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Abstract

Recent advances in technology have allowed for the measurement of dynamic processes (re-
alignment, crimp, deformation, sliding), but only a limited number of studies have investigated
their relationship with mechanical properties. The overall objective of this study was to investigate
the role of composition, structure, and the dynamic response to load in predicting tendon
mechanical properties in a multi-level fashion mimicking native hierarchical collagen structure.
Multiple linear regression models were investigated to determine the relationships between
composition/structure, dynamic processes, and mechanical properties. Mediation was then used to
determine if dynamic processes mediated structure-function relationships. Dynamic processes
were strong predictors of mechanical properties. These predictions were location-dependent, with
the insertion site utilizing all four dynamic responses and the midsubstance responding primarily
with fibril deformation and sliding. In addition, dynamic processes were moderately predicted by
composition and structure in a regionally-dependent manner. Finally, dynamic processes were
partial mediators of the relationship between composition/structure and mechanical function, and
results suggested that mediation is likely shared between multiple dynamic processes. In
conclusion, the mechanical properties at the midsubstance of the tendon are controlled primarily
by fibril structure and this region responds to load via fibril deformation and sliding. Conversely,
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the mechanical function at the insertion site is controlled by many other important parameters and
the region responds to load via all four dynamic mechanisms. Overall, this study presents a strong
foundation on which to design future experimental and modeling efforts in order to fully
understand the complex structure-function relationships present in tendon.
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1 Introduction

To enable transmission of generated muscle force to bone, tendon exhibits nonlinear
biomechanical behavior with an initial “toe-region” followed by the “linear-region” of a
stress-strain curve (Connizzo et al., 2013b). In addition, tendons also display viscoelastic
properties identified as stress relaxation, hysteresis, and creep (Woo et al., 2000). Clinically,
the ability of tendon to demonstrate these properties allows for it to both guide movement
(low stiffness) and provide stability (high stiffness). Additionally, the dynamic and
viscoelastic properties emphasize the ability of tendon to structurally adapt to constant or
cyclical loads in order to reach biomechanical equilibrium (Einhorn et al., 2007).

Mechanical function is modulated by dynamic processes that occur at the micro- and
nanoscale during mechanical loading, specifically fiber uncrimping, fiber re-alignment, fibril
deformation and fibril sliding. These mechanisms are thought to reduce strain on individual
fibrils during the initial response to load and ultimately to prevent irreversible damage.
Uncrimping has been implicated in the non-linear behavior observed in the toe-region of the
stress-strain curve (Atkinson et al., 1999; Diamant et al., 1972; Miller et al., 2012b; Woo et
al., 2000). In addition, collagen fibers are also capable of shifting their orientation towards
the axis of loading, called re-alignment (Lake et al., 2009, 2010; Miller et al., 2012c).
Finally, macroscopic extension is enabled by deformation and sliding mechanisms that
simultaneously occur between fibers and fibrils, which have been cited as contributors to
viscoelastic and dynamic behavior (Rigozzi et al., 2009; Rigozzi et al., 2011; Screen et al.,
2005; Szczesny and Elliott, 2014).

The contribution of these dynamic processes to the mechanical response to load is thought to
be dependent on region (insertion site versus midsubstance), alluding to the significance of
extracellular matrix composition and structure in these processes. This matrix, comprised
predominantly of collagen type I, is organized in a hierarchical manner spanning from
individual collagen fibrils to full tendon (Birk et al., 1995; Birk et al., 1997). In addition to
collagen 1, the extracellular matrix is composed of minor collagens, proteoglycans with their
associated glycosaminoglycans (GAGS), glycolipids, and cellular material (Woo et al.,
2005). These elements all play a role in tendon mechanical function. Collagen orientation
promotes high strength in the direction of fiber alignment, which is dependent on the
underlying organizational structure. The extrafibrillar matrix, as well as cells, may also play
a role in both quasi-static and dynamic mechanical function (Dourte et al., 2012; Dunkman
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etal., 2013; Grant et al., 2015; Henninger et al., 2015; Rigozzi et al., 2009) via their abilities
to regulate fluid flow and stiffness of the interfibrillar tissue.

