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Abstract
Naturally-occurring biomaterial scaffolds derived from extracellular matrix (ECM) have been the
topic of recent investigation in the context of rotator cuff tendon repair. We previously reported a
method to treat fascia ECM with high molecular weight tyramine substituted-hyaluronan (TS-HA)
for use as a tendon augmentation scaffold. The presence of cross-linked TS-HA in fascia was
associated with an increased macrophage and giant cell response compared to water treated
controls after implantation in a rat abdominal wall model. The objective of this study was to
determine the extent to which TS-HA treatment was associated with mechanical property changes
of fascia after implantation in the rat model. Fascia samples in all groups demonstrated time-
dependent decreases in mechanical properties. TS-HA treated fascia with cross-linking exhibited a
lower toe modulus, a trend toward lower toe stiffness, and a higher transition strain than water
treated controls not only after implantation, but also at time zero. TS-HA treatment, with or
without cross-linking, had no significant effect on time-zero or post-implantation load relaxation
ratio, load relaxation rate, linear-region stiffness, or linear-region modulus. Our findings
demonstrated that the particular TS-HA treatment employed in this study decreased the low-load
elastic mechanical properties of fascia ECM, in keeping with the heightened macrophage and giant
cell host response seen previously. This work provides a starting point and guidance for
investigating alternative HA treatment strategies.
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Introduction
Tears of the rotator cuff tendons afflict more than 40% of our aging population.33, 40 Despite
advances in surgical treatment options, however, the failure rate of rotator cuff repairs
ranges from 20 to 90% depending on factors such as tear size and chronicity, muscle atrophy
and degeneration, and tendon tissue quality.12, 22, 26, 37, 42, 44 Hence, there remains a critical
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need for improved repair strategies that provide effective mechanical reinforcement and
stimulate tendon healing.

Over the past decade, scaffolds derived from extracellular matrix (ECM) have been
investigated for the augmentation of rotator cuff repairs. The rationale for using such a
device may include mechanical reinforcement and/or improving the rate and quality of
biologic healing. Naturally-occurring ECM scaffolds are believed to provide a chemically
and structurally instructive environment for infiltrating host cells via their natural three-
dimensional structure and composition, intrinsic cytokines and growth factors, and/or
remodeling byproducts.6, 24, 32, 36 Augmentation scaffolds derived from human fascia lata
ECM may be particularly appropriate for tendon repair, because fascia has chemical,
structural, and material properties similar to tendon.18

We propose to enrich fascia ECM with exogenous high molecular weight hyaluronan (HA),
a molecule well-known for its anti-inflammatory and wound healing properties.8, 35, 39, 43

Conceptually, HA enriched fascia could provide an augmentation scaffold that has both
robust time-zero mechanical properties and a biological milieu that minimizes chronic
inflammation within the scaffold and enhances fibroblast infiltration. Decreased
inflammation could limit resorption and allow engraftment of the scaffold. As a result, the
mechanical properties of treated fascia could be maintained to an extent that prevents or
limits re-tear over the course of soft tissue healing.

We use tyramine substituted-hyaluronan (TS-HA), which has tyramine adducts added to 5%
of the HA chain.16 Neighboring tyramine adducts can cross-link to form dityramine bridges,
resulting in an HA hydrogel that is not susceptible to hydrolysis and has a concentration-
dependent resistance to hyaluronidase degradation. We previously reported a method to treat
fascia ECM with TS-HA, which increased the amount of HA in fascia by an order of
magnitude to approximately 1% tissue weight.10 The incorporated HA was distributed
throughout the tissue and, upon cross-linking, was effectively immobilized within fascia
ECM as a hydrogel network.

As well, we previously evaluated the host response to water and TS-HA treated fascia after
one and three months implantation in a rat abdominal wall defect model.10 Although treated
fascia was not evaluated at the site of clinical application, the rat abdominal wall model
serves as an affordable, pre-clinical means to investigate in vivo material-tissue interactions
and inflammation for comparative studies of biomaterials. This animal model has been
previously employed by several other investigators to assess materials used for
musculoskeletal repair.5, 15, 45 One and three months are appropriate time points for
evaluating the chronic inflammatory phase of healing, and three months is sufficient for
predicting either a constructive tissue remodeling outcome or a pro-inflammatory
(destructive) tissue remodeling outcome.7

