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Abstract

In tendon, type-I collagen assembles together into fibrils, fibers, and fascicles that exhibit a wavy 

or crimped pattern that uncrimps with applied tensile loading. This structural property has been 

observed across multiple tendons throughout aging and may play an important role in tendon 

viscoelasticity, response to fatigue loading, tendon healing, and development. Previous work has 

shown that crimp is permanently altered with the application of fatigue loading. This opens the 

possibility of evaluating tendon crimp as a clinical surrogate of tissue damage. The purpose of this 

study was to determine how fatigue loading in tendon affects crimp and mechanical properties 

throughout aging and between tendon types. Mouse patellar tendons (PT) and flexor digitorum 

longus (FDL) tendons were fatigue loaded while an integrated plane polariscope simultaneously 

assessed crimp properties at P150 and P570 days of age to model mature and aged tendon 

phenotypes (N=10–11/group). Tendon type, fatigue loading, and aging were found to differentially 

affect tendon mechanical and crimp properties. FDL tendons had higher modulus and hysteresis, 

whereas the PT showed more laxity and toe region strain throughout aging. Crimp frequency was 

consistently higher in FDL compared to PT throughout fatigue loading, whereas the crimp 

amplitude was cycle dependent. This differential response based on tendon type and age further 

suggests that the FDL and the PT respond differently to fatigue loading and that this response is 

age-dependent. Together, our findings suggest that the mechanical and structural effects of fatigue 

loading are specific to tendon type and age in mice.
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Introduction

Tendinopathy affects many tendon types, with MRI-defined patellar tendinopathy in one 

study having a prevalence of 28.3%.1 Although the underlying pathophysiology of 

tendinopathy is not completely defined, the various hierarchical structures of tendon may be 

prone to damage from the repetitive application of load, and as such contribute in this 

degenerative process.2–4 The ultrastructural characteristic waviness of collagen, termed 

crimp, is one of the emergent properties of tendon that may be important in the development 

of fatigue-induced sub-rupture damage.5 This cumulative damage may be a contributing 

factor in tissue failure.5

Previous work has shown that crimp is permanently altered with the application of fatigue 

loading, which opens the possibility of evaluating tendon crimp as a clinical surrogate of 

tissue damage. Historically, crimp was studied using histological tools such as snap freezing 

following various applied strains through mechanical testing.6; 7 As tendons are tensioned, 

the crimp waveform straightens (termed uncrimping). The strain-dependent uncrimping 

corresponds to the toe region of a tendon’s stress-strain curve.6; 8 Recent work has taken 

advantage of techniques in which the whole tissue can be analyzed using polarized light 

imaging integrated into the mechanical testing apparatus.5 In this and our previous work2 we 

advance the use of this non-destructive, ex-vivo imaging method for analyzing fascicle-level 

crimp during fatigue testing, which has been shown to be a sensitive metric to assess a 

tendon’s response to cyclic loading.3; 9–12

Mechanical and crimp properties of tendons exhibit known variations based on tendon type 

and tendon region.5; 13 Similarly, some of the favorable biochemical and biomechanical 

properties of tendons are known to decrease with age such as collagen content and modulus.
14; 15 The utility of crimp assessment as a potential diagnostic tool for tendinopathy or 

overuse requires an understanding of how crimp is affected by specific tissue perturbations 

(e.g., tendon type or age).

While the relationship between aging and tendon structure-function relationships remains an 

active area of tendon research, there is also evidence that not all tendons age similarly.16–18 

In this work, we extend the understanding of the interplay between fatigue-induced and age-

related changes in crimp in the murine patellar tendon (PT) and flexor digitorum longus 

(FDL) tendon. Clinically, while patellar tendinopathy represents the highest incidence of 

running-related musculoskeletal injuries,19 the FDL is an oft-harvested tendon in the 

surgical correction of flatfoot deformity.20 Additionally, the structural properties of energy 

storing tendons, such as the patellar tendon, have been shown to respond differently to 

fatigue loading.21 Consequently, as emerging work points to the differences in structure, 

function and biochemistry of tendons based on physio-anatomical type,22–24 we elected to 

compare the PT, an energy-storing tendon, with the FDL, a positional tendon of the foot.25

The purpose of this study was to evaluate the effect of tendon type and aging on the 

structural (crimp) and mechanical response of tendon to fatigue loading. We hypothesized 

that the PT and FDL tendons would show greater mechanical evidence of laxity with 
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advanced age and with increasing fatigue cycling. We also hypothesized that the crimp 

properties of aged tendons would react differently to fatigue loading when compared with 

young adult tendons.

