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Abstract

Accumulation of sub-rupture fatigue damage has been implicated in the development of
tendinopathy. We previously developed an in vivo model of damage accumulation using the rat
patellar tendon. Our model allows us to control the input loading parameters to induce fatigue
damage in the tendon. Despite this precise control, the resulting induced damage could vary
among animals because of differences in size or strength among their patellar tendons. In this
study, we used number of applied cycles and initial (day-0) parameters that are indicative of
induced damage to assess the molecular response 7 days after fatigue loading. We hypothesized
that day-0 hysteresis, elongation, and stiffness of the loading and unloading load-displacement
curves would be predictive of the 7-day molecular response. Results showed correlations between
the 7-day molecular response and both day-0 elongation and unloading stiffness. Additionally,
loading resulted in upregulation of several extracellular matrix genes that suggest adaptation;
however, several of these genes (Col-1, -XIl, MMP 2, and TIMP 3) shut down after a high level of
damage was induced. We showed that evaluating the 7-day molecular profile in light of day-0
elongation provides important insight that is lost from comparing number of fatigue loading cycles
only. Our data showed that loading generally results in an adaptive response. However, the
tendon's ability to effectively respond deteriorates as greater damage is induced.

Keywords
tendinopathy; elongation; stiffness; molecular profile; damage accumulation

Introduction

Sub-rupture damage accumulation has been implicated in the progression of tendinopathy as
evidenced from observed degenerative changes in ruptured tendons and matrix
disorganization in macroscopically “healthy” tendons.!- 2 Since clinical data on tendinopathy
primarily stem from biopsied tendons, representative of late stage disease, the development
of animal models including treadmill running or repetitive motion have been insightful in
the investigation of the development of tendinopathy.3-> Our in vivo model of fatigue
damage accumulation in the rat patellar tendon provides the advantage of precisely
controlling the loads applied to the tendon, minimizing the variation that is introduced from
experimental protocols.
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Loading applied to the tendon can be beneficial, such as the result of healthy exercise,® or
detrimental, as observed in overuse injuries.l: 7- 8 In contrast to stress deprivation, cyclic
loading results in changes in gene expression that support that exercise can be beneficial in
the management of tendinopathy.® Previously we showed a different molecular response
associated with 100 versus 7200 cycles of loading; two loading regimens that were expected
to model physiological loading and early tendinopathy, respectively.10 We expect therefore
that the molecular response, which is indicative of whether there is an attempt to adapt,
repair, or further degenerate, is impacted by the number of cycles and the extent of matrix
damage. While it is generally expected that greater cycles will be correlated with greater
matrix damage, variability in tendon strength and resistance to damage confounds this
seemingly direct relationship.

Consequently, we identified initial (day-0) non-recoverable mechanical parameters that can
serve as indices of the induced damage.1! We found that hysteresis, stiffness of the loading
and unloading load-displacement curves, and elongation exhibited a day-0 change due to
fatigue loading that was not recovered after 45 minutes and could therefore function as
indices of the induced damage (damage parameters). Interestingly, day-0 hysteresis and
loading and unloading stiffness exhibited a relationship with the number of loading cycles,
but day-0 elongation, while altered by fatigue loading, did not exhibit a relationship to the
number of cycles.1! We also found that day-0 hysteresis loss was predictive of the stiffness
7 days post fatigue loading.1! However, the relationship between these previously identified
day-0 damage parameters and the molecular response of the tendon 7 days after fatigue
loading remains unknown. Therefore, our objectives were to interpret the molecular
response of damaged tendons 7 days after fatigue loading in the context of previously
identified day-0 damage parameters and number of cycles to isolate the effect of number of
cycles from the induced damage. We hypothesized that day-0 damage parameters, such as
hysteresis, tendon elongation, and stiffness of the loading and unloading load-displacement
curves will be predictive of the molecular response 7 days after loading.

