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ABSTRACT

Tendons play a crucial role in the musculoskeletal system. In humans, tendon injuries, especially chronic
tendinopathy, are very common and the patellar tendon is a frequent location for tendinopathy or
injuries. The biomechanical characteristics of the patellar tendon, such as elasticity and stiffness, are of
paramount importance and constitute major outcome measures in research studies. We aimed to assess
whether the stiffness of the healthy ovine patellar tendon changes with age and weight in a population
of normal animals. Sixty-eight ‘patella-patellar tendon-tibial tuberosity’ units from thirty-four lle-de-
France ewes of body mass 65 to 95 kg, euthanized for reasons other than musculoskeletal diseases,
underwent a tensile test providing a measure of the tendon stiffness. Animals were sorted into three
categories of age (1-2 yo, 3-5 yo, 6-10 yo). We found a positive but not significant correlation between
age category and stiffness (r = 0.22, p = 0.27). There was a significantly positive correlation between
weight and stiffness (r = 0.39, p = 0.04). In conclusion, the study characterized biomechanical properties
of healthy tendons, provided useful reference values, and established the basis for future biomechanical
tests on healing tendons in sheep. The most appropriate sheep population for those future studies
would be non-overweight young adults presenting with no lameness.
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Introduction . S .
Functional recovery of tendon injuries is challenging.

Tendons play a crucial role in the musculoskeletal system. In
humans, tendon injuries, especially chronic tendinopathy,
are very common in occupational and athletic settings, and
in the elderly population. They may be associated with sig-
nificant morbidity and abnormal joint movement, and are an
important cause of musculoskeletal disabilities or pain.

In particular, patellar tendon injuries occur either natu-
rally as chronic tendinosis, partial/full-thickness tendon
tears, acute avulsion fractures (Peace et al. 2006), or as
artificially-created lesions when the patellar tendon is
used as a donor site for tendon autograft in anterior cruci-
ate ligament (Benner et al. 2012) and medial patellofemoral
ligament reconstruction (Witonski et al. 2013).

Because of the restricted self-restoring capacity of
tendon, spontaneous tendon healing often results in
fibrous adhesions and inferior fibrotic scar tissue which
is both mechanically — and functionally inferior (Sharma
and Maffulli 2005). The tendon is also prone to re-injury.

Currently, treatment solutions are disappointing and
healed tendons do not recuperate the biomechanical
properties of intact tendons. There is, therefore, a need
for an improved therapeutic approach (Gaida and Cook
2011; Charousset et al. 2014; Nanos and Malanga 2015;
Ode and al. 2016).

In orthopaedic research, to develop new technologies,
preclinical studies using animal models are needed (Cook
and al. 2014). The need to mimic the dimensions and
loading experienced by an adult human joint requires
that large animal models of disease are employed. The
use of the sheep as an animal model enables larger
sampling populations, lameness assessment and scoring,
and the use of non-invasive imaging in longitudinal stu-
dies. One of the advantages of the sheep over other large
animal models is the human-like size of joints such as the
knee (Little and Smith 2008). The anatomy of the ovine
knee (stifle) has been well-characterized (Proffen and al.
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2012). Ultrasonographic, CT and MRI anatomy of the stifle
have been described (Vandeweerd et al. 2012;
Vandeweerd et al. 2013; Kayser et al. 2019).

Since the patellar tendon covers a key-role in extension
of the knee joint, the biomechanical characteristics of the
patellar tendon, such as elasticity and stiffness, are of para-
mount importance and constitute major outcome mea-
sures in research studies. However, to date, these patellar
tendon properties have not been described in sheep, and
there is therefore a need to document them in a population
of research animals.

The aim of this study was therefore to document the
properties of the healthy patellar tendon in research sheep,
assessing eventual changes with age and weight; the result
was sought in terms of stiffness, addressing in this way the
whole tendon system and not only the material it is com-
posed by.

Material and methods
Animals

Thirty-four ewes (lle de France; n = 34), from the
Ovine Research Center of the University of Namur,
were used. Their age ranged from 2 to 10 years,
and their weight from 65 to 95 kg. The experimental
protocol 10150MU was approved by the local ethical
committee for animal welfare. All animals had no
history of hindlimb lameness. They were assessed by
palpation and observation. No swelling or pain of the
stifle was observed. Animals were not lame before
euthanasia.

Animal were sorted into three categories of age (1-
2yo, 3-5yo, 6-10yo0).

Gross anatomy

Animals were sacrificed by intravenous administration
of pentobarbital (150 mg/kg). Both hind limbs were
transected at the level of the mid-femur within
1 hour of death. Soft tissue, including skin and mus-
cles were removed. The patellar tendon and its
attachments on the patella and the tibial tuberosity
were carefully dissected and observed to confirm the
absence of lesions or abnormalities.

The joint capsule, collateral ligaments and cruciate
ligaments were transected. The knee joint was disar-
ticulated, and the tibial tuberosity and patella were
transected at 1.5 cm from their respective tendon
attachments. Bone attachments were preserved so
as not to affect the tendon insertion areas that are
fundamental for mechanical load-transfer.

Each harvested specimen consisting of an intact
‘patella-patellar tendon-tibial tuberosity’ unit was indivi-
dually wrapped in moistened gauze (with 0.9 % w/v
NaCl), sealed in plastic bags, individually identified by
a number and stored at —20°C.

Four-mm thick osteochondral slabs in a coronal plane
were obtained (medial femoral condyle, lateral femoral
condyle, medial tibial condyle, lateral tibial condyle),
before being processed for histology.