Methods

Tissue Preparation

Murine patellar and flexor digitorum longus tendons at 150 and 570 days of age were used, 

as representative young adult and aged adult tendons (IACUC approved) (Figure 1a).26 

Animals were housed (n=5 mice/cage separated by age) in a conventional facility with 12 h 

light/dark cycles and were fed standard chow and provided water ad libitum. While we did 

not monitor gait in this mouse model, we have previously identified deficits in hind limb 

propulsion force, speed, stride length, and step width in our other rodent model, which may 

relate to potential changes in tissue properties.27 Following euthanasia by carbon dioxide 

inhalation, mice were weighed (P150: 24.7+/− 1.6 g, P570: 38.8+/− 7.6 g). Patellar tendons 

(N=10–11/age) from female C57BL/6 mice were prepared using the following protocol: 

Animals were thawed and the surrounding musculature and soft tissue was removed from 

the patella-patellar tendon-tibia unit. Each specimen was fine dissected and its cross 

sectional area was measured in an unloaded state using a custom, high-resolution laser-based 

device (2µm resolution, <2.7% error 28) coupled with a LVDT stage to control specimen 

position (5µm resolution (x-axis) and 38µm resolution (y-axis)), whereby equally spaced 

passes (0.5mm) in the transverse plane covered each tendon’s length.28 The laser system has 

excellent repeatability for the mouse patellar tendon, with a coefficient of variation of 

4.08%.28 The patella-patellar tendon-tibia unit was potted in polymethylmethacrylate, the 

pot and the patella were gripped with custom fixture and the sample was ready for 

mechanical testing. FDL tendons (N=10–11/age) from female C57BL/6 mice at 150 and 570 

days of age were prepared per the following protocol: The distal FDL, proximal to its split 

into its terminal tendinous slips in the plantar aspect of the foot was isolated and traced 

proximally through the tarsal tunnel, where it was released. The tendon was then gently 

avulsed from its proximal myotendinous origin and each distal slip was transected near its 

phalangeal insertion. Each specimen was fine dissected and its cross sectional area was 

measured using the aforementioned custom laser based device.28 FDL specimens were 

mounted in custom sandpaper grips proximally and distally and were then ready for 

mechanical testing in a manner analogous to the patellar tendon.

Mechanical Testing and Image Capture

For mechanical testing, mounted tendons were placed in a 1x PBS bath positioned between 

two parallel polarized sheets offset at 90 degrees. Image capture of tendon crimp for both PT 

and FDL was achieved using a set-up in which light would exit a backlight then go through a 

linear polarizer, the tendon, another linear polarizer and, finally, enter the camera (Basler 

GigE aca2040gm; resolution: resolution: 3µm, 2048×2048 pixels; Exton, PA) and lens (AF 

Micro-Nikkor 200mm F/4D IF-ED, TC-201 2X) (Figure 1b). The linear polarizers were 

oriented at 90 degrees to each other such that the crimp band pattern was visually 

maximized for each specimen. Tendons were first preloaded (0.05N) and preconditioned 

between 0.05 and 0.1N. Although this is a low level of preconditioning, even lower levels 
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have been shown to affect collagen fiber reorganization in the mouse supraspinatus tendon.
29; 30 Tendons were then imaged at 0.1N, 0.5N and 2.0N, and fatigue tested at 1Hz between 

2 and 4N corresponding to 30–75% of their respective failure load and stress of P150 

tendons using an Instron Microtester (Instron 5848, Natick MA) as detailed previously 

