastase treatment on hysteresis, with increased val- 
ues after elastin degradation. The effects of elastase in cow and hu- 
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Fig. 8. Data and statistical analysis from hysteresis curves. Model predictions of isolated elastase effects are the difference between treatment groups for each tendon group. 
Post-hoc testing was performed only within significant highest order fixed effects that included treatment, with p -values shown in bolded font. (a) The effect of elastase 
treatment on hysteresis was dependent on the interaction between species and tendon type. Energy-storing mouse tendon had elevated hysteresis as a result of elastase 
compared to positional mouse tendon and energy-storing human tendon. (b) Tendon modulus was decreased by elastase treatment across all species and tendon types. (c) 
The effect of elastase treatment on transition strain was dependent on tendon species, where elastase increased transition strain in human tendon independent of tendon 
type. (d) Transition stress was decreased by elastase treatment across all species and tendon types. Individual bars significantly different than zero: ## p < 0.01, ### p < 0.001. 
Significant difference between bars: ∗p < 0.1, ∗∗p < 0.01. 

man tendon were not significant and were not different between 
tendon types in these species. 

Modulus values were significantly affected by treatment with 
an average decrease of 50 MPa resulting from elastin degradation 
across all tendons ( Fig. 8 (b)). In addition, the measured transi- 
tion point of the stress-strain curve was shifted due to elastase 
treatment. Transition strain ( Fig. 8 (c)) increased more after elastase 
treatment in comparison to controls, although the effect was only 
significant in human tendon (i.e., significant species ∗treatment 
fixed effect). Lastly, transition stress was decreased by an average 
of 0.4 MPa across all tendons after elastase treatment ( Fig. 8 (d)). 
4. Discussion 

The results reported herein highlight the importance of elastic 
fibers in tendon, demonstrating that elastin and elastic fibers are 
an integral part of the tendon structure and contribute significantly 
to its mechanical function. While these data suggest that elastic 
fibers meaningfully impact all types of tendons, some are more af- 
fected by elastic fibers than others. Acknowledging the distinctions 
between tendons can improve the ability to interpret and trans- 

late results between scientific studies that utilize different ten- 
don models, and more importantly, can ultimately lead to tendon- 
specific treatments for injury or degeneration that can more fully 
restore the native properties of the specific tendon. This study in- 
corporated tendons classified as having energy-storing functions 
and positional functions; however, it should be noted that these 
two categories are not exhaustive and many tendons have unique 
physiological requirements that are not captured within this clas- 
sification scheme. 

Biochemical determination of elastin content in different ten- 
dons confirmed that tendons with an energy-storing function have 
greater elastin content [4] , although unexpected differences be- 
tween species were much greater than the differences between 
tendon types within individual species. The greater elastin content 
in human tendon is in agreement with previous results investigat- 
ing elastin content and morphology in skin across multiple species, 
where human skin had the most elastin out of all species analyzed, 
which included pig, cow, dog, mouse, and many others [35] . It is 
possible that the unique joint geometry required for a bipedal gait 
places different requirements on the tendons of the human lower 
limb, requiring more elastin to properly function. In addition, hu- 
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man is the only species of those analyzed whose lifespan exceeds 
the half-life of elastin [36] . Since elastin begins to degrade in late 
age in humans, it is possible that more elastin is produced during 
development in order to compensate for the elastin lost later in 
life. Further quantification of elastin content in additional species, 
particular ones with bipedal gait and with longer lifespans, would 
help evaluate these hypotheses. 

The comprehensive analysis of the morphology of the elastic 
fiber network in tendon particularly highlights the difference be- 
tween the IFM and the FM with detail not previously achieved. 
In agreement with past studies, tendon IFM has more elastin 
than the FM [ 3 , 4 ]. However, this distinction between FM and IFM 
was greater in energy-storing tendon and did not reach statisti- 
cal significance in positional tendon. In addition to a difference 
in elastin volume, the elastic fiber network in the IFM was less 
aligned and more connected than the elastic fibers in the FM 
across all tendons. The conclusion from this thorough analysis of 
the elastic fiber morphology matches previous qualitative obser- 
vations of a more mesh-like elastic fiber network in the IFM as 
well as more basic quantitative approaches [ 3 , 4 ]. Moreover, the 
IFM had a four-fold greater volume of cell nuclei compared to 
the FM. 