Following IACUC approval, left patellar tendons (PT) of anesthetized (isoflurane, 2-3% by
volume, 0.4L/minute) adult female retired breeder Sprague-Dawley rats (n=68) (Charles
River Laboratories, Ltd., Wilmington, MA) were surgically exposed!2. Under aseptic
conditions, the tibia was clamped, securing the knee at ~30° flexion. Another clamp gripped
the patella and was connected in series to a 50-Ib load cell and actuator of a servo-hydraulic
loading system, allowing loading of the PT without direct instrumentation with the tendon.
The PT was fatigue loaded (Fig. 1) while continuously moistened with sterile phosphate
buffered saline. The clamps were removed, and the skin incisions were sutured with 6-0
prolene. Analgesia (Buprenex) was administered, and the rats resumed cage activity.

Our previously published fatigue loading protocol was adapted for this study (Fig. 1).12-13
Rats were randomly assigned into a fatigue loading group. The loading portion of protocol
consisted of x cycles that ranged from 1 to 40N, where x was either 5 (n=15), 100 (n=15),
500 (n=16), 7200 (n=16), or 10800 (n=6), applied at 1 Hz. Diagnostic tests that ranged from
1to 15N at 1 Hz, were applied before (Diag;), immediately after (Diag,), and 45 mins
(Diags) after loading to assess the effect of loading.11 Hysteresis and stiffness of the loading
and unloading load-displacement curves were calculated and averaged for the last 10 cycles
of each diagnostic test.1! These averaged parameters were compared between Diag, and
Diags to determine the recoverable effect of fatigue loading, and between Diag; and Diags
to determined the non-recoverable effect.1! Day-0 recoverable and non-recoverable
elongation was determined by comparing the actuator position at the start of the last 10
cycles between Diag, and Diags, and between Diagy and Diags, respectively.!
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The 5, 100, and 500 cycle groups were expected to represent different snapshots within the
primary phase of the fatigue life of the tendon. The 10800 cycle group was initially included
because tendons from this group were expected to be in their tertiary phase of fatigue
loading and were expected to exhibit a different response mechanism. However, after
collection of the first 6 samples, we found that 7200 and 10800 cycle groups are both in the
secondary phase of the fatigue life. The number of cycles could not be further increased due
the ethical time limits for keeping the animals anesthetized. Day-0 mechanical parameters
and the molecular profile of the 10800 cycle group were evaluated and compared to that of
the 7200 cycle group. Since no significant differences were found between the two groups,
they were pooled and no additional animals were added to 10800 cycle group. The primary
and secondary phases are defined from previous work that showed that the tendon's fatigue
life is characterized by 3 distinct phases that have clear transitions indicated by significant
changes in slope of the peak actuator position that coincides with distinct changes in
stiffness.14 Briefly, the primary phase is characterized by a rapid increase in stiffness that
becomes constant in the secondary phase and increasingly declines in the tertiary phasel?.
Peak cyclic strain increases in the primary phase, more slowly increases in the secondary
phase, and rapidly increases in the tertiary phasel?.

Hysteresis, tendon elongation, and stiffness of the loading and unloading curves exhibited a
non-recoverable effect of loading (determined from comparing Diag; and Diags), suggesting
that they can serve as indices of damage, and subsequently discussed as ‘damage
parameters’.11 The relationship between the non-recoverable day-0 changes in these
previously identified damage parameters and the biologic response of the tendon 7 days post
fatigue loading was evaluated. From this point forward, any day-0 changes discussed refer to
the non-recoverable day-0 changes in damage parameters.

Rats were sacrificed 7 days after loading (n=5-6/ group). The 7-day time point was chosen
based on prior work that showed a transient molecular response that peaked 7 days after
fatigue loading. Tendons were isolated immediately following euthanasia and frozen in
liquid nitrogen. Frozen samples were pulverized, and RNA was isolated using an RNeasy kit
(Qiagen, Valencia, CA). From each sample, 2-5,.g of RNA was reverse transcribed with
MMLYV reverse transcriptase and an Oligo(dT)12.1g primer (Invitrogen, Carlsbad, CA).
cDNA was amplified using primers designed for 15 targeted genes (supplementary Table 1)
and quantified using the ABI Prism 7900HT Real-Time PCR system (Applied Biosystems,
Framingham, MA). Each sample was run in triplicate. CT values of each gene were
expressed relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (delta CT) and
then relative to baseline. To determine the baseline, RNA was isolated from contralaterals
and 6 naive tendons, and analyzed similarly.

