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ABSTRACT

TENDON MULTI-SCALE STRUCTURE,

MECHANICAL FUNCTION, AND DAMAGE

Andrea H. Lee

Dawn M. Elliott

Tendinopathy, degeneration of tendon that leads to pain and dysfunction, is
common in both sports and occupational settings, but the mechanisms for tendinopathy
are still unknown. Many studies attribute the initiation of tendinopathy to damage
initiated by mechanical loading, leading to microstructural changes. Yet, the link
between mechanical loading and microstructural changes, resulting in macroscopic
changes, is not fully elucidated. Thus, the objective of the dissertation was to investigate
the damage mechanisms and hierarchical structure of non-load- and load-bearing rat
tendons, including the tail, plantaris, and Achilles tendons. Damage is defined as an
irreversible change in micro-scale deformation that is observable in tissue-scale
mechanical parameters. Multi-scale mechanical testing was conducted to investigate the
damage mechanisms by simultaneously quantifying tissue-scale mechanical and
microstructural changes. The hierarchical structures of these tendons were studied using
multiple imaging methods including histology, scanning electron microscopy (SEM),

and confocal microscopy.
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At the tissue-scale, the transition strain, linear region modulus, and inflection point
strain demonstrated strain-dependent changes in rat tail and plantaris tendons, suggesting
that these metrics can be used to quantify the effect of damage. At the micro-scale, the
micro-scale strain fully recovered following loading and unloading, yet the micro-scale
sliding was only partially recoverable in all tendons. The non-recoverable sliding was
strain-dependent in the tail and plantaris tendons, and the percentage of non-recoverable
sliding was surprisingly similar between the tail and plantaris tendons. The non-
recoverable sliding was related to the altered tissue-scale transition strain in the tail and
plantaris tendons. Collectively, the micro-scale sliding is responsible for both loading and
damage mechanisms for both non-load and load-bearing tendons. Achilles tendon
demonstrated some of the mechanical responses observed in plantaris and tail tendons, yet
the results were inconclusive due to its complex structure. Studying the hierarchical
structure of these tendons demonstrated that fascicles are absent in rat tendons, and thus
the fiber is the largest tendon subunit in rats, with the exception of rat tail tendon. We
provided a structurally-based definition of fiber as a bundle of collagen fibrils that is
surrounded by elongated cells, and the fiber diameters were consistently 10-50 um, which
is conserved across larger species. Understanding the mechanisms responsible for the
pathogenesis and progression of tendinopathy can improve prevention and rehabilitation

strategies and guide therapies and design of engineered constructs.
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Chapter 1
INTRODUCTION

Tendon is a fiber-reinforced load-bearing soft tissue that connects muscle to bone
and provides mechanical functions and stability. Tendon is required to withstand large
repetitive mechanical forces and deformations and, therefore, is vulnerable to tendon
pathologies such as tendinopathy, a clinical presentation of pathology resulting in pain,
tenderness, swelling, and functional weakness. [1-4] An incidence rate of tendinopathy is
steadily rising and is common in both sports and occupational settings. [3,5-7] Yet, tendon
has a poor healing capacity and treatment options are limited. [8—11] The current
rehabilitation strategies are not sufficient to completely reverse pathology once initiated,
[2,12] leaving disorganized scar collagen with inferior mechanical properties, [3,5,9] and
thus prevention of tendinopathy is important.

Many studies attribute the initiation of tendinopathy to damage initiated by
mechanical loading that leads to microstructural changes. [1,2,4,13-17] Still, the specific
mechanism of tendon damage, spanning multiple length scales, is unknown. Specifically,
the relationship between micro-scale structural changes and tissue-scale functional changes
is not well understood. In addition, a quantification of tendon damage remains challenging,
in part because a precise definition with appropriate engineering context and multi-scale
understanding of tendon structure and mechanics have not been applied to study tendon

damage.



Thus, this thesis will investigate the damage mechanisms by studying the multi-
scale mechanics of tendons and hierarchical structure with varying mechanical functions.
Chapter 2 will include pertinent background information to demonstrate the significance
of the dissertation. Chapter 3 will study the damage mechanisms of non-load-bearing
tendon using the multi-scale mechanical testing and will establish a method of tendon
damage quantification that will be used throughout the thesis. The effects of freezing on
tendon mechanical properties and damage mechanisms at multi-scale will be presented in
Chapter 4. Chapter 5 will focus on the hierarchical structure of tendons by using multiple
imaging methods to provide definitions of each hierarchical scale based on the
characteristic features. Chapter 6 will demonstrate the damage mechanisms of load-
bearing tendons using a similar approach used in Chapter 3. Chapter 7 will briefly discuss
a pilot study that investigated the effect of aging on the damage mechanisms. Finally, in
Chapter 8, a summary and conclusion of this dissertation are provided, and future studies
based on the findings of the dissertation are proposed. This knowledge can improve
prevention and rehabilitation strategies and identify structural targets for functional
regeneration, repair, and replacement. In addition, the experimental design of the
dissertation can also be applied to other fiber-reinforced tissues (e.g., ligament, meniscus,

annulus fibrosis) in the future.



Chapter 2
BACKGROUND

2.1 Tendon Structure

Tendon is mostly composed of fibrous collagens (65%-80% of dry weight) that are
mostly aligned in one direction, [18-20] and it is assembled into a complex hierarchical
organization, spanning multiple length scales (Figure 2.1). In addition, it is composed of
1-2% of elastin [21,22], ~1% proteoglycans (PGs), [23] other minor collagens, proteins,
and water. [24] The majority of the collagen is type | with small quantities of type IlI
collagen and other types of collagen. [25,26] Collagen is a main structural protein that
constitutes various connective tissues in the human body. At the molecular-scale, collagen
is composed of three peptide chains (i.e., a-helices), which wrap into a tight triple helix.
[27,28] Each triple helix is made of repetitious amino acid, and the three peptide chains are
stabilized by hydrogen bond. [29,30] At either end of the collagen chain, there is a
specialized amino acid, hydroxylysine, that can form cross-links of collagen molecules to
create a structure with high loading capacity. [31,32] This structural packing allows type |
collagen to be stronger than steel, gram for gram, [31] and withstand high-magnitude
and/or repetitive loading.

At the nano-scale, the collagen molecules spontaneously assemble with regularly
staggered ends, and adjacent collagen molecules displace from one another by 67 nm to
form a fibril. This particular staggering of collagen molecule gives rise to a characteristic

feature of a striation of collagen fibrils, which is often observed by electron micrographs.



[33,34] At the micro-scale, it is widely accepted that the collage fibrils assemble to form a
fiber, and fibers form a fascicle at the tissue-scale, which is the largest subunit in tendon.
[19,35,36] However, it is important to point out that there is currently a disagreement on
the absence/presence of fiber, and the definitions of these structures vary among published

studies. [36]

Fascicle cell \
\

Collagen Fibril
Molecule

Figure 2.1: Hierarchical structure of tendon. Collagen molecules assemble with regularly staggered
ends to form a fibril. Collage fibrils assemble to form a fiber, and fibers form a fascicle at the tissue-
scale, which is the largest subunit in tendon. A) Electron micrographs of fibrils of rat tail tendon
and B) H&E staining of the equine tendon are shown. [37] This schematic is adapted from: [19,38]

2.2 Tendon Mechanical Function
Tendon connects muscle to bone and can withstand high and/or repetitive

mechanical forces and deformations in uniaxial tension, which is a primary direction that



is loaded in vivo. [39] Due to its intricate assembly of hierarchical collagen structure,
tendon exhibits a non-linear mechanical response under tension (Figure. 2.2). At low strain,
a stress-strain response of tendon is highly non-linear, and this region is called a toe-region
(Figure 2.2). This toe-region is associated with uncrimping, realignment, and elongation of
collagen at multiple length scales. [40-42] At higher strain, after the initial non-linear
region, the stress-strain response of tendon is more linear with an apparent modulus being
relatively constant, and this region is called a linear-region. Once tendon is loaded to a
higher load and becomes damaged, the load-bearing capacity of tendon can gradually

decrease and completely fail or rupture.
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Figure 2.2: Schematic showing stress-strain curve. The stress-strain curve is associated with
structural deformation at the micro-scale, where an accumulation of damage can lead to complete

rupture at high strain. [43]

2.3 Tendon Structure-Function (S/F) Relationships
The mechanical function of tendon is closely related to the hierarchical structure

that spans multiple length scales, and thus a structure-function (S/F) relationship is



important in addressing loading mechanisms of healthy tendon as well as injury,
degeneration, and aging of tendon. The collagen structure of healthy tendon is densely
packed and is highly aligned. However, the structure of tendinopathic tendon has an
abnormal collagen structure and arrangement, in addition to an altered level of PGs,
collagen, vascularity, and cell viability. [2,44] A replacement of collagen type I to type 111,
[26] decrease in accumulation non-enzymatic cross-links, and increase in cross-sectional
area (CSA) were also observed in tendinopathic tendons. [2,5,45] These structural changes
lead to mechanical changes including lower tendon stiffness, modulus, and peak stress.
[46,47] Thus, tendinopathy affects structures at multi-scale, which leads to inferior

mechanical properties.

2.4 Initiation of Tendinopathy and Damage

Mechanical loading is one of the primary factors that regulate tendon life-cycle. In
healthy tendon, mechanical loading is required to maintain tendon homeostasis and
preserve tendon integrity. [12,48-50] However, high magnitude and/or cycles of
mechanical loading is speculated to cause tendon damage, [51,52] which is supported by
an increase in the number of patients suffering from tendinopathy in sports [5,9,15] and
occupational settings that require repetitive tasks. [6,7] Thus, overloading, mechanical
loading that exceeds homeostatic loading, that leads to damage is theorized to be the major
contributor to tendinopathy initiation. This thesis will investigate the damage mechanism
by studying the relationship between micro-scale structural change and tissue-scale

functional changes after mechanical loading.
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Homeostatic Loading
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+ Individual Factors
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H
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Figure 2.3: Model of initiation of tendinopathy. This dissertation focuses on the critical gap, early

mechanical contribution immediately after overloading, that is outlined in black.

As a part of the thesis, a novel model on tendinopathy initiation was developed and
the thesis will address a gap in knowledge shown in the model (Figure 2.3). Tendon
remodeling and tendinopathy have been widely studied in advance stages, after either
positive or negative adaptation has taken place (i.e., green and red boxes). [12,50] Previous
studies demonstrated rehabilitation and exercise increase anabolic response observed in

protein and gene expression changes, [53—55], leading to superior structural and functional



changes (i.e., green boxes). [4,56—58] On the other hand, tendinopathy increases catabolic
response, [49,59,60] leading to inferior structural and functional changes (i.e., red boxes).
[46,47,61] Yet, the gap in knowledge is that the process that leads to either negative or
positive adaptation is largely speculative (i.e., black boxes). This thesis will investigate the
effect of over-loading on the micro-scale structural damage that is observable as a change
in tissue-scale mechanics (i.e., black boxes), which can potentially lead to tendon remodel
or tendinopathy.

The general assumption of the model is that damage is a part of tendon life-cycle,
and mechanical loading is a primary factor that initiates damage. For tendon to undergo
any function change, whether that is a positive or negative adaptation, | hypothesize that
mechanical loading is needed to deviate from homeostasis and cannot be achieved without
damage. To support this, mechanical and structural changes were observed after fatigue
loading at a low-load that only reached a toe-region [62] and no cell death was observed
after loading to a strain magnitude that has been shown to alter micro-scale structure.
[63,64] In addition, a previous study has shown that cells can detect collagen kinks that are
produced by overloading and migrate to the site. [65] Note that the thresholds that
distinguish homeostatic loading from overloading and positive adaptation from negative
adaptation are likely to be dependent on multiple factors observed in vitro and in vivo

settings (Figure 2.3).



2.5 Definition of Damage

One of the hurdles in addressing the gap in knowledge is due to a lack of a precise
definition of tendon damage with appropriate engineering context. In this study, we define
damage, consistent with the definition established in engineering and applied to other
materials, as an irreversible change in the microstructure that is related to a change in
macroscopic mechanical parameters. [66] Examples of the microstructural changes include
microcracks in metals, [66—69], interlamellar debonding in polymers, [70,71] matrix
microcracking in composites, [72,73] and voids in ceramics [74]; all of these irreversible
rearrangements in microstructure produced impaired macroscopic mechanical properties,
such as lowered modulus. In tendon, histological [75] and microscopic [52,76] studies have
shown microstructural changes that appear to represent damage; however, these were not
directly linked to mechanics. Similarly, changes to tissue-scale mechanical behavior, such
as reduced modulus and decreased failure stress and strain, are well-studied when tendon
is loaded to high stresses and/or for multiple cycles. [3,14,51,77,78] As mentioned above,
while these are likely in response to microstructural damage, the link to microstructural
change is not fully elucidated. Thus, evaluation of tendon at multiple length scales to
identify the microstructural source is a critical aspect in the study of tendon damage.

Another key feature in the definition of damage, in addition to microstructural
changes described above, is that it must be irreversible. Tendon, due to its viscoelastic
properties, can partially recover its tissue-scale mechanical properties after loading. [21,25]
However, many studies attempted to quantify the tissue-scale mechanical response

immediately after loading, without decoupling the effects of time-dependent recovery from



the permanent change. [26,27] Quantification of damage must distinguish between the
irreversible (non-recoverable, permanent) and recoverable changes in mechanical
parameters (strictly related to mechanical effects, separate from cell contributions to
healing).

Rodent tendons are widely used to study tendinopathy and to address fundamental
physiological questions about development, growth, and remodeling. While larger animals
may better represent human tendons, it is difficult to simultaneously analyze the whole
tendon structure and mechanics at multi-scale. Most commonly, parts of the tendon are
excised from large animal tendons to characterize only limited aspects of the S/F
relationship. [51,76,79] Rodent tendons, on the other hand, are small enough to study the
whole tendon S/F relationship. This thesis will focus on rat tendons to address the tendon
damage mechanisms and the effect of on S/F relationship of the whole tendon at multiple

length scales.

2.6 Functionally Distinct Tendon

Tendon hierarchical structure depends on the mechanical function of tendon.
Specifically, there are key differences between non-load- and load-bearing tendons in
equine and bovine tendons. These differences include tendon mechanics, [80-82] fascicle
and interfascicular mechanics, [80,81,83] interfascicular matrix composition, [84] cross-
link density, [82] and fibril deformation. [82,85] It is well-accepted that mechanical
function dictates the hierarchical organizations, [36] and thus the damage mechanisms

between functionally distinct tendon may differ. To study the S/F relationship and damage
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mechanisms of rat tendons, the hierarchical organization and damage mechanisms must be

studied in tendons with varying mechanical functions.

2.7 Research Objectives

The objectives of this dissertation were to investigate the damage mechanisms and
hierarchical structure of non-load and load-bearing rat tendons. Damage is defined as an
irreversible change in the micro-scale deformation that is observable in tissue-scale
mechanical parameters. Multi-scale mechanical testing was conducted on rat tendons to
investigate the damage mechanisms by simultaneously quantifying tissue-scale mechanical
and microstructural changes. The hierarchical structure of these tendons was studied using
multiple imaging methods including histology, scanning electron microscopy (SEM), and
confocal microscopy. Collectively, shear measured at the micro-scale, which was measured
as a micro-scale sliding, was a load transfer mechanism, and a non-recoverable sliding,
which indicates a residual sliding remaining after mechanical loading, was a damage
mechanism for both non-load and load-bearing tendons. Analysis of the hierarchical
structure of these tendons demonstrated that rat tendons do not contain fascicles and thus

a fiber is the largest tendon subunit, with the exception of rat tail tendon.
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Chapter 3

INVESTIGATING TENDON DAMAGE MECHANISM IN RAT TAIL TENDON
BY MEASURING MULTI-SCALE RECOVERY FOLLOWING TENSILE

LOADING

Based on published work: Lee, AH.; Szczesny SE.; Santare, MH.; Elliott, DM. “Investigating
Mechanisms of Tendon Damage by Measuring Multi-scale Unloaded Recovery Following
Tensile Loading,”: Acta Biomaterialia, 2017 57:363-372.

3.1 Introduction

Damage in tendon at the tissue-scale has been proposed to initiate when tendon is
loaded beyond a strain threshold, [86—-89] but metrics to define the damage threshold are
not well established. While some studies use a non-recoverable length (i.e., laxity) to
identify the threshold, [17,90,91] others use the beginning of strain-softening behavior.
[51,92] A recent study hypothesized that the inflection point in the stress-strain curve,
which marks the point where the stress-strain response shifts from strain-stiffening to
strain-softening, may mark the damage threshold in fibrous tissue. [93] Thus, we
investigated if the inflection point in the stress-strain curve represents the damage threshold
or onset of damage.

The effect of mechanical loading on microstructure that leads to damage is
unknown. Specifically, the microstructural location for tendon damage is unclear. Some
studies have identified structural changes of fibrils in the form of collagen kinking and

discontinuities [51,52] or increase in D-period, [94] while other studies suggest damage is
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localized to the structure that connects adjacent collagen fibrils together. [38,80] It is
possible that both occur or that damage on one location may precede the other.
Mathematical shear lag modeling of tendon has suggested that plastic deformation of the
structure that allows micro-scale sliding replicates the tissue-scale mechanical behavior of
tendon fascicles (matching the equilibrium stresses and predicting fibril strain); however,
elastic deformation of fibrils cannot replicate this tissue-scale mechanical behavior. [38,95]
Thus, shear lag modeling suggests that microstructural damage is localized to the structure
that allows micro-scale sliding and produces the observed changes in mechanical response
at the tissue-scale. In this study, we aim to experimentally identify the microstructural
source of damage by investigating tendon structure and deformation at the micro-scale.

In summary, the objective of this study was to elucidate the tendon damage
mechanisms. The key definitions of damage, an irreversible change in the microstructure
that is observable in the macroscopic mechanical parameters, were applied. Microstructural
changes were quantified at the micro-scale and mechanical changes were simultaneously
quantified at the tissue-scale. Experiments were designed to ensure damage was measured
only as a non-recoverable change in mechanical behavior by allowing the tissue to recover

after potentially overloading, and the threshold for damage initiation was determined.

3.2 Materials and Methods

3.2.1 Sample Preparation
Rat tail tendon fascicles were harvested from eleven 6-8 month old Sprague-

Dawley male rats. The entire tail was excised, and we further dissected an 8 cm long
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segment of the tail from the proximal end with its skin intact. These tails were previously
frozen at -20°C, where the maximum number of freeze-thaw cycle was limited to three.
[96] On the day of the experiment, each fascicle was pulled from the tail for mechanical
testing using forceps. We stained each sample with 10 u g/ml 5-DTAF (5-(4,6-
Dichlorotriazinyl) aminofluorescein, Life Technologies) to minimize the effect of DTAF
on mechanics. [97] We tested on a custom-made uniaxial testing device with a PBS bath
mounted on an inverted confocal microscope (LSM 5 LIVE, objective Plan-Apochromat
10x/0.45) as previously described. [38] Each sample was soaked in PBS to stabilize pH at
room temperature for at least 3 hours before testing to allow the sample to reach
equilibrium. [98] All the samples were kept at room temperature from the beginning of

DTAF staining to the end of mechanical testing.