Histopathology of cartilage

Histology is used as the gold standard to assess the
articular cartilage of a joint, joint deterioration and
joint ageing (Little et al. 2010; Vandeweerd, Kirschvink
et al. 2013). Articular cartilage changes are associated
with ageing and diseases such as osteoarthritis. In the
current study, histology was performed to assess joint
deterioration and confirm the sample was representative
of a normal ageing population of sheep by comparison
to results of previously published studies (Vandeweerd,
Hontoir et al. 2013).

The osteochondral slabs were fixed in a 10% w/v
neutral buffered formalin for 48 hours. The specimen
were decalcified in 10% w/v formic acid/ 5% w/v formalin
during 8 to 10 days, depending on softening of the slabs.
After paraffin embedding, 7 pm sections were cut and
mounted on Superfrost Ultraplus® slides that improve
cartilage adhesion. The sections were thoroughly depar-
affinized in several xylene washes and graded alcohols to
70% w/v ethanol, then stained in 0.04% w/v toluidine
blue and counterstained in 0.1% w/v aqueous fast green
FCF. Finally, the slides were dehydrated in two changes of
99% isopropyl alcohol and two changes of xylene before
mounting in DPX (DPX mounting media for histology).

The OARSI recommendations were used for histolo-
gical scoring of the cartilage (Little et al. 2010).
Histological abnormalities included: structural defects
(0-10), chondrocyte density (0-4), cell cloning (0-4),
interterritorial Toluidine blue (0-4), tidemark (0-3),
extent of the defect (0-5) with a total scoring of 0-30
(Figure 1). The histological grade per limb was deter-
mined by the summation of the total scores of the 4
anatomical regions in that limb.

Biomechanical tests

In thirty-four matched pairs of limbs (n = 68), a uni-axial
tensile test was performed on patellar tendons following
an in-house validated procedure (Innocenti et al. 2018).
For all investigations, frozen ‘patella-patellar tendon-
tibial tuberosity’ units were thawed to room
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Figure 1. Toluidine blue/fast green stained section of cartilage
scored as follows: Structure 4 (fissures to transitional zone 1/3
depth (black arrow)), Chondrocyte density 0, Cell cloning 0,
Interterritorial toluidine blue 0, Tidemark 2 (duplicated tidemark
(white arrow) with blood vessel penetrating through the sub-
chondral bone plate (white open arrow)), with a total score of 6.
Cartilage (white star). Subchondral bone (black star). Scale in
lower left corner.

temperature, cleaned thoroughly with 0.9 % w/v of NaCl
and placed on a metal frame. The osseous parts of the
specimen were cut with pliers to fit the clamp size. Four
black ink dot markers were directly drawn onto each
specimen in order to measure the displacement of the
tendon tissue during the tensile test (Figure 2).

The camera was set to 100 fps. Force outputs were
obtained via a dedicated 1 kN load cell (Lloyd
Instruments Ltd). As the tendons had been manipulated
and then stored at —20° C before the biomechanical
tests, a series of 10 pre-conditioning stress-relaxation
procedures was performed to ensure fibers alignment
before the tensile testing. As recommended in the ASTM

INTERNATIONAL BIOMECHANICS (&) 3

Figure 2. Patella-patellar tendon-tibial tuberosity unit fixed by
two clamps. Four black ink dot markers were directly drawn onto
the tendon specimen.

D638 standard (ASTM International 2003), a crosshead
speed of 5 mm/min was applied for the tensile test. The
axial force was recorded and paired with the relative
displacement during the tests. The tensile test was
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performed until failure and the resulting force-
displacement curve was analyzed: after the initial toe-
region, the linear region of the curve (corresponding to
the elastic region, i.e. the elongation of the helical struc-
ture of collagen (Kirkendall and Garrett 1997)) was
defined thanks to the dedicated software: a linear fitting
process was used to determine the boundaries of the
linear region and this latter was studied to obtain the
relative stiffness of the tissue (obtained from the slope of
the curve in the selected region).

Statistical analysis

In order to examine the normality of data (patellar
tendon stiffness and histological scores of articular
cartilage), Kolmogorov-Smirnov and Shapiro-Wilk
tests were applied. Non-parametric tests were used,
due to the non-normality of the data. The Wilcoxon
signed-rank test was used to compare observations
that were not independent (difference in patellar
tendon stiffness between left and right hindlimbs).
One limb was randomly chosen within each pair
and data obtained from that limb (tendon stiffness,
articular cartilage histological grades) were used for
analysis. Correlations between patellar tendon stiff-
ness and other variables (age, weight, histological
grades) were assessed by Spearman correlation coef-
ficient. Data were collected in Microsoft Excel and
analysed using Graph Pad Prism 8. A p-value below
0.05 was considered to indicate a statistically signifi-
cant difference.

Results
Cartilage histopathology

Among the 272 (4x68) histological slices, none pre-
sented artefacts or inadequate coloration that may
have prevented correct interpretation. We found no sig-
nificant difference in limb histological total scores
between left and right limbs (p = 0.93).

The histological scores (median, minimum, maxi-
mum) were, however, different between regions of inter-
est: medial tibial condyle (7, 2, 17), lateral tibial condyle
(6, 2, 18), medial femoral condyle (6, 2, 21) and lateral
femoral condyle (5.5, 1, 13). Among the total number of
lesions, we found 36.2% in the medial femoral condyle,
6.8% in the lateral femoral condyle, 37.9% in the medial
tibial condyle and 15.5% in the lateral tibial condyle.
Among the histological abnormalities, beside the total
score, structural defects and tidemark increased the
most with age and weight.