Analysis and statistics

To determine the appropriate control for gene expression, a Kruskal-Wallis with post-hoc
Dunn's multiple comparison was conducted for each gene evaluated to compare delta CT
values between naive tendons, and contralateral tendons from the 5 cycle and the combined
7200 and 10800 cycle (the lowest and highest number of cycles) loading groups. Based on
this analysis, the appropriate control was determined and used for all subsequent molecular
analysis. The co-variation between genes was assessed with Spearman correlations without
taking into account the number of day-0 fatigue loading cycles or damage induced.

The relationships between the 7-day gene expression, number of loading cycles, and damage
induced was then assessed. The 7-day molecular profile was first compared with a Mann-
Whitney test among samples that were loaded within the primary (5, 100, 500 cycles) and
secondary phase (7200, 10800 cycles) of loading, without accounting for the damage
induced. Next, the relationship between the 7-day molecular response and each day-0
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damage parameter was evaluated with a Pearson correlation disregarding the number of
cycles. Finally, we evaluated the relationship between the 7-day molecular profile and the
day-0 induced damage, taking into account the number of loading cycles with k-means
cluster analysis!®. Since 3 outcomes were expected (either low number of cycles resulting in
a low amount of damage or a high number of cycles resulting in a low or high amount of
damage), 3 clusters were constrained. If the analysis yielded <3 datum points per cluster, the
day-0 damage parameter being evaluated for clustering the 7-day molecular profile was
dismissed. The clusters for each day-0 damage parameter and its corresponding 7-day gene
expression was assessed with a Kruskal-Wallis with post-hoc Dunn's multiple comparison
test. Also, contingency tables demonstrating the percentage of samples in each cluster that
were fatigue loaded within the primary or secondary phase was tabulated, and Chi? tests
were performed. Significance, denoted by ‘*’, was set at p<0.05. A statistical trend, denoted
by ‘#°, was set at p<0.1.

Determining the appropriate control for gene expression

Col I, Col V, MMP9, MMP14, TIMP1, and TIMP2 were downregulated for non-loaded
contralateral tendons of the 5 cycle and 7200 and 10800 cycles loaded groups (Fig. 2). Since
differences in gene expression were found between naive and contralateral tendons,
molecular expression data was subsequently expressed relative to naive controls.

Correlations between expressed genes

The 7-day expression of several genes were correlated (Table I). Positive correlations were
found between all collagens evaluated (Col I, 111, V, and XII). The observed correlations
between the evaluated collagens and several of the evaluated MMPs and TIMPs support that
adaptation in response to loading is concurrent with remodeling in response to induced
fatigue damage. More specifically, Col I and XII positively correlated with all MMPs and
TIMPs with the exception of MMP8. Expression of Col Il and V correlated with all MMPs,
except MMP2 and 8. Expression of Col I, 111, and XII correlated with all TIMPs. Col V
correlated with TIMP-1 and -2, but not -3, and -4. Interestingly, expression of MMP8 did
not correlate with any other MMPs. Expression of MMP3 and 14 correlated with all MMPs
except MMP8. The observed correlations between several of the evaluated MMPs and
TIMPs demonstrates the attempt of the tendon to maintain homeostasis in response to
fatigue loading. In contrast, the lack of correlations support that remodeling and
degeneration is part of the response to fatigue loading. More specifically, expression of
MMP14 correlated with all TIMPs. Expression of MMP3 and 13 correlated with expression
of TIMP1, 2, and 3. Expression of MMP?2 correlated with expression of TIMP3. Expression
of MMP8 correlated with expression of TIMP4. Expression of TIMP 2 and 3 were
correlated to each other and also correlated with expression of TIMP1 and 4. Expression of
TIMP1 and TIMP4 did not correlate.