3.2.2 Mechanical Testing Protocol

Mechanical testing on a total of 8 groups with n=7 fascicles per group was
performed. Each fascicle was randomly assigned to a grip strain of 2, 4, 6, or 8%, while
also randomizing the number of freeze-thaw cycles for each strain group (the average
freeze-thaw cycles were 2 per group). In addition, within each strain level, each fascicle
was randomly assigned to either ‘No Rest’ or ‘Rest’ group. We preloaded each fascicle to
0.5g (~5mN) to define the reference length and preconditioned with 5 cycles of 4% grip
strain (i.e., grip-to-grip displacement). After ramping to the strain level, we held the strain
level constant for 15 min to reach an equilibrium followed by unloading to the reference

length. The ‘No Rest’ or ‘Rest’ group was used to compare the effect of 60-minute
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unloaded rest on tissue-level parameters and separate the recoverable from non-recoverable
deformation (Figure 3.1a). The No Rest group was immediately loaded to failure after
unloading, whereas the Rest group was held at its reference length for 60 minutes before

loading to failure.

d No Rest A‘ = 1 Ramp to Failure - 2 InitialRamp b
Applied Strain 2> min E Tail Tendon
< 2 Camera View Microscope View
S ' Grip Grip
)
ink N Photc?bleach
Markers Line -
-
Rest Time
Time Grip Grip

1 Initial Ramp 2 Ramp to Failure
® Micro-scale Imaging

Figure 3.1: Mechanical loading profile schematic. (a) Definition of A = Ramp to Failure — Initial
Ramp was used to quantify damage when loaded to applied strain (i.e., strain levels 2, 4, 6 or 8%).
For the No Rest group, fascicle was loaded to failure immediately after unloading, whereas the Rest
group was allowed to rest for 60 minutes at the reference length before loading to failure. The green
dots represent when confocal images were taken to quantify micro-scale deformation. Dashed line
represents when tendon was unloaded to the reference length. All the loading and unloading rates
were 1%/s. (b) Ink markers were applied to tail tendon to optically measure the applied strain using
a CCD camera. On the other side of the tendon, four photobleached lines were applied using a
confocal microscope to measure the micro-scale deformations. The photobleach lines are not to

scale and enlarged for visualization.

The tissue-scale parameters calculated from the initial ramp were defined as ‘Initial
Ramp’ and the parameters calculated from the ramp-to-failure were defined as ‘Ramp to

Failure” (Figure 3.1a). The strain rate for all loading and unloading was 1%/s, and only the
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fascicles that failed in the mid-substance were included in the following analysis. We
excluded samples that failed at the grip (n=2) or slipped during preconditioning (n=3) from
this study and additional fascicles were added to achieve our target sample size based on a

power analysis. Thus, all the samples failed at mid-substance.

3.2.3 Data Acquisition

To measure the tissue strain, we applied two ink markers directly on the tendon
using a permanent marker and imaged with CCD camera to track displacement of markers
using a digital image correlation (Figure 3.1b; Vic 2D, Correlated Solutions). The optically
calculated strain is referred to as tissue strain, and this is different from the grip strain (e.g.,
2, 4, 6, or 8%). The tissue strain quantified at the end of Initial Ramp was labeled as
‘applied strain’, and this is the maximum tissue strain measured during the Initial Ramp.
In addition, we quantified the transverse strain and micro-scale parameters (i.e., micro-
scale strain and sliding) using the confocal microscope. The confocal image stacks (15 fps;
0.53 x 0.53 x 1.24 um pixel—1) were taken after preconditioning to reconstruct the cross-
sectional profile of each sample. This profile was fitted with an ellipse to determine the
sample cross-sectional area by measuring both the major and minor axes. We acquired
images at 10 time points, represented by green dots (Figure 3.1a): after preconditioning
(i.e., reference image), at the beginning and end of the relaxation period, and every 10
minutes during the 60-minute rest period. Note that data for No Rest groups can only be

quantified after preconditioning, at the beginning and end of the relaxation period. Thus,
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we only report data acquired using the confocal microscope for Rest groups, but we have

carried out identical staining and imaging procedure for both No Rest and Rest groups.
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Figure 3.2: Tissue-scale parameter quantification. The representative o-& response of the tail
tendons is shown, where Initial Ramp is represented as an orange and Ramp to Failure is
represented as a blue line. The stress relaxation and unloading are not shown in the graph.
Transition point (red open circle), inflection point (purple open square), and linear region modulus

(linear line between transition and inflection points) were quantified for both ramps.

3.2.4 Data Analysis — Tissue-scale parameters

The tissue-scale stress-strain (o-€) data was constructed by dividing the tensile
force by the original cross sectional area to calculate stress and tracking marker
displacement to calculate tissue strain. The o-¢ data up to an inflection point, defined as a
point where the stress-strain curve shifts from strain-stiffening to strain-softening, [93] was
used to determine transition point and modulus. This was to ensure that we were

quantifying the modulus of the linear region before strain-softening (Figure 3.2). The
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inflection point, was calculated by fitting a cubic smoothing spline using the csaps function
in Matlab and finding the first zero crossing point of the second derivative.

The o-¢ data from zero to the inflection point was then fit with a nonlinear constitutive
model (Eq. 1) to simultaneously calculate linear region modulus (E), transition strain (p),
and transition stress (q), where the transition point was defined as the end of the nonlinear
toe-region (Figure 3.2) [99]:

_{A* (exp(Be) — 1), Ve Sp}
Tl Ex(e—p)+q Ve>p

(3.2)

This equation was fully defined by three parameters: p and the constants A and B.
From algebraic evaluation of Equation 1, at the transition point (i.e., € = p) the transition
stress can be expressed as ¢ = a(p) = A4 * (exp(Bp) — 1).

Using the Matlab function fmincon, the parameter values (A, B, and p) were
simultaneously optimized to minimize a mean square error. To describe the nonlinear
behavior, we chose a widely used exponential model. By using the constitutive model and
optimization, the continuity between the toe and linear region is enforced and the
quantification of parameters is objective and reproducible.

The tissue-scale parameters including the linear region modulus, transition strain,
transition stress, inflection point strain, and inflection point stress were calculated for both
Initial Ramp (i.e., pre-damage state) and Ramp to Failure (i.e., post-damage state). To
quantify the effect of damage, we calculated the change in each parameter (A), defined as
A= Ramp to Failure — Initial Ramp (Figure 3.1a). In case of no damage, the values of the

parameters for the Initial Ramp and Ramp to Failure are the same and the A is zero. In

contrast, the A is a non-zero value if there is an observable damage. The linear region and
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inflection point occur above the 2% grip strain, so we excluded the Initial Ramp 2% strain

group data for the linear region modulus, inflection point strain, and inflection point stress

(Table 3.1).

Table 3.1: Initial Ramp and Ramp to Failure values for tissue-scale parameters. Table includes

parameters for both No Rest and Rest groups (average + SD).

2% 4%

6%

8%

No Rest Rest No Rest Rest

No Rest  Rest

No Rest  Rest

Transition Strain

0.013+ 0.010+ 0.014+ 0.015%

0.017+ 0.017+

0.020+ 0.016+

InitialRamp " 506" 0006 0.006 0006 0009 0005 0009  0.009
0015+ 0014+ 0021+ 0.021+ 0064+ 0026+ 0042+ 0.030+
Rampto Failure “o50s" 5006 0003 0005 0089 0004 0009  0.016
Transition Stress (MPa)
nital Ramp  439% 226+ 440 502: 548t 530% 632+ 4891
122 050 12 115 199 128 263 161
Rampto Failure 4575 470% 586% 649t 699 683 671% 668+
452 160 139 125 184 169  1.80  2.25
Linear Reg. Mod (MPa)
nitial Ramp 973+ 0976+ 1010+ 872+ 895+ 984+
176 233 172 170 120 220
Rampto Failure 1315% 1082% 023+ 936% 771% 736+ 526%  653x
356 115 185 217 263 126 155 156

Inflection Pt. Strain

0.021+ 0.022 +

0.025+ 0.024

0.028+ 0.022 +

Initial Ramp 0.004 0002 0008 0005 0007  0.009
Ramp o Failure 0024 0024% 0033% 0032: 0050+ 0047% 0.063% 0.05L:
0.006 0007 0004 0005 0010 0006 0007  0.020
Inflection Pt. Stress (MPa)
nitial Ramp 134+ 160+ 140+ 123+ 139+ 143+
224 273 382 275 351  6.02
Rampto Failre 167% 160% 165% 163% 227 2263 207% 2483
Ramp to Failure 111 798 285 311 353 246 628 107 _
ook Strain  0.0BL% 0078+ 0088+ 0082+ 0100% 0092+ 0107+ 0097¢
0038 0020 0019 0017 0019 0010 0009 0019
Peak Stress  61.6+ 500+ 477+ 457+ 497+ 493+ 320+ 524+
(MPa) 911 704 111 980 111 276 934 209
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The peak stress and strain were also quantified for the fascicles that failed within
the load cell limit of 10 N. The fascicles that did not fail were excluded in the peak stress
and strain analyses but included in all the other analyses. In total, the number of fascicles
excluded in the peak stress and strain analyses were n=3, n=1, n=1, and n=2 for No Rest
groups and n=2, n=1, n=2, and n=0 for Rest groups for the 2, 4, 6, and 8% strain levels,
respectively.

The transverse strain (&;) was calculated by measuring the change in fascicle width (w),
where w was the major axis of the cross-sectional profile acquired from confocal images,
as & = (w, —w;)/w,), where w, is the reference width and w; is width at the time of
interest. The confocal images were used instead of CCD camera images to quantify
transverse strain since the resolution of confocal images was higher than that of CCD
images. In addition, we fitted an exponential decay function, f(t) = C * exp(—t/1),
where C is a constant, to quantify the transverse strain recovery response by quantifying

the time constant (z;).
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Figure 3.3: Mlcro scale parameter quantlflcatlon @ Parameters measured at End of Initial Ramp,
End of Stress Relaxation (SR), Beginning of Rest, and End of Rest were quantified and used for
further analysis. (b) The micro-scale strain and sliding, a measurement of micro-scale deformation
of averaged fibril and fiber structures, were quantified using deformed photobleached lines. (c)
Representative image of tendon used to measure micro-scale mechanics. The image corresponds
to: (A) the reference state before loading; (B) at End of Initial Ramp, where the micro-scale strain
and sliding increased compared with the reference image; (C) Beginning of Rest, or immediately
after unloading, where the sliding partially recovered; and, (D) at End of Rest, where the sliding

was not fully recovered after loading to 6%.

3.2.5 Data Analysis — Micro-scale parameters

Using a confocal microscope, four lines were photobleached perpendicular to the
fibril direction and separated by 200pum to measure the micro-scale deformations (Figure

3.3b). The lines were tracked to calculate the micro-scale strain and sliding as previously
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described. [38] The micro-scale strain represents an axial deformation, and the micro-scale
sliding represents a relative shear deformation of collagen fibers and fibrils. The micro-
scale strain was defined as the change in distance between pairs of photobleached lines,
and the micro-scale sliding was defined as the average tortuosity (i.e., waviness) of all four
lines (Figure 3.3Db, c).

The sliding was decomposed into recoverable (i.e., elastic and viscoelastic) and
non-recoverable portions from the values for sliding at the End of Stress Relaxation (SR),
Beginning of Rest, and End of Rest, (Figure 3.3a). The elastic sliding recovery, defined as

the instantaneous recovery upon unloading, was calculated as:

End of Stress Relaxation—Beginning of Rest
End of Stress Relaxation

x 100% (3.2)

The viscoelastic sliding recovery, defined as the time-dependent recovery at End of Rest

after subtracting out the elastic sliding recovery, was calculated as:

Beginning of Rest —End of Rest

X 100% (3.3)

End of Stress Relaxation

Finally, the non-recoverable sliding was defined as the percentage of permanent
sliding that remained at End of Rest. It was calculated as the sliding value at End of Stress
Relaxation minus the elastic and viscoelastic recovery. We also fit an exponential decay
equation, f(t) = D = exp(—t/t), where D is a constant, to the micro-scale sliding
recovery response to quantify the time constant (z;) and to confirm that 60-minuate rest

period was sufficient time to reach equilibrium.
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3.2.6 Excluded Samples

Two fascicles from the 8% strain level, one each for No Rest and Rest groups, were
removed for both tissue- and micro-scale analyses because these samples were twisted
during loading and the A linear region moduli of the samples were more than two standard
deviations from the population average. For the micro-scale analysis, one additional sample
from the Rest group at the 8% strain level had diffused photobleached lines and was
removed only for the micro-scale analysis. For the tissue-scale analysis, the final reported
sample size was n=7, n=7, n=7, and n=6 for both No Rest and Rest groups at the 2, 4, 6,
and 8% strain levels, respectively. For the micro-scale analysis, the final reported sample
size was n=7, n=7, n=7, and n=5 for Rest group at the 2, 4, 6, and 8% strain levels,

respectively.

3.2.7 Statistical Methods

All the statistical analyses were conducted using GraphPad Prism. To determine
which tissue-scale parameters exhibit strain dependency, each of the parameters including
A transition strain, A transition stress, A linear region modulus, A inflection point strain,
and A inflection point stress was correlated with tissue strain by fitting a linear regression
line. The extra-sum-of-squares F-test was performed to determine the effect of the 60-
minute rest period on tissue-scale parameters by comparing the slopes of linear regression
between the No Rest and Rest groups. In addition, each of the three decomposed sliding
components (i.e., elastic, viscoelastic, and non-recoverable sliding) was correlated with

applied strain by fitting a linear regression line to determine which component represents
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strain-dependency at the micro-scale. Similarly, the non-recoverable sliding was correlated
with Ramp to Failure linear region modulus, Ramp to Failure transition strain, and Ramp
to Failure inflection point strain to relate the damage at the micro-scale to the changes of
mechanical response at the tissue-scale. The significance was set at p =0.05 and Pearson’s

correlation (r) is reported for all the comparisons.

3.3 Results

3.3.1 Tissue-scale Parameters

At the tissue-scale, tendon experienced a permanent change in mechanical
parameters (i.e., tissue-scale observation of damage) that was strain-dependent (Figure 3.4,
Table 3.1). For the Rest groups, the A transition strain increased (Figure 3.4a, p<0.0001)
with applied tissue strain and the A linear region modulus decreased with applied tissue
strain (Figure 3.4c). The A inflection point strain (Figure 3.4d, p<0.0005) and A inflection
point stress (Figure 3.4e, p<0.005), and peak strain (Figure 3.5a, p<0.01) were also
dependent on the applied strain. These results show that damage is strain-dependent. Some
parameters including the A transition stress (Figure 3.4b) and peak stress (Figure 3.5b) did
not exhibit strain dependency. In addition, the moduli reported in this study are similar to
previous rat tail tendon results (Table 3.1) [38,100,101] and fascicles were loaded to the
same magnitude of physiological stress [102]. The tissue-scale parameters that are strain-
dependent, including the transition strain, linear region modulus, inflection point strain,

and inflection point stress, may represent the effect of damage.
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Figure 3.4: Tissue-scale tensile behavior. At the tissue-scale, tendon experienced a permanent
change in mechanical parameters that was strain-dependent for (a) A transition strain, (c) A linear
region modulus, (d) A inflection point strain, and (e) stress, but not for (b) A transition stress for
the Rest group. For any of the parameters, there was no difference between the slopes of No Rest
and Rest groups, suggesting the rest period does not alter the tissue-scale parameters and verifies
that parameters measured are non-recoverable. The dashed lines represent the 95% confidence

intervals.

Although only the Rest group is needed to separate recoverable viscoelastic effects
from damage, we also included No Rest group to study the effect of viscoelastic recovery
on mechanical parameters. Ultimately, there was no difference between the slopes of No
Rest and Rest for any parameters (Figure 3.4, Table 3.1). For both No Rest and Rest groups,
the A transition strain (Figure. 3.4a, p<0.05), A linear region modulus (Figure 3.4c,
p<0.0005), and peak strain (Figure 3.5b, p<0.05) were significantly correlated with applied

strain. However, a few parameters in No Rest had a different set of significant correlations
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than seen in the Rest group. For example, the correlation of peak stress (Figure 3.5b, p<0.05)
was significant only for No Rest group, A inflection point strain and stress did not show
strain dependency for No Rest group. The different set of significant correlations between
two groups might be attributed to a minor role of viscoelasticity and/or experimental
variation since there was no statistical difference between the slopes of two groups. The
summary of statistical analyses with Pearson’s correlations and p-values are included in
Table 3.2. No difference between the two groups suggests the 60-minute rest period does

not alter the tissue-scale parameters and verifies that parameters measured are non-
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Figure 3.5: Peak strain and stress. (a) Peak strain increased with applied strain as expected for both
groups, and (b) peak stress decreased with tissue strain only for No Rest group. However, there
was no difference between the slopes of No Rest and Rest groups. The dashed lines represent the

95% confidence intervals.
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Table 3.2: Summary of Pearson’s correlation and p-value for No Rest and Rest. All parameters that

have a p-value <0.05 are bolded and Pearson’s correlations that have values greater than + 0.70 are

underlined.
No Rest Rest No Rest vs. Rest
p-value r p-value r p-value
A Transition Strain <0.05 0.47 @ <0.0001 0.73 0.59
A Transition Stress (MPa) 0.82 0.42 0.28 -0.21 0.68
A Linear Region Modulus (MPa)  <0.0005 -0.66 | <0.0001 -0.76 0.88
A Inflection Pt. Strain 0.083 0.42 @ <0.0005 0.83 0.30
A Inflection Pt. Stress (MPa) 0.61 0.12 <0.005 0.72 0.08
Peakstrain <005 044 <001 053 081
Peak Stress (MPa) <0.05 -0.50 0.12 -0.34 0.19

Table 3.3: Best-fit values and 95% confidence interval of the linear regression for Rest. Table

includes slope and x-intercepts of all parameters (best-fit value + SD).

A Transition Strain

A Transition Stress (MPa)

A Linear Region Modulus (MPa)
A Inflection Pt. Strain

A Inflection Pt. Stress (MPa)

Best-fit 95% Confidence Interval
slope X-intercepts slope X-intercepts
0.22+£0.04 0 0.146t0 0.304 -0.020t0 0.012
-125+114 0.179 -36.0t0 11.0 0.084 to oot
-6830+£ 1530 0.021  -10030to -3620 -0.001 to 0.031
0.72+0.13  0.020 -0.062t0 0.91 -0.002 to 0.029
232 £ 62 0.017 979103655 -0.028t0 0.031
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Table 3.4: Inflection point in grip strain. Table includes Initial Ramp and Ramp to Failure values

for inflection point in grip strain (average + SD).