Despite previous studies (Ansorge et al., 2012; Best et al., 1993; Chan et al., 1998;
Danielsen and Andreassen, 1988; Derwin and Soslowsky, 1999; Freedman et al., 2015;
Hansen et al., 2010a; Haut et al., 1992; Parry, 1988; Robinson et al., 2004), current
explanations of load sharing are insufficient, suggesting that the mechanical behavior cannot
be explained solely by composition and structure. Recent advances have allowed for the
measurement of dynamic parameters, but only a limited number of studies have investigated
the relationships between the dynamic processes and mechanical properties (Lake et al.,
2010; Miller et al., 2012a) or composition/structure (Connizzo et al., 2013a; Miller et al.,
2012a; Miller et al., 2012b). Therefore, the purpose of this study was to investigate the role
of composition, structure, and the dynamic response to load in predicting tendon mechanical
properties in a multi-level fashion mimicking native hierarchical collagen structure. We
hypothesized that dynamic responses to load would strongly predict mechanical properties
and that composition/structure would predict dynamic responses. Our second hypothesis was
that dynamic processes would act as a mediator of the relationship of composition/structure
to mechanical properties, mimicking the native structural hierarchy.

2.1 Data Collection

Data analyzed in this study was gathered in recent studies (Connizzo et al., 2016; Connizzo
et al., 2015) characterizing the multi-scale properties of mature supraspinatus tendons from
wild type, collagen V heterozygous and tendon/ligament-specific collagen V null mice
(Table 1). Briefly, mechanical parameters were measured in a series of mechanical studies
(Connizzo et al., 2015; Connizzo et al., 2013a). Collagen fiber crimp was measured using
quantitative polarized light microscopy from histological sections (Miller et al., 2012b).
Collagen fiber re-alignment was measured using our integrated polarized light mechanical
testing setup during mechanical testing (Connizzo et al., 2015; Lake et al., 2009; Miller et
al., 2012a). Collagen fibril deformation and sliding were measured using a novel AFM-
based technique (Connizzo et al., 2015; Connizzo et al., 2014b). Fibril morphology was
measured using image analysis software from sections processed for transmission electron
microscopy (Dourte et al., 2012; Dunkman et al., 2013). Cell morphology was measured in a
similar software from images of histological sections (Thomas et al., 2014).
Glycosaminoglycans (unpublished data, presented in Supplemental Data) and total collagen
(Connizzo et al., 2016) was quantified with the DMMB and OHP assays, respectively
(Connizzo et al., 2014a). Pyridinoline crosslinks were quantified with an ELISA kit and
normalized to total collagen (Bjork et al., 2012; Cortes et al., 2013; Stevenson et al., 2014).
All samples were analyzed at the insertion site and midsubstance of the tissue, defined by
the first and second millimeter of the tissue, respectively, from the junction of tendon to
bone.

Statistical linear regression was performed on the data using each animal’s tissue as
individual data points. To determine the sample size for multiple regression analysis, an a
priori power analysis was performed based on 15 predictors (the largest number of
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predictors planned in the study) with an alpha set at 0.05, an anticipated R-squared of 0.8
and a desired statistical power of 0.8. The RZ was chosen based on an assumption that this
study would better predict mechanical parameters than previous multiple regression analyses
performed in our lab (Ansorge et al., 2012; Robinson et al., 2004). Based on this analysis, it
was determined that a sample size of 16 tendons was sufficient, but a sample size of 20
tendons was used to account for experimental error and to remain conservative.

The regression analysis was “blind” to mouse genotype, allowing for the hypotheses to be
tested by determining how variances in parameters affect mechanical properties, regardless
of how those variances were achieved. The transgenic groups ensured a distribution of
properties in addition to those achieved with normal biological variation. Bilateral samples
from each mouse were analyzed to maximize the number of parameters measured from a
single animal. However, it was not possible to obtain values for every dependent and
independent parameter from a single specimen. To overcome and investigate this limitation,
we performed all analyses on two data sets as a sensitivity analysis: (1) the complete data set
(87% overall missing values), and a (2) ‘compact’ data set, in which the experimental data
was compressed into 20 specimens (32% overall missing values). Imputation was performed
on both data sets using the fully conditional specification method with 10 iterations for five
imputations (White et al., 2011). Both data sets lead to the same overall conclusions so
presented here are the results from the complete data set only. The results for the ‘compact’
data can be found in Supplemental Data for completeness and to further support the
approach presented.