There was a significant positive correlation between
body weight and histological score (r = 0.51; p = 0.002),
and between age and histological score (r = 0.67;
p < 0.0001).

Tendon stiffness

Our tests confirmed that the patellar tendon has the
typical ‘region’ behavior, with a non-linear one (toe-
region) followed by a linear region preceding the even-
tual damaging of the fibers and consequent failure of
the tendon (Figure 3).

The mean stiffness value of the 68 tendons was
52.44 N/mm (SD 35.62, SD = standard deviation).

We found a positive but not significant correlation
between stiffness and age (r = 0.22, p = 0.27) (Figure 4).
We also found a statistically-significant positive correla-
tion between body weight and tendon stiffness (r = 0.39,
p = 0.04) and between articular cartilage histological
scores and tendon stiffness (r = 0.47, p = 0.02)(Table 1).

Discussion

In research studies, the biomechanical characteristics of the
tendon, like elasticity and stiffness, represent major out-
come measures. Due to the biomechanical similarity of the
ovine stifle joint and the human knee (Herfat et al. 2012),
the patellar tendon of the sheep can be adopted as a large
animal model for human tendon disease investigation.

In our study, as previously described in a population of
normal sheep (Vandeweerd et al. 2013a), the histological
changes of the stifle articular cartilage differed between
anatomical regions of the joint, and the proportions of
defects were around 30 % of lesions identified at the
medial femoral condyle and 30 % at the medial tibial
condyle. In addition, a significant positive correlation
between age and histological grade was identified. This
indicated that our sample could be considered represen-
tative of a normal ageing population of sheep. We also
found a significant positive correlation between body
weight and histological grade of cartilage. Overweight
has previously been described in man as a risk factor for
articular joint deterioration (Zhang and Jordan 2010;
Vidal-Bralo et al. 2016; Valdes and Stocks 2018).

The mean value of stiffness was 52.44 N/mm
(SD35.62) in our patellar tendons. Our results are quite
similar to those found in a previous ex-vivo study (46—
65-80 N/mm) performed in ovine patellar tendon
(Kasperczyk et al. 1991).

Our study showed a positive but not significant
correlation between age and tendon stiffness.
A study on canine patellar tendons demonstrated
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Figure 3. Stiffness curve of the left patellar tendons related to three different age groups: 2 yo (year old), 4 yo and 8 yo. * = linear
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Figure 4. Correlation plot between age and stiffness (left) and between weight and stiffness (right). Correlation was positive but not
significant between stiffness and age and statistically-significant positive between body weight and stiffness.

Table 1. Weight, histological scores and stiffness related to three
different age groups: A1 (1-2 yo (year old)), A2 (3-5 yo) and A3
(6-10 yo).

A1(1- A2(3- A3(6-
2y0) 5y0) 10yo)
Weight (kg, mean%SD) 74.47 77.79 77.63+8
+8.8 +9.23 A4
Histological score (median, minimum, 4(0,4) 9(4,47) 22.5(6,69)
maximum)
Stiffness (N/mm, mean-+/SD) 25.51 53.14  47.2430.11
+14.57 +35.6

progressive stiffening of connective tissues with age-
ing (Haut et al. 1992). A study performed in rats
showed that normal ageing altered the passive bio-
mechanical properties of the muscle-tendon unit in
Achilles tendons, with a decreased relaxation
response and increased stiffness in the tendons of
middle-aged animals (Plate et al. 2013).

A study conducted in New Zealand White rabbits,
however, showed no evidence of age-related decline in
the biomechanics of healing tendons (Dressler et al.
2006).

The association between increased tendon stiffness
and ageing may have different explanations. Tendons
contain tenocytes that secrete matrix components such
as elastin, proteoglycans and collagen (90% collagen
type 1). Several of these components may be involved
in tendon stiffness changes with ageing.

Two different studies hypothesized that tensile stiff-
ness changes in tissue are most likely due to changes in
higher collagen structures rather than stiffness increas-
ing at the fibril level (Li et al. 2013; Fessel et al. 2014). The
difference in biomechanical properties between energy-
storing tendons (i.e. the patellar tendon) and positional
ones could also originate from a difference in the geo-
metrical disposition of collagen within the fascicles
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(Shearer et al. 2017). The compliance of energy-storing
tendons may be due to the helicoidal fibril disposition of
their fascicles rather than differences in their fibril
Young’s modulus or crimp angle. Energy-storing ten-
dons present a less stiff interface between the tendon
fascicles enabling a greater fascicle sliding. This may
account eventually for increased failure strain (Thorpe
et al. 2015). Concomitantly fascicle sliding has been
described to decrease with ageing (Thorpe et al. 2013).
Even if no decrease in collagen content was noted in
ageing tendons, less organized collagen fibers contain-
ing an increased number of larger fibrils were observed
(Gehwolf et al. 2016).

In mice, older tendons were stiffer than young ten-
dons. It was suggested that the consequences of ageing
on mechanical properties could be due to advanced
glycation end products (AGEs). The level of AGEs was
higher in aged mice compared to younger ones (Wood
and Brooks 2016). Denaturation and crosslinking of col-
lagen result from the formation of AGEs. These collagen
crosslinks limit fiber-fiber and fibril-fibril sliding, reduce
the viscoelasticity of the tendon and increase the tendon
stiffness. This may explain the increase in tendon stiff-
ness with ageing as observed in another study con-
ducted in rats (Gautieri et al. 2017). Some in vitro
studies (Reddy 2004) showed an association between
AGEs and tendon mechanical properties. However,
a clinical study conducted in man failed to associate
tendon AGEs and in vivo patellar tendon mechanical
properties (Eriksen et al. 2019).