All grafts exhibited a chronic lymphocytic response that is suggestive of an immune
response to the fascia xenograft. In contrast to our hypothesis, TS-HA treated fascia with
cross-linking exhibited an increased macrophage and giant cell response and a lower density
of fibroblast-like cells than water treated control. Macrophages and giant cells function to
phagocytose and degrade implanted biomaterials and do so by secreting reactive oxygen
intermediates, acid, and proteolytic enzymes such as matrix metalloproteinases (MMP).1, 47

MMP activity has been implicated in the degradation of ECM proteins and a subsequent
decrease in matrix mechanical properties.2

Hence, the objective of this study was to determine changes in the mechanical properties of
water and TS-HA treated fascia after implantation in a rat abdominal wall model.
Specifically, load relaxation ratio, load relaxation rate, stiffness of the toe- and linear-
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regions, elastic modulus of the toe- and linear-regions, and transition strain were determined.
Based on the heightened macrophage and giant cell response over water treated control
observed in our previous histologic study,10 we hypothesized that TS-HA treated fascia with
cross-linking would exhibit a lower load relaxation ratio, a higher load relaxation rate, lower
toe- and linear-region stiffness, lower toe- and linear-region moduli, and higher transition
strain compared to water treated controls and treated fascia without cross-linking.

Materials and Methods
The preparation and characterization of the water control and TS-HA treated fascia used in
this study are described in detail as part of our previous work.10 Furthermore, we note that
the fascia strips used for mechanical testing in this study were implanted into the same rats
that were used for the histologic analysis of water and TS-HA treated fascia reported
previously.10

Experimental Design
Patches of decellularized, lyophilized, sterile human fascia lata (5×5 cm) treated with water,
TS-HA with cross-linking, or TS-HA without cross-linking were used for this study (n=8
patches per group). The fascia was derived from the iliotibial tract of donors aged 18–55
years and had been donated by the Musculoskeletal Transplant Foundation, Edison, NJ. TS-
HA treated patches, both cross-linked and uncross-linked, had a concentration of 5–10
micrograms of TS-HA per milligram of dry weight tissue (μg/mg).10 Five mechanical test
strips were cut from each fascia patch and were used for mechanical testing at time zero
(n=3 per patch) and after one and three months implantation in a rat abdominal wall model
(n=1 per patch per time point). A total of 48 rats were used for the in vivo implantation study
(n=8 per treatment group per time point). Detailed methods are described below.

Rat Abdominal Wall Defect Model
All procedures were performed in accordance with the National Institutes of Health
guidelines for care and use of laboratory animals and were approved by the Institutional
Animal Care and Use Committee at the Cleveland Clinic.

Forty-eight adult, male Lewis rats were used (450–600 g, Harlan, Indianapolis, IN). Each rat
was anesthetized with an intramuscular injection of ketamine, xylazine, and acepromazine
(30/6/1 mg/kg). The abdomen was prepared for aseptic surgery. Via a ventral midline
incision, a partial-thickness 0.4×4.5 cm defect was created in the anterior sheath adjacent to
the linea alba. The anterior sheath was removed and the underlying rectus muscle,
transversalis fascia, and peritoneum were left intact. One 0.4×4.5 cm fascia strip from each
patch was wetted in saline for 10 min and secured into the defect using four corner sutures
of 5-0 Prolene. As reported previously, on the contralateral side of the linea alba, a second
defect (0.8×1 cm) was created and replaced with a wetted 0.8×1 cm fascia piece from the
same patch for semi-quantitative histologic analysis.10 The skin incision was closed using
4-0 chromic gut suture, and the rat was allowed to recover from anesthesia under a heating
lamp. For analgesia, each rat received 0.15 mg/kg buprenorphine post-operatively, 12 hours
later, and thereafter as needed. Rats were housed individually for the duration of the study.

Euthanasia and Tissue Harvest
At one and three months, rats were sacrificed via carbon dioxide asphyxiation (n=8 per
group per time point). Fascia grafts and the underlying muscle were harvested and frozen
until ready for mechanical testing.
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Mechanical Properties Testing
Three 0.4×4.5 cm strips cut from each water control and TS-HA treated fascia patch were
used to quantify mechanical properties at time zero. Prior to testing, time-zero test strips
were rehydrated for 4 hr in saline. Only a small volume was used (300 μl) to prevent
leaching of HA from the uncross-linked TS-HA treated fascia. In preparation for mechanical
testing, all explanted mechanical test strips were thawed and isolated from the underlying
muscle by blunt dissection.