2.2 Multiple Regression Analysis

Summary statistics of all variables were examined to ensure that assumptions for linear
regression analysis were met (Supplemental Data). This study consisted of three sets of
defined variables: (1) dependent variables (mechanical properties), (2) dynamic processes
(re-alignment, crimp, fibril deformation, fibril sliding), and (3) composition and structure
(cell morphology, fibril morphology, initial d-period and variance, extracellular matrix
composition). Pearson correlation coefficients were used to determine univariate
relationships between predictor variables with significance set at p<0.05.

Multiple linear regression models were used to quantify the relationship: (A) between
mechanical properties and dynamic processes, and (B) between composition/structure and
dynamic processes (Fig. 1). The relationship between mechanical properties and
composition/structure (C) was also determined to compare results with previous findings in
the literature (Supplemental Data). A series of stepwise regression models using least-square
estimation with forward elimination were used to predict these relationships. Variables were
included in the model if they significantly improved the model via an F test with
significance set at p<0.05.

2.3 Mediator Modeling

Mediator models have recently been used in a variety of fields to explain the relationship
between correlated parameters (Baron and Kenny, 1986; Huang and Pan, 2015; Tripp et al.,
2015; Wright and DeKemper, 2015). Traditional mediator models make several assumptions
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in addition to all of the standard assumptions of the general linear model, such as the
independence of measured parameters and the lack of significant correlation between the
independent variable and the mediator. In addition, this analysis was performed on imputed
data (predicted values), which homogenizes the variance in the data. Nevertheless, this
method tests the causal hypothesis that a third parameter, called the mediator, is contributing
to the relationship between the independent and dependent variables and is capable of
measuring the strength of that mediation. In other words, the mediator explains how or why
a relationship exists between the independent and dependent variable. For all of the
regression models that displayed strong relationships (R?>0.5), multiple mediator models
were analyzed by defining all significant contributors of regression A as the mediators and
the most important contributor of regression B as the independent variable (Hayes, 2013).
This study only investigated a single independent variable for each dependent variable,
although future studies should focus on investigating more complex models featuring
multiple independent variables. Partial mediation was determined by comparing the
difference between the mediated path and the direct path (Baron and Kenny, 1986).
Significance was determined using the Sobel method (MacKinnon et al., 2002) with
significance set at p<0.05.

3.1 Correlations Between Independent Variables

Moderate to strong correlations between independent variables are displayed in Table 2. In
both regions, fibril diameter and fibril density were strongly correlated. At the insertion site,
pyridinoline (PYD) content was positively correlated with glycosaminoglycan (GAG)
content and fibril irregularity (FIF). Fibril density was also positively correlated with cell
density. At the midsubstance, fibril diameter was also positively correlated with PYD and
FIF. FIF was also negatively correlated with fibril density. There were no significant
correlations between any of the dynamic parameters.

3.2 Regression of Mechanical Parameters on Dynamic Processes

Results from Regression A are presented in Table 3 and key findings will be discussed in the
text that follows. Dynamic parameters (re-alignment, crimp, deformation, sliding) were
strong predictors of mechanical properties, with R2 values reaching as high as 0.89. Tangent
stiffness was the strongest predicted mechanical parameter in both regions. Transition strain
and stress, as well as peak cyclic strain, cycles to failure, and laxity were the weakest
predicted mechanical parameters in both regions, with all parameters having an R? value less
than 0.50. For complete transparency and reader interpretation, results from all regression
models are shown in Table 3. However, it is important to note that major conclusions should
only be drawn from the ‘strong’ relationships, those with R? values greater than 0.50. At the
insertion site, mechanical parameters were well predicted by linear combinations of all four
dynamic parameters, with fibril sliding and deformation making the largest contributions.
Crimp was a positive predictors of mechanical properties. The amount of re-alignment was
also a positive predictor of mechanical properties and a negative predictor of viscoelastic
properties (stress relaxation, tangent delta). Fibril deformation at 1% and 5% applied strain
were positive predictors of mechanics while deformation at 3% and 7% strain did not predict
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any parameter strongly. Fibril sliding was a strong positive predictor at 1% strain and a
strong negative predictor at 3% and 5% strain.