Differences in the elastic fiber network between tendon types 
and between species were more limited. In general agreement 
with the biochemical data, analysis of 3D image stacks from two- 
photon microscopy showed that energy-storing tendons had over- 
all greater elastin volume than positional tendons. However, the 
distinction between tendon types was greater in the IFM where 
energy-storing tendons had high elastin volumes. Within the FM, 
energy-storing tendons did have more elastin compared to posi- 
tional tendons, but the effect was not statistically significant. These 
data suggest that the bulk of differences in the contribution of 
elastin between tendon types lies within the IFM, in agreement 
with previous studies [ 37 , 38 ]. There were no significant species 
effects on elastin volume from the microscopy images, but the 
general trends did follow those seen in the protein quantification 
data. The only other tendon type effect was limited to cow ten- 
don, where positional tendon showed less connected elastic fibers 
than in energy-storing tendons. Additionally, cow tendon had more 
aligned elastic fibers than the other species. These differences be- 
tween cow tendon and mouse and human tendon may be a re- 
sult of using different anatomical tendons from these species for 
this study. Although the selected tendons had similar functional re- 
quirements, anatomical differences may still account for some dif- 
ferences in the elastic fiber network. 

Mechanical testing using elastase and control solutions, along 
with detailed statistical modeling, allowed isolation of the effects 
of elastin degradation on tendon mechanics. Overall, the prop- 
erties dictating the elastic stress response of the tendon (i.e., A, 
B , modulus, transition stress and strain) were affected by elastin 
degradation across all tendon types and species without distinction 
( Fig. 9 ). The lone exception is transition strain, where the isolated 
elastase effect was only significant in human tendon, although dif- 
ferences in the elastase effect between species were not significant. 
The decrease in the material constant A corresponded to the de- 
crease in modulus, where overall lower stress values led to a de- 
creased slope of the loading curve. Similarly, the increase in the 
material constant B corresponded to increased transition strain and 
decreased transition stress, where the increased modulus gradient 
of the loading curve slightly shifted the measured transition point. 
The lack of variation of elastin degradation on these elastic proper- 
ties despite differences in elastin content suggests that there may 
be a low threshold for elastin quantity that is necessary to main- 
tain native elastic properties, yet additional elastin content above 
that threshold does not produce additional changes to the elastic 
stress response of tendon. 

On the other hand, changes to the viscoelastic properties were 
not universal among species or tendon types. The constant C from 
fitting the stress relaxation data was increased after elastin degra- 
dation only in human tendon, indicating that elastin functions to 
maintain stress when the tendon is held for a period of time at 
a fixed strain. Conversely, the effect of elastase on the slow relax- 
ation time constant τ 2 did not differ by species, but rather by ten- 
don type. Elastin degradation decreased τ 2 only in energy-storing 
tendons, which indicates that equilibrium stress was reached more 
quickly. These effects on stress relaxation seem to be related to 
differences in elastin content between tendon types and species: 
the greater elastin content in energy-storing tendon compared to 
positional influences the rate of relaxation, while the larger differ- 
ence in elastin content between species affects the magnitude of 
relaxation. In addition, hysteresis values were increased by elastin 
degradation only in mouse energy-storing tendon, although there 
is no clear basis in elastin content or structure to account for this 
effect. Because hysteresis typically increases at larger strains and 
stresses [13] , it is possible that hysteresis measurements were also 
impacted by the decreased stresses in the post-incubation tests 
which then masked the effect of elastase on hysteresis in some 
tendon types or species. 

Interestingly, there were no major differences in the response to 
elastin degradation between mouse tendon compared to cow and 
human tendon, as would be expected if the elastic fibers in the 
IFM played a significant role in tendon mechanics. Therefore, these 
data suggest that the interfascicular elastic fibers are not active in 
maintaining mechanical properties under a purely tensile loading 
regime. This result is not unexpected if the tendon fascicles are 
continuous across the whole gauge length of the clamped tendon. 
However, the type of loading experienced by tendons in vivo is sel- 
domly as simple as loading during experimental testing. Tendons 
often wrap around bony structures that act as pulleys or are im- 
pinged upon by other tissues adjacent to the tendon, thus subject- 
ing the tendon to complex multiaxial loading [ 39 , 40 ]. Even regions 
of tendons with a clear path can experience heterogeneous strain 
and corresponding shear between tendon sub-units [41–43] . Elastic 
fibers in the IFM may therefore still be integral to the overall me- 
chanical function of tendon despite not influencing purely tensile 
properties along the main axis of the tendon. In support of this, 
prior studies have shown elastase had a greater effect on shear and 
off-axis tensile properties compared to tensile loading along the 
primary axis of the tendon [ 16 , 19 , 20 , 44 ], and elastase treatment 
had major impacts on direct shear testing of isolated tendon IFM 
including a substantial loss to fatigue resistance [10] . Future work 
incorporating in situ testing to evaluate the heterogeneous tensile 
and shear strain experienced by tendon in its anatomical location 
would help to evaluate how tendon IFM is loaded during in vivo 
tendon use and how elastin in the IFM contributes to overall ten- 
don function. 