(Figure 1c).5 After 10, 100, and 1000 fatigue loading cycles, tendons were returned to 

imaging loads and re-imaged. Imaging loads were selected to represent the toe, transition, 

and linear regions of both tendons.5 For each specimen, the tangent modulus (calculated as 

the slope between the maximum and minimum stress and strain for each loading cycle), 

hysteresis (calculated as the area enclosed by the stress-strain curve for a given cycle) and 

laxity (calculated as the ratio of displacement to starting gauge length and assessed at the 

minimum cyclic force throughout fatigue testing) were computed during loading.5

Image Processing

All images were analyzed using a custom MATLAB program (Version: R2012a, Natick, 

MA). For every tendon, the midsubstance was evaluated. All images were then processed 

using a Gaussian low-pass filter; a Fast Fourier Transform (FFT) was then applied and 

integrated to obtain the cumulative spectral power (CSP). Crimp frequency and crimp 

amplitude were evaluated at the median CSP. To account for differences in light intensity 

across samples, samples were evaluated for the change in crimp amplitude (Acrimp,i – 

Acrimp,0).

Statistical Evaluation

Data normality was assessed and confirmed with Shapiro Wilk tests (SPSS). The effect of 

cycle number and tendon type was evaluated using two-way repeated measures ANOVAs. 

The effect of aging and tendon type was evaluated using two-way ANOVAs. Significant 

factors were evaluated with post-hoc paired or Student’s T-tests with Bonferroni corrections. 

Significance was set at p<0.05.

Results

Tendon Type and Fatigue Loading Affect Tendon Mechanical and Crimp Properties

All tendon samples displayed the classic primary and secondary phases of fatigue loading, 

but did not enter the tertiary phase.31–33 Both tendon type and cycle number significantly 

affected tendon mechanical fatigue properties. Specifically, tendon laxity increased in 

response to fatigue loading and both the tangent modulus and hysteresis decreased in both 

tendon types (Figure 2). Additionally, PT’s had increased laxity throughout fatigue loading 

compared to FDL tendons (Figure 2a). The decreased laxity of the FDL may be due to its 

increased tangent modulus and increased hysteresis (Figure 2b,c).

In agreement with the increased laxity observed after fatigue loading in both tendon types, 

the crimp amplitude also increased after fatigue loading (Figure 3a). Following a similar 

pattern with the tangent modulus and hysteresis, the crimp frequency was lower in PT than 

FDL tendons (Figure 3b).
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Age and Tendon Type Affect Tendon Mechanical and Crimp Properties

The cross-sectional area was larger in the PT compared to the FDL regardless of age (Figure 

4a). After 1000 fatigue loading cycles, tendon laxity was greater in the PT compared to the 

FDL at both P150 and P570 ages. P150 FDL tendon laxity, however, was greater than that 

for P570 FDL (Figure 4b,c). The tangent modulus and hysteresis was increased in FDL 

tendons; however, no effect of aging was detected after 1000 cycles (Figure 4d,e). To 

evaluate whether changes in the linear region of the stress-strain curve also occurred in the 

toe region, we evaluated tissue strain at low stresses of these tissues during image capture 

between fatigue loading cycles (termed low (0.1N). In agreement with the laxity results, the 

strains assessed at low stress depended on tendon type and age. Aged FDL tendons 

experienced less strain in response to applied stress, suggesting increased stiffening of the 

toe region of these groups unlike patellar tendons (Figure 4f).

The change in crimp amplitude was greater in young adult and aged FDL tendons compared 

to PT; however, this was only observed in early fatigue loading. The change in crimp 

amplitude was not statistically different between PT and FDL tendons at 100 or 1000 fatigue 

cycles of loading (Figure 5a). However, aged FDL tendons showed an inferior response to 

cyclic loading, showing increased changes in crimp amplitude in the toe region. The FDL 

also exhibited increased crimp frequency compared to the PT regardless of tendon age 

(Figure 5b).