In contrast, the midsubstance mechanical parameters were best predicted by fibril
deformation, with sliding and re-alignment playing more minor roles. Crimp amplitude and
frequency were weak, negative predictors of mechanics. The strain required to fully re-align
was a positive predictor of mechanical properties while the amount of re-alignment was not
strongly predictive. Fibril deformation was a strong predictor of mechanics with the
contribution increasing with strain level. Deformation from 1-5% strain was a positive
predictor of mechanics while deformation at 7% strain was a negative predictor. Finally,
fibril sliding was a positive predictor at 1% strain and a negative predictor at 3—7% strain.

3.3 Regression of Dynamic Processes on Composition and Structure

Results from Regression B are presented in Table 4 and will be discussed in the text that
follows. Dynamic properties were moderately predicted by parameters of composition and
structure, with R2 values reaching 0.69. Fibril deformation and sliding were the best
predicted parameters, while realignment and crimp were only moderately predicted. The
strain required to re-align and 7% fibril deformation were the weakest predicted variables at
the insertion, while re-alignment (total and toe region), crimp amplitude and fibril sliding at
3% strain were weakest at the midsubstance (R? values below 0.25). Results from all of the
regression models are shown in Table 4. However, major conclusions should only be drawn
from the ‘strong’ relationships, those with R? values greater than 0.25.

Many parameters at the insertion site were strongly predicted by PYD, fibril density, and
initial d-period variance. PYD was a negative predictor of re-alignment, crimp and fibril
deformation, but a positive predictor of fibril sliding. Fibril density was a positive predictor
of all dynamic processes. Initial d-period variance was a negative predictor of re-alignment
and sliding. Weaker predictors included FIF, collagen and GAG, cell shape, and initial d-
period. FIF and collagen were primarily positive predictors of dynamic processes while
GAG, cell shape, and initial d-period were all negative predictors.

At the midsubstance, the strongest predictors of dynamic properties were fibril morphology
and initial d-period length and variance. Fibril diameter and density were negative predictors
of fibril deformation and positive predictors of fibril sliding. Fibril diameter also negatively
predicted the strain required to realign and re-alignment in the linear region, and positively
predicted crimp amplitude. Initial d-period variance was a positive predictor of re-alignment,
crimp, and fibril deformation and a negative predictor of fibril sliding. Initial d-period was a
positive predictor of crimp amplitude, while negatively predicted realignment and fibril
deformation. Weaker predictors included cell shape and PYD, which were negative
predictors of fibril deformation and positive predictors of fibril sliding, and collagen and
GAG content, which were positive predictors of fibril deformation.

3.4 Mediator Modeling

Results of mediator modeling are presented in Table 5. Dynamic processes mediated
structure-function relationships in almost every mechanical parameter, although there was
no case in which all of the significant predictors were mediators. On average, approximately
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35% and 44% of the dynamic processes were significant mediators at the insertion site and
midsubstance, respectively (Table 5). Many of the strong predictors at the insertion site were
not strong mediators of the relationship between PYD and mechanical properties. In
contrast, the strongest predictors at the midsubstance were strong mediators of the
relationship between fibril diameter and mechanical properties.

4 Discussion

Correlations between independent parameters revealed relationships consistent with
previous studies. The strongest relationships present were those between the morphological
parameters, specifically fibril diameter and fibril density, where a larger fibril diameter
correlated strongly with decreased fibril density as seen previously (Michna, 1984; Sanders
and Goldstein, 2001). A moderate relationship between cell density and fibril density was
also demonstrated in this study, suggesting a spatial organization of cells and assembled
collagen structure. Finally, there was also a relationship between PYD and fibril morphology
in both regions of the tendon, alluding to the complex and simultaneous processes of fibril
assembly and collagen crosslinking (Couppe et al., 2009; Hansen et al., 2010b).