For mechanical testing, samples were gripped in custom clamps under 26 in-oz of torque
with superglue and sandpaper, leaving a nominal gauge length of 28 mm. Thickness was
determined at five points along the sample length with a linear variable displacement
transducer probe under a constant pressure of ~0.001 MPa. Width was determined from
optical analysis at three points along a longitudinal image captured with a Leica MZ6
stereomicroscope (Bannockburn, IL). Cross-sectional area was calculated as the product of
average thickness and average width. Surface stain lines were placed 5 mm apart on the
gage-section, for optical strain analysis and material property determination.18

All mechanical testing was conducted in 0.9% saline at 37°C on a MTS FlexTest SE
electromechanical test system (Eden Prairie, MN) fitted with a 500-N load cell (Honeywell-
Sensotec, Columbus, OH). Fascia strips were preconditioned from 0.2 to 2 N for five cycles,
immediately elongated 1.2 mm (nominally 4% strain) at 3 mm/sec, and held at that position
for 10 minutes to allow for relaxation. Samples were then returned to a slack position,
allowed 5 minutes to recover,21 and pulled to failure at a rate of 10 mm/min.30

Data Analysis
The load-displacement data from each test was zeroed with 0.2 N load. From the relaxation
portion of the test, the load-relaxation ratio was computed as the ratio of final to peak load.
The load-relaxation rate, n, was calculated by fitting a power law relationship tn to the first
ten seconds of the load-relaxation data.19

From the failure portion of the test, load and local (optical) displacement data were both
plotted directly and normalized by cross-sectional area and initial gage length between the
stain lines to generate load-displacement and stress–strain curves, respectively. The stress-
strain data were analyzed by bilinear fitting of the data through 60% of the maximum load
using the least squares method.4 Toe and linear modulus were calculated as the defined
slopes of the two linear fits, respectively, and transition strain was defined as the strain
corresponding to the intersection of the two linear fits. For a small portion of samples, the
toe -region was deemed to be nonexistent based on the criterion that the toe modulus was
greater than 70% of the linear modulus. In these cases, the linear modulus was recalculated
as the slope of the entire stress-strain curve, and the transition strain was assigned a value of
zero. For the few samples that exhibited decreasing strains at high loads (likely an artifact of
surface strain mapping) these data points were removed and bilinear curve fitting was
reapplied to the remaining data. Toe and linear stiffness were determined in a similar
manner from the load-displacement curves. Data analysis was performed using a customized
code in MATLAB software (Mathworks, Natick, MA).

Statistical Analysis
Two-way ANOVA was performed to examine the effects of treatment and time on cross-
sectional area, load relaxation ratio and rate, toe- and linear-region stiffness, toe- and linear-
region modulus, and transition strain. When appropriate, multiple comparisons were
performed with a Tukey HSD post-hoc test. A p value of ≤ 0.05 was considered significant,
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and a p value of ≤0.10 was indicative of a trend. Results are expressed as mean ± standard
deviation.

Results
Gross Observations

At one month, grafts of all groups appeared to have experienced a minimal degree of
resorption or remodeling, independent of treatment. However, at three months, grafts of all
groups experienced a variable degree of resorption or remodeling. TS-HA with cross-linking
test strips occasionally demonstrated extensive or even complete resorption/remodeling
(Figure 1). In addition, two of the 48 implanted mechanical test strips (one TS-HA with
cross-linking at one month and one TS-HA with cross-linking at three months) could not be
mechanically tested due to a loss of structural integrity. For two other test strips (both TS-
HA with cross-linking at three months), the posterior and anterior ends were extensively
resorbed or remodeled and, therefore, were mechanically tested using a shorter grip-to-grip
gage length of 15 mm. Because the mechanical integrity of three month fascia strips from all
groups was uncertain, three month samples were exempted from viscoelastic testing in order
to avoid sub-failure damage prior to the collection of elastic mechanical properties.

Cross-sectional Area
ANOVA indicated that only group had a significant effect on cross-sectional area (Figure 2,
p=0.002), and there was a trend for time (p=0.07). No significant group-time interaction was
found. The cross-sectional area of TS-HA treated fascia pieces, with or without cross-
linking, was significantly greater than water control. Fascia grafts at three months trended
towards a greater cross-sectional area than at one month.

Mechanical Properties Testing
The average stress versus local strain curves for water control, TS-HA with cross-linking,
and TS-HA without cross-linking treated fascia at all time points are shown in Figure 3.
Failure is under-represented because all test strips failed at the grips.

Viscoelastic Properties
ANOVA indicated that only time had a significant effect on both load relaxation ratio
(Figure 4A, p<0.0001) and load relaxation rate (Figure 4B, p<0.0001), and there was no
significant group-time interaction. Load relaxation ratio significantly decreased and load
relaxation rate significantly increased from time zero to one month.