7-day Gene expression compared between primary and secondary phase of fatigue

loading

Tendons that were fatigue loaded within the primary or secondary phases exhibited
significant upregulation of Col I, Col Il, Col V, MMP3, MMP13, MMP14, and TIMP1
(Fig. 3). Expression of MMP2 and TIMP3 was significantly upregulated for tendons that
were fatigue loaded within the primary, but not the secondary phase.
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Correlations between 7-day gene expression and day-0 damage parameters

Significant and negative correlations were found between day-0 unloading stiffness (%) and
expression of TIMP3 (Fig. 4). Similarly, significant and negative correlations were found
between day-0 elongation and expression of Col XII, MMP2, and TIMP3 (Figs. 5A-C). For
clarity, data are shown as a correlation with —A ACT to reflect the direction of molecular
change (i.e., negative correlation indicates downregulation). No other correlations between
day-0 damage parameters and expression of any other genes were found.

7-day gene expression relative to day-0 damage parameters and number of fatigue cycles

Clustering the expression of Col I, Col XII, MMP2, and TIMP3 by elongation (also by
unloading stiffness in the case of TIMP3) resulted in 3 distinctly different clusters (Figs. 4
and 5). Comparing cluster 1 and 3 suggested that a tendon that exhibits an increase in day-0
elongation (and unloading stiffness for TIMP3), exhibits a decrease in 7-day gene
expression. Interestingly, cluster 2 did not differ from cluster 1 in elongation or unloading
stiffness, but exhibited a significantly lower gene expression that also did not differ from
that observed in cluster 3. Contingency tables generally showed a decreasing percentage of
tendons that were fatigue loaded within the primary phase, from cluster 1 to 3. Cluster
analysis of MMP2 expression by elongation, demonstrated a dose response, indicating that
as elongation increased, MMP2 expression decreased.

Discussion

While interpreting the response of the tendon in the context of the number of applied cycles
provides insight, variability among animals motivates assessing the molecular response in
the context of damage induced as well as the number of cycles. In this study, the relationship
between the 7-day gene expression and day-0 damage parameters that are indicative of
induced damage (hysteresis, elongation, loading and unloading stiffnesses) was evaluated.
Interestingly, only day-0 tendon elongation and increase in unloading stiffness related to the
7-day gene expression. It is interesting that elongation, which is reflective of an increased
state of strain in the tendon, is predictive of the molecular response. While increase in strain
reflects an increased risk of failure,16 our data suggest a relationship between this tissue-
level strain increase and the local strain around the cell. Similarly, the day-0 increase in
unloading stiffness that results from fatigue loading reflects a compromised ability of the
tendon to recover after removal of loading, suggesting that the local mechanical
environment associated with this reduced ability of the tendon to recoil is integral to the
cellular response.

Patellar tendons were fatigue loaded to several levels within the primary and secondary
phase to induce a range of damage severities. The gene expression profile among tendons
that were fatigue loaded within the primary and secondary phase was similar. However, this
lack of difference is likely due to the large variability among animals that results in a large
range of induced damage. Subsequently, evaluating the relationship between day-0 damage
parameters and the 7-day gene expression suggested that some genes (Col I, XIl, MMP2,
and TIMP3) were not responsive to high damage accumulation. Unloading stiffness and
elongation were predictive of the 7-day gene expression.

Fatigue loading to a number of cycles within the primary and secondary phase resulted in
upregulation of Col I, Col Ill, Col V, MMP3, MMP13, and TIMP1. Fatigue loading to a
number of cycles within the primary but not the secondary phase resulted in upregulation of
MMP2 and TIMP3. These results indicate that loading generally results in a hypertrophic
response.1’ The upregulation of Col Il and V indicates synthesis of new collagen as seen in
tendon healing!® and developing embryonic tendons.1® Also, the observed increase in Col |
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is typical of an anabolic, hypertrophic response.1” Upregulation of MMP-2, -3, and -13 are
indicative of degradation and/or remodeling.2> MMP2, which was significantly upregulated
for the primary phase only, is associated with exercise, MMP3 is associated with tendon
remodeling, and MMP13 has been implicated in degradation of damaged matrix.2%: 21 In
contrast to tendons that were fatigue loaded within the secondary phase, tendons that were
fatigue loaded within the primary phase exhibited significantly greater upregulation of
MMP?2 than any other gene, supporting that adaptation and remodeling is a significant
component of 7-day molecular response of generally less damaged tendons. Upregulation of
TIMP1 is expected to be associated with the observed upregulation of MMP2.22 Finally
TIMP3 upregulation has been associated with inhibition of inflammation,23 potentially
accounting for the lack of inflammation in fatigue damage. Significant correlations between
expression of several genes further clarify that the response to fatigue damage and to loading
occur simultaneously. For instance, it is interesting that Col I, and XII (but not 111 and V)
correlated with upregulation of MMP2, suggesting adaptation that would be expected in
response to loading. However, upregulation of all collagens correlated with upregulation of
MMP3, 13, and 14, suggesting a remodeling response that would be expected in response to
damage. Considering these data in conjunction with findings from k-means cluster analysis
suggests that upregulation of genes indicative of adaptation and remodeling occurs in
response to fatigue loading. However, regardless of cycle number, a high amount of induced
damage results in dampening of the ability of the tendon to repair.