Proteoglycans also are involved in viscoelastic
changes in aged tendons. Decorin is the most abundant
proteoglycan in the small leucine-rich proteoglycan
family (SLRP) in tendons. Decorin regulates the assembly
of collagen | which is the primary structural unit and
transmits mechanical force (Xu et al. 2018). The absence
of decorin leads to an abnormal collagen fibrillogenesis,
decreased tendon strength and stiffness (Danielson et al.
1997). Decorin and biglycan are essential regulators of
collagen fibril and matrix assembly and provide over-
lapping functions rather than single deficiency-related
abnormalities. A study in a both decorin and biglycan
gene expression knockout mouse model showed
changes in structural properties as a shift to larger dia-
meter fibrils with increased heterogeneity, and altered
mechanical properties as decreased stiffness (Robinson
et al. 2017). A study carried out on old rats found
decreased proteoglycan 4 and elastin mRNA expression
in tendons was responsible for the increased tendon
stiffness observed with ageing through reduced gliding
properties of fascicular sheets (Kostrominova and Brooks
2013).

An age-associated reduction in the functional fitness
and metabolism of tendon stem cells may be partially
responsible for an ageing induced deterioration of the
structure, composition and mechanical properties of
tendon. Some authors described ageing as an ‘anarchy
of stem cells’, with a decrease in the number and the
functional fitness of tissue-specific stem cells (Fukada et
al. 2014).

A former study showed a higher stiffness in aged rat
tendon-derived stem cells (TDSCs) than that of young
TDSCs (Kiderlen et al. 2019).

In the current study, we observed a significant posi-
tive correlation between tendon stiffness and increasing
weight in sheep. In man, higher tendon injury incidence
(Kelly et al. 2001; Savarese et al. 2010) and lower patellar
tendon stiffness (Tas et al. 2017) were reported in over-
weight and obese human individuals. Another study
showed that patellar tendon stiffness was higher in
males than in females, and obesity decreased patellar
tendon stiffness in females contrary to males (Tas et al.
2018). A different study reported instead that higher BMI
was likely to be associated with greater tendon stiffness
particularly in young men (Tomlinson et al. 2021).

Despite the possible correlations, strict comparison
between species is complicated because lipid metabo-
lism seems to be involved in tendon stiffness and this
factor is different between omnivores and ruminants.
A positive association between increased adiposity and
tendinopathies was shown in man (Gaida et al. 2009).
A study conducted in mice observed an accumulation of
lipid droplets in aged Achilles and tail tendons, with an
increased expression of adipogenic markers and
reduced expression of beta-catenin, the latter being
a regulator of adipogenesis (Gehwolf et al. 2016).

Tendolipomatosis, may lead to tendolipomatosis-
tendinopathy by lipid cell deposition in the tendon tis-
sue (Jozsa et al. 1984; Kannus and Jozsa 1991).
Tendolipomatosis was predominantly reported in the
quadriceps or patellar tendons. The lipid cells deposit
in the tendon among the collagen fibers and may dis-
rupt the cohesion of the collagen framework, thus weak-
ening the tendon and increasing the risk of its
mechanical failure. Tendon-weakening is further exacer-
bated in overweight or obese individuals where the
larger body mass increases the mechanical loading of
the tendons.

Beside the effect of local lipid cells, the metabolic effects
of increased adipose tissue might be responsible for lower
tendon stiffness in man. The profile of adipokines (cytokines
released by adipose tissue), and other cytokines expressed
in obese individuals generally indicates a pro-inflammatory
state (Battery and Maffulli 2011). Cytokines may originate



from the infrapatellar fat pad (Ushiyama et al. 2003). There is
a relation between cytokines released by infrapatellar fat
pad (Hoffa’s fat pad) and knee osteoarthritis (Pottie et al.
2006). A larger infrapatellar fat pad (Culvenor et al. 2011)
and systemic adiposity (Gaida et al. 2009) was associated
with tendinopathy (Culvenor et al. 2011).

Recently, shear wave ultrasound elastography has been
evaluated to assess the mechanical properties of muscles
and tendons, including stiffness, based on the speed with
which induced shear waves propagate in the tissue of
interest. The effect of hyperlipidemia on the patellar tendon
stiffness has been investigated by this method; and
a moderate positive statistically significant correlation was
found between patellar tendon shear wave velocity and
low-density lipoprotein independently of body mass index
(Torgutalp et al. 2020).

Those various and contradictory results indicate that
different variables should be considered to assess the effect
of weight in a species, such as the sheep, including biomar-
kers of lipid metabolism. This should be taken into account
in future studies. One other limitation of the current study is
that we measured the stiffness over the entire bone-tendon
-bone unit whilst regional variations in stiffness may occur.

However, in the scope of an ovine model of patellar
tendon, this study showed that the stiffness of the healthy
ovine patellar tendon increases significantly with weight.
It also increases, but not significantly, with age.

Even if the parameters taken into consideration were
only a part of the huge amount to address when dealing
with soft tissues, this study achieved promising results in
terms of characterization of biomechanical properties of
healthy tendons, providing useful reference values and
establishing the basis for future biomechanical tests on
healing tendons in sheep. The most appropriate sheep
population for those future studies would be young,
non-overweight adults presenting with no lameness.
Non-invasive techniques such as shear wave ultrasound
elastography warrant investigation.