Elastic Properties
ANOVA indicated that there was no significant group-time interaction for any of the elastic
mechanical properties. Only time had a significant effect on toe-region stiffness, which was
greater at time zero than at one and three months (Figure 5A, p<0.001). Post-hoc multiple
comparison testing indicated that treated fascia with cross-linking trended toward a lower
toe-region stiffness than water treated controls (p=0.06).

For toe-region elastic modulus, group (Figure 5B, p<0.001) and time (p=0.05) had
significant effects. Toe-region modulus was significantly greater at time zero than at one and
three months. TS-HA treated fascia with cross-linking exhibited a significantly lower toe-
region elastic modulus than water treated controls.
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Only time had a significant effect on linear-region stiffness (Figure 5C, p=0.001) and elastic
modulus (Figure 5D, p=0.001), both of which were greater at time zero than at one and three
months.

Only group had a significant effect on transition strain (Figure 5E, p=0.003). TS-HA treated
fascia with cross-linking had a significantly greater transition strain than treated fascia
without cross-linking and water treated controls.

Discussion
The objective of this study was to determine changes in the mechanical properties of water
and TS-HA treated fascia after implantation in a rat abdominal wall model. Fascia samples
in all groups demonstrated time-dependent decreases in mechanical properties. TS-HA
treated fascia with cross-linking exhibited a lower toe-region modulus, a trend toward lower
toe stiffness, and a higher transition strain than water treated controls not only after
implantation, as hypothesized, but also at time zero. However, in contrast to our hypothesis,
TS-HA treatment, with or without cross-linking, had no significant effect on time-zero or
post-implantation load relaxation ratio, load relaxation rate, linear-region stiffness, or linear-
region modulus. Hence, the TS-HA treatment employed in this study decreased only the
low-load elastic mechanical properties of fascia ECM. Identifying which mechanical
properties, and consequently which ECM components, are affected by the TS-HA treatment
allows us to consider possible mechanisms for these mechanical property decreases.
Additionally, we will discuss the results in light of the host cell response to these
materials.10

The elastic properties of water treated fascia – as defined by toe stiffness, toe modulus,
linear stiffness, and linear modulus – decreased after implantation. The viscoelastic
properties also changed after implantation; load relaxation ratio decreased, while load
relaxation rate increased. Previously, we reported that water treated fascia was infiltrated by
a moderate degree of macrophages and a mild degree of giant cells,10 both of which are
known to secrete the degradative enzymes matrix metalloproteinase (MMP)-1, -2, -9, -12,
and -1413, 31, 47 Because elastin and other non-collagenous ECM proteins are the main
contributors to the mechanical behavior of fascia at low strains,20 it is possible that the
decreased toe modulus following implantation is a result of elastase, MMP-12, and/or broad
spectrum MMP-14 activity. Additionally, the interaction between collagen and other ECM
proteins could be physically disrupted by tissue swelling or edema, thus interrupting force
transmission through the ground substance and lowering the toe modulus. Swelling and
edema could also contribute to the increased stress relaxation of implanted fascia.3

The mechanical behavior of fascia at higher strains is attributed to collagen fibers that are
un-crimped and load-bearing.23, 27, 49 Hence, the observed decrease in linear modulus in
water controls after implantation is possibly a result of collagenase (MMP-1, -2, and -9)
activity. In support of these proposed mechanisms, it has been well documented that MMP
activity is a contributing factor in the loss of mechanical properties of ECM grafts post
implantation.38, 50

Similar to water controls, both groups of TS-HA treated fascia demonstrated time-dependent
decreases in mechanical properties. In addition, TS-HA treated fascia with cross-linking
demonstrated a lower toe modulus, a trend toward lower toe stiffness, and a higher transition
strain (i.e., longer toe-region) than water controls at both time zero and post implantation.
The decreased low-load mechanical properties of cross-linked treated fascia at time zero
may be attributed to the disruption of the interaction between collagen and other ECM
proteins, possibly as a result of increased water uptake 14 during treatment (TS-HA treated
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fascia with cross-linking was uniquely subjected to a 24 hour rinse in 125 ml of water
following the cross-linking reaction to remove any uncross-linked material). As well, the
hydrogen peroxide that was used to initiate the cross-linking reaction could have activated
endogenous tissue peroxidases, which may have disrupted or degraded ECM proteins
involved in low-load mechanical behavior. Both hypothesized mechanisms are supported by
the observation that uncross-linked treated fascia, which was not subjected to the 24 hour
rinse or the cross-linking reaction, exhibited a similar toe stiffness, toe modulus, and
transition strain as water controls. As part of our ongoing work, we intend to determine the
mechanisms by which TS-HA treatment decreases the time-zero mechanical properties of
fascia and subsequently modify the treatment protocol to limit or prevent their effects.