Significant correlations were observed between day-0 elongation and 7-day gene expression
of Col XII, MMP2, and TIMP3. Similarly, a significant correlation was observed between
day-0 unloading stiffness and 7-day gene expression of TIMP3. These correlations allow us
to infer the relationship between the correlated parameters beyond the data experimentally
collected. However, these weak, but significant relationships support the need for cluster
analysis to discern threshold responses and complexities within these relationships.

Clustering the 7-day gene expression by day-0 elongation suggests that initial elongation is
predictive of the 7-day gene expression. Day-0 unloading stiffness confirmed the results
found for TIMP3 when clustered by elongation. The contingency tables from cluster
analysis of the gene expression showed the expected greater percentage of tendons fatigue
loaded within the primary phase for clusters exhibiting lower day-0 elongation. The data
suggest that tendons fatigue loaded to a number of cycles within the primary phase exhibit
low elongation and a hypertrophic response. Similarly, tendons that are fatigue loaded to a
number of cycles within the secondary phase of fatigue loading exhibit a high amount of
day-0 elongation and a shut-down in expression of Col I, Col XII, MMP2, and TIMP3.
Since upregulation of Col I and XII is typical of an anabolic response, MMP?2 is indicative
of remodeling, and TIMP3 is associated with inhibition of inflammation, suppression of
these particular genes is indicative of a catabolic degeneration.

Tendons that fall within cluster 2 that were fatigue loaded within the primary phase
represent tendons that exhibit the expected minimal amount of induced damage, but a
surprising decrease in gene expression. Tendons that exhibited a lower upregulation of genes
in response to minimal induced damage may have experienced a different local strain
environment (possibly more shear) or different structural changes than tendons that
exhibited minimal induced damage and a more adaptive molecular response. Alternatively,
the tenocytes in these tendons could be more responsive to the levels of stretch associated
with the exhibited elongation than the tendons that were loaded similarly in cluster 1.24
Similarly, tendons that fell within cluster 2 that were fatigue loaded within the secondary
phase represent tendons that exhibited a low amount of induced damage despite a high
number of applied cycles. Interestingly, MMP2 expression was downregulated for greater
amounts of induced damage in a dose response manner. Distinguishing between tendons that
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were fatigue loaded to a high or low number of cycles in the context of the damage induced
is essential to interpreting the response of the tendon over time.

Lavagnino et al. showed a weak, but significant correlation between applied grip-to-grip
strain and the tendon-ciliary deflection angle was not recovered to pre-loading state with
higher applied strainZ2. This work suggests that increase in non-recovered deflection angle
in tenocytes cilia with greater elongation likely contributes to the observed 7-day molecular
response. Also, under loading, gap junctions characterized by the presence of connexin 32
stimulate Col I production, while gap junctions characterized by the presence of connexin 43
inhibit Col 1 production?8. Interestingly, connexin 32 containing junctions are arranged
along the tensile loading direction in the tendon, whereas connexin 43-containing junctions
are along all directions 2. Taken together with our findings that tendons that experienced
greater non-recoverable day-0 elongation also experienced less increase in Col | production,
a non-uniform increase in strain surrounding the cells is likely associated with the increase
in elongation.