Discussion

In clinical orthopaedics, it is well documented that tendons and ligaments degenerate with 

aging.34; 35 As our tendons are subject to mechanical loads that may be several times body 

weight, it is important that these tissues withstand repeated loading as we age. However, the 

capacity of tendons to withstand fatigue loading during aging has remained poorly 

understood. This study investigated the effects of fatigue loading, tendon type, and aging on 

tendon mechanical and crimp properties. Tendon crimp is well documented in many tendon 

types and is commonly studied in humans,36 mice,5 and rabbits.37 This work investigated 

how tendon mechanics and crimp respond to fatigue loading in tendons of different type and 

age.

We chose to study the PT and FDL tendons for several reasons. We chose the PT for this and 

previous studies due to the high prevalence of patellar tendinopathy,38 its ease of harvest, 

and its ability to allow light transmission for polarized light imaging. More broadly, studying 

murine tendons enables use in transgenic animals.39; 40 The FDL is a well-studied tendon of 

the foot and an oft-harvested tendon in clinical orthopaedics.20 Moreover, flexor tendon 

injuries in the hand are often associated with poor clinical outcomes and the murine FDL is 

a commonly used model of flexor tendon injury and repair.41–43 Using these two tendons 

allows for comparison across both tendon structure and physiologic function types (e.g., 

energy storing versus positional).21

We identified several changes in tissue mechanics and structure between the PT and FDL 

tendons, including tendon cross sectional area, modulus, hysteresis, laxity, crimp frequency, 

and crimp amplitude, which agree with similar differences in the superficial digital extensor 
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tendon (SDFT) and common digital extensor tendon (CDET) in the horse.21 We found the 

positional mouse FDL, for instance, like the positional equine CDET had a higher modulus 

and hysteresis compared to the energy storing murine PT, and equine SDFT. It is important 

to acknowledge, however, that the SDFT and CDET are opposing tendons in equine hindfoot 

function, the PT and FDL are not opposing tendons. Our study also showed that the FDL 

experienced lower strains at low applied stresses compared to the PT, and showed a 

significantly increased crimp frequency than PT during fatigue testing. We speculate that the 

increased crimp frequency in the FDL may be a result of lower strain in the toe region 

during image capture. This finding is corroborated by equine work which showed increased 

crimp angles in positional tendons compared to energy storing tendons, which we also 

observed, but only early in fatigue loading.44 Taken together, this further supports the notion 

that crimp morphology is unique to tendon anatomical location and age, and similarities may 

exist across species.

Tendons are known to become more prone to injury and rupture during aging, yet, the 

biomechanical underpinning of this clinical presentation remains poorly understood.17; 45; 46 

The ability of tendon to maintain homeostasis following fatigue loading may be affected by 

restoration of native multiscale strain transfer mechanisms.3 The differential mechanical and 

structural response between tendon type and age to fatigue loading may therefore have 

important implications for multiscale strain transfer and ECM stress transmission. 

Previously, we demonstrated that fatigue loading increased the crimp amplitude across the 

tendon width and length, and these structural alterations were shown to be both region and 

load dependent.5 Later work discovered that fatigue loading negatively altered tendon 

macroscale mechanical and structural properties.3 At the microscale, fatigue loading 

abrogated collagen and nuclear reorganization with applied strain, leading to reduced 

nuclear strain transfer and deficits in ECM stress transmission.3 Recent work investigating 

aging in craniofacial tendons in zebrafish showed that the overall decline in the tendon 

modulus of aged tendons is attributable primarily to the loss of non-linearity in the stress-

strain curve of aged tendons compared to their young counterparts.47 Indeed, this 

physiologic non-linearity (toe region) further highlights the role of tendon crimping during 

aging. Interestingly, while the crimp frequency of PT and FDL was not affected by age or 

fatigue loading, after 100 cycles of loading, aged FDL tendons exhibited a higher change in 

crimp amplitude. This could indicate that as flexor tendons age, the ability of the 

collagenous component of the tendon to return to its pre-fatigue state becomes progressively 

impaired. Although our results show that there is no significant difference in cross sectional 

area, modulus, hysteresis, or toe region strain in the mouse PT or FDL with aging, aged FDL 

tendons had significantly lower laxity and a higher change in crimp amplitude than young 

tendons. Additionally, the modulus of FDL tendons in aged mice was not different from 

young specimens, in agreement with recent data,48 however fatigue analysis revealed 

changes in tissue laxity and crimp amplitude with aging.