Acknowledgments

We acknowledge Vincent Simon for his help in ovine
manipulation.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the Fondation Mont Godinne; and
the University of Namur (UNamur), NARILIS (Namur Research
Institute for Life Science).

INTERNATIONAL BIOMECHANICS (&) 7

Notes on contributor

Francoise ~ Kayser:  Conceptualization,  Methodology,
Investigation, Formal Analysis, Validation, Writing Original
Draft. Edoardo Bori: Investigation, Formal analysis,
Validation. Sophie Fourny: Investigation. Fanny Hontoir:
Investigation, Formal Analysis, Validation. Bernardo
Innocenti: Conceptualization, Methodology, Formal analysis,
Validation. Peter Clegg: Methodology, Validation. Alexandra
Dugdale: Writing, Review and Editing. Jean-Michel
Vandeweerd: Conceptualization, Methodology, Investigation,
Formal analysis, Validation, Supervision.

ORCID

Francoise Kayser
Edoardo Bori
Sophie Fourny
Fanny Hontoir
Peter Clegg
Alexandra Dugdale
Jean-Michel Vandeweerd
4878

Bernardo Innocenti

http://orcid.org/0000-0002-2151-9253
http://orcid.org/0000-0002-1670-8359
http://orcid.org/0000-0001-9639-0952
http://orcid.org/0000-0003-0847-8167
http://orcid.org/0000-0003-0632-0032
http://orcid.org/0000-0002-6577-968X
http://orcid.org/0000-0002-2482-

http://orcid.org/0000-0001-8992-8865

Ethical Approval

The experimental protocol 10150MU was approved by the
local ethical committee for animal welfare in accordance with
our institution guidelines and in accordance with the EU
Directive 2010/63/EU.

References

ASTM International. 2003. Standard test method for tensile
properties of plastics. ASTM Int. 8:46-58.

Battery L, Maffulli N. 2011. Inflammation in overuse tendon
injuries. Sports Med Arthrosc Rev. 19(3):213-217. https://
doi.org/10.1097/JSA.0b013e31820e6a92.

Charousset C, Zaoui A, Bellaiche L, Bouyer B. 2014. Are multiple
platelet-rich plasma injections useful for treatment of
chronic patellar tendinopathy in athletes? a prospective
study. Am J Sports Med. 42(4):906-911. doi:10.1177/
0363546513519964.

Cook JL, Hung CT, Kuroki K, Stoker AM, Cook CR, Pfeiffer FM,
Sherman SL, Stannard JP. 2014. Animal models of cartilage
repair. Bone Joint Res. 3(4):89-94. doi:10.1302/2046-3758.34.
2000238.

Culvenor AG, Cook JL, Warden SJ, Crossley KM. 2011.
Infrapatellar fat pad size, but not patellar alignment, is asso-
ciated with patellar tendinopathy. Scand J Med Sci Sports.
21(6):405-411. doi:10.1111/j.1600-0838.2011.01334.x.

Danielson KG, Baribault H, Holmes DF, Graham H, Kadler KE,
lozzo RV. 1997. Targeted disruption of decorin leads to
abnormal collagen fibril morphology and skin fragility.
J Cell Biol. 136(3):729-743. d0i:10.1083/jcb.136.3.729.

Dressler MR, Butler DL, Boivin GP. 2006. Age-related changes in
the biomechanics of healing patellar tendon. J Biomech. 39
(12):2205-2212. doi:10.1016/j.jbiomech.2005.07.003.


https://doi.org/10.1097/JSA.0b013e31820e6a92
https://doi.org/10.1097/JSA.0b013e31820e6a92
https://doi.org/10.1177/0363546513519964
https://doi.org/10.1177/0363546513519964
https://doi.org/10.1302/2046-3758.34.2000238
https://doi.org/10.1302/2046-3758.34.2000238
https://doi.org/10.1111/j.1600-0838.2011.01334.x
https://doi.org/10.1083/jcb.136.3.729
https://doi.org/10.1016/j.jbiomech.2005.07.003

8 (&) F.KAYSERETAL.

Eriksen CS, Svensson RB, Gylling AT, Couppé C, Magnusson SP,
Kjaer M. 2019. Load magnitude affects patellar tendon mechan-
ical properties but not collagen or collagen cross-linking after
long-term strength training in older patients. BMC Geriatr. 19
(1):30. doi:10.1186/512877-019-1043-0.

Fessel G, Li Y, Diederich V, Guizar-Sicairos M, Schneider P,
Sell DR, Monnier VM, Snedeker JG. 2014. Advanced glycation
end-products reduce collagen molecular sliding to affect
collagen fibril damage mechanisms but not stiffness. PLoS
One. 9(11):110948. doi:10.1371/journal.pone.0110948.

Fukada SI, Ma Y, Uezumi A. 2014. Adult stem cell and mesench-
ymal progenitor theories of aging. Front Cell Dev Biol. 2:10.
https://doi.org/10.3389/fcell.2014.00010.

Gaida JE, Ashe MC, Bass SL, Cook JL. 2009. Is adiposity an
under-recognized risk factor for tendinopathy?
A systematic review. Arthritis Rheum. 61(6):840-849.
doi:10.1002/art.24518.