Contralaterals to loaded limbs exhibited significant differences in gene expression from
naive control tendons leading us to use naive tendons as controls. Large standard deviations
in the expression of some genes for some groups reflect the expected contralateral effect of a
large range of damage induced across animals for the same fatigue loading protocol. The
significant decrease in Col I, Col V, MMP9, MMP14, TIMP1, and TIMP2 in contralaterals
compared to naive tendons may be attributable to either a systemic effect or a compensatory
change in gait in the contralateral limb, although no gross gait asymmetry was noted. We
suspect that the observed downregulation is the result of a systemic effect, since altered
loading would more likely result in upregulation of these markers (as observed in low
fatigue loading) instead of the observed downregulation. Future studies will evaluate other
non-load bearing tendons, such as the tail tendons, to assess the ubiquitous effect of this
possible systemic response.

In this study, the temporal response of the tendon was investigated 7 days post fatigue
loading based on preliminary studies that showed a peak in response at this time point for
the 7200 cycle fatigue loading group. Despite evidence that this time point is critical, a
limitation of our study is that additional, particularly earlier, timepoints were not evaluated.
In addition, while gene expression provides valuable insight into the molecular response that
can lead to repair or further damage, we did not evaluate protein levels, which will be the
focus of future studies.

In conclusion, we showed that evaluating the 7-day molecular profile in light of day-0
elongation provides important insight that is lost from comparing number of fatigue loading
cycles only. Our data showed that loading generally results in an adaptive response.
However, the tendon's ability to effectively respond deteriorates as greater damage is
induced.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Day-0 fatigue loading protocol. Fatigue loading is applied to x cycles that range from 1 to
40N at 1 Hz (x=5, 100, 500, 7,200, or 10,800). Diagnostic tests are applied before (Diags),
immediately after (Diagy), and 45 mins (Diags) after fatigue loading. Hysteresis and
stiffness of the loading and unloading load-displacement curves were calculated and
averaged for the last 10 cycles and then compared between Diag, and Diags to determine
the day-0 recoverable effect of fatigue loading, and between Diag; and Diags to determine
the day-0 non-recoverable effect of fatigue loading. Day-0 recoverable and non-recoverable
elongation was determined by comparing the actuator position at the start of the last 10
cycles between Diag, and Diags, and between Diag, and Diags, respectively.
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Fold Change from Average Naive Control versus Contralateral Controls
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Figure2.

Expression of Col I, Col V, MMP9, MMP14, TIMP1, and TIMP2 was significantly
downregulated for contralaterals of 5 and 10,800 fatigue loaded tendons than naive tendons.
Avgs and std devs are shown.
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Figure 3.

Gene expression of Collagens, MMPs, and TIMPs for tendons loaded within the primary

and secondary phase. Avgs and std devs are shown.

J Orthop Res. Author manuscript; available in PMC 2013 September 05.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Andarawis-Puri et al.

-AACT

X 20 -

10 0 10 20

30 40

Increase in Unloading Stiffness (%)

Fold Change
W

<

B = Cluster 1| o Cluster 2 | ¢ Cluster 3
Primary Phase | 69.23% 58.33% 25%
Secondary 30.77% 41.67 % 75%
Phase

107¢ * #
PO

B W s
oS O O

(=]

Unloading Stiffness (%)
)

2
Cluster

Figure4.

Day-0 unloading stiffness negatively correlated with 7-day expression of TIMP3 (A).
Shown is the percentage of tendons that were fatigue loaded within the primary and

Page 13

secondary phase of each cluster (B), 7-day expression of TIMP3 (avgs and std devs) (C),
and coinciding day-0 unloading stiffness (avgs and std devs) (D).
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Figure5.

Day-0 elongation negatively correlated with 7-day expression of Col XII (A.1), MMP2 (B.
1), and TIMP3 (C.1). Shown is percentage of tendons that were fatigue loaded within the
primary and secondary phase of each cluster (A.2, B.2, and C.2), 7-day gene expression
(avgs and std devs) (A.3, B.3, and C.3), and coinciding day-0 elongation (avgs and std devs)
(A.4,B.4,and C.4).
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Cluster analysis of Col | by day-0 elongation. Shown is percentage of tendons that were

fatigue loaded within the primary and secondary phase of each cluster (A), 7-day gene

expression (avgs and std devs) (B), and coinciding day-0 elongation (avgs and std devs) (C).
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