The results presented herein may initially seem to contradict 
previous results from our lab using elastinopathic mouse models 
(i.e., Eln + / − and Fbln5 −/ −), where reduced elastin content or discon- 
nected elastin led to increased tendon modulus [ 12 , 13 ]. However, it 
should be noted that these genetic mouse models represent a fun- 
damentally different approach than the current study. While elas- 
tase testing measures the effect of elastin degradation in an ini- 
tially normal tendon, elastinopathic mouse models evaluate how 
tendon is affected when developed in the absence of a complete 
and functional elastic fibers network. These models can be related 
to the clinical effects of elastin degradation that results from aging 
and elastinopathic heritable disorders, respectively. Moreover, the 
effects of elastase compared to those of the mouse models are not 
inconsistent when the different experimental approaches are con- 
sidered. In this study, mechanical tests were limited to low strains 
(i.e., ≤6%) to avoid tissue damage because of the repeated me- 
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Fig. 9. Representation of the isolated effect of elastin degradation on the instantaneous elastic stress response of tendon using Eq. (1) . The loading curve for “healthy” tendon 
uses values for A and B representative of a typical sample used in this study, while the “elastin degraded” loading curve uses values for A and B reflecting the changes in 
material properties caused by elastin degradation. The dashed vertical line represents the maximum strain used for experimental testing in this study; curves to the right 
of the dashed line are extrapolated. At lower strains, tendon with degraded elastin has lower stresses and a shifted transition point. At higher strains, stresses in the elastin 
degraded tendon increase more rapidly due to the increased modulus gradient of the stress-strain curve. 

chanical testing approach and to represent physiologically relevant 
strain values [45] . The modulus measured in this study was deter- 
mined by linear fitting to stress data between 5.5 and 6% strain; it 
is likely that the slope of the stress-strain curves would continue 
to increase at greater strain magnitudes, especially after elastase 
treatment where the transition point is shifted. Therefore, the de- 
creased modulus observed following elastase treatment does not 
necessarily indicate that the modulus at higher strains would also 
be decreased. Moreover, the increased modulus gradient which 
also resulted from elastin degradation suggests that the modulus of 
elastase-treated samples could eventually match or exceed control 
samples at increasing strains. However, the exponential assumption 
for the shape of the stress-strain curve is less applicable at higher 
strains when the curve becomes more linear, so this extrapolation 
should be interpreted with caution ( Fig. 9 ). Supporting this hypoth- 
esis, prior research that performed tensile testing to failure of liga- 
ment treated with elastase demonstrated a non-significant increase 
in failure modulus in elastase-treated ligaments compared to con- 
trols [16] . The increase in modulus at higher strains could be a re- 
sult of less collagen regulation due to elastin degradation, which 
allows greater reorganization and higher alignment of collagen re- 
sulting from the decreased regulation of collagen engagement by 
elastic fibers. The overall stiffness of the tissue would then be in- 
creased due to the greater collagen alignment and engagement. 

Differences in the effects on the transition point between these 
studies are similarly explained with differences in the experimen- 
tal approach. In this study, the pre-stress was not reestablished for 
the post-incubation test, so the zero-strain state was referenced 
from the initial state of the tendon before the pre-incubation test. 
In contrast, the pre-stress was established before each test in the 
experiments with the elastinopathic murine models. Relating this 
to tendon function, tendons generally carry a low stress in situ 
even when not actively in use. If elastin in tendon becomes de- 
graded and that pre-stress in the “unloaded” state drops, it is un- 

clear if or how the tissue may actively remodel to reestablish that 
pre-stress in response to the elastin degradation. In the event that 
the tendon does not remodel, this could lead to greater tissue ex- 
tensibility from the native state and overall increased joint laxity. 