Gautieri A, Passini FS, Silvan U, Guizar-Sicairos M, Carimati G,
Volpi P, Moretti M, Schoenhuber H, Redaelli A, Berli M. 2017.
Advanced glycation end-products: mechanics of aged col-
lagen from molecule to tissue. Matrix Biol. 59:95-108. doi:10.
1016/j.matbio.2016.09.001

GE O, DP P, NA H, Peindl RD. 2016. Cortical button fixation:
a better patellar tendon repair? Am J Sports Med. 44
(10):2622-2628. doi:10.1177/0363546516651614.

Gehwolf R, Wagner A, Lehner C, Bradshaw AD, Scharler C,
Niestrawska JA, Holzapfel GA, Bauer HC, Tempfer H,
Traweger A. 2016. Pleiotropic roles of the matricellular pro-
tein Sparc in tendon maturation and ageing. Sci Rep. 6
(1):32635. doi:10.1038/srep32635.

Haut RC, Lancaster RL, DeCamp CE. 1992. Mechanical proper-
ties of the canine patellar tendon: some correlations with
age and the content of collagen. J Biomech. 25(2):163-173.
doi:10.1016/0021-9290(92)90273-4.

Herfat ST, Boguszewski DV, Shearn JT. 2012. Applying
Simulated in vivo motions to measure human knee and
ACL kinetics. Ann Biomed Eng. 40(7):1545-1553. doi:10.
1007/510439-011-0500-5.

Innocenti B, Larrieu JC, Lambert P, Pianigiani S. 2018.
Automatic characterization of soft tissues material proper-
ties during mechanical tests. Muscles, Ligaments Tendons J.
7(4):529-537. d0i:10.11138/mltj/2017.7.4.529.

JE G, Cook J. 2011. Treatment options for patellar tendinopa-
thy: critical review. Curr Sports Med Rep. 10(5):255-270.
doi:10.1249/JSR.0b013e31822d4016.

Jozsa L, Réffy A, Balint JB. 1984. The pathogenesis of tendoli-
pomatosis: an electron microscopical study. Int Orthop. 7
(4):251-255. doi:10.1007/BF00266836.

KA P, JC L, Healy J. 2006. Imaging the infrapatellar tendon in
the elite athlete. Clin Radiol. 61(7):570-578. doi:10.1016/j.
crad.2006.02.005.

Kannus P, Jozsa L. 1991. Histopathological changes preceding
spontaneous rupture of a tendon: a controlled study of 891
patients. J Bone Joint Surg Am. 73(10):1507-1525. doi:10.
2106/00004623-199,173,100-00009.

Kasperczyk WJ, Bosch U, Oestern HJ, Tscherne H. 1991.
Influence of immobilization on autograft healing in the
knee joint: a preliminary study in a sheep knee PCL model.
Arch Orthop Trauma Surg. 110(3):158-161. doi:10.1007/
BF00395800.

Kayser F, Hontoir F, Clegg P, Kirschvink N, Dugdale A,
Vandeweerd JM. 2019. Ultrasound anatomy of the normal
stifle in the sheep. Anat Histol Embryol. 48(1):87-96. doi:10.
1111/ahe.12414.

Kelly BM, Rao N, Louis SS, Kostes BT, Smith RM. 2001. Bilateral,
simultaneous, spontaneous rupture of quadriceps tendons
without trauma in an obese patient: a case report. Arch Phys
Med Rehabil. 82(3):415-418. doi:10.1053/apmr.2001.19784.

Kiderlen S, Polzer C, Radler JO, Docheva D, Clausen-
Schaumann H, Sudhop S. 2019. Age related changes in cell
stiffness of tendon stem/progenitor cells and a rejuvenating
effect of ROCK-inhibition. Biochem Biophys Res Commun.
509(3):839-844. d0i:10.1016/j.bbrc.2019.01.027.

Kirkendall DT, Garrett WE. 1997. Function and biomechanics of
tendons. Scand J Med Sci Sports. 7(2):62-66. doi:10.1111/j.
1600-0838.1997.tb00120.x.

KN N, Malanga GA. 2015. Treatment of patellar tendinopathy
refractory to surgical management using percutaneous
ultrasonic tenotomy and platelet-rich plasma injection:
a case presentation. PM R. 7(12):1300-1305. doi:10.1016/j.
pmrj.2015.06.439.

Kostrominova TY, Brooks SV. 2013. Age-related changes in
structure and extracellular matrix protein expression levels
in rat tendons. Age (Dordr). 35(6):2203-2214. doi:10.1007/
s11357-013-9514-2.

Li Y, Fessel G, Georgiadis M, Snedeker JG. 2013. Advanced
glycation end-products diminish tendon collagen fiber
gliding. Matrix Biol. 32(3-4):169-177. d0i:10.1016/j.matbio.
2013.01.003.

Little CB, Smith MM. 2008. Animal models of osteoarthritis. Curr
Rheumatol Rev. 4(3):175-182. doi:10.2174/
157339708785133523.

Little CB, Smith MM, Cake MA, Read RA, Murphy MJ, Barry FP.
2010. The OARSI histopathology initiative - recommenda-
tions for histological assessments of osteoarthritis in sheep
and goats. Osteoarthritis Cartilage. 18(3-4):580-92. doi:10.
1016/j.joca.2010.04.016.

Plate JF, Wiggins WF, Haubruck P, Scott AT, Smith TL, Saul KR,
Mannava S. 2013. Normal aging alters in vivo passive bio-
mechanical response of the rat gastrocnemius-Achilles
muscle-tendon unit. J Biomech. 46(3):450-455. doi:10.
1016/j.jbiomech.2012.11.007.