Grip Strain
Inflection Point Stress (MPa)

Inflection Point Strain

Initial Ramp  Ramp to Failure Initial Ramp Ramp to Failure
2% No Rest 0.031 + 0.003 12.7+3.31
Rest 0.031 + 0.002 129+ 1.30
4% No Rest 0.041 £ 0.001 15.3+4.27
Rest 0.041 + 0.002 17.3+ 3.42
6% No Rest 0.032+£0.002  0.060 + 0.003 14.3+ 2.36 24.3 £ 4.86
Rest 0.034 + 0.004  0.057 + 0.005 13.1+ 3.33 22.1+5.85
8% No Rest 0.036 + 0.002  0.074 + 0.003 12.4+2.04 21.5+5.82
Rest 0.036 + 0.004  0.066 + 0.006 14.1+ 2.28 23.6+2.76

Not only do the strain-dependent correlations suggested tendon damage, but also
the x-intercept of these correlations suggest the damage threshold. The x-intercept of the A
linear region modulus was 0.021 (Figure 3.4c), and the x-intercept of the A inflection point
strain and stress (Figure 3.4d and 3.4e) was 0.017. Interestingly, these Xx-intercepts
correspond to the averaged Initial Ramp inflection point of the 4, 6 and 8% strain level
(Rest: 0.024 + 0.005, Table 3.1), suggesting that the inflection point coincides with the
damage threshold at the tissue-scale. In contrast, the x-intercept for the A transition strain
was zero, such that this parameter increased instantaneously when loaded (Figure 3.4a),
which implies that the transition strain behaves differently than the inflection point strain.
We have also included inflection strain and stress measured in grip strain for future

reference (Table 3.3).
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Figure 3.6: Transverse strain recovery. (a) Transverse strain fully recovered over time for all strain
groups. The dashed line represents when samples were unloaded and error bars represent SEM. (b)

The transverse z; was dependent on applied strain. The dashed lines represent the 95% confidence
intervals.

Transverse strain fully recovered at all strain levels (Figure 3.5a) and the time-
dependency of the transverse strain recovery was quantified using the exponential decay
function. The time constant (z;) ranged from 0.13 minute at 2% strain to 19.3 minute at 8%
strain and was strain-dependent (Figure 3.6b, n=22). Some samples recovered their

transverse strain immediately upon unloading and were not included in the curve fit (n=5).

29



- T 204 .
0.05 * 2% g‘; 16 | > 29, E
’ - - 4% &
o 17 6% 157 -
g + 8% 2 L - i
3 3 10 e e -
@ B & Non-recov. g a m
° ! 3 P "
3 4 \‘M ® 57 I
@ ! & n- [] e
o ! - 5]
3 T T T T 1 s 0 n oy r .
0.01 120 40 60 80 = ' 20 40 60 80 0.00 0.02 004 006 0.08
Time (min) Time (min) Applied Strain

Figure 3.7: Micro-scale deformation of tendon fascicles. (a) Micro-scale strain fully recovered for
all strain groups, suggesting that the collagen fibrils are undamaged. On the other hand, (b) micro-
scale sliding only partially recovered. Dashed line represents when samples were unloaded and
error bars represent SEM. (c) The micro-scale sliding was strain independent and averaged 7.43
min, suggesting that the rest period was long enough for a complete micro-scale sliding recovery.

Dashed lines represent the 95% confidence intervals.

3.3.2 Micro-scale Parameters

At the micro-scale, the micro-scale strain fully recovered while the micro-scale
sliding only partially recovered (Figure 3.7). The deformation demonstrated by the micro-
scale fully recovered elastically (i.e., instantaneously) in all strain groups (Figure 3.7a),
suggesting that the collagen fibrils are undamaged. On the other hand, the micro-scale
sliding recovery was time-dependent and only partially recovered — up to 50% of the
sliding was non-recoverable (Figure 3.7b). In addition, the time constant (z;) for micro-
scale sliding recovery did not show any strain dependency, where the average z; was 7.43

minutes across all strain levels (Figure. 3.7c, r= 0.01, p>0.95). This is a further evidence
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that the 60-minute rest period was sufficient for the viscoelastic response to reach

equilibrium, leaving the remaining non-recoverable effects as damage.
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Figure 3.8: Decomposed micro-scale sliding recovery. The sliding recovery was decomposed to
elastic, viscoelastic, and non-recoverable portions. (a) Elastic recovery decreased with tissue strain
while (b) viscoelastic recovery showed no strain dependency. (c) Non-recoverable sliding increased
with applied strain due to the decrease in elastic recovery. The dashed lines represent the 95%

confidence intervals.

The micro-scale sliding recovery was decomposed and each component was plotted
against tissue strain to quantify damage at the micro-scale (Figure 3.8). The elastic sliding
recovery (Figure 3.8a, r=-0.55, p<0.005) and non-recoverable sliding (Figure 3.8c, r=0.66,
p<0.0005) both correlated with applied strain. However, the viscoelastic sliding recovery
was not correlated with applied strain (p=0.44) and averaged 27.5% + 8.9% across all

applied strain levels (Figure 3.8b).
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3.3.3 Relationship between Tissue- and Micro-scale parameters

The non-recoverable sliding observed at the micro-scale was correlated with the
Ramp to Failure tissue-scale parameters for the Rest group (Figure 3.9). The linear region
modulus decreased with increasing non-recoverable sliding (Figure 3.9a, r =-0.54, p <
0.005), and the transition strain increased with increasing non-recoverable sliding (Figure
3.9b, r =0.63, p < 0.001). The inflection point strain also increased with non-recoverable
sliding (Figure 3.9¢c, r = 0.64, p < 0.0005). These correlations support the notion that the
non-recoverable sliding at the micro-scale contributes to the mechanical behavior at the
tissue-scale, consistent with the definition of tendon damage as an irreversible change in
the microstructure that is related the macroscopic mechanical parameters. Refer to
appendix for additional observations of transition and inflection point stress and A values

(Figure A1, 2)
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Figure 3.9: Relationship between tissue-scale mechanics and non-recoverable sliding. (a) Ramp to
Failure linear region modulus, (b) transition strain, and (c) inflection point strain were all correlated
with non-recoverable sliding. These correlations support the notion that the non-recoverable sliding
at the micro-scale contributes to the mechanical behavior at the tissue-scale. The dashed lines

represent the 95% confidence intervals.
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3.4 Discussion

This study quantified tendon damage, an irreversible change in the microstructure
that alters the macroscopic mechanical parameters, [66] by identifying the microstructural
micro-scale changes that correlated with altered macroscopic mechanical parameters at the
tissue-scale. Analysis of the micro-scale deformations demonstrated that the micro-scale
strain fully recovered following loading and unloading (Figure 3.7a). However, the micro-
scale sliding was only partially recoverable, suggesting tendon damage is localized to the
structures that are responsible for sliding (Figure 3.7b, 3.7c). At the tissue-scale,
irreversible mechanical parameter changes included a strain-dependent increase in
transition strain (an elongated toe region, Figure 3.4a), decrease in linear modulus (Figure
3.4c), and increase in inflection point strain (Figure 3.4d). By relating tissue- and micro-
scale parameters, we demonstrated that non-recoverable sliding is a mechanism for tendon
damage that is responsible for the decreased linear modulus and elongated toe-region
observed at the tissue-scale. In addition, we demonstrated that the inflection point of the
stress-strain curve represents the damage threshold and, therefore, may be a useful

parameter for future studies.

3.4.1 Microstructural Micro-scale Damage and Mechanisms

The microstructural observations, full elastic recovery of micro-scale strain and
non-recoverable sliding, are consistent with previous findings in equine common digital
extensor tendon, which bears relatively a low-stress. The equine tendon strain at the micro-

scale showed 90% recovery after tensile loading, while the sliding showed only 50%
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recovery. [80] The partial non-recoverable sliding (Figure 3.4), suggests that tendon
damage was localized to the structure that is responsible for shear in tendon. This result
directly supports the assumptions made in a previous mathematical shear lag model, where
plastic deformation of the structure that allows micro-scale sliding was the only condition
able to replicate experimental observations. [95]

This study provides strong evidence that tendon damage first occurs in a structure
that is responsible for micro-scale sliding. Notably, the damage mechanisms identified in
this study differs from other studies that observed damage in forms of collagen fibril
kinking and discontinuities after fatigue loading. [51,52] The tendons in these studies,
however, were subjected to higher applied strains [51,94,103] or a substantial amount of
cyclic loading. [52] Thus, damage of the collagen fibrils may occur after non-recoverable
sliding damage, when the non-recoverable sliding reaches its maximum capacity to
transmit shear load. This is partially supported by a recent study, where damage in the
collagen fibrils of rat tail tendon was detected at 7.5% grip strain by the use of collagen
hybridizing peptide (CHP) that binds to denatured collagen. [104] The threshold is much
higher than the threshold identified in this study (i.e., ~4% grip strain). A relatively low
damage threshold in our study implies that damage initiates at the structure that allows
micro-scale sliding and may precede the damage on collagen fibrils.

While this study identified non-recoverable sliding as mechanisms of tendon
damage, the compositional structures responsible for micro-scale sliding elastic recovery
(Figure 3.8a) and for loss of sliding recovery (Figure 3.8c) remain unknown. Although it

is hard to draw any conclusion about the component of the structure that allows micro-
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scale sliding with our optical observations (Figure 3.3c), small diameter collagen fibrils are
a potential candidate. The bifurcation and fusion of the smaller diameter fibrils between
larger fibril have been observed in many studies. [105-107] We recently used serial block-
face scanning electron microscopy to demonstrate that a network of small diameter fibrils
wrap around and fuse with larger collagen fibrils, suggesting that these smaller diameter
fibrils may be the shear load transferring structures. [108] Moreover, digestion of all non-
collagenous matrix with trypsin did not affect the micro-scale sliding in rat tail tendon,
[108] consistent with glycosaminoglycan digestion studies that observed no changes in
tissue-level mechanics. [109] Although we and others have previously used the
terminology “matrix” to describe the material that provides micro-scale shear load transfer,
we now suggest small diameter collagen fibrils and not “matrix” may be responsible for
shear load transfer. Further investigation is needed to identify structural contributors to

tendon damage, particularly at length scales at the nano-scale. [51,94,103,104]

3.4.2 Tissue-scale Changes Reflecting Tendon Damage

Damage was observed in several tissue-scale mechanical parameters including the
transition strain, linear region modulus, and inflection point strain. Therefore, these three
parameters can be used as metrics to quantify the effect of tendon damage. Although the
inflection point stress was strongly dependent on applied strain, it did not correlate with
the non-recoverable sliding like other parameters, suggesting inflection point stress may
not be a good metric for measuring damage. These tissue-scale metrics are similar to those

other studies have utilized, such as tissue lengthening or laxity (which was measured
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indirectly by A transition strain in this study) and linear region modulus for tendon [17,76]

and ligament. [86,90,91]

3.4.3 Damage Threshold

The study suggests that the damage threshold occurs at the inflection point of the
stress-strain curve where strain softening begins (Figure 3.2). Evidence to support this as
the damage threshold is that the strain value for the inflection point during Initial Ramp
loading was similar to the independent calculations of x-intercepts for the strain-dependent
tissue-scale parameters (Figure 3.4c-e). Furthermore, the inflection point strain strongly
correlated with the non-recoverable sliding (Figure 3.7), suggesting that the inflection point
marks the damage threshold at the micro-scale. Refer to appendix for an additional
discussion of damage threshold (Figure A.3).

The study limitation is that damage was induced with a single type of loading
protocol with one strain rate: a ramp at 1%/s to the applied strain level that was held static
for a 15-minute stress relaxation. It is possible that different mechanisms of damage with
other types of loading can occur, particularly with cyclic loading. In addition, it is unknown
whether damage occurred during loading (i.e., as soon as tendon was stretched beyond a
damage threshold) or damage occurred during the holding (stress-relaxation) period.
Future studies will need to address the role of loading rate [110] and viscoelasticity. [104]
Indeed, we performed cyclic preconditioning at 4% grip strain, which is presumably above
the threshold of the static stress relaxation protocol we performed. However, our pilot data

showed there was no difference in any of the tissue-scale parameters between 2% and 4%
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preconditioning level (Figure 3.10). Thus, not only the strain magnitude but also the
loading type (i.e., static vs. cyclic) and duration (i.e., 10 seconds vs. 15 minutes) of loading
may have different contributions to damage. In addition, the rat tail tendon fascicle is a
model system that can elucidate fundamental mechanics of tendon, yet the damage
mechanism in other tendons, especially the ones that bear higher loads may be different.

[80,82] Future studies need to address factors that can contribute to damage mechanism.
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error bars represents SEM.
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3.4.4 Irreversible Damage Versus Viscoelastic Recoverable Effects

The experimental design that incorporated 60-minute rest was important to separate
irreversible damage from viscoelastic effects. Two viscoelastic effects were measured: the
transverse strain recovery (Figure 3.6) and the viscoelastic portion of the micro-scale
sliding recovery (Figure 3.8b). It is likely that both of these viscoelastic responses were
governed by fluid flow. [111,112] As predicted by biphasic theory, tensile stress-induced
contraction in the transverse direction is governed by fluid exudation during loading
[112,113] and the recovery of transverse strain should be caused by fluid influx back into
the tissue. The transverse strain fully recovered for all strain groups without any non-
recoverable portion (Figure 3.6a) and the time constant, while strain-dependent, was
between 5-15 minutes. In addition, the viscoelastic sliding recovery was not strain-
dependent (Figure 3.8b) and had a time constant of 7.4 min, similar in magnitude to the
transverse strain recovery. Thus, this study design successfully separated irreversible

damage for viscoelastic, likely fluid-flow based, effects.

3.5 Conclusion

This study used multi-scale mechanics to experimentally elucidate tendon damage
mechanisms, where damage was defined as an irreversible change in the microstructure
that is observable in macroscopic mechanical parameters. Key advances of this study were
that damage was measured as a non-recoverable change in mechanical behavior (by
allowing the tissue to recover after applying potentially damaging loading) and the

threshold for damage initiation was determined. In contrast to the observed full recovery
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of the micro-scale strain, the micro-scale sliding only partially recovered, indicating that
the damage is localized to the structures that are responsible for sliding. We concluded that
non-recoverable sliding is a mechanism for tendon damage and is responsible for the
decreased linear modulus and elongated toe-region observed at the tissue-scale. These
tissue-scale changes in transition strain (end of the toe region) and linear region modulus
are therefore appropriate metrics of tendon damage. We also demonstrated that the
inflection point of the stress-strain curve can successfully mark the threshold of damage in

tendon.
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Chapter 4

EFFECT OF FREEZING ON TENDON MECHANICS AND DAMAGE

MECHANISMS AT MULTI-SCALE

Based on published work: Lee, AH.; Elliott, DM. “Freezing does not alter multi-scale tendon
mechanics and damage mechanisms in tension,”: Ann. N. Y. Acad. Sci, 2018 1409:85-94.

4.1 Introduction

It is common in biomechanics to use previously frozen tissue samples when
studying tendon and other fibrous musculoskeletal tissues. Previously frozen tissue has the
advantage of convenience for transport and exchange of tissue, when acquiring samples
from commercial vendors or through collaborations. It is widely accepted to freeze tissue
and store tissue samples for mechanical testing later. In addition, soft tissue allografts that
are used for reconstructions are subjected to multiple freeze-thaw cycles before
implantation to avoid biological degradation. [96,114] In all of these situations, it is
assumed that the process of freezing and thawing does not cause mechanical and structural
damage, or that potential changes are minimal and inconsequential. Several studies have
addressed the effect of freezing, and most studies show no effect on mechanical properties
between fresh and previously frozen tissue. [96,114-118] However, minor effects of
freezing have been observed for modulus, [119,120] although other studies show no effect
of freezing on modulus. [96,114-117] In addition, minor freezing effects on microstructure

have been demonstrated as an increase in space between fibrils [121,122] and fibril
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diameter. [121,123] It is unknown if these microstructural changes affect tendon micro-
mechanics, and thus the effect of freezing on tendon mechanics needs to be investigated
further to improve the design of future experiments and standard practice in biomechanics.

In our previous chapter, we demonstrated that the changes in tissue-scale
mechanical parameters are closely associated with the micro-scale tendon damage, which
was observed as the non-recoverable sliding, using a previously frozen tissue. In several
other studies, minor freezing effects on microstructure have been observed such as an
increase in space between fibrils [121,122] and fibril diameter. [121,123] Yet, it is
unknown if these microstructural changes affect tendon micro-mechanics. Because damage
is related to microstructural changes, and microstructural alterations have been shown to
occur with freeze-thaw cycles, [121-123] it is unclear if freezing will alter tendon damage
mechanisms. Therefore, the novelty of the study is to investigate the effect of freezing on
tendon mechanics and damage mechanisms at multiple length scales. The objective of this
study was to test the hypothesis that carefully controlled freezing does not alter tendon
multi-scale mechanics and damage mechanisms and to confirm this qualitatively using
scanning electron microscopy of rat tail fascicle. The effect of freezing on tendon
mechanics can improve the design of future experiments and standard practice in

biomechanics.
4.2 Materials and Methods

4.2.1 Sample Preparation
Rat tail tendon fascicles were harvested from six 4-7 month old Long Evans female

rats. The study was conducted with two groups, Fresh and Frozen (n=10/group). The Fresh
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group was dissected and mechanically tested within 7 hours of sacrifice. The entire tail was
excised, and we further dissected an 8 cm long segment of the tail from the proximal end
with its skin intact. Fascicles were pulled from the 8 cm long segment of the tail for
mechanical testing. The proximal end of a rat tail (i.e., 8cm long with skin intact) was
wrapped in a PBS soaked gauze and placed in a plastic bag to be frozen at -20°C for future
studies.

The Frozen group (n=10) was prepared similarly to the Fresh except the tendon was
previously frozen in situ within the tail with the skin intact. On the day of mechanical
testing the 8 cm long tail segment, which was wrapped in a PBS soaked gauze and a plastic
bag, was placed in warm water for 30 minutes to 1 hour to thaw. After thawing, fascicles
were pulled from the tail for mechanical testing using forceps, as mentioned above. The
average number of the freeze-thaw cycle for the Frozen group was two and the maximum
number of the freeze-thaw cycle was limited to three. For the samples that underwent two
or three freeze-thaw cycles, the exact same freezing and thawing procedure was conducted
as above, that is, the intact tail segment was frozen while wrapped in a PBS soaked gauze
and a plastic bag. The maximum storage time was limited to 6 months.