Mechanical properties were strongly predicted by dynamic processes, and the contribution
of each process was location-dependent. Given that the insertion site experiences the highest
strains (Shaw and Benjamin, 2007), it likely utilizes re-alignment, uncrimping, and sliding in
order to delay the onset of direct deformation to the fibrils/fibers. Due to the increased
organization and structure at the midsubstance, this region of the tissue likely responds
primarily through deformation of the fibrils and fibers themselves. In both locations, elastic
properties (moduli values) had opposite predictors from viscoelastic properties, alluding to
the complex interplay between fluid flow and elasticity during the dynamic response to load
(Ahmadzadeh et al., 2015; Buckley et al., 2013).

Re-alignment and crimp were stronger predictors at the insertion site than in the
midsubstance. Since it is well established that the insertion site is more disorganized than the
midsubstance, the importance of re-alignment at the insertion site is perhaps not surprising.
Interestingly, the insertion site was best predicted by the amount of re-alignment, while the
midsubstance was best predicted by the strain required to re-align, which could indicate
strain transfer occurring from bone to muscle. Increased disorganization at the insertion site
would require more re-alignment, and therefore increased time to perform that re-alignment,
delaying midsubstance loading. Crimp frequency and amplitude were also positive
predictors at the insertion site. Given that initial crimp frequency and amplitude are
indicative of the potential for uncrimping, this suggests a reliance on uncrimping to delay
deformation and subsequent damage.

Fibril deformation was a strong predictor of mechanical function in both regions, but the
timing of the contribution revealed location-dependent mechanisms. At the insertion site,
fibril deformation at 1% and 5% strain were positive predictors, which agrees with previous
data showing a bimodal deformation response at the insertion site (Connizzo et al., 2014b)
as well as function-dependent deformation mechanisms (Miller et al., 2012d; Screen et al.,
2013). In contrast, the midsubstance displayed an increasing importance of fibril
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deformation with the strongest contributions at 7% strain. However, deformation was a
negative predictor at 7% strain, which could suggest failure occurring.

In contrast to all of the other dynamic processes, fibril sliding displayed a similar role in
prediction of mechanical properties at both regions although the contribution was stronger at
the insertion site. Early sliding was a positive predictor of mechanical properties at both
regions, advocating for sliding to protect fibrils/fibers from deformation. In contrast, fibril
sliding later in the test was a negative predictor of mechanics, possibly alluding to failure
due to fibrils pulling away from each other in shear. This work is in contrast to several recent
studies showing continuously increasing fibril sliding during macroscopic loading (Gupta et
al., 2010; Szczesny and Elliott, 2014). However, these studies investigated the response
following relaxation which could account for differences as fibrils are not able to recover in
the present work (Connizzo et al., 2014b).

Dynamic processes were moderately predicted by structure and composition. PYD was a
strong predictor of dynamic properties at the insertion site, as a negative predictor for re-
alignment, crimp and deformation but a positive predictor of fibril sliding. While the role of
collagen crosslinks in these dynamic processes has not yet been studied, increased crosslink
density is thought to increase mechanical properties (Alfredo Uquillas et al., 2012; Ng et al.,
2013). Our model suggests that increasing PYD reduces the dynamic response to load and
thus ultimately would result in early strain on the fibrils. If increased crosslinks also increase
the brittleness of collagen fibrils (Buehler, 2008), this would result in early damage or
failure.

Fibril morphology was a strong predictor of dynamic function at the midsubstance only.
Since mechanical properties here were strongly predicted by fibril deformation, this is
expected. Interestingly, fibril diameter and density were often both predictors in the same
direction, which is in contrast to correlations found previously. While fibril diameter and
fibril density are often negatively correlated, regression models suggest that isn’t the most
efficient method for dynamic responses. However, while fibril deformation was predicted
negatively by both and fibril sliding was predicted positively by both, perhaps these
parameters are negatively correlated to balance these two responses which are crucial for
mechanical function.