Pottie P, Presle N, Terlain B, Netter P, Mainard D, Berenbaum F.
2006. Obesity and osteoarthritis: more complex than
predicted! Ann Rheum Dis. 65(11):1403-1405. doi:10.1136/
ard.2006.061994.

Proffen BL, McElfresh M, Fleming BC, Murray MM. 2012.
A comparative anatomical study of the human knee and
six animal species. Knee. 19(4):493-499. doi:10.1016/j.knee.
2011.07.005.

Reddy GK. 2004. Cross-linking in collagen by nonenzymatic
glycation increases the matrix stiffness in rabbit Achilles
tendon. Exp Diabesity Res. 5(2):143-153. doi:10.1080/
15438600490277860.

Robinson KA, Sun M, Barnum CE, Weiss SN, Huegel J, Shetye SS,
Lin L, Saez D, Adams SM, lozzo RV 2017. Decorin and bigly-
can are necessary for maintaining collagen fibril structure,
fiber realignment and mechanical properties of mature
tendons. Matrix Biol. 64:81-93. doi:10.1016/j.matbio.2017.
08.004


https://doi.org/10.1186/s12877-019-1043-0
https://doi.org/10.1371/journal.pone.0110948
https://doi.org/10.3389/fcell.2014.00010
https://doi.org/10.1002/art.24518
https://doi.org/10.1016/j.matbio.2016.09.001
https://doi.org/10.1016/j.matbio.2016.09.001
https://doi.org/10.1177/0363546516651614
https://doi.org/10.1038/srep32635
https://doi.org/10.1016/0021-9290(92)90273-4
https://doi.org/10.1007/s10439-011-0500-5
https://doi.org/10.1007/s10439-011-0500-5
https://doi.org/10.11138/mltj/2017.7.4.529
https://doi.org/10.1249/JSR.0b013e31822d4016
https://doi.org/10.1007/BF00266836
https://doi.org/10.1016/j.crad.2006.02.005
https://doi.org/10.1016/j.crad.2006.02.005
https://doi.org/10.2106/00004623-199,173,100-00009
https://doi.org/10.2106/00004623-199,173,100-00009
https://doi.org/10.1007/BF00395800
https://doi.org/10.1007/BF00395800
https://doi.org/10.1111/ahe.12414
https://doi.org/10.1111/ahe.12414
https://doi.org/10.1053/apmr.2001.19784
https://doi.org/10.1016/j.bbrc.2019.01.027
https://doi.org/10.1111/j.1600-0838.1997.tb00120.x
https://doi.org/10.1111/j.1600-0838.1997.tb00120.x
https://doi.org/10.1016/j.pmrj.2015.06.439
https://doi.org/10.1016/j.pmrj.2015.06.439
https://doi.org/10.1007/s11357-013-9514-2
https://doi.org/10.1007/s11357-013-9514-2
https://doi.org/10.1016/j.matbio.2013.01.003
https://doi.org/10.1016/j.matbio.2013.01.003
https://doi.org/10.2174/157339708785133523
https://doi.org/10.2174/157339708785133523
https://doi.org/10.1016/j.joca.2010.04.016
https://doi.org/10.1016/j.joca.2010.04.016
https://doi.org/10.1016/j.jbiomech.2012.11.007
https://doi.org/10.1016/j.jbiomech.2012.11.007
https://doi.org/10.1136/ard.2006.061994
https://doi.org/10.1136/ard.2006.061994
https://doi.org/10.1016/j.knee.2011.07.005
https://doi.org/10.1016/j.knee.2011.07.005
https://doi.org/10.1080/15438600490277860
https://doi.org/10.1080/15438600490277860
https://doi.org/10.1016/j.matbio.2017.08.004
https://doi.org/10.1016/j.matbio.2017.08.004

RW B, Kd S, SE U, Lazarus D. 2012. Tear patterns, surgical repair,
and clinical outcomes of patellar tendon ruptures after ante-
rior cruciate ligament reconstruction with a bone-patellar
tendon-bone autograft. Am J Sports Med. 40(8):1834-1841.
doi:10.1177/0363546512449815.

Savarese E, Bisicchia S, Amendola A. 2010. Bilateral spontaneous
concurrent rupture of the patellar tendon in a healthy man:
case report and review of the literature. Musculoskelet Surg. 94
(2):81-88. doi:10.1007/512306-010-0077-4.

Sharma P, Maffulli N. 2005. Tendon injury and tendinopathy:
healing and repair. J Bone Joint Surg Am. 87(1):187-202.
doi:10.2106/JBJS.D.01850.

Shearer T, Thorpe CT, Screen HRC. 2017. The relative compli-
ance of energy-storing tendons may be due to the helical
fibril arrangement of their fascicles. J R Soc Interface. 14
(133):20170261. doi:10.1098/rsif.2017.0261.

Tas S, Yilmaz S, Onur MR, Soylu AR, Altuntas O, Korkusuz F.
2017. Patellar tendon mechanical properties change with
gender, body mass index and quadriceps femoris muscle
strength. Acta Orthop Traumatol Turc. 51(1):54-59. doi:10.
1016/j.a0tt.2016.12.003.

Tas S, Yilmaz S, Onur MR, and Korkusuz F. 2018. Obesity
decreases patellar tendon stiffness in females but not
males. Bone Joint J. (Supp 1): 94.