After isolating the fascicle for testing as described above, all procedures were
identical for the Fresh and Frozen groups. First, 1 mm was cut from each end, removing
any potential tissue that may have been altered due to handling during sample excision and
preparation. We stained each sample with 10 ug/ml 5-DTAF (Life Technologies) in PBS
for 45 minutes. This concentration is low enough to minimize the effect of DTAF on

mechanics.[97] We tested the tendon fascicle on a custom-made uniaxial testing device
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with a PBS bath mounted on the inverted confocal microscope (LSM 5 LIVE, objective

Plan-Apochromat 10x/0.45) as previously described. [38] Each sample was soaked in PBS

at room temperature for at least 3 hours before testing to allow the sample to reach

equilibrium. In addition, all samples were kept at room temperature from the beginning of

DTAF staining to the end of mechanical testing.
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4.2.2 Mechanical Testing Protocol

The mechanical testing protocol (Figure 4.1a) is similar to the previous chapter. [64]
We preloaded each fascicle to 0.5g (~5mN) to define the reference length and
preconditioned with 5 cycles of 2% grip strain. Then, we ramped the tendon to 6% and
held at a constant stain level for 15 min of stress relaxation. We chose 6% strain to induce
damage, based on our previous study. [64] The sample was unloaded to the reference length
and held at its reference for 40 minutes and then loaded at a constant rate to failure. The
strain rate for all loading and unloading was 1%/s. To observe the effect of damage, we
quantified the tissue-scale parameters at 2 time points of the test protocol as demonstrated
previously (Figure 4.1a). While the applied grip-to-grip strain was 6%, from optical
imaging the tissue strain was 4.9 + 0.9% and 4.8 + 1.1% for Fresh and Frozen groups,

respectively, with no significant difference between the groups.

4.2.3 Data Acquisition

The procedure was similar to the previous chapter. Briefly, we applied two ink
markers directly on the tendon using a permanent marker and imaged with CCD camera to
measure optical strain. In addition, we quantified the transverse strain and micro-scale
parameters (i.e., micro-scale strain and sliding) using a confocal microscope. Throughout
the test, we acquired confocal images at 8 time points, represented by green dots (Figure
4.1): reference image, at the beginning and end of the stress relaxation period, and every
10 minutes during the 40-minute rest period. The rest time was reduced from 60-minute to

40-minute, based on the previous observation of micro-scale sliding constant (Figure 3.7¢)

45



4.2.4 Scanning Electron Microscopy (SEM)

For both Fresh and Frozen group, one sample per group was prepared for Scanning
Electron Microscopy (SEM) to study fascicle ultrastructure. Each sample underwent the
same dissection and storage procedure as above, and for the Frozen group, the sample
underwent two freeze-thaw cycles. Each sample was incubated in PBS for at room
temperature for at least 3 hours. Using insect pins, we pinned the sample in a straight line
and fixed it for 48 hours in 4% SEM-grade paraformaldehyde. After fixation, the sample
was incubated in 30% sucrose until it sank to the bottom, which took about 20 minutes
with agitation. After a quick rinse in PBS, the sample was cut into smaller pieces,
embedded in optimal cutting temperature compound and frozen using copper blocks cooled
with liquid nitrogen to freeze the tissue without a direct contact with liquid nitrogen. Using
a cryostat blade, the sample was cut longitudinally to observe interior ultrastructure. The
sample was left in deionized water overnight to wash embedding medium. The next day
we fixed the sample with 1% osmium tetroxide for 1 hour. The sample was then dehydrated
in graded ethanol, critical point dried, mounted on SEM stubs using carbon tab with their
cut-phase exposed surfaces, and coated using platinum. We examined the tendon at two
different magnifications, 6,000x and 35,000x, using Hitachi S-4700 operating at 3 kV. The
images were used to qualitatively assess the effect of freezing on the ultrastructure of

tendon.
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4.2.5 Data Analysis — Tissue-scale Parameters

The tissue-scale parameters were quantified the same way as the previous chapter
(Figure 3.2, Figure 4.1a). The tissue-scale parameters including the transition strain,
transition stress, linear region modulus, inflection point strain, and inflection point stress
were calculated for Initial Ramp and Ramp to Failure (Figure 4.1a). Particularly, we were
interested in transition strain, linear region modulus, and inflection point strain, which were
previously established in the previous chapter as metrics to study damage[64]. To quantify
the effect of damage, we calculated the change in each parameter (A), defined as A= Initial
Ramp — Ramp to Failure. In case of no damage, the values of the parameters for the Initial
Ramp and Ramp to Failure are the same and the A is zero. In contrast, the A is a non-zero
value if there is an observable effect of damage. Again, the transverse strain (e;) was
calculated by measuring the change in fascicle width (w) and we fitted an exponential
decay function, f(t) = C * exp(—t /1), where C is a constant, to quantify the transverse

strain recovery response by quantifying the time constant (zy).

4.2.6 Data Analysis — Micro-scale Parameters

The micro-scale deformations were measured using the same method used for the
previous chapter. Four lines, separated by 200 um, were photobleached perpendicular to
the fibril direction to measure deformations. The lines were tracked to calculate the micro-
scale strain and sliding as previously described (Figure 3.3). [38,64,97,108,124] The micro-

scale sliding was decomposed into three components: elastic, viscoelastic, and non-
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recoverable. We also fit an exponential decay equation, f(t) = D * exp(—t/t), where D

is a constant, to the micro-scale sliding recovery response to quantify the time constant ( ;).

4.2.7 Statistical Methods

Our first hypothesis was that tissue- and micro-scale mechanics are not different
between Fresh and Frozen groups. To test if freezing tissue affects the tendon mechanics
at the tissue-scale, each of the parameters including A transition strain, transition stress,
linear region modulus, inflection point strain, and inflection point stress was compared
using two-tailed t-tests. We also separated the A parameter into Initial Ramp and Ramp to
Failure to test if there is a difference within each Initial Ramp and Ramp to Failure between
Fresh and Frozen using two-tailed t-test. At the micro-scale, the comparisons between
Fresh and Frozen parameters were made, including the transverse strain z;, micro-scale
sliding 7, elastic recovery, viscoelastic recovery, and non-recoverable sliding. These
comparisons were performed using a two-tailed t-test to test if freezing has any effect on
tendon at the micro-scale.

Our second hypothesis was that the damage mechanisms are similar between Fresh
and Frozen groups. To test this hypothesis at the tissue-scale, we used two paired tailed t-
test to compare Initial Ramp and Ramp to Failure within Fresh and Frozen (Figure 3),
specifically focusing on transition strain, linear region modulus, and inflection point strain.
These parameters showed an effect of damage in our previous study of previously frozen
tissue. [64] For all statistical tests, significance was set at p =0.05 and all the statistical

analyses were conducted using GraphPad Prism.
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Figure 4.2: Tissue-scale mechanical parameters with Initial Ramp and Ramp to Failure. For any of
the parameters, there was no difference between the Fresh and Frozen groups (p>0.07). Transition
and inflection point strain both increased, consistent with our previous findings. These results
suggest that freezing does not alter tissue-scale tendon mechanics and damage mechanisms. The
error bars represent SEM.

4.3 Results

4.3.1 Tissue-scale Parameters

At the tissue-scale, the o -¢ responses showed that there was no qualitative
difference between the Fresh and Frozen at Initial Ramp (i.e., pre-damage, Figure 4,1b)
and Ramp to Failure (i.e., post-damage, Figure 4,1c). To quantitatively compare, we
compared the Fresh to Frozen mechanical parameters individually at the Initial Ramp and
Ramp to Failure and also compared the Fresh to Frozen using the A parameter, a
representation of damage at the tissue-scale. There was no difference between Fresh and

Frozen groups at either Initial Ramp or Ramp to Failure for any of the parameters including,
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transition strain and stress, linear region modulus, or inflection strain and stress (p>0.07,
Figure 4.2). In addition, there was no difference between Fresh and Frozen groups for the

A parameters for all of these parameters (p>0.6, Figure 4.3).
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Figure 4.3: Tissue-scale mechanical parameters in A. Tendon experienced a permanent change in
mechanical parameters A # 0 for both groups. For any of the parameters, there was no difference

between the Fresh and Frozen groups (p>0.07). The error bars represent SEM.

Damage was previously quantified at the tissue-scale in previously frozen tissue
using the A parameter (Ramp to Failure- Initial Ramp), [64,93] and we used similar
comparisons to test if these differences were maintained in the Fresh tendon. When we
compared between Initial Ramp and Ramp to Failure within each group, the transition

strain (Figure 4.2a) and inflection point stain (Figure 4.2d) significantly increased for both
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Fresh (p <0.05) and Frozen (p <0.0005), consistent with our previous findings. [64]
Additionally, the linear region modulus (Figure 4.2b) did not change from Initial Ramp to
Ramp to Failure, as expected, for both groups (p >0.2). The stress relaxation was 52.7 +
6.9% and 57.1 + 2.6% for the Fresh and Frozen groups, respectively, and was not different
when comparing Initial Ramp and Ramp to Failure. We have provided the values for each

parameter as an appendix (Table B.1).
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Figure 4.4: Transverse strain recovery. (a) Transverse strain fully recovered over time for both

groups. The dashed line represents when samples were unloaded. (b) The transverse tr was not
significantly different for both groups (p>0.80). Similarly, the constant C averaged -0.11 + 0.12
and -0.13 £ 0.04 for Fresh and Frozen, respectively, with no difference between the two groups
(p>0.47). The error bars represent SEM.

The transverse strain fully recovered for both groups (Figure 4.4a) and the time-
dependency of the transverse strain recovery was quantified using an exponential decay
function. The time constant averaged 0.47 + 0.51 and 0.52 + 0.24 minutes for Fresh and
Frozen, respectively (Figure 4.4b), with no difference between the two groups. Similarly,

the constant C averaged -0.11 4+ 0.12 and -0.13 + 0.04 for Fresh and Frozen, respectively,
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with no difference between the two groups (p>0.5). Three samples from the Frozen group
were not included in the exponential curve fit because these recovered their transverse
strain immediately upon unloading with no time-dependent recovery. Although only
Frozen group showed immediate recovery, this is likely due to an experimental variation
since the acquisition of micro-scale confocal images was delayed in these samples. In
summary, there was no difference between Fresh and Frozen tendons for any of the tissue-

scale parameters.
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Figure 4.5: Micro-scale deformation of tendon fascicles. (a) Micro-scale strain fully recovered for
both groups, suggesting that the collagen fibrils are undamaged. (b) On the other hand, the sliding
only partially recovered, exhibiting damage at the micro-scale, suggesting tendon damage is
observable by non-recoverable sliding and the mechanisms of tendon damage are the same in both
Fresh and Frozen tendons. Dashed line represents when samples were unloaded. (¢) The sliding T,
was not significantly different for both groups (p>0.98). Similarly, the constant D averaged 9.60 +
4.21 and 7.4 £ 2.94 for Fresh and Frozen, respectively, with no difference between the two groups
(p>0.19). The error bars represent SEM.
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Figure 4.6: Decomposed sliding recovery. The micro-scale sliding recovery was decomposed to

elastic, viscoelastic, and non-recoverable portions. For all three components, there was no

significant difference between two groups (p>0.78). The error bars represent SEM.

4.3.2 Micro-scale Parameters

Because tendon microstructural changes have been observed at the micro-scale due
to freezing the tendon, [121-123] we were particularly interested in evaluating the effect
of freezing on micro-scale mechanics. The micro-scale strain fully recovered (Figure 4.5a)
upon unloading and micro-scale sliding partially recovered (Figure 4.5b) for both the Fresh
and Frozen groups. The micro-scale sliding time constant, which averaged 2.27 + 1.19
minutes for Fresh and 2.25 + 2.16 minutes for Frozen, was not different between the
groups (Figure 4.5¢). Similarly, the constant D averaged 9.60 + 4.21 and 7.40 + 2.94 for
Fresh and Frozen, respectively, with no difference between the two groups (p>0.19). When
the micro-scale sliding recovery was decomposed into elastic sliding recovery, viscoelastic
sliding recovery, and non-recoverable sliding, there was still no significant difference
between the two groups (Figure 4.6, p>0.8) in all recovery parameters. Notably, the non-

recoverable sliding, which represents damage at the micro-scale, was very similar,
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averaging 48.9 + 17.4% and 49.4 + 17.7% for Fresh and Frozen groups, respectively
(Figure 4.6¢). There was no difference between Fresh (0.043 £+ 0.008 deg.) and Frozen

(0.034 + 0.015 deg.) for the sliding quantified at the End of Stress Relaxation (Figure 4.1).

Fresh

Frozen

Figure 4.7: SEM images of collagen fibrils for the Fresh and Frozen groups. The qualitative
observation of SEM images at that the fibril morphology and organization were similar at two
different magnifications—6,000x and 35,000x— between the two groups. The red box at the low

magnification represents the area imaged for the high magnification.

When studying the micro-scale damage mechanisms, the Fresh group showed the
same damage mechanisms as we have previously established in previously frozen
tissue.[64] The micro-scale strain fully recovered (Figure 4.5a), suggesting that there is no
damage to collagen fibrils. In addition, the micro-scale sliding only partially recovered

(Figure 4.5b) with 50% non-recoverable sliding, suggesting that damage is localized to the
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structure that connects adjacent collagen fibrils together. The qualitative observation of
tendon ultrastructure using SEM revealed that the fibril morphology and organizations are
both similar in both Fresh and Frozen groups (Figure 4.7). In summary, at the micro-scale,
there was no difference between the Fresh and Frozen groups and the damage mechanisms

were also the same.

4.4 Discussion

This study investigated the effect of freezing on multi-scale tendon mechanics and
novel damage mechanisms that was discussed in Chapter 3. There was no difference
between Fresh and Frozen groups for any of the parameters measured at the tissue-scale,
suggesting that there is no effect of freezing on tendon tissue-scale mechanics. We also
showed that the micro-scale strain fully recovered (Figure 4.5a) and micro-scale sliding
was only partially recoverable (Figure 4.5b), suggesting tendon damage is localized to the
structure that connects adjacent fibrils together, and the mechanisms of tendon damage are
the same in both Fresh and previously Frozen tendons. The novelty of the study is that we
demonstrated that there is no effect of freezing by introducing novel tissue-scale
parameters, quantifying micro-scale mechanics, and evaluating the effect of freezing on

damage mechanisms, which have not been addressed in previous studies.

4.4.1 Effects of Freezing on Tendon Mechanics
This study demonstrated that there is no difference between Fresh and Frozen

groups at both the tissue- and micro-scales. Our findings are consistent with other studies
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using tendon and ligament that compared Fresh and Frozen group at the tissue-scale.
[96,114-118] Notably, there was no difference at the micro-scale, despite the previously
observed increase in interfibrillar space [121,122] and increase in fibril diameter [121,123]
following freezing. While the formation of ice crystals may alter collagen integrity, this
alteration has only been observed in engineered biomaterials. [125,126] This suggests that
native tendon and ligament may be less affected by the ice crystals, especially when
carefully frozen. We preserved fascicles by freezing the whole rat tail with its skin still
intact, without freezing the isolated individual fascicles, and placing fascicles in plastic
bags, wrapped in a PBS soaked gauge. This likely helped protect the tendon to maintain its
micro-scale mechanics throughout the freeze-thaw process. In addition, we limited our
freeze-thaw cycle to three to minimize the effect of freezing. [96] The method of storage
and the number of freeze-thaw cycles may be important in preserving the mechanics of

tendon and ligament, and the protocol used in this study was effective for this preservation.

4.4.2 Effects of Freezing on Damage Mechanisms

Freezing tendon had no effect on damage mechanisms at either length scale. At the
tissue-scale, we used previously established mechanical parameters that reflect tendon
damage. Similar to other studies, we observed elongation of toe-region (i.e., increase in
transition strain) [17,90,127] and increase in inflection point strain, [64] which can mark a
damage threshold. [64] Thus, this study suggests that the damage initiates at the same strain
level for both Fresh and Frozen groups (i.e., Initial Ramp inflection point). Interestingly,

there was no difference between Initial Ramp and Ramp to Failure linear region modulus,
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as expected. [17,64,86,90,127,128] All of the tissue- and micro-scale parameters were
within a standard deviation from our previous study, [64] and some of the variations may
be due to the use of different rat strain, age, and gender.

At the microscale, we observed full recovery of micro-scale strain and partial
recovery of micro-scale sliding, which is consistent with our previous study. [64] In both
groups, the non-recoverable sliding averaged about 50%. Thus, the damage mechanisms
investigated in previously frozen tendon can be applied to fresh tendons. In addition, the
fibril morphology and organizations were similar for both groups, suggesting that freezing,
using this protocol, does not have an effect on the ultrastructure of tendon. This supports
the use of previously frozen tissue for future experiments with a careful consideration of
the method of storage and number of freeze-thaw cycles.

The limitation of the study was that we combined samples that underwent from one
to three freeze-thaw cycles into a single group. Although it is possible that there is a
difference between samples that underwent one and three freeze-thaw cycles, a previous
study in human flexor tendons also demonstrated that there is no difference in mechanics
between samples that underwent one and three freeze-thaw cycles. [96] In addition, several
studies have not observed a difference among samples that underwent multiple freeze-thaw
cycles; there was no difference between human patellar tendon that underwent one and
eight freeze-thaw cycles [114] and human Achilles tendon that was fresh and underwent
five freeze-thaw cycles. [118] Thus, combining all freeze-thaw cycles groups into a single
group was unlikely to cause any difference. In addition, while it is possible that the freezing

can affect other types of tendons, due to a difference in their ultrastructure, this is unlikely

57



because the rat tail tendon is one of the smallest tendons used in research, and thus it is

more likely than other tendons to be vulnerable to potential freezing effect.

4.5 Conclusion

This study used multi-scale mechanics to evaluate the effect of freezing on tendon
mechanics and on damage mechanisms. Our study demonstrated that there was no
difference between Fresh and Frozen tendon in any of the tissue- and micro-scales
parameters up to three freeze-thaw cycles. In addition, we observed the full recovery of the
micro-scale strain but partial recovery of micro-scale sliding, indicating that the damage
mechanisms are the same for both Fresh and Frozen tendons. We support the use of
previously frozen tissue for future experiments with a careful consideration of the method

of storage and number of freeze-thaw cycles.
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Chapter 5

COMPARATIVE MULTI-SCALE HIERARCHICAL STRUCTURE OF THE

TAIL, PLANTARIS, AND ACHILLES TENDONS IN RAT

Based on accepted work: Lee, AH.; Elliott, DM. “Comparative Multi-scale Hierarchical
Structure of the Tail, Plantaris, and Achilles Tendons in the Rat,”: J. Anat. (in press)

5.1 Introduction

Rodent tendons are widely used to study human pathologies. Specifically, rat tail
tendon is widely used because its structure is relatively simple, easy to isolate, and often
available as waste tissue; however, rat tail tendon is highly specialized due to its relatively
low load-bearing mechanical function. [129-132] Rat plantaris and Achilles tendons are
also popular model systems, [5,133-137] and there is an increasing interest in plantaris
tendon as it has recently been suggested to contribute to chronic Achilles tendinopathy.
[138-140] However, the gross morphology and multi-scale hierarchical structure of these
rat tendons are not fully understood.