Following implantation, the lower toe-modulus of TS-HA treated fascia with cross-linking
may simply be a reflection of the decrease in this property at time zero. As well, TS-HA
treated fascia with cross-linking was shown to elicit a heightened macrophage and giant cell
response compared to water controls.10 Hence the potential for increased MMP activity is
another possible mechanism for the lower toe-region mechanical properties of cross-linked
treated fascia following implantation. However, no difference was seen in high-load (linear
region) mechanical properties between TS-HA treated fascia with cross-linking and water
controls, suggesting that any increase in MMP activity largely targeted non-collagenous
ECM proteins and not the collagen fibers. It is also possible that the TS-HA hydrogel
network that surrounds the large fascicle bundles sequesters infiltrating inflammatory cells
and mediators17 or physically shields the collagen fascicles from degradative enzymes.

TS-HA treatment, with or without cross-linking, increased the cross-sectional area of fascia
compared to water controls at time zero. This finding is consistent with our previous
results10 and suggests that inter-fascicular spaces expand to accommodate the added TS-HA.
Further, the cross-sectional area of all groups tended to increase from one to three months,
presumably as a result of tissue swelling, edema, or cellular infiltration. This result may
seem to contradict our previous work, in which we reported a decrease in cross-sectional
area of fascia grafts from one to three months.10 The apparent discrepancy can be explained
by noting that the cross-sectional area of mechanical test strips was measured transversely in
this study, while the cross-sectional area of histologic grafts was measured longitudinally in
our previous study. Hence, remodeling or resorption of the implanted grafts occurred
primarily from the ends, which is supported by the gross observation of the explanted fascia
strips.

The time-zero elastic modulus of water treated fascia quantified in this study (825 ± 410
MPa) is slightly higher than the modulus of fascia previously reported by our laboratory
(532 ± 106 MPa).18 This discrepancy may be explained by the bilinear curve fitting
methodology employed in this study. Here, elastic modulus was defined as the maximum
slope of the second linear region of the curve, while in our previous study, as the slope from
a defined strain range of the curve. Furthermore, whereas the elastic modulus of fascia
following three months implantation in a rabbit vagina model was reported to decrease by
96%,46 we report a 64% drop here. One explanation for these disparate results may be
related to the very different in vivo implantation environments between the two studies. In
addition, sample geometry and test methods were different between the two studies (fascia
strips in the Walter study had an aspect ratio of 4:1, and the elastic modulus was computed
using grip-to-grip strain), so direct comparison of data is difficult. To our knowledge, there
are no other reports on the post-implantation mechanical properties of fascia at similar time
points to which to compare our work.

The current study is not without limitations. The stress-relaxation test employed in this study
involved a single step to 4% strain, which is beyond the toe-region of these materials. Hence
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viscoelastic differences between groups at low-strains could not be evaluated. Second, all
fascia strips explanted at three months were exempted from viscoelastic testing, due to their
unknown mechanical integrity. Third, a small number of cross-linked TS-HA treated fascia
samples, which experienced extensive remodeling or resorption, could not be mechanically
tested. Thus, the mechanical properties of TS-HA treated fascia with cross-linking reported
here are likely overestimated, because the mechanically inferior samples were not included.
Fourth, fascia samples were frozen and subsequently thawed prior to mechanical testing for
operator convenience. Although test strips could have been tested immediately after harvest,
previous studies have demonstrated no effect of freeze/thaw on the mechanical properties of
tendon or fascia tissue.11, 25, 29, 41, 48 Fifth, all specimens failed at the grips during
mechanical testing, most likely as a result of stress concentrations.9, 34 Although other
methods of gripping could have been investigated to prevent or limit grip failure, we did not
thoroughly explore these alternatives, because we were interested in comparing material and
structural properties, not failure outcomes. Lastly, we can only hypothesize that the
mechanisms responsible for the mechanical property decreases reported herein involve the
degradation of collagen or other ECM proteins, as changes to the ECM components were
not quantified.