Tendon uncrimping plays important roles throughout the body during aging and across 

species. For instance, both rat tail tendon and equine SDFT tendon crimp frequency and 

angle decrease with aging,7; 49–51 In this study, aged FDL tendons had increased changes in 

crimp amplitude across fatigue life compared to adult tendons, suggesting that similar 

structure-function mechanisms in response to fatigue loading may also occur in smaller 
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animal models. This exciting finding may provide both key insight into broader pathways for 

tendinopathy across species and become a tool for focused genetic evaluation of these 

mechanisms using genetic knockout models.

While the use of a non-destructive tool to study tendon crimp properties brings new 

possibilities, this study is not without limitations. As polarized-light analysis is becoming 

more widely used to study the structure and function of tendon,12; 52; 53 the interpretation of 

the outcome parameters such as crimp amplitude may be limited since the values measured 

are a surrogate for crimp angle. Our previous study has examined specific strains at which 

crimp disappears during loading.52 Future work will determine the specific strains at which 

uncrimping occurs following fatigue loading. Another limitation is that this study tests only 

the acellular component of tendon. Resident cells that comprise tendons are not at play in 

the tissues we studied, but have been suggested to drive formation of crimp in tendon.54; 55 

Future work using the optical measurement of crimp will focus on additional tendon types 

and regions, genetic knockouts, response to injury48 and eventually in vivo optical 

measurement of crimp with all the attendant benefits and complexities of a biologically 

active tissue responding to physiologic load.
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Figure 1. Study Design.
(a) Adult (P150) and aged (P570) mice had their PT and FDL tendons harvested and 

prepared for fatigue mechanical testing. During loading, mechanical fatigue properties were 

computed and crimp properties were assessed using a (b) crossed polarizer. (c) The 

mechanical testing protocol consisted of pre-conditioning and imaging crimp in the toe 

region followed by cyclic loading and re-imaging.
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Figure 2. Tendon fatigue properties depend on cycle number and tendon type (P150 tendons).
Both cycle number and tendon type was a significant factor in tendon (a) laxity, (b) tangent 

modulus, and (c) hysteresis. Data shown as mean and standard deviation. Lines with (*) 

indicate significant differences between tendons and letters indicate significant differences 

by cycle number (a-10, b-100, c-1000).
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Figure 3. Tendon crimp properties depend on fatigue loading cycle number and tendon type 
(P150 tendons).
Both cycle number and tendon type were a significant factor in the (a) change in crimp 

amplitude and (b) crimp frequency. Data for crimp properties was taken at 0.1N. Data shown 

as mean and standard deviation. Lines with (*) indicate significant differences between 

tendons and letters indicate significant differences by cycle number (a-10, b-100, c-1000).
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Figure 4. Aging affects laxity in positional but not energy storing tendons during fatigue loading 
(P150 and P570 tendons).
Low stress creep response depends on tendon type and aging. Aging affects low stress creep 

response in positional tendons. Tendon type was a significant factor on the (a) cross 

sectional area, (b,c) laxity, (d) tangent modulus, (e) hysteresis, and (f) toe region strain. 

Aging significantly affected the (b,c) tendon laxity. All properties in figures were evaluated 

after 1000 fatigue loading cycles. Data shown as mean and standard deviation. Lines with 

(*) indicate significant differences. N=7–12/group.
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Figure 5. Aging and tendon type affect tendon crimp properties during fatigue loading (P150 and 
P570 tendons).
Tendon type affected the (a) change in crimp amplitude and (b) crimp frequency, however, 

tendon age only affected the change in (a) crimp amplitude. Data shown as mean and 

standard deviation. Lines with (*) indicate significant differences and single lines indicate 

trends.
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