Tendon hierarchical structure, spanning multiple length scales, is widely known,
yet there remains disagreement about terminology and definitions, which hinders
communication among scientists and interpretation of experimental results. For example,
much of the literature uses the terms fiber and fiber bundle to arbitrarily refer structures
made of collagen. This general usage of ‘fiber’ can cause a confusion when studies report

fibrils [141] and fascicles [19] as fibers. It is widely accepted that fascicle is the largest
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tendon subunit, [19,35,36] followed by smaller subunits called fibers, and each fiber is
composed of fibrils. However, the definitions of fascicle and fiber are often dependent on
their size and not their characteristic features. These definitions impair the ability to
compare across species, where the sizes of a fiber and fascicle may change with animal
sizes. [36,142] In support of this notion, fascicle size in larger animals [36] is about the
same size as an entire rat tendon. Fascicle should be defined as a bundle of fibers with
distinct interfascicular matrix boundaries at the tissue-scale that is populated with round
cells. [143,144] We hypothesize that rat tendons do not have fascicles due to the small size,
with the exception for the special case of rat tail tendon. [130,131] Precise definition and
terminology of these hierarchical structures are crucial because tendon structures are
directly related to physiology and mechanical function.

Another source of confusion is the existence, of a fiber. While some include fiber
as a part of tendon hierarchical structure schematics [18,35,145], others exclude it,[19,95]
and the terminology of fiber is used inconsistently. Moreover, when a fiber is defined, it
is done by diameter size, which may be species-dependent. [36,142] This definition is
problematic, and it is hard to distinguish between fiber from fascicle because they have
been reported to have large and overlapping ranges of sizes. [18,145] An alternative way
to define a fiber is to base on another structural component such as cells. Elongated tendon
cells reside parallel to the direction of fibrils, and a group of cells is aligned and connected
by gap junction.[143,146,147] These cells outline a bundle of collagen fibrils, and this
bundle may be defined as a fiber. This definition is consistent with the developmental

process of tendon, where multiple cells in contact deposit collagen between cell-cell

60



junctions during early development. [148] At later stages of development, cells surround a
bundle of collagen fibrils and grow in size, [148] and thus this supports a hypothesis that
cells may define the boundary of a fiber. In this study, we will test our hypothesis that fiber
is defined by the surrounding cells.

Tendon hierarchical structures may also depend on the loading environment. For
example, there are differences between non-load and load-bearing tendons for multi-scale
mechanics [80-83] and composition [84] in equine and bovine tendons. These differences
between tendons with different mechanical functions suggest that their hierarchical
organizations may be different. [36] Thus, we selected the tail, plantaris, and Achilles
tendons to represent tendons with different mechanical functions.

The objective of this study was to evaluate the hierarchical structure of rat tendons
at multiple length scales to test our hypotheses that rat tendons, except for tail tendon, do
not have fascicles due to the small size and cells may define the boundary of a fiber.
Because the hierarchical structure is likely to depend on the species and loading
environment, we chose a single species that is widely used for tendon research (rat) and
tendons with varying mechanical functions (tail, plantaris, Achilles). This study was
designed to investigate the gross morphology at the tissue-scale and hierarchical structures
including fascicle and fiber at the micro-scale by using multiple imaging methods such as
histology, SEM, and confocal imaging. In addition, we reconstructed a three-dimensional
(3D) structure from confocal imaging stacks. Understanding and properly defining tendon
hierarchical structures are critical in research to advance the design and interpretation of

experiments and development of tissue engineered constructs.
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5.2 Materials and Methods
5.2.1 Sample Preparation

All tendons were from 4-7-month-old female Long Evans rats and sacrificed on the
day of the experiment. Rat tail (n=13), plantaris (n=13), and Achilles (n=13) tendons were
divided into five experimental groups, where each group was a different imaging technique.
Each tendon was processed for a longitudinal PicroSirus Red staining (n=3/tendon type),
transverse H&E staining (n=3/tendon type), longitudinal scanning electron microscope
(SEM) (n=3/tendon type), confocal imaging with second harmonic generation (SHG)

signals and cells (n=3/tendon type), or 3D rendering of confocal image stack (n=1/tendon

type).
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Figure 5.1: Gross morphology of plantaris and Achilles tendons. (a) Plantaris (P) and Achilles (Ach)
tendons are bound together in situ (dashed yellow line). (b) Plantaris muscle is posterior to Achilles
muscle complex (dashed yellow line), and plantaris tendon is visible above Achilles tendon (solid
yellow line). (c) By cutting connective tissue binding plantaris and Achilles tendons from the
insertion, these two tendons can be completely separated (d). (e) Achilles tendon was further
dissected and is a fusion of three tendons originating from soleus (Sol), lateral gastrocnemius (Lg),
and medial gastrocnemius (Mg) muscles. (f) Sub-tendons are tightly fused, and further separation
of tendons is difficult without directly cutting the tendon. Scale bars: 2 mm. We created schematics

of (g) posterior and (h) anterior views to show the complex structure of Achilles tendon.

5.2.2 Gross Morphology
Rat tail tendon fascicle was dissected following the same protocol from published
studies.[64,149] Plantaris and Achilles tendons were dissected using bone cutting shears,

scalpels, and forceps to dissect the Achilles and plantaris complex, about 4 cm in length
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with the calcaneus attached (Figure 5.1a, b). We separated out plantaris and Achilles
tendons from each other by removing excess surrounding soft tissue (Figure. 5.1c, d). Each
tendon was randomly assigned to an imaging group after the dissection. An additional
Achilles tendon was further dissected using a sharp dissection and microscope to study
how Achilles tendon is fused. We separated each sub-tendon to verify that Achilles tendon
is fused tightly. This sample was discarded after taking a reference picture (Figure 5.1e, f)

and was not used further in the study.

5.2.3 Histology

Histological analyses were performed in longitudinal and transverse directions to
observe the hierarchical structure of tendons in both directions. Each tendon was fixed in
4% paraformaldehyde at room temperature. For the longitudinal histology, all tendons were
fixed overnight. For the transverse histology, the tail fascicle was fixed for 30 minutes,
plantaris tendon was fixed for 2 hours, and Achilles tendon was fixed overnight. The fixed
tendons were then incubated for 30 minutes in a 30% sucrose solution to avoid possible ice
damage. To process as frozen sections, each tendon was mounted on a plastic mold with
optimal cutting temperature compound (OCT) and was flash frozen with an indirect contact
with liquid nitrogen. We used the CryoJane Tape Transfer System (Leica Biosystems) to
cut 14 um thickness sections for the longitudinal group and 12 um thickness sections for
the transverse group. We cut the mid-plane of the tendon, away from both anterior and
superior planes. The longitudinal sections were stained with PicroSirus Red to visualize

collagen alignment, and transverse sections were stained with H&E to visualize general
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organization. The staining process followed a standard staining procedure for frozen
sections, and the slides were mounted to be visualized under Axio Imager 2 Pol (Carl Zeiss

Inc). Images were acquired at two different magnifications (20x and 40x).

5.2.4 Scanning Electron Microscopy (SEM)

We imaged tendon structure using SEM to visualize the ultrastructure and confirm
histological observations. Tendons used for SEM were processed following the same
procedure as histology until sectioning. Using the cryostat, each tendon was cut once in a
longitudinal direction of the mid-plane to image the ultrastructure, and the sample was
briefly placed in water to remove the remaining OCT. The section was processed for SEM
using a standard processing technique consisting of fixation with 1% osmium tetroxide
followed by a series of dehydration with ethanol. Each sample was dried using a critical
point dryer, mounted on an SEM sample holder using carbon tabs, and coated with
platinum (Leica Biosystems). The samples were visualized with a field emission SEM

(Hitachi S-4700).

5.2.5 Confocal Imaging with Second Harmonic Generation (SHG) Signals and Cells
To test our hypothesis that cells outline fibers in tendon, we acquired SHG signals
for the collagen alignment and fluorescence from cells. SHG microscopy is a nonlinear
optical method that can visualize collagen without additional staining or processing.
[52,150-152] Immediately after the sacrifice and dissection, the tendon was incubated in

DMEM culture medium (Dulbecco’s Modified Eagle Medium) supplemented with 25 mM
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HEPES, 1% penicillin, and 1% streptomycin (Life Technologies) for 30 minutes at 37C.
Each tendon was then stained with 10 uM CellTracker Green CMFDA dye (Life
Technologies) for 45 minutes at 37C and washed in the medium for 30 min at 37C. Each
sample was placed in a petri dish to image with a laser-scanning multi-photon microscope
(LSM 780, objective Plan-Apochromat 20x/1.0, Carl Zeiss Inc). We used Chameleon
Vision Il Ti:S laser (Coherent Inc.) tuned to 810 nm and an external detector to collect
SHG signals. The maximum penetration depth was ~ 100 um. A cover glass was placed on
top of the tendon to prevent it from floating. The confocal image stacks (0.42 x 0.42 x 0.67
um pixel ) were taken at the mid-substance of each tendon. The SHG signals of the most
superficial (closest to the skin) and deep layers (furthest from the skin) were separated from
the rest of the stack to show the change of collagen alignment through the depth. To show
the cell placement, an optical slice that showed the strongest cell staining in the deep plane

was separated from the confocal stack.

5.2.6 Three-dimensional (3D) Rendering of Confocal Images

To observe collagen alignment and cell placement in 3D, a separate confocal image
stack from above, spanning ~50 um in the z-direction including the surface of tendons, was
acquired with the same method as the previous section. The confocal image stacks were
rendered by software AMIRA 6.3 (Thermo Fisher Scientific). The blood vessels and cells
were selected using an automatic threshold method under segmentation editor. Additional
structures that were not captured by the automatic segmentation were selected manually.

The surface of vessels and cells were rendered, and the volume of the SHG signal of
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collagen was rendered to show the 3D structure of tendon. The opacity of collagen was

adjusted to show the 3D structure through the depth.

5.3 Results
5.3.1 Gross Morphology of Plantaris and Achilles Tendons

The gross morphology of the plantaris (P) and Achilles (Ach) tendon demonstrated
its structural complexity. Plantaris and Achilles tendons are bound together in vivo (Figure
5.1a). The plantaris muscle originates on the anterior-lateral side of the Achilles muscle,
passes over the calcaneus (Cal), and inserts into the bottom of the foot. Once the calcaneus
is cut, the plantaris and Achilles tendons can be easily distinguished from each other. The
plantaris muscle is posterior to the Achilles muscle complex (Figure 5.1b, dashed yellow
line), and the plantaris tendon is visible anterior to the Achilles tendon (solid yellow line).
We separated the two tendons by cutting connective tissue binding the plantaris and
Achilles tendons together at the insertion (Figure 5.1c, d). Human plantaris tendon has been
previously described as a vestigial tissue that is absent for a large portion of the population.
[153-156] However, recent studies identified plantaris tendon in all or most cadavers with
variable insertion sites. [138,157,158] We observed a single insertion site for all rat
plantaris tendons, unlike human plantaris tendons. The Achilles tendon was further
dissected to observe its gross morphology, and we verified that the Achilles tendon is a
fusion of three sub-tendons originating from soleus (Sol), lateral gastrocnemius (Lg), and
medial gastrocnemius (Mg) (Figure 5.1e) muscles, similar to human. [159,160] The sub-

tendons from these muscles are tightly fused approximately at the half of the tendon length
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and cannot be further separated without directly cutting the tendon (Figure 5.1f). Among
the three muscle groups, the Sol tendon is the most anterior sub-tendon, and Mg tendon is
the most posterior sub-tendon. Schematics of the posterior (Figure 5.1g) and anterior

(Figure 5.1h) views show the complex 3D morphological structure of Achilles tendon.
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Figure 5.2: Evaluation of fiber structure in longitudinal direction. (a-c) Rat tail, plantaris, and
Achilles tendons were cut in longitudinal (Long) direction, stained with PicroSirius Red, and
viewed at low magnification. White boxes represent areas observed at (d-f) high magnifications,
and fibers are highlighted (white arrows). (g-i) Longitudinal SEM shows fibers (green) with a

similar diameter as observed in histology. No fascicle boundary was observed.
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Figure 5.3: Evaluation of fiber structure in transverse direction. (a-c) Rat tail, plantaris, and Achilles
tendons were cut in the transverse direction, stained with H&E, and viewed at low magnification.
Black boxes represent areas observed at (d-f) high magnifications. The distance between cells are
highlighted (blue arrow) for the rat tail tendon, and fibers in plantaris and Achilles tendons are

outlined (blue). No fascicle boundary was observed.

5.3.2 Histological Evaluation of Tendon Micro-scale structure

To investigate the hierarchical structure and cell morphology in rat tendons, we
conducted several analyses using multiple imaging methods. In longitudinal sections
stained with PicroSirus Red, we observed a separation between structures with a diameter
of 10-50 pm, at both low (Figure 5.2a-c) and high magnifications (Figure 5.2d-f) for all
three tendons. The hierarchical structure defined by this unit of separation, highlighted in
white arrows, is likely to be a fiber. Supporting this notion, we also observed structures
with a similar diameter in a longitudinal view of SEM in all tendons, highlighted in green

(Figure 5.2g-i). In addition, the transverse sections stained with H&E also had separations
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with a similar diameter at low (Figure 5.3a-c) and high magnifications (Figure 5.3d-f),
outlined in blue. Rat tail tendon fascicle did not have a similar pattern of separation between
the subunits as seen in plantaris and Achilles tendons in the transverse direction, perhaps
due to its small overall size. Nonetheless, the distance between cells of tail fascicle (blue
arrows, Figure 5.3d) was similar to the separation observed in plantaris and Achilles
tendons (blue outlines, Figure 5.3e, ). Interestingly, the microstructure of tendon may vary
along the length based on our pilot study (Figure C.1). Note that the observed separation
between fibers is likely due to loss of water and non-collagenous matrix during sample

processing (Figure C.2).
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Figure 5.4: Collagen alignment and cell morphology. (a-c) Collagen alignment was viewed with
SHG signals. Collagen was aligned at deep planes,away from the skin, for tail, plantaris, and
Achilles tendons. (d-f) Whereas the collagen alignment was not different between the superficial,
close to the skin, and deep planes for the tail tendon, plantaris and Achilles tendons had an
additional layer of a complex meshwork of collagen or peritenon. (g,h) In deep planes, elongated
cells outlined collagen bundle (white arrows), which matched the sizes of fiber observed with
histology. Thus, we define fiber as a bundle of collagen with diameter 10-50 Im outlined by

elongated cells. No fascicle boundary was observed.
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5.3.3. SHG Evaluation of Fiber Structure and Cell Morphology

The collagen structure and cell morphology were visualized using the confocal
microscope to confirm histological findings without the potential fixation and histological
artifacts. At the deep plane (away from the surface of the tendon), all tendons had aligned
collagen (Figure 5.4a-c). At the superficial plane (the surface of tendon), tail tendon
fascicle had no change in collagen alignment from deep planes (Figure 5.4d), while both
plantaris and Achilles tendons had an additional layer of peritenon, a complex meshwork
of collagen that was about 20 um thick (Figure 5.4e, f). In deep planes, the cells with
elongated morphology aligned along collagen bundles (white arrows) that were the same
diameter as observed histology (Figure 5.2, 5.3). Thus, rat tendons have a single
hierarchical structure that is surrounded by the elongated cell, and this structure had

consistent diameters between 10-50 pum: hereafter defined as fiber (Figure 5.4g-i).
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Figure 5.5: 3D structure of tendon. (a-c) 3D structure of tendon was rendered from a confocal
imaging stack (50 Im deep in z-direction) to show the overall cell morphology and collagen
alignment. All tendons show that cells in the deep region (green) outline collagen (gray). For
plantaris and Achilles, blood vessels and cells on peritenon (red) were observed, unlike rat tail
tendon. (d-f) Transverse view, x—z plane, without blood vessels further illustrates that elongated
cells are between adjacent fibers (yellow arrows) with a consistent diameter. (g-i) Oblique view,
x=y plane, shows a spacing between collagen (yellow arrows). The opacity of collagen was

adjusted to show the 3D structure.

5.3.4 Three-dimensional Evaluation of Tendon

The confocal image stacks were reconstructed to view the 3D tendon structure
(Figure 5.5). The 3D reconstruction confirms that cells, shaded in green, surround the
collagen bundles (grey) that match the size of the fiber that was identified by histology

(Figure 5.2, 5.3). For the tail tendon fascicle, we again observed no peritenon (Figure 5.5a),
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but we observed peritenon for the plantaris and Achilles tendons. The peritenon was
populated with blood vessels, characterized by high fluorescent density and web-like
network that wraps the surface, and with localized cells having a different morphology than
the elongated cells between fibers, shaded in red (Figure 5.5b, c). In the transverse direction,
the 3D structure of tendon shows that cells surround the fiber, highlighted with yellow
arrows (Figure 5.5d-f). Similarly, the cells surround the fiber in an oblique view,
highlighted with yellow arrows (Figure 5.5g-i). Again, we observed no additional boundary.
Thus, the 3D rendering of tendon confirms that the definition of a fiber is a bundle of
collagen that is outlined by elongated cells, supported by both histologically processed and
unprocessed samples. In all rat tendons studied, the fiber diameters were consistently 10-
50 pm.

There were no additional boundaries that further divided any of the rat tendons. We
confirmed that in rat tendons there are no fascicles and the fiber is the largest subunit.
Whereas we call the sub-structure in rat tail tendon a fascicle, rat tail tendon is a specialized
tendon. Fiber may be the largest subunit in rat tendons, and this diameter was consistent in

transverse and longitudinal histology and SEM.

5.4 Discussion

In this study, we evaluated the hierarchical structure of rat tendons at multiple
length scales for tendons with varying mechanical functions, including the tail, plantaris,
and Achilles tendons and created tendon-specific schematics based on our observations

(Figure 5.6). Using multiple imaging methods, we confirmed that rat tendons do not
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contain fascicles, with the exception of the specialized rat tail tendon, and thus fiber is the
largest tendon subunit in the rat. In addition, we provided a structurally based definition of
a fiber as a bundle of collagen fibrils that is surrounded by elongated cells, and this
definition was supported by both histologically processed and unprocessed samples. In all

rat tendons studied, the fiber diameters were consistently 10-50 um.
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Figure 5.6: Schematic of hierarchical structure of rat tendons. Hierarchical structure of rat tail and
plantaris and Achilles tendons were recreated based on the evidence from this study, and we
recommend future studies consider these schematics when studying rat tendons. Data incorporated

in the schematic were adapted from: [95,106,161]
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Figure 5.7: SHG of rat patellar tendon. Additional patellar tendon was harvested from 7-month old
female Long Evans rat and examined under the confocal microscope. The SHG signal shows that
there is no additional boundary in the patellar tendon that indicates the existence of a fascicle in rat.
Thus, this data suggest that rats do not have a fascicle, with the exception of rat tail tendon.