While biochemical quantification did demonstrate higher 
elastin content in energy-storing compared to positional tendon 
across all species, this difference had little mechanical impact on 
tendon; the only universal difference in the effect of elastin degra- 
dation between tendon types was a greater decrease in the long- 
time relaxation constant in energy-storing tendon. Microscopy 
data indicated that the bulk of the difference in elastin content 
stemmed from the IFM, and because these results suggest the IFM 
contributes little to purely tensile mechanics, the lack of mechan- 
ical differences between tendon types is appropriate. This largely 
agrees with prior research that indicated that the differences be- 
tween tendon types arose from the IFM and not the FM [37] . 
Consequently, elastin may be more important in regulating shear 
or other off-axis properties of energy-storing compared to posi- 
tional tendon due to IFM loading. Nonetheless, caution should still 
be taken when translating results between species or tendons, as 
there were some species-specific differences in these data and ten- 
dons can often defy a simplified binary classification scheme. 

A limitation of this study is the non-specificity of elastase, 
which can degrade tissue constituents other than elastin. However, 
prior work has proven that fibrillar collagen is not targeted by elas- 
tase, and the proteoglycans that are targeted along with elastin 
do not significantly impact tensile tendon mechanics [ 10 , 15 , 46 ]. 
Therefore, it is reasonable to assume that changes to mechanical 
properties induced by elastase treatment are a result of elastin 
degradation. The large age range, and specifically the advanced age 
of human tendon donors used for biochemistry and mechanical 
testing, is another limitation of this study. This is unfortunately 
largely unavoidable due to the limited availability of younger hu- 
man tendons, which are often reserved for allografts. An assump- 
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tion of this work is the functional analogy between the SDFT and 
LDET of the cow with the AT and TBAT of the mouse and hu- 
man, respectively. While there are limitations to this approach be- 
cause the tendon functions are not exactly the same between any 
of these tendons, both previous studies and the work presented 
herein demonstrate that many of the differences between the SDFT 
and LDET are also present between the AT and TBAT, warranting 
the placement of these tendons into the same general categories 
[ 11 , 13 ]. Additionally, the higher p -value significance threshold of 
0.10 compared to the more commonly used value of 0.05 increases 
the risk of false positives in data analysis; however, this signifi- 
cance threshold adds more weight to the negative results in this 
study (i.e., what the effects of elastin degradation are not depen- 
dent on). Furthermore, few effects in this study had p -values be- 
tween 0.05 and 0.10 and all the major conclusions of this study 
are based on effects where the p -value was less than 0.05. 

In summary, elastin significantly affects the tensile elastic stress 
response of tendon across all species and tendon types. At low 
strains, elastin seems to bear a significant portion of the load while 
the underlying collagen architecture uncrimps and reorganizes. Ex- 
trapolating to larger strains when the collagen becomes more fully 
engaged, the modulus of elastin-degraded tendon may match or 
even potentially exceed native tissue due to the increased modu- 
lus gradient of the stress-strain curve. These results highlight the 
importance for elastin in tendon function across multiple tendon 
types and species, while providing further evidence for a more 
mechanistic understanding of how elastin regulates collagen en- 
gagement within fascicles to influence mechanical properties. 
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Appendix A. Fitting quasi-linear viscoelastic theory to stress 
relaxation data 

The quasi-linear viscoelastic theory describes the stress re- 
sponse over time as the convolution integral of the reduced relax- 
ation function ( G (t) ) with the instantaneous elastic stress response 
( σ e (ε) ), as shown in Eq. (A1) [28] . 
σ ( t ) = t 

∫ 
−∞ G ( t − τ ) δσ e ( ε ) 

δε δε 
δτ

δτ (A.1) 
There have been multiple forms of the equations for the elastic 

stress response and the reduced relaxation function proposed to 
fit the model to data from soft tissue. In this study we adopted 
the commonly used forms [29–31] 
σ e ( ε ) = A (e Bε − 1 ) (A.2) 
G ( t ) = 1 + C [ E 1 ( t/ τ2 ) − E 1 ( t/ τ1 ) ] 

1 + C ln ( τ2 / τ1 ) (A.3) 
where E 1 is the exponential integral. The material constants A and 
B in the instantaneous elastic stress response describe the magni- 
tude and modulus gradient of the loading curve, respectively. In 
the reduced relaxation function, the material constant C describes 
the shape of the relaxation curve while the time constants τ1 and 
τ2 describe how quickly the tissue relaxes over time. 