Given the hierarchical nature of tendon structure and therefore likely strain transfer during
loading, we hypothesized that a model reflecting this innate structure would be able to better
predict mechanical parameters than one directly regressing composition and structure with
mechanics. If predictors of the mechanical properties were also found to be mediators of the
structure-function relationship, denoted by an ‘M’ or M*” in Table 5, this implied that the
dynamic process explains the relationship between the independent and dependent
parameter. For example, fibril deformation at the midsubstance was a strong mediator,
indicating that fibril diameter is related to mechanical function due to fibril deformation. In
general, the dynamic processes were mediators of the relationship between composition/
structure and mechanical function, confirming our hypothesis. However, since we only
analyzed relationships between a single independent parameter and each mechanical
property, some of the dynamic processes that predict mechanics may mediate relationships
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with other compositional/structural parameters. It is also likely that mediation of these
relationships is shared by many of the dynamic processes, particularly at the insertion site
where all of these processes contribute significantly to mechanical function. The use of
complex multi-mediator and multi-independent variable models would be necessary to fully
explain these relationships.

While all of the assumptions of linear regression were met prior to analyses, it should be
noted that there are several possible limitations that may exist with multiple regression
analyses. First, inclusion of strongly correlated independent parameters could lead to false
conclusions from regression modeling due to the possibility of multi-collinearity in the data.
Therefore, it is important to use caution when drawing conclusions from these models.
However, this possibility would only affect Regression B in our study as there were no
correlations found between any of the dynamic processes used as independent parameters
for Regression A and despite these correlations, our regression models did not exhibit multi-
collinearity and therefore all of the assumptions for linear regression were met. It should
also be noted that the complete data set was designed with a large amount of missing data,
an inherent and unavoidable limitation. To address this limitation, the data was analyzed in
two ways (‘complete’ and ‘compact’) as a sensitivity analysis of our conclusions. The data
presented in the tables and text are analyses of the ‘complete’ dataset, however all of the
conclusions presented in this work were also present in the ‘compact’ dataset, instilling
confidence in the analyses that were performed (Supplemental Data). Nevertheless, while
the imputed datasets in this study appeared to be efficient in capturing the real distribution of
the data based on summary statistics, imputation can have unintended effects on
interpretation of the analysis, such as the homogenization of the data, misrepresentation of
the experimental data due to selection of imputed values from a normal distribution, and
specific biases based on the imputation method, which must be considered.

Additionally, although a large number of parameters were measured in this study, there are
still important properties that were not measured here. For example, initial crimp
morphology is present in this analysis but uncrimping was not measured. Similarly there are
a number of additional compositional elements that were not measured and could contribute
to mechanical function, most notably elastin and fibrillins (Boregowda et al., 2008; Grant et
al., 2013; Grant et al., 2015; Henninger et al., 2015), as well as other non-enzymatic and
enzymatic collagen crosslinks (Hanada et al., 2014; Marturano et al., 2014; Takaluoma et al.,
2007). Furthermore, while these studies separated the insertion site and midsubstance of the
tissue as separate samples for simplicity, it should be noted that the locations are part of a
continuously changing gradient of properties and that our analyses likely represent the
extremes of this gradient.

In conclusion, the mechanical properties at the midsubstance of the tendon are controlled
primarily by fibril structure and this region responds to load via fibril deformation and
sliding, which we hypothesize would be similar to organized tendons such as tail or flexor
tendons. Conversely, the mechanical function at the insertion site is more complicated, as it
is controlled by many other important parameters and the region responds to load via all four
dynamic mechanisms. Overall, this study presents a strong foundation on which to design
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future experimental and modeling efforts in order to fully understand the complex structure-
function relationships in tendon.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Dynamic
Processes
(Mediator)

Mediator
Model

Figure 1.
Model schematic depicting regression analyses. Stepwise linear regressions were performed

between (A) dynamic process and mechanical properties and (B) composition/structure and
dynamic processes. Regression between (C) composition/structure and mechanical
properties was also performed and can be found in Supplemental Data. Mediator modeling
was then used to determine if the dynamic processes mediate the relationships between
composition/structure and mechanical properties.
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Parameter Measured