5.4.1 Structure-based Definitions of the Fascicle and Fiber

This study provides hierarchical schematics of rat tendons that clarify structural-
based definitions of fibers and fascicles (Figure 5.6). A fascicle is defined by the
surrounding interfascicular matrix, which is populated with round cells [143,144] and is
not simply a bundle of fibers. With the exception of the specialized rat tail tendon, we
confirmed that there are no fascicles and the fiber is the largest subunit in rat tendons. In
addition, a supplementary observation of SHG signals of rat patellar tendon in this study
(Figure 5.7) and a previously published study [152] did not observe an additional boundary,
verifying that rat tendons do not have fascicles. Considering the size of rat tendon, it is not
surprising that the structural complexity is reduced with the scale of the animal.[36] In

large animals, the fascicle and interfascicular matrix are easily identified and have
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diameters that are larger than the entire rat tendons. [18,19,35,36,145] In the rat tendons
studied here, the fiber diameter was 10-50 pum. Although this is not the first paper to
identify the fiber in rat tendons,[130] this study provides evidence and a definition of a
fiber that is based on characteristic features, confirmed by multiple imaging methods.
Importantly, this definition is consistent with the developmental process of tendon. At later
stages of development, as cells deposit more collagen, the tendon fiber is delineated as cells
are pushed to the periphery.[148] To avoid confusion, the term fiber should be reserved to
specifically identify this hierarchical structure of tendon, not to generally refer a bundle of
collagen.

As a point of clarification, the visualizations of cell density in confocal images and
3D rendering can be misleading because they depend on a staining intensity. Because blood
vessels and cells on the peritenon can also uptake the fluorophore, less fluorophore
penetrated to the deeper planes of the plantaris and Achilles tendons. In addition, the
diameters of plantaris and Achilles tendons are larger than that of the tail tendon fascicle,
and thus it contributes to the lack of fluorophore penetration. While it may appear that cell
density in the tail fascicle is higher than the plantaris and Achilles tendons, this is strictly
due to the penetration of fluorophore, and this is the cause for a reduced number of cells

visualized in these tendons.

5.4.2 Comparative Anatomy Across Species
We considered if the fiber and fascicle sizes may be conserved across species.

Tendons from larger animals such as horse and human have a subunit that falls within the
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fiber diameter and is outlined by cells, confirming these units as fibers. [37,143,162] For
example, the equine tendon fiber diameter is 1-20 um [36,81] and the human tendon
primary fiber bundle diameter is 15 um [18], which are similar to the fiber diameter 10-
50 um reported here. Thus, the definition of fiber appears to apply across species, and this
supports the idea that the organization of rat tendon is not a simple scale-down of larger
animals, but that the fiber size is conserved across species. It is likely that mouse tendon
only has fibers, not fascicles, similar to rat tendon due to its small size. Tendon cell volumes
[163] also appear to be consistent across species, which suggests that cells and fibers are
the key units in growing aligned collagen region during the developmental process. It is
unclear if the fascicle diameters are consistent across species, and it is possible that the
number of fascicles or the size of fascicles may scale with the size of the animal.

The absence of fascicles in rat tendons should impact a researcher’s animal model
choice; studies that are focused on the structure and mechanics of the interfascicular matrix
should exclude rat models. Interestingly, the age-related tendinopathy is mostly attributed
to the degeneration of interfascicular matrix [164,165] and animals with the interfascicular
matrix, such as horses and human, develop naturally occurring age-related tendinopathy,
[166] while rats do not appear to do so. While this difference may be due to the animal’s
life-span and activity level, studies of age-related tendinopathy should be aware that rats
lack fascicles, and thus rats lack interfascicular matrix. Nonetheless, the rat tendon is a
useful model system when studying tendon structure and mechanics because rat tendon is
a simpler model system, especially because the fiber structure and diameter is conserved

across species.
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5.4.3 Comparative Anatomy of Rat Tendons

We demonstrated that the anatomies of the rat tail, plantaris, and Achilles tendons
have distinct features that are related to their mechanical functions, and each tendon can be
used to answer specific research questions. The structure of tail fascicle is simple, and its
mechanics are less variable, making it a suitable model to address fundamental research
questions. However, the tail fascicle is limited in that it bears low-stresses and lacks
peritenon, cells on peritenon, and blood vessels. Thus, it may not be a suitable model for
studying research questions related to high-stress tendon or healing processes.

The plantaris tendon, on the other hand, bears a high-stress in vivo [167] and has a
physiological structure including the muscle-tendon junction and blood vessels. In addition,
synergist ablation, an established rat model applied to study overuse-induced muscle
hypertrophy, [168-170] may be a useful model to study tendinopathy. For example, the
synergistic ablation model, where the Achilles is removed to overload the synergist
plantaris tendon, leads to increased matrix production and thickened plantaris tendon after
4 weeks. [133,134] This suggests that this model may represent tendinopathic changes.

The Achilles tendon also bears a high-stress, and we observed a similarity between
the rat and human Achilles tendons. The major similarity is that both tendons are composed
of three sub-tendons extending from medial and lateral gastrocnemius and soleus muscles
with a complex arrangement. [159,160] Due to its complex structure, the Achilles tendon
is difficult to study at multiple length scales. Because of the fusion of three tendons, there

is likely an inter-tendon sliding [171] in addition to the micro-scale sliding. This likely
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contributes to the inhomogeneous loading observed in vivo. [171-173] This structural
complexity should be addressed when using the Achilles tendon as a model system.
While we and others have referred to the dissected substructure from a rat tail
tendon as a fascicle, we want to stress that the rat tail fascicle is different from the fascicle
in larger animal tendons. The tail tendon has a sheath that divides individual fascicles that
is populated with round cells, [174] and fascicles in larger animal tendons have
interfascicular matrix that is populated with round cells. [143,144] However, this sheath in
the tail tendon and the interfascicular matrix of larger animals are distinctly different. In
large animals, surrounding interfascicular matrix boundaries are easily visible at the tissue-
scale, [83] yet the sheath around rat tail tendon is only observable at the micro-scale.
[130,131] The fascicles of larger animals are tightly bound to each other and must be cut
to be separated. [83] The interfascicular matrix in larger animals bears a small but
measurable load and can resist deformation, [81] while the sheath in rat tail tendon can be
easily peeled off with no resistance. Thus, the rat tail fascicle is a specialized tendon with
a unique hierarchical structure and should not be directly compared to the fascicle in larger

animals.

5.4.4 Multi-scale Tendon Structure-Function and Damage Mechanics

Tendon structure and mechanics are related at multiple scales, and the fiber-scale
is likely to be an important contributor to tendon mechanics and damage. For example, the
micro-scale structural damage in the tail tendon is related to the changes in tissue-scale

mechanical parameters. [64] Micro-scale sliding, which represents shear between micro-

80



scale structures, is related to both loading [38] and damage [64] mechanisms. Because these
studies used photobleached lines and optical microscopy, which cannot distinguish
between fibrils and fibers, both substructures are captured in the term ‘micro-scale’. [38,64]
Other studies have shown damage that is localized within fibers. Rat tail tendon that is
loaded and then labeled with collagen hybridizing peptide (CHP), which binds to denatured
collagen, showed a localization of CHP staining in a structure that had the same diameter
as fiber observed here. [104] A similar observation was made in rat flexor carpi ulnaris
tendon after mechanical loading, where CHP was localized in a structure with the same
diameter as fiber. [175] In addition, the 3D reconstruction of SHG signals showed that the
space between fibers increased in loaded rat patellar tendon, suggesting that damage is
related to structural changes in fiber. [152] Therefore, the fiber is likely to be a key

substructure affected during tendon damage.

5.5 Conclusion

In conclusion, this study evaluated the hierarchical structure of the rat tail, plantaris,
and Achilles tendons at multiple length scales. Structurally based definitions of fibers were
established using multiple imaging methods. With the exception of the rat tail tendon, we
confirmed that rat tendons do not contain fascicles, and the fiber is defined as a bundle of
collagen fibrils that are surrounded by elongated cells. In all rat tendons studied, the fiber
diameters were consistently between 10-50 um, and this diameter range appears to be
conserved across larger species. Specific recommendations were made highlighting the

strengths and limitations of each rat tendon as a research model.

81



Chapter 6

MULTI-SCALE LOADING AND DAMAGE MECHANISMS OF RAT TAIL,

PLANTARIS, AND ACHILLES TENDON

6.1 Introduction

Using rat tail tendon, we demonstrated that micro-scale sliding is the load transfer
mechanism [38] and non-recoverable sliding is the damage mechanism in Chapter 3. [64]
Yet, rat tail tendon has a specialized structure as demonstrated in Chapter 5 and is a
relatively non-load bearing tendon. [176] Thus, the load transfer and damage mechanisms
are still unknown for load-bearing rat tendons. Despite some differences between rat tail
tendon and load-bearing tendons, we hypothesize that micro-scale sliding is a key
component for both mechanisms since they both have similar fiber structures. [176] We
chose rat plantaris and Achilles tendons to study these mechanisms. The plantaris tendon
bears high-stress in vivo [167] and has a relatively simple structure. [176] The Achilles
tendon also bears high-stress and is a highly specialized tendon with a complex structure
as shown in Chapter 5 and other studies. [171,172,176-178]

The objective of this study was to investigate the multi-scale load transfer and
damage mechanisms of load-bearing tendons, the plantaris and Achilles tendons, and to
evaluate if the mechanisms are similar to the mechanisms demonstrated in the tail tendon.
Recently published data from the tail tendon, which has the simplest structure, was

reanalyzed and included for comparison. [64] We hypothesize that the micro-scale sliding
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will increase with applied strain and only be partially recoverable when loaded to high

strain in the plantaris and Achilles tendons.

6.2 Materials and Methods

6.2.1 Sample Preparation

Mechanical testing was performed on rat plantaris (n=33) and Achilles (n=6)
tendons that were harvested from 4-7-month-old female Long Evans rats. Additionally, the
mechanical testing data of rat tail tendon (n=28) from the Rest group in Chapter 3 were
reanalyzed for this study. [64] All tendons had been frozen at -20°C, and the maximum
number of the freeze-thaw cycle was limited to three to minimize the effect of freezing,
following the protocol discussed in Chapter 4. [149] A total summary of sample number
and dimensions, including cross-sectional-area and gauge length, are included in Table 6.1

and 6.2.

Table 6.1: Total sample count. This table includes the total sample used for the mechanical analysis

of the three tendons and reasons for exclusion.

Tail Plantaris Achilles
Strain Group (%) 2 4 6 8 14 20 25 14
Mechanical Tested 7 7 7 7 11 11 11 6
Macro-scale Analysis 7 7 7 6* 10% 11 11 6
Micro-scale Analysis 7 7 7 5* 8* 11 6" 6
Total 26 25 6

* Excluded because the tendon fascicle was twisted, and, as a result, the linear modulus was two standard
deviations away from the population average. % Excluded because of a grip slippage during the initial ramp
and, as a result, the macro-scale strain was two standard deviations away from the population average. *
Excluded because photobleached lines were not clear enough to be recognized with an automatic
registration.
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Table 6.2: Sample gauge length and area of mechanically tested tendons. Mean + standard

deviations.
Tail Plantaris Achilles
Gauge Length (mm) 29.7+14 7.7+08 6.6+ 05
Area (mm?) 0.13+0.04 0.28 + 0.06 140+0.3

A plantaris and Achilles tendon complex was dissected from a calcaneus bone, and
each tendon was separated as shown previously. [176] The rat tail tendon was harvested as
previously described. [149] All tendons were placed in PBS at room temperature. We
stained the rat plantaris and tail tendons with 10 ug/ml 5-DTAF and Achilles tendon with
20 ug/ml 5-DTAF for 20 minutes. [97] We mechanically tested tendons on a custom-made
uniaxial testing device with a PBS bath mounted on an inverted confocal microscope (LSM

5 LIVE, objective Plan-Apochromat 10x/0.45) as previously described.[38]

6.2.2 Mechanical Analysis — Mechanical Testing Protocol

Plantaris tendons were randomly assigned to 3 strain groups with n=11 tendons per
group, where each group was mechanically loaded to a grip strain of 14, 20, or 25%. Each
Achilles tendon was loaded to a single grip strain of 14%, with n=6 tendons. After
mechanically testing one strain group of Achilles tendon, we decided to discontinue testing
other strain groups due to the complexity of the structure [176] and a related limitation in

our testing setup (Figure 6.1). The details will be further elaborated in future sections.
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Figure 6.1: Schematic of experimental design and overall micro-scale deformation. (a) Mechanical
testing profile was the same as previous chapters. Dashed line represents when tendon was
unloaded to the reference length. (b) Ink markers were applied to plantaris tendon to optically
measure the applied strain using a CCD camera. On the other side of the tendon, four photobleached
lines were applied using a confocal microscope to measure the micro-scale deformations. Similarly,
the ink markers and photobleached lines were applied for ¢) Achilles tendon. The photobleach lines

are not to scale and enlarged for visualization.

We preloaded each tendon to 5mN to establish a reference length and
preconditioned to 5 cycles of 3% grip strain. Each tendon was mechanically loaded to the
assigned grip strain, and we held the strain constant for 15 minutes of stress relaxation

followed by unloading to the reference length (Figure 6.1a). The dashed line represents
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when tendon was unloaded. The tendon was held at the reference length for 40 minutes of
rest period before ramping to failure. All loading and unloading strain rates were 1%/s. The
detailed method of mechanical testing of tail tendon following is demonstrated in Chapter
3. [64] Briefly, the tail tendon was randomly assigned to 4 strain groups with n=7 tendons
per group, where each group was mechanically loaded to a grip strain of 2, 4, 6, or 8%.
The tail tendon was preconditioned to 5 cycles of 4% grip strain and held at the reference

length for 60 minutes before ramping to failure.

6.2.3 Mechanical Analysis — Data Acquisition

To calculate the cross-sectional area, we used the confocal microscope and a
scanning laser displacement sensor. [93] We collected confocal image stacks under preload
and fitted with an ellipse to measure a cross-sectional area. For the plantaris and Achilles
tendons, only a major axis was measured with the confocal microscope, and a scanning
laser displacement sensor was used to measure a minor axis to calculate the area. For the
tail tendon, both major and minor axes were measured with the confocal microscope.
To measure the tissue strain, we applied two ink markers directly on the tendon using a
permanent marker (Figure 6.1b, c), imaged tendon with CCD camera to track displacement
of markers, and quantified the strain using digital image correlation (Vic 2D, Correlated
Solutions). We applied ink markers on the posterior side of the plantaris tendon and on the
soleus (Sol) sub-tendon for the Achilles tendon (Figure 6.1c). For the tail tendon, we
applied ink markers on the mid-substance of the tendon, away from the grips as shown in

(Figure 3.1Db).

86



We quantified the micro-scale parameters (i.e., micro-scale strain and sliding) using
the confocal microscope as previously described. [38,64] We bleached lines on the anterior
side of plantaris tendon and medial gastrocnemius (Mg) sub-tendon for the Achilles tendon
(Figure 6.1c). We acquired confocal image stacks at 10 times points, represented by green
dots (Figure 6.1a). The parameters measured at 3 time points, End of the Initial Ramp, End

of Stress Relaxation (SR), and End of Rest, were primarily used for data analysis.
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Figure 6.2: Tissue-scale parameter quantification. a) The representative o-¢ responses of plantaris,
Achilles, and tail tendons are shown, where Initial Ramp is represented as a solid line and Ramp to
Failure is represented as a dotted line. The stress relaxation and unloading are not shown in the
graph. Transition point (red open circle), inflection point (purple open square), and linear region
modulus (linear line between transition and inflection points) were quantified for both ramps. The
representative sample for the plantaris tendon was loaded to 20%, Achilles tendon was loaded to

14%, and tail tendon was loaded to 6%.
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6.2.4 Data Analysis — Tissue-scale Mechanical Parameters

The tissue-scale mechanical parameters were quantified at 2 time points: Initial
Ramp and Ramp to Failure (Figure 6.1a). Representative stress-strain (o-€) responses of
the three tendons are shown (Figure 6.2). The tissue-scale parameters were analyzed using
the methods and procedure from our previously published paper. [64] Briefly, an inflection
point, defined as a point where the o-& curve shifts from strain-stiffening to strain-
softening, was determined (Figure 6.2). [64,93] The o-¢ response up to inflection point
was used to determine the transition point and linear region modulus by fitting a nonlinear
constitutive model. [64,99] The transition and inflection points calculated for this study are
marked on the representative a-¢ of plantaris tendon (Figure 6.2). All the parameters
quantified include transition strain and stress, linear region modulus, and inflection point
strain and stress. The parameters were calculated for both Initial Ramp and Ramp to Failure.
This chapter will focus on three tissue-scale parameters, Ramp to Failure transition strain,
inflection point strain, and linear region modulus, because these parameters have been
shown to represent damage. [64]

The peak stress and strain were also quantified for all the tendons (Figure 6.3). In
addition, the normalized applied strain was quantified by taking a ratio between applied
strain of each sample to averaged peak strain to visualize all tendons on the same x-axis.
The peak strain was not statistically different among strain groups for the plantaris and tail
tendons based on one-way ANOVA (p > 0.2, Table 6.3), and thus an averaged peak strain

across all of the strain groups for each tendon was used. Many samples did not fail within
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the load cell limit and some tendons had complex failures, where failure initiated near or

inside the grips, and the data should be used with caution.
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Figure 6.3: Peak strain and stress of rat tail, plantaris, and Achilles tendons. (a) The peak strain and
stress among the strain groups within the same tendon were not significant. This bar graph

demonstrates the unique o-& responses observed in Figure 6.2 for each tendon. Error bars are SEM.

Table 6.3: Mean, median, and standard deviation (SD) of peak strain and stress of three tendons.
As the p-values show, there was no difference among strain groups so the mean value of peak strain

was used to normalize macro-scale strain to calculate macro to peak strain ratio.

Peak Strain
Mean Median SD p-value ANOVA,;
strain groups
Tail Tendon 0.087 0.088 0.017 0.23
Plantaris Tendon 0.331 0.333 0.073 0.26
Achilles Tendon 0.359 0.357 0.083 N/A
Peak Stress (MPa)
Mean (MPa) Median (MPa) SD (MPa) p-value ANOVA;
strain groups
Tail Tendon 48.2 48.1 12.8 0.71
Plantaris Tendon 68.1 67.8 21.4 0.47
Achilles Tendon 16.9 16.2 3.6 N/A
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6.2.5 Data Analysis — Micro-scale Parameters

To measure the micro-scale deformation, we used the deformation of
photobleached lines as discussed previously (Figure 3.3). [38] The micro-scale strain and
sliding were quantified for every time point (green dots). In addition, the ratio of micro:
tissue strain ratio was calculated at the End of Initial Ramp to measure a strain attenuation
from the tissue-scale to micro-scale (Figure 6.1a). This was calculated by taking a ratio
between micro-scale strain and applied strain. The non-recoverable sliding, which
represents damage at the micro-scale, was calculated using the same method as Chapter 3.
For visualization, only the first 40 minutes of the rest period was plotted for the rat tail
micro-scale strain and sliding to match the rest period of plantaris and Achilles tendons,

but the entire data from the rest period was used for the analyses. [64]

6.2.6 Excluded Samples

For the tissue-scale analyses, a total of two tendons were removed including one of
the tail tendon fascicles excluded in Chapter 3. One of the plantaris tendons had a major
grip slippage during the Initial Ramp, and as a result, applied strain were two standard
deviations away from the population average. For the micro-scale analyses, a total of eight
samples across all groups were removed because photobleach lines were not clear enough
to be recognized with an automatic registration. The final sample count can be found in

Table 6.1.
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6.2.7 Statistical Methods

Pearson’s correlations (r) with significance set at p=0.05 were conducted using
GraphPad Prism. To determine which tissue-scale parameters show damage associated
changes and depend on the applied strain, each of the Ramp to Failure tissue-scale
parameters was linearly correlated with the applied strain. To study micro-scale
deformation and determine the loading mechanism, micro-scale strain, micro: tissue strain
ratio, and micro-scale sliding measured at End of Initial Ramp was linearly correlated with
the applied strain. To measure the micro-scale damage and determine if it is dependent on
the applied strain, we linearly correlated the micro-scale sliding with the applied strain. In
addition, to determine the damage mechanisms, the micro-scale non-recoverable sliding
was correlated with the applied and normalized target strains. To relate the damage at the
micro-scale to the changes of mechanical response at the tissue-scale, the non-recoverable

sliding was correlated with the Ramp to Failure properties.