Using the above forms for the instantaneous elastic response 
and the reduced relaxation function, the stress as a function of 
time during the ramp and the relaxation portion of the stress re- 
laxation experiment is given in Eq. (A.4) , 

σ ( t ) = 
 
  
  

ABγ
1+ C ln ( τ2 / τ1 ) t 

∫ 
0 {1 + C ( E 1 [ t−τ ] 

τ2 − E 1 [ t−τ ] 
τ1 )}

e Bγ τ δτ, 0 < t < t 0 
ABγ

1+ C ln ( τ2 / τ1 ) t 0 ∫ 
0 {1 + C ( E 1 [ t−τ ] 

τ2 − E 1 [ t−τ ] 
τ1 )}

e Bγ τ δτ, t ≥ t 0 
(A.4) 

where γ is the strain rate applied from t = 0 to t = t 0 , and t 0 is 
the time when the target strain is reached [29] . 

For the purpose of fitting experimental data to the model, both 
the data and Eq. (A.4) can be normalized to the stress at t = t 0 
[29] . This simplifies the model fitting by removing the material 
constant A from the equation. 
σ ( t ) 
σ ( t 0 ) = 

 
    
    

∫ t 0 { 1+ C ( E 1 [ t−τ ] 
τ2 − E 1 [ t−τ ] 

τ1 )} 
e Bγ τ δτ

∫ t 0 0 { 1+ C ( E 1 [ t 0 −τ] 
τ2 − E 1 [ t 0 −τ] 

τ1 )} 
e Bγ τ δτ

, 0 < t < t 0 
∫ t 0 0 { 1+ C ( E 1 [ t−τ ] 

τ2 − E 1 [ t−τ ] 
τ1 )} 

e Bγ τ δτ

∫ t 0 0 { 1+ C ( E 1 [ t 0 −τ] 
τ2 − E 1 [ t 0 −τ] 

τ1 )} 
e Bγ τ δτ

, t ≥ t 0 (A.5) 

The experimental data can then be fit to the model by minimiz- 
ing the sum of squares error between the experimental data and 
the model predicted values to determine the material constants B , 
C, τ1 , and τ2 [30] . This is shown in Eq. (A.6) , 

min 
B,C, τ1 , τ2 ∑ 

i 
[

S i 
S 0 − σ ( t i ) 

σ ( t 0 ) 
]2 

(A.6) 
where the experimental data is defined as ( t i , S i ), and S 0 is the ex- 
perimental peak stress. The minimization was performed with ini- 
tial guesses for B , C, τ1 , and τ2 based on preliminary data, and the 
initial guess was multiplied by a random factor between 0.1 and 
10 for each fitting [30] . 

However, this approach did not converge to a global minimum 
for all experimental data; therefore, a modification to the approach 
was necessary. For data where the minimization did not converge, 
C and τ2 were observed to increase in tandem by several or- 
ders of magnitude without meaningfully changing the goodness of 
fit. Consequently, the minimization was changed to the following 
form: 
min 

τ2 
{ 

C 
( 

min 
B,C, τ1 ∑ 

i 
[

S i 
S 0 − σ ( t i ) 

σ ( t 0 ) 
]2 ) } 

. (A.7) 
This approach was implemented by performing the inner min- 

imization using the interior-point algorithm one hundred times at 
different fixed τ2 values randomly selected on a logarithmic scale 
between 10 2 and 10 6 , while initial guesses for B , C, and τ1 for each 
iteration were generated as described above [32] . The experimental 
data was downsampled to increase the speed of the interior-point 
algorithm. Out of those one hundred potential fits, the final fit was 
selected such that the product of C and the sum of squares error 
was minimized. This modified approach converged to a global min- 
imum with a good fit to the experimental data for all samples. 

After the values for B , C, τ1 , and τ2 were determined using eq. 
A.7, the material constant A was calculated as follows: 
A = σ ( t 0 ) 1 + C ln ( τ2 / τ1 ) 

Bγ ∫ t 0 0 {1 + C ( E 1 [ t 0 −τ ] 
τ2 − E 1 [ t 0 −τ ] 

τ1 )}
e Bγ τ δτ

. (A.8) 
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Appendix B: Effect of species and tendon type on baseline 
mechanical properties 

Fig. B1. Data and statistical analysis of baseline mechanical data across species and tendon types. Connecting lines between groups show significant differences in post-hoc 
testing ( p < 0.1). 
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