Experimental Method

Variable Name

Composition/Structure

Total Collagen Content Hydroxyproline Assay CoL
Glycosaminoglycan (GAG) Content Dimethylmethylene Blue Assay GAG
Pyridinoline Content Pyridinoline Serum ELISA PYD

Cell Shape Paraffin Histology CellShape

Cell Density Paraffin Histology CellDens

Fibril Diameter Electron Microscopy FibDiam

Fibril Density Electron Microscopy FibDens
Fibril Irregularity Factor Electron Microscopy FIF

Fibril D-Period Atomic Force Microscopy Dperiod

Fibril D-Period Variance Atomic Force Microscopy InitSlid

Dynamic Processes

Amount of Re-Alignment

QPLM During Mechanical Testing

ReAlignAmount

Strain Required to Re-Align

QPLM During Mechanical Testing

ReAlignStrain

Toe Region Re-Alignment

QPLM During Mechanical Testing

ToeReAlign

Linear Region Re-Alignment

QPLM During Mechanical Testing

LinearReAlign

Crimp Frequency

Histology+Polarized Light Imaging

CrimpFreq

Crimp Amplitude

Histology+Polarized Light Imaging

CrimpAmp

Fibril Deformation (0-1% Strain)

Atomic Force Microscopy

FibDefl

Fibril Deformation (0-3% Strain)

Atomic Force Microscopy

FibDef3

Fibril Deformation (0-5% Strain)

Atomic Force Microscopy

FibDef5

Fibril Deformation (0-7% Strain)

Atomic Force Microscopy

FibDef7

Fibril Sliding (0-1% Strain)

Atomic Force Microscopy

Slidel

Fibril Sliding (0-3% Strain)

Atomic Force Microscopy

Slide3

Fibril Sliding (0-5% Strain)

Atomic Force Microscopy

Slide5

Fibril Sliding (0-7% Strain)

Atomic Force Microscopy

Slide7

Mechanical Properties

Transition Strain

Dynamic Viscoelastic Testing

TransStrain

Transition Stress

Dynamic Viscoelastic Testing

TransStress

Toe Modulus

Dynamic Viscoelastic Testing

ToeMod

Linear Modulus

Dynamic Viscoelastic Testing

LinMod

Maximum Stress

Dynamic Viscoelastic Testing

MaxStress

Dynamic Modulus (6% Strain, 1Hz)

Dynamic Viscoelastic Testing

DynMod6

Tangent Delta (6% Strain, 1Hz)

Dynamic Viscoelastic Testing

TanDelta6

Stress Relaxation (6% Strain)

Dynamic Viscoelastic Testing

Relax6

Cycles to Failure

Fatigue Testing

FailCycle

Peak Cyclic Strain (50% Fatigue Life)

Fatigue Testing

CycStrain50

Tangent Stiffness (50% Fatigue Life)

Fatigue Testing

TanStiff50

Hysteresis (50% Fatigue Life)

Fatigue Testing

Hyst50

Laxity (50% Fatigue Life)

Fatigue Testing

Lax50
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Note: Pyridinoline content was normalized to total collagen; QPLM = quantitative polarized light microscopy; Dynamic parameters were measured
at 3 frequencies and 3 strain levels but only the values at 6% strain and 10 Hz were used in this study since results were similar across strains and
across frequencies. Similarly, fatigue parameters were measured at multiple points during fatigue life but only the values at 50% fatigue life were
used in the statistical studies since results were similar throughout fatigue life.
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Independent Variable Correlations

Independent Variables r p
FibDiam | FibDens | —0.83 | <0.0001
FibDens | CellDens | 0.54 | <0.0001

NS PYD GAG 0.58 | <0.0001
FIF PYD 0.61 | <0.0001
FibDiam | FibDens | —0.91 | <0.0001
FibDiam PYD 0.57 | <0.0001

MID
FIF FibDiam 0.58 | <0.0001
FIF FlbDens | -0.51 | <0.0001

Note: Moderate to strong observed correlations shown. = Pearson correlation coefficient; p = correlation significance.
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