6.3 Results

6.3.1 Tissue-scale Mechanical Parameters and Damage

The o-¢ curve of each tendon has unique characteristics, likely due to the structural
differences among these tendons (Figure 6.2). [176] The tail tendon bears the lowest strain,
the plantaris tendon bears the highest stress, and the Achilles tendon bears the lowest stress
but the highest strains among three tendons. Notably, the maximum applied strain was 8%
for the tail tendon, whereas the maximum applied strain was 25% for the plantaris tendon.

These strains are about 80% of the peak failure strain (Figure 6.3), motivating the choices
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in strain groups based on our pilot test. The grip strain was within the standard deviation
of the optically measured applied strain for all tendons, confirming the o-¢ curve was not

a result of a premature failure or grip slippage (Table 6.4).

Table 6.4: Initial Ramp data of plantaris and Achilles tendons. Initial Ramp for the rat tail tendon

is shown in Table 3.1. Mean * standard deviations.

Plantaris Achilles
Strain Group (%) 14 20 25 14
Transition Strain 0.095+0.038 | 0.100+0.032 : 0.095%0.034 0.013 + 0.022
Transition 8920 10.9+£3.3 126+6.4 2205
Stress (MPa)
Linear Reg. Modulus N/A 250 £ 66 3341176 N/A
(MPa)

Inflection Pt. Strain N/A 0.150 + 0.042 | 0.162 + 0.036 N/A
Inflection Pt N/A 334+158 = 257+103 N/A
Stress (MPa)

Tissue Strain 0.147 +0.043 0.206 £ 0.021 = 0.237 + 0.029 0.150 + 0.030

The linear region and inflection point occur above the 14% grip strain, so the Initial Ramp 14%
strain group data for the linear region modulus, inflection point strain, and inflection point stress
are not reported.

Table 6.5: Ramp to Failure data of plantaris and Achilles tendons. Initial Ramp for the rat tail

tendon is shown in Table 3.1. Mean + standard deviations.

Plantaris Achilles
Strain Group (%) 14 20 25 14
Transition Strain 0.124 £ 0.033 = 0.144+0.032 = 0.149 = 0.027 0.160 + 0.058
Transition 10.7+5.6 114+ 3.6 12.8 + 4.47 4,53 + 3.08
Stress (MPa)
Linear Reg. Modulus =~ 316 % 134 290 £ 67 355+ 184 123+ 35
(MPa)
Inflection Pt. Strain ~ 0-198£0.042 = 0.237 £ 0.052 0.21 + 0.047 0.20 + 0.043
Inflection Pt. 344+17.1 39.7+13.3 37.2+16.7 783+ 3.05

Stress (MPa)
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Figure 6.4: Tissue-scale mechanics of Ramp to Failure parameters. (a-c) The transition point strain,

(d-f) inflection point strain, and (g-i) linear region modulus of plantaris, Achilles, and tail tendons

were linearly correlated with the applied strain. The correlations of transition strain, inflection point

strain, and linear region modulus of both plantaris and tail tendons were statistically significant,

demonstrating that these parameters show damage and depend on the applied strain. None of the

parameter of Achilles tendon correlated with the applied strain. Dashed lines represent 95%

confidence intervals.

We quantified the Ramp to Failure mechanical properties (transition strain,

inflection point strain, linear region modulus) from the o-¢ curves to investigate if damage

was observed in the mechanical parameters and strain-dependent (Figure 6.4). The

transition strain (Figure 6.4a, p<0.0001), inflection point strain (Figure 6.4d, p<0.001), and
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linear region modulus (Figure 6.4g, p<0.05) significantly correlated with the applied strain
for the plantaris tendons but not for the Achilles tendon (Figure 6.4b, e, h). The transition
stress and inflection point stress did not correlate with the applied strain for the plantaris
and Achilles tendons (Figure D.1). This demonstrates that these parameters show damage
that is strain-dependent in the plantaris tendon, similar to our previous finding in the tail
tendon (Figure 6.4c, f, i). [64]

None of the parameters for Achilles tendon correlated with the applied strain, and
this is likely due to the complexity of the structure. [176] The tissue-scale parameters were
quantified on the soleus sub-tendon, while the micro-scale parameters were quantified at
medial gastrocnemius sub-tendon (Figure. 6.1d), and thus each tissue- and micro-scale
parameter was measured at different sub-tendons. This mismatch of tissue- and micro-scale
quantification is likely the cause of the observed inhomogeneity. Indeed, both human and
rat Achilles tendons experience inhomogeneous strain. [171-173] Thus, we discontinued

testing of Achilles tendon after the 6 samples that were loaded to 14% applied strain.
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Figure 6.5: Loading mechanisms at multi-scale measured at the End of Initial Ramp. (a-c) The
micro-scale strain, (d-f) micro: tissue strain ratio, and (g-i) micro-scale sliding of plantaris, Achilles,
and tail tendons were linearly correlated with the applied strain. The micro-scale strain increased
with the applied strain for the tail tendon, but not for the plantaris and Achilles tendons. The micro:
tissue strain ratios were less than 1 for all tendons, demonstrating that strain is attenuated and the
amount of strain attenuation is dependent on the applied strain. The micro-scale sliding increased
with the applied strain for both plantaris and tail tendons, suggesting that load is transferred via
relative shearing at the micro-scale. The micro-scale sliding did not correlate with the applied strain

in Achilles tendon. Dashed lines represent 95% confidence intervals.
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6.3.2 Multi-scale Tendon Loading Mechanisms

To study multi-scale deformation during loading, the micro-scale strain, micro:
tissue strain ratio, and micro-scale sliding (quantified at the End of Initial Ramp) were
correlated with the applied strain (Figure 6.5). The micro-scale strain did not correlate with
the applied strain for the plantaris and Achilles tendons (Figure 6.5a,b), in contrast to the
high correlation previously observed in the tail tendon (Figure 6.5¢). [38] The micro: tissue
strain ratios (micro-scale strain divided by applied strain) were less than 1 and decreased
with increasing applied strain for all tendons as expected (Figure 6.5d-f, p<0.05),
demonstrating that strain is attenuated and the amount of strain attenuation is dependent on
the applied strain. Notably, this ratio was much lower in the plantaris and Achilles (~0.2)
compared to the tail (~0.5-1.0). The micro-scale sliding of the plantaris and tail tendons
increased with increasing applied strain (Figure 6.5g-i, p <0.05). The magnitude of the
sliding of the Achilles tendon was low, and the sliding did not correlate with the applied
strain. Despite the differences in applied strains and magnitudes of the responses, the
directions of the correlations were the same and significant between the plantaris and tail

tendons, whereas those of Achilles tendon were not significant.

6.3.3 Micro-scale Strains and Tendon Damage Mechanisms

All three tendons had a similar micro-scale strain and sliding response (Figure 6.6).
The micro-scale strain fully recovered at the End of the Rest period (Figure 6.6a-c);
however, the micro-scale sliding did not fully recover (Figure 6.6d-f, Figure 6.7). In

addition, the non-recoverable sliding in percentage was strain-dependent for both plantaris
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and tail tendons (Figure 6.6g, i, p<0.005), and not for the Achilles tendon. Interestingly,
the overall magnitudes of micro-scale sliding in degrees were similar for the plantaris and
Achilles tendons loaded to 14% strain (Figure 6.6d-e), and no statistical difference of non-
recoverable sliding in degrees was observed between the plantaris and Achilles tendons
(Figure 6.7, p>0.9). Note that this is the only place that we observed a similarity between
the plantaris and Achilles tendons. Still, the non-recoverable sliding in percentage was
much lower for the plantaris tendon because the micro-scale sliding at the End of SR was

lower for the Achilles tendon (Figure 6.6h).
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Figure 6.6: Overall micro-scale deformations. (a-c) For all three tendons, both the micro-scale

strain and sliding had similar overall micro-scale deformation, where the micro-scale strain fully

recovered at the End of the Rest Period. (d-f) On the other hand, the micro-scale sliding was not

fully recoverable, suggesting the damage is observable by the micro-scale sliding. (g-i) The non-

recoverable sliding was correlated with the applied strain for the plantaris and tail tendons but not

for the Achilles tendon. Error bars are SEM and dashed lines represent 95% confidence intervals.
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To compare across all three tendons, we evaluated the multi-scale mechanics with

the normalized applied strain (Figure 6.8), calculated as the applied strain divided by the
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average peak strain during Ramp to Failure (Figure 6.3). The directions of the correlations
for the micro: tissue strain ratio (Figure 6.8a), micro-scale sliding during loading (Figure
6.8b), and non-recoverable sliding during recovery (Figure 6.8c) were the same for the
plantaris and tail tendons. Indeed, the percentage of non-recoverable sliding overlapped
between the plantaris and tail tendons (Figure 6.8c). The direction of correlation for the
micro-scale deformation and non-recoverable sliding in percentage between plantaris and

tail tendons suggest that their loading and damage mechanisms are similar.
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Figure 6.9: Relationship between tissue- and micro-scale parameters. (a-b) The transition strain
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tissue-scale parameter demonstrates that micro-scale sliding may be the damage mechanisms in

both tendons. Dashed lines represent 95% confidence intervals.
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6.3.4 Multi-scale Damage Mechanism Relationship between Tissue-scale and Micro-
scale Parameters

Finally, we evaluated the relationship between the micro-scale damage (non-
recoverable sliding) and tissue-scale mechanical properties. The transition strain was
correlated with the non-recoverable sliding for both plantaris and tail tendons (Figure 6.9a-
b). The transition strain is an indirect measurement of tissue elongation, and thus this
suggests that an increase in tissue elongation is related to the irreversible microstructure
damage. Although we observed correlations between non-recoverable sliding and tissue-
scale inflection point strain and modulus in the tail tendon, these did not correlate in the

plantaris tendon (Figure 6.9c-f).

6.4 Discussion

This study investigated the load transfer and damage mechanisms of load-bearing
tendons, the plantaris and Achilles tendons, across multiple length scales and showed that
the mechanisms in the plantaris tendon are similar to those in the tail tendon. Specifically,
at the tissue-scale, damage was observed in the mechanical properties and was strain-
dependent (Figure 6.4). At the micro-scale, the strain was highly attenuated in all tendons.
The micro-scale sliding was correlated with the applied strain, demonstrating that load was
transferred via micro-scale sliding (shear) in the plantaris and tail tendons (Figure 6.5). The
micro-scale sliding was non-recoverable, strain-dependent (Figure 6.6), and correlated
with tissue-scale properties (Figure 6.9), suggesting the non-recoverable sliding is an initial

mechanism of tendon damage (Figure 6.6). In summary, micro-scale sliding is likely
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responsible for both load transfer and damage mechanisms in load-bearing tendons, with

the exception of Achilles tendon.

6.4.1 Damage Mechanisms of Functionally Distinct Tendons

While this study showed that micro-scale sliding is the mechanism of damage for
both load-bearing rat tendons and non-load-bearing rat tail tendon, previous findings have
suggested that functionally distinct tendons may not have the same damage mechanisms.
This can be attributed to two main factors: 1) differences in structure and composition
between larger and smaller animal tendons, and 2) differences in prescribed loading
conditions. First, differences between low- and high- stress bearing tendons in equine and
bovine tendons were observed in tendon mechanics, [81,82] fascicle and interfascicular
mechanics, [80,81] interfascicular matrix composition, [84] cross-link density, [82] and
fibril deformation. [82,85] These observations suggest that damage mechanisms may
depend on the mechanical function of a tendon, contrasting our findings; however, the
difference in mechanisms may be explained through the presence/absence of fascicle and
interfascicular matrix. While larger animal tendons have fascicles and interfascicular
matrix, rat tendons lack fascicles that are structurally and mechanically equivalent to those
observed in larger animals. [176] To support this notion, prior studies observed a
significant difference in fascicle and sliding deformation of interfascicular matrix between
functionally distinct tendons [80,81], and thus fascicle and interfascicular matrix

mechanics may dictate the damage mechanisms of functionally distinct tendons. The
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absence of fascicular and interfascicular structures in rat tendons likely explains the
observed common damage mechanisms between functionally distinct tendons in rat.
Second, while this study showed non-recoverable sliding is the mechanism for
damage, other recent studies have demonstrated that fibrils rupture under high magnitude
and/or cyclic loading. [51,82,85] Here, we observed a complete recovery of micro-scale
strain, suggesting that fibrils did not rupture under the applied loading conditions. This
challenges previous findings where the damage was observed in the form of collagen
kinking, discontinuities, and denaturation. [51,82,104,175] This disagreement may be
attributed to the notion that damage observed as micro-scale sliding may precede the
damage observed as micro-scale strain and fibril rupture. [64,95,104,108] It is possible that
micro-scale sliding damage precedes, regardless of the tendon type, and that damage
related to fibril rupture takes place later, where this process may depend on the tendon type
and loading protocol. It is likely that damage in the non-recoverable micro-scale strain will
be observed in rat tendons after high magnitude and/or cyclic loading in forms of collagen

kinking, discontinuities, and denaturation.

6.4.2 Unique Features of the Plantaris and Achilles Tendons

The plantaris and Achilles tendons have unique mechanical features that can be
considered in the context of their tissue-scale structure.[176] The plantaris tendon has a
single muscle-tendon junction and bone-tendon insertion, while the Achilles tendon has
three muscle-tendon junctions and a single bone-tendon insertion. [176] This complex

structure of Achilles tendon likely contributes to the observed mechanics. The observed o-
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€ response showed that the Achilles tendon bears high strain but low stress, and this is
likely due to a combination of both micro-scale and inter-tendon slidings. [171] The inter-
tendon sliding, a sliding between sub-tendons from each muscle in Achilles tendon, has
been speculated to contribute to low strain transfer from tissue- to micro-scale and
inhomogeneous deformation. [84,85] Notably, the tendon o-& response observed in rat
plantaris (high stress) and Achilles (high strain and low stress) and inhomogeneous
deformation have also been observed in human [140,171-173,179] and mouse. [180] In
addition, the mechanical properties of rat Achilles tendons quantified in other studies were
comparable to our mechanical properties. [135,137] The complex structure, o-¢ response,
lower strain transfer, and inhomogeneous deformation observed in this study and previous
findings suggest that Achilles tendon should be recognized as a specialized tendon, and the
structural complexity of Achilles tendon should be carefully considered. Based on the
structure and o-¢ response, we recommend selecting the rat plantaris tendon over the

Achilles tendon as a small animal model system when studying load-bearing tendons.

6.4.3 Strain Attenuation and Micro-Scale Strain of Native Tissue

This study demonstrated that strain is highly attenuated in rat tendons, and since
the micro-scale strain is a good indicative measure for cell strain [181], native cells in
tendon will likely experience a small relative amount of strain, regardless of the applied
strain. Mechanical stimulation is a crucial aspect of maintaining homeostasis of tendon
cells, and thus strain transfer from the tissue- to micro-scale structure is important. [181]

Interestingly, while the plantaris and Achilles tendons were loaded to an applied strain that
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was about three times higher than the tail tendon, the magnitudes (in degree) of micro-scale
strain were comparable, likely due to the load transfer mechanism of micro-scale sliding.
[38] These observations are consistent with the magnitude of micro-scale strain measured
in other aligned fibrous tissues such as meniscus and annulus fibrosus, [181] suggesting
that mechanosensitive cells in the native environment may only require low strain to
maintain homeostasis in a healthy state. This finding has important implications for

mechanotransduction and the design of tissue engineered constructs.