Thorpe CT, Udeze CP, Birch HL, Clegg PD, Screen HR. 2013.
Capacity for sliding between tendon fascicles decreases
with ageing in injury prone equine tendons: a possible
mechanism for age-related tendinopathy? Eur Cell Mater.
25:48-60. d0i:10.22203/ecm.v025a04

Thorpe CT, Godinho MSC, Riley GP, Birch HL, Clegg PD,
Screen HRC. 2015. The interfascicular matrix enables fascicle
sliding and recovery in tendon, and behaves more elastically
in energy storing tendons. J Mech Behav Biomed Mater.
52:85-94. doi:10.1016/j.jmbbm.2015.04.009

Tomlinson DJ, Erskine RM, Morse Cl, Pappachan JM, Sanderson-
Gillard E, Onambélé-Pearson GL. 2021. The combined effects
of obesity and ageing on skeletal muscle function and ten-
don properties in vivo in men. Endocrine. 72(2):411-422.
doi:10.1007/512020-020-02601-0.

Torgutalp SS, Babayeva N, Tas S, Donmez G, Korkusuz F. 2020.
Effects of hyperlipidemia on patellar tendon stiffness:

INTERNATIONAL BIOMECHANICS (&) 9

a shear wave elastography study. Clinical Biomechanics.
75:104998. doi:10.1016/j.clinbiomech.2020.104998

Ushiyama T, Chano T, Inoue K, Matsusue Y. 2003. Cytokine
production in the infrapatellar fat pad: another source of
cytokines in knee synovial fluids. Ann Rheum Dis. 62
(2):108-112. https://doi.org/10.1136/ard.62.2.108

Valdes AM, Stocks J. 2018. Osteoarthritis and ageing. Emj. 3
(1):116-123.

Vandeweerd JM, Kirschvink N, Muylkens B, Depiereux E,
Clegg P, Herteman N, Lamberts M, Bonnet P, Nisolle JF.
2012. A study of the anatomy and injection techniques of
the ovine stifle by positive contrast arthrography, computed
tomography arthrography and gross anatomical dissection.
Vet J. 193(2):426-432. doi:10.1016/j.tvjl.2011.12.011.

Vandeweerd JM, Hontoir F, Kirschvink N, Clegg P, Nisolle JF,
Antoine N, Gustin P. 2013a. Prevalence of naturally occurring
cartilage defects in the ovine knee. Osteoarthritis Cartilage.
21(8):1125-1131. doi:10.1016/j.joca.2013.05.006.

Vandeweerd JM, Kirschvink N, Muylkens B, Cintas C,
Catsyne CV, Hontoir F, Clegg P, Coomer R, Nisolle JF.
2013b. Magnetic resonance imaging(MRI) anatomy of the
ovine stifle. Veterinary Surgery. 42(5):551-558. doi:10.1111/j.
1532-950X.2013.12026.x.

Vidal-Bralo L, Lopez-Golan Y, Mera-Varela A, Rego-Perez |,
Horvath S, Zhang Y, Del Real A, Zhai G, Blanco FJ,
Riancho JA. 2016. Specific premature epigenetic aging of
cartilage in osteoarthritis. Aging. 8(9):2222-2230. doi:10.
18632/aging.101053.

Witonski D, Keska R, Synder M, Sibinski M. 2013. An isolated
medial patellofemoral ligament reconstruction with patellar
tendon autograft. BioMed Research International. 2013:1-5.
https://doi.org/10.1155/2013/637,678.

Wood LK, Brooks SV. 2016. Ten weeks of treadmill running
decreases stiffness and increases collagen turnover in ten-
dons of old mice. J Orthop Res. 34(2):346-353. doi:10.1002/
jor.22824.

Xu SY, Liu SY, Xu L, Deng SY, He YB, Li SF, Ni GX. 2018. Response
of decorin to different intensity treadmill running. Mol Med
Rep. 17(6):7911-7917. doi:10.3892/mmr.2018.8802.

Zhang Y, Jordan JM. 2010. Epidemiology of osteoarthritis. Clin
Geriatr Med. 26(3):355-369. doi:10.1016/j.cger.2010.03.001.


https://doi.org/10.1177/0363546512449815
https://doi.org/10.1007/s12306-010-0077-4
https://doi.org/10.2106/JBJS.D.01850
https://doi.org/10.1098/rsif.2017.0261
https://doi.org/10.1016/j.aott.2016.12.003
https://doi.org/10.1016/j.aott.2016.12.003
https://doi.org/10.22203/ecm.v025a04
https://doi.org/10.1016/j.jmbbm.2015.04.009
https://doi.org/10.1007/s12020-020-02601-0
https://doi.org/10.1016/j.clinbiomech.2020.104998
https://doi.org/10.1136/ard.62.2.108
https://doi.org/10.1016/j.tvjl.2011.12.011
https://doi.org/10.1016/j.joca.2013.05.006
https://doi.org/10.1111/j.1532-950X.2013.12026.x
https://doi.org/10.1111/j.1532-950X.2013.12026.x
https://doi.org/10.18632/aging.101053
https://doi.org/10.18632/aging.101053
https://doi.org/10.1155/2013/637,678
https://doi.org/10.1002/jor.22824
https://doi.org/10.1002/jor.22824
https://doi.org/10.3892/mmr.2018.8802
https://doi.org/10.1016/j.cger.2010.03.001

	Abstract
	Introduction
	Material and methods
	Animals
	Gross anatomy
	Histopathology of cartilage
	Biomechanical tests
	Statistical analysis

	Results
	Cartilage histopathology
	Tendon stiffness

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	Notes on contributor
	ORCID
	Ethical Approval
	References