This work provides a starting point and guidance for the ongoing development of HA treated
fascia ECM. Future work will investigate modifications to the treatment protocol to prevent
or limit decreases in time-zero and post-implantation mechanical properties. Specifically, we
will explore the effects of a lower concentration of hydrogen peroxide for cross-linking,
different TS-HA concentrations which may influence host response as well as the swelling
potential of the ECM, and lower molecular weight TS-HA which may allow for a more
uniform HA distribution and potentially limit the accumulation of macrophages and giant
cells which were previously observed around islands of hydrogel. Lastly, in the setting of
rotator cuff repair, the host response to a scaffold may be uniquely influenced by exposure
to synovial fluid and/or mechanical load. Hence, investigating host response in a site-
specific animal model may be appropriate and instructive.28

Conclusion
This study is novel in that it characterizes the time-zero and post-implantation mechanical
properties of decellularized fascia ECM and TS-HA treated fascia ECM with or without
cross-linking. TS-HA treated fascia with cross-linking exhibited a lower toe-region
modulus, a trend toward lower toe stiffness, and a higher transition strain than water treated
controls at time zero and post implantation. This study evaluates the post-implantation
mechanical properties of TS-HA treated fascia in light of previously reported histologic
outcomes.10 Together, the results suggest that this particular preparation of TS-HA
treatment (at the concentration, molecular weight, and tyramine substitution rate used here)
adversely affects the host response and elastic mechanical properties of fascia ECM. Hence,
the preparation of TS-HA treated fascia described in this study would likely not be
beneficial as an augmentation device for the repair of rotator cuff tendon or other soft
tissues. However, this study demonstrates that augmentation of an ECM with HA can alter
both the host response and mechanical properties of the ECM. Although this particular
preparation of TS-HA treated fascia was not effective in modulating inflammation or
maintaining the mechanical properties of fascia, we will use these findings to further
investigate TS-HA treatment with the intent to modulate inflammation, enhance fibroblast
infiltration, and consequently promote the regeneration of mechanically functional host
tissue.
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Figure 1.
Representative images of TS-HA with cross-linking treated fascia strips at explantation at
three months. Grafts appeared to have experienced a variable degree of resorption or
remodeling, ranging from minimal (A) to extensive (B) to complete (C).
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Figure 2.
Cross-sectional area of water treated control, TS-HA with cross-linking, and TS-HA without
cross-linking treated fascia (n=7–8 per group per time point). The cross-sectional area of
TS-HA treated fascia with and without cross-linking was significantly greater than water
control at all time points (p=0.002), which is not denoted with symbols because of the
manner in which the data is graphically presented here. †Fascia grafts at three months
trended towards a greater cross-sectional area than at one month (p=0.07).
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Figure 3.
Average stress versus local strain curves for (A) water control, (B) TS-HA with cross-
linking, and (C) TS-HA without cross-linking test strips at all time points (n= 7–8 per group
per time point). The wavy nature of the curves at higher strains is a consequence of
including fewer samples in the average as samples fail. Failure is under-represented because
all test strips failed at the grips.
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Figure 4.
(A) Load relaxation ratio and (B) load relaxation rate of water control, TS-HA with cross-
linking, and TS-HA without cross-linking treated fascia at time zero and one month (n=7–8
per group per time point). *Load relaxation ratio significantly decreased with time
(p<0.0001). **Load relaxation rate significantly increased with time (p<0.0001).
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Figure 5.
Elastic mechanical properties of water control, TS-HA with cross-linking, and TS-HA
without cross-linking treated fascia (n=7–8 per group per time point). (A) *,** Toe-region
stiffness was significantly greater at time zero than at one and three months (p<0.001).
Treated fascia with cross-linking trended toward a lower toe-region stiffness than water
treated controls (p=0.06), which is not denoted with symbols because of the manner in
which the data are graphically presented here. (B) For toe-region elastic modulus, group
(p<0.001) and time (p=0.05) had significant effects. *,** Toe-region modulus was
significantly greater at time zero than at one and three months. TS-HA treated fascia with
cross-linking exhibited a significantly lower toe-region elastic modulus than water treated
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controls, which is not denoted with symbols because of the manner in which the data are
graphically presented here. (C) *,** Linear-region stiffness was significantly higher at time
zero than at one and three months (p=0.001). (D) *,** Linear-region modulus was
significantly higher at time zero than at one and three months (p=0.001). (E) TS-HA treated
fascia with cross-linking had a significantly greater transition strain than treated fascia
without cross-linking and water treated controls (p=0.003). Neither result is denoted with
symbols because of the manner in which the data is graphically presented here.
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