6.5 Conclusion

This study determined the multi-scale load transfer and damage mechanisms in the
rat plantaris, a load-bearing tendon, by demonstrating that the micro-scale sliding is a key
component in both mechanisms. These mechanisms are similar to those previously
quantified in the tail tendon. Namely, the micro-scale sliding correlated with the applied
strain measured at the End of the Initial Ramp, suggesting that micro-scale sliding
contributes to load transfer in tendon. In addition, while the micro-scale strain fully
recovered, the micro-scale sliding was non-recoverable, strain-dependent, and correlated
with a tissue-scale mechanical parameter. When the applied strain was normalized, the
percentage magnitude of non-recoverable sliding was similar between the plantaris and tail
tendons. Achilles tendon demonstrated some of the mechanical responses observed in
plantaris and tail tendons, yet the results were inconclusive due to its complex structure.
Thus, micro-scale sliding is responsible for both loading and damage mechanisms in load-

bearing plantaris tendon.
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Chapter 7

EFFECT OF AGING ON TENDON MULTI-SCALE MECHANICS: PILOT

STUDY

7.1 Introduction

This part of the thesis contains a pilot study that was carried out during the
dissertation, which investigated the effect of aging on tendon multi-scale mechanics. The
incidence rate of tendinopathy increases with aging, and aging is identified as one of the
factors that contribute to tendinopathy in clinical settings. [182,183] Yet, there is no
consensus if aging has an effect on tendon mechanics. While some studies report no change
in mechanical properties, [184-186] other studies report reduction of mechanical
properties of the whole tendon with aging. [187-189] Interestingly, at the micro-scale,
structure and mechanics of fascicles, interfascicular matrix, and collagen fibril diameter
altered with aging, not to mention the decrease in cell density, migration and proliferation.
[165,190-195] This pilot study was conducted to explore if aging has an effect on tendon
multi-scale damage mechanism, and the study is briefly discussed to communicate the

preliminary findings

7.2 Materials and Methods
Rat tail tendon fascicles were harvested from female F-344 rats. We selected 1-

month, 12-month, and 24-month old rats to represent Young, Mature, and Old age groups,
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respectively. These tails were previously frozen at -20C, where the maximum number of
the freeze-thaw cycle was limited to three. [96] We stained each sample with 10 ug/ml 5-
DTAF (Life Technologies) and tested using the same method as previously described. [38]
Mechanical testing on a total of 3 groups with n=5 fascicles per group was performed. We
preloaded each fascicle to 0.5g (~5mN) to define the reference length and preconditioned
with 5 cycles of 2% grip strain. Then, we ramped the tendon to 6% and held at a constant
stain level for 15 min of stress relaxation. The strain rate for all loading and unloading was
1%/s. To observe the effect of damage, we quantified the tissue-scale parameters at Initial
Ramp and Ramp to Failure. We additionally quantified stress relaxation in percentage by
taking a ratio between stress at End of Initial Ramp and equilibrium stress at the End of
Stress Relaxation (Figure 3.3). All the tissue-scale and micro-scale parameters were

quantified as described above.
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Figure 7.1: Representative o-¢ responses for both Initial Ramp and Ramp to Failure.
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7.3 Results and Discussion

Representative stress-strain (o-¢) responses of the three tendons are shown (Figure
7.1). A qualitative observation of the o-¢ response of the Old group showed that
mechanics of Old group may be different compared to the Young and Mature groups. This
difference seen in the o-¢ was captured in transition strain and linear region modulus
(Figure 7.2). For the Young group, the transition strain increased from Initial Ramp to
Ramp to Failure, whereas all the other groups showed no difference. This was surprising
based on our previous results (Chapter 3, 4). We expected the transition strain to decrease
after mechanical loading for all the groups, and this may be due to an experimental
variation. We observed statistical significant differences for the linear region modulus. For
both Young and Mature groups, we observed that the linear region modulus decreased from
Initial Ramp and Ramp to Failure as demonstrated in Chapters 3 and 6, but not for the Old
group. We observed differences in Initial Ramp linear region modulus between Mature and
Old and in Ramp to Failure linear region modulus between Young and Mature. The stress
relaxation percentage was different among all the groups, possibly related to the change in
water content in tendons with aging. In addition, the tissue strain was not significant among
the group (p >0.14). Importantly, except for the Ramp to Failure transition strain, all the
parameters showed a gradual trend from Young to Old group. Thus, the tissue-scale

parameters suggest that aging may have an effect on tendon mechanics.
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Figure 7.2: Tissue-scale parameters of Young, Mature, and Old. (a) Only the Young group showed
a statistical difference from Initial Ramp to Ramp to Failure for the transition strain. (b) The
inflection point showed no difference, (c) whereas the linear region modulus showed a statistical
significance. For both the Young and Mature groups, we observed that the linear region modulus
decreased from Initial Ramp and Ramp to Failure as expected, but not for the Old group. (d) Stress

relaxations among all the groups were statistically significant.

At the micro-scale, we observed no qualitative and statistical difference in any of
the parameter. Surprisingly, the overall micro-scale sliding was not different. We expected
to observe a statistical difference in micro-scale sliding and non-recoverable sliding since
we observed differences in tissue-scale parameters. In addition, we expected transverse

strain to vary with age, based on the stress relaxation differences we observed. A power
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analysis demonstrated that we need n=17/group to see the difference in Initial Ramp linear
region modulus between the Mature and Old groups. We decided to discontinue the project
because the age-related tendinopathy may be largely affected by the degeneration of
interfascicular matrix [164,165], and thus rat tendons may not be an ideal animal system
to study the effect of aging on tendon mechanics. Still, we observed differences in tissue-

scale mechanics in our pilot study, and continuing this study may yield useful findings.
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Figure 7.3: Micro-scale parameters. (a) Micro-scale strain, (b), micro-scale sliding, (c) transverse

strain, and (d) non-recoverable sliding were not qualitatively and statistically different.
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Chapter 8
SUMMARY AND FUTURE DIRECTIONS

8.1 Summary

Tendinopathy is becoming increasingly common in both sports and occupational
settings, which leads to a significant loss in quality of life. Once tendinopathy is clinically
diagnosed, current treatment and rehabilitation strategies are not sufficient to reverse the
pathological changes. Thus, prevention of tendinopathy and studying the damage
mechanisms of tendon are important. Many studies attribute the initiation of tendinopathy
to damage initiated by mechanical loading, leading to microstructural changes. Yet, the
link between mechanical loading and microstructural changes, resulting in macroscopic

changes, has not fully elucidated.

The objectives of the dissertation were to investigate the damage mechanisms
and hierarchical structure of non-load and load-bearing rat tendons, including the tail,
plantaris, and Achilles tendons. Damage is defined as an irreversible change in micro-
scale deformation that is observable in tissue-scale mechanical parameters. In Chapter
3, multi-scale mechanical testing was conducted to investigate the damage mechanisms
of rat tail tendon, which has the simplest structure, by simultaneously quantifying tissue-
scale mechanical and microstructural changes. This study quantified tendon damage by
identifying the microstructural micro-scale changes that correlated with the altered
macroscopic mechanical parameters at the tissue-scale. Analysis of the micro-scale

deformations demonstrated that the micro-scale strain fully recovered following loading
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and unloading, while the micro-scale sliding was only partially recoverable and non-
recoverable sliding was dependent on the applied strain. At the tissue-scale, irreversible
mechanical parameter alterations included increased transition strain (an elongated toe
region), decreased linear modulus, and increased inflection point strain that were strain-
dependent, and these parameters were correlated with the non-recoverable sliding.
These findings suggesting that non-recoverable sliding is the damage mechanisms
induced by mechanical loading.

In Chapter 4, the effect of freezing on tendon multi-scale mechanics and structure
was evaluated to justify the use of previously frozen tendon to investigate the damage
mechanisms. Using rat tail tendon and the experimental design developed as a part of the
previous chapter, we verified that freezing does not alter multi-scale tendon mechanics and
damage mechanisms under our study protocol. Specifically, the method of storage and the
number of freeze-thaw cycles may be important factors in preserving the mechanics of
tendon and ligament, and the protocol used in this study was effective for this preservation.
The hierarchical structures of rat tendons at multiple length scales were studied to provide
a definition of fiber based on the characteristic features in Chapter 5. We chose a single
species (rat) and tendons with varying mechanical function (tail, plantaris, and Achilles
tendons) to created tendon-specific schematics based on our observations. Using multiple
imaging methods, we confirmed that rat tendons do not contain fascicles, with the
exception of the specialized rat tail tendon, and thus fiber is the largest tendon subunit in
the rat. In addition, we provided a structurally based definition of a fiber as a bundle of

collagen fibrils that is surrounded by elongated cells, and this definition was supported by
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both histologically processed and unprocessed samples. In all rat tendons studied, the fiber
diameters were consistently 10-50 pm.

Based on the method and insight gained in previous chapters, we determined the
multi-scale load transfer and damage mechanisms in the rat plantaris, a load-bearing tendon
in Chapter 6. The study demonstrated that the micro-scale sliding is a key component in
both mechanisms. These mechanisms are similar to those previously quantified in the tail
tendon. Namely, the micro-scale sliding correlated with the applied strain, suggesting that
the micro-scale sliding contributes to load transfer in the plantaris tendon. In addition,
while the micro-scale strain fully recovered, the micro-scale sliding was non-recoverable,
strain-dependent, and correlated with the inflection point at the tissue-scale. Thus, micro-
scale sliding is a key component for both loading and damage mechanisms in the load-
bearing plantaris tendon, similar to the findings in the non-load-bearing tail tendon.

The last chapter, Chapter 7, provides an important pilot data in evaluating the effect of
aging on tendon mechanics at multiple length scales. We observed statistical differences
between Young, Mature, and Old rat tail tendons in tissue-scale mechanics, but none in the

micro-scale mechanics. Findings from this pilot study can suggest a future direction.

8.2 Future Directions

This thesis provides an important knowledge that serves as a foundation for future
studies. Some natural questions that arise from the thesis is a translation of the findings
from a small animal model (rat) to human or large animal model. As demonstrated in

Chapter 5, rat tendons lack fascicles that are common in large animals and humans. Still,
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rat can have an advantage when studying fiber structure and mechanics since the fiber
structure may be conserved across species. To verify, the fiber structure and mechanics
need to be compared between small and large animals; the existence and diameter of the
fiber in large animals need to be examined, and the micro-scale deformation of fibers from
large and small animals need to be compared directly. One way to study this is to
photobleach lines and stain cells, [196] where the same method can be applied to measure
micro-scale deformation based on the lines and cells can be used as markers to identify
fiber boundaries based on the definition from Chapter 5. Thus, fiber deformation between
animals can be directly compared, and this method can be applied to study human tendon.
One of the most important differences between small and large animal tendons is that small
animals lack interfascicular matrix. This structure has been extensively characterized by
Dr. Hazel Screen’s group, and they have suggested that interfascicular matrix is a key
structure that contributes to age-related changes, [165,191] mechanical and structural
differences between functionally distinct tendons, [76,80,81,144,197] and inflammation
after fatigue loading [198] using equine tendons. Still, a micro-scale deformation of the
interfascicular matrix has not been quantified in situ that can suggest damage mechanisms.
The previous testing method used to quantify the deformation involves cutting each side
of the fascicle to artificially induce shear to measure mechanical properties of the
interfascicular matrix. [81] This is not a natural loading environment and simultaneous
quantification of fiber and interfascicular matrix mechanics is impossible using this method.
To simultaneously quantify fiber and interfascicular matrix mechanics, cells can be used

to identify boundaries of fibers and interfascicular matrix, based on rounder nuclear aspect
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ratio, and measure micro-scale deformation using cells as fiducial markers. [181] This
method can isolate the micro-scale deformation at different regions (fiber, fascicle, and
interfascicular matrix) in situ to suggest damage mechanisms of large animal tendons and
human.

As mentioned in Chapter 2, tendinopathy leads to inferior structural and mechanical
properties, where this can lead to changes in damage mechanisms. For example, healthy
tendon’s loading mechanism, strain transfer via micro-scale sliding, may be compromised
due to inferior collagen alignment and increase in proteoglycan, which can overload fibers
and fibrils, and non-recoverable sliding can be high. During stress relaxation, increased
micro-scale strain and decreased sliding may be expected, and increased non-recoverable
strain and non-recoverable sliding after rest can be expected in tendinopathic tendon. These
altered micro-scale parameters can affect the tissue-scale mechanics, based on the findings
of this dissertation. Small animal models, such as synergistic ablation or in vivo patellar
tendon loading model, are recommended for future studies to study the effect of
tendinopathy at multi-scale. [52,168-170]

One of the most surprising findings of the dissertation was the observed high
magnitude of non-recoverable sliding and permanent elongation of tendon after loading to
a relatively low strain. Currently, stretch exercises and yoga are recommended and have
been shown to reduce pain and improve functions [199-201]by gradually loosening muscle
and elongating connective tissues such as tendon. [202,203] In addition, there is a diurnal
variation in tendon stiffness, [204,205] where human Achilles tendons were significantly

stiffer in the evening than morning. Taken together, tendon elongation as a result of
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mechanical loading that changes stiffness can occur in healthy tendon in vivo, and this
suggests that damage observed in this study may a natural part of tendon life-cycle.

Yet, the elongation of tendon and change in stiffness must be recoverable over time
to maintain tendon homeostasis in vivo. In this dissertation, we demonstrated that
mechanical loading causes microstructural changes only using tendons that have
undergone freeze-thaw cycles, where cells are no longer viable. Thus, it is possible that
tendon cells can mechanically contribute to maintain homeostasis in vivo, and there is an
increasing evidence that cells can sense changes in loading environment and mechanically
respond in a short time frame (hours to days), apart from repair, healing, and remodeling.
Previous studies have observed shortening of tendon length through actin-mediated
contraction of cells [206] and cellular engineered construct experienced less deformation
than the acellular counterpart. [207] This is likely due to mechanosensitive tendon cells,
[206,208,209] and cells are known to sense the rigidity and/or alignment of surrounding
matrix to adjust their adhesion, intracellular cytoskeleton organization, and morphology,
which affects cell signaling, proliferation, and differentiation. [210-217] Thus, cells may
be able to sense changes in surrounding microenvironment induced by mechanical loading
and maintain homeostasis. On the other hand, a negligible difference in mechanics between
cellular and acellular native tissue was reported in another paper. [218] Investigating short-
term mechanical contribution of cells is a necessary step to address normal tendon function
and damage in vivo.

It is important to note that this thesis focused on a single type of loading protocol

with one strain rate to induce damage in tendons: a ramp at 1%/s to the applied strain that
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was held statically for 15 minutes. Tendon is a viscoelastic material, where the mechanical
response will be dependent on time and rate, and thus damage mechanisms may be affected
by the strain rate. [110,219] In addition, it is possible that different mechanisms of damage
with other types of loading can occur, particularly with cyclic loading and creep. [102,220]
As mentioned in chapters of the thesis, collagen kinking, discontinuities, and denaturation
were observed in tendons that underwent high magnitude and/or cyclic loading.
[51,82,85,104,175] We argued throughout the thesis that the complete recovery of micro-
scale strain suggest that fibrils do not rupture under the applied loading conditions, and
damage observed as micro-scale sliding may precede the damage observed as micro-scale
strain and fibril rupture. [64,95,108] To verify this notion, finding a relationship between
CHP intensity and micro-scale sliding is an important next step. Some of the pilot studies
are included as appendices (Figure E 1-4). Damage mechanisms may vary under different
loading conditions and rate, and studying the effect of different loading rate and conditions
on tendon damage can inform the mechanisms in vivo.

Even within a single loading protocol that was prescribed in this thesis, it is
unknown whether damage is initiated as soon as damage threshold is surpassed or damage
accumulates during stress-relaxation. As mentioned in Chapter 3, we performed cyclic
preconditioning at 4% grip strain, which is presumably above the threshold for the rat tail
tendon. We compared the tissue-scale parameters between 2% and 4% preconditioning
level and observed no difference (Figure 3.10) Thus, not only the strain magnitude but also
the loading type (i.e., static vs. cyclic) and duration (i.e., 10 seconds vs. 15 minutes) of

loading may have different contributions to damage. Interestingly, when Ramp to Failure
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inflection point strain and applied strain were plotted, the slope was 0.73 and the p-value
was < 0.005. If we assume that the inflection point is equivalent to the damage threshold,
then this correlation suggests that the damage threshold depends on the loading history (i.e.,
applied strain). This type of behavior is observed as flow plasticity in materials, [221] and
this may suggest that the yield space increases once tendon is loaded beyond the threshold
and stays constant without further perturbation. Identifying factors (i.e., strain magnitude,
loading type, and duration) that initiate tendon damage can guide future prevention and

rehabilitation strategies.

8.3 Final Conclusion

This dissertation investigated tendon structure, mechanical function, and
damage mechanisms at multiple length scales in both non-load and load-bearing rat
tendons, including the tail, plantaris, and Achilles tendons. The findings from the
dissertation provide an important link between mechanical loading and microstructural
changes, resulting in macroscopic changes, ultimately elucidating damage mechanisms.
The outcome of the thesis can inform pathogenesis and progression of tendinopathy,
which can improve prevention and rehabilitation strategies and guide therapies and

design of engineered constructs.
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Appendix A

MECHANICAL TESTING DATA OF RAT TAIL TENDON
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Figure A.1: Transition stress and inflection point stress correlated with non-recoverable sliding. As
seen here, the correlations are not significant, suggesting these parameters may be as good as other
parameters suggested in the main text.
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Figure A.2: A transition strain, inflection point, strain and linear region modulus correlated with
non-recoverable sliding. The A transition strain and inflection point strain correlated, but not A

linear region modulus.
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Figure A.3: Relationship between ramp to failure inflection point strain and applied strain. The
correlation between applied strain and Ramp to Failure inflection point strain of rat tail tendon
(Chapter 3) was significant (p-value <0.005). In addition, the slope was close to 1 (0.73). This
relationship suggests that the damage threshold can increase depending on the loading history (i.e.,
applied strain).
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Appendix B

EFFECT OF FREEZING ON RAT TAIL TENDON MECHANICS

Table B.1: Fresh and Frozen tissue-scale parameters. There was no statistical difference between
the two groups except for peak strain. However, not all samples failed in the mid-substance and

some failure started at the grip, so we decided not to emphasize this difference in the main text.

Fresh Frozen
Transition Strain
Initial Ramp 0.017 £ 0.009 0.014 + 0.006
Ramp to Failure 0.025 + 0.011 0.020 + 0.011
Transition Stress (MPa)
Initial Ramp 6.28 + 4.75 4,75+ 1.82
Ramp to Failure 7.70 + 3.18 6.56 + 4.43
Linear Reg. Mod (MPa)
Initial Ramp 1109 £ 323 1166 £ 424
Ramp to Failure 980 + 298 982 + 492
Inflection Pt. Strain
Initial Ramp 0.024 £ 0.012 0.023 £ 0.009
Ramp to Failure 0.037 £ 0.014 0.034 £ 0.010
Inflection Pt. Stress (MPa)
Initial Ramp 145+57 15.7+5.38
___________ Rampto Failure 185+ 5.0 _189+75
Peak Strain 0.071 + 0.006 0.061 + 0.007
Peak Stress (MPa) 44.7 + 13.0 37.3+14.7
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Appendix C
HIERARCHICAL STRUCTURE OF RAT TENDONS

Plantaris Tendon
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Figure C.1: Transverse sections of plantaris tendon. The histology shows that the microstructure

and hierarchical structure (fiber diameter) of plantaris tendon may vary along the length.

Figure C.2: Transverse SHG signal of plantaris tendon without any fixation. This was to

demonstrate that the separation observed in the transverse direction is not a fixation artifact.
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Appendix D
TISSUE-SCALE MECHANICS OF RAT TENDONS
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Figure D.1: Tissue-scale parameter of transition and inflection point stresses. As shown in Chapter

3, only the rat tail tendon correlated with the transition and inflection point stresses.
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Appendix E

SUPPORTING EVIDENCE FOR FUTURE DIRECTIONS

Figure E.1: SEM of bundle of fibrils. In a pilot study, we identified bundles of fibrils bridging
between fibers. Analogous to the observation of smaller diameter fibrils bridging larger diameter
fibrils, smaller diameter fibers may bridge larger diameter fibers. These structures were observed
in a control group, but these connections may be compromised and damaged after mechanical
loading.
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Figure E.2: SEM of plantaris tendon loaded to 14% and 20%. The SEM images show that D-period
was absent for the tendon that was loaded to 20%, but not for the one that was loaded to 14%. This
pilot study emphasizes the need to find the relationship between fibril deformation and micro-scale
deformation measured as photobleached lines.
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Figure E.3: CHP staining of transverse sections. The CHP intensity of the control section was
statistically lower than the section of the tendon that was loaded to 25% The CHP intensity was
about 3 times higher for the 25% group compared to the control. This suggests that the CHP

intensity increases with mechanical loading. Scale bar: 100 pm.
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Figure E.4: CHP staining of longitudinal sections. The CHP staining of tendons that were loaded
to either 20% and 25% strain showed high CHP intensity. Scale bar: 100 um. When the longitudinal
sections were rendered in 3D, you can make out the microstructure of the tendon, which is

speculated to be fiber based on the diameter.
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