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INTRODUCTION

Measurement of individual muscle performance could allow for the monitoring of disease
progression, evaluation of therapeutic intervention efficacy, and improvement in the
understanding of how various conditions affect muscle function. In the absence of direct
measurement of individual muscle function, investigators have used computational models to
try and fill gaps in knowledge. Models of skeletal muscle have advanced from unidirectional
Hill-type muscle model introduced in 1938 (Hill, 1938) to three-dimensional continuum-based
muscle models that have been developed more recently (Blemker and Delp, 2005, Gielen, et
al., 2000, Jenkyn, et al., 2002, Johansson, et al., 2000, Martins, et al., 1998, Odegard, et al.,
2008, Yucesoy, et al., 2002). Regardless of the level of complexity, the inherent validity of a
model is tied to the material properties used to determine model parameters. Given this, it is
surprising to note the relative lack of studies examining the material properties of skeletal
muscle tissue.

From the arrangement of skeletal muscle architecture (i.e., the parallel bundling of serially-
arranged muscle fibers), it has been hypothesized that skeletal muscle can be considered
transversely isotropic (Blemker and Delp, 2005) with the fiber (longitudinal) axis defining the
plane of symmetry. A transversely isotropic material may be fully characterized by testing the
tissue under longitudinal extension (LE), transverse extension (TE), and longitudinal shear
(LS). Of the investigators who have looked to characterize muscle in the fiber direction
(Anderson, et al., 2002, Anderson, et al., 2001, Boriek, et al., 2001, Gosselin, et al., 1998, Hete
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and Shung, 1995, Lin, et al., 1999, Linder-Ganz and Gefen, 2004, Davis, et al., 2003, Gareis,
et al., 1992, Hawkins and Bey, 1997, Muhl, 1982, Van Loocke, et al., 2006), many have used
the load and displacement seen across the entire musculotendinous unit to derive stress and
strain (Anderson, et al., 2001, Gosselin, et al., 1998, Lin, et al., 1999, Linder-Ganz and Gefen,
2004, Davis, et al., 2003, Gareis, et al., 1992, Hawkins and Bey, 1997, Muhl, 1982), making
it difficult to isolate the properties of the muscle tissue itself. That these studies used different
muscles from several different species increases the difficulty of generalization. Further, the
only studies that have reported experimentally-determined transverse material properties have
been under compression (Aimedieu, et al., 2003, Mathur, et al., 2001, Bosboom, et al., 2001,
Van Loocke, et al., 2006). In the very few studies known to report shear properties, the study
by Gao et al was limited to an examination of epimysium (Gao, et al., 2008), and the studies
by Van Loocke examined muscle samples under a compression applied 45° from the fiber
direction (Van Loocke, et al., 2006, Van Loocke, et al., 2008).

The aim of the current study was to collect a set of data that will allow the characterization of
skeletal muscle as a three-dimensional transversely isotropic material. Stress-strain relations
are derived from uniaxial tension tests of muscle under LE, TE, and LS and can be used to
build computational models of muscles of varying geometries.

MATERIALS AND METHODS

Nine New Zealand White rabbits were obtained with institutional approval. Hind limbs were
amputated mid-femur and stored in a freezer within one hour of sacrifice. From the 18 available
fresh-frozen hind limbs, 6 limbs each were used for LE, TE, and LS tests. Tests were performed
on extensor digitorum longus (EDL) muscles, chosen for its regular cross-section and low
pennation angle (Lieber and Blevins, 1989). To ensure that only muscle tissue was tested,
aponeuroses were carefully dissected away (Figure 1) using a blade breaker (Fine Science
Tools, Foster City, CA). Unless otherwise indicated, specimen length, width, and thickness
were measured before clamping using a micrometer. As the compliance of the muscle tissue
was such that trimming samples for TE testing resulted in irregular cross-sections, samples for
these tests were trimmed to the length of the clamps after mounting them in the test fixtures.
All material tests were performed at a strain rate of 0.05%s 1 to minimize viscoelastic effects
(\Van Loocke, et al., 2006). Saline was applied to the specimens to maintain tissue moisture
throughout testing.

Longitudinal and Transverse Extension Tests

Material testing under the LE and TE conditions was performed on an MTS 312 material test
device (MTS, Eden Prairie, MN). Specimens were mounted to the test device using
sinusoidally-grooved clamps. LE specimens were gripped to provide deformation along muscle
fiber direction (Fig 2a); TE specimens were gripped in the clamp jaws such that applied
extension would occur perpendicular to the fiber direction (Fig. 2b). To ensure that load passed
through the entire cross-section of the TE test specimens, muscle lengths were cut to the width
of the clamps (25.4 mm). Force measurements were sampled at 20 Hz using a 111.2-N load
cell (Lebow, Columbus, OH), and the second Piola-Kirchoff stress was calculated as the force
divided by the initial cross-sectional area. Material elongation was determined using crosshead
displacement. Since the muscle was deformed beyond the small strain range, Green strain was
used as a deformation measure and calculated as:

1 2
== - ]

where A is the stretch ratio,

J Mech Behav Biomed Mater. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Morrow et al. Page 3

where |, is the original crosshead displacement and |; is the current crosshead displacement.
Extension samples were strained at 0.05%s 1 until either failure or the stroke length limit of
50mm was reached.

Longitudinal Shear Tests

Longitudinal shear tests were performed on an ElectroForce 3200 test device (Bose
Corporation, Eden Prairie, MN). Cyanoacrylate was used to glue the superficial and deep faces
of the muscles to plexiglas platens which were, in turn, screwed to shear test fixture uprights.
Fixture uprights were offset, ensuring that the measured force passed through the specimen
midsection (Fig. 2C). Force measurements were sampled at 20 Hz using a 45-N load cell
(Sensotec, Columbus, OH); the second Piola-Kirchoff stress was calculated as the applied force
divided by the initial cross-sectional area. As with the elongation tests, deformation
measurements were obtained using crosshead displacement and Green shear strain was used
and calculated as:
d
Y = tan (7)

where d is the longitudinal displacement of the material, and t is the thickness of the test
specimen. Samples were strained at 0.05%s 1 until either failure or the stroke length limit was
reached.

Material Properties Definition

Linear modulus, ultimate stress, and failure strain under LE, TE, and LS were determined from
their respective stress-strain plots from individual trials. Material properties for the linear
region of the stress-strain curve were determined using the method described by Haut Donahue
et al. (Donahue, et al., 2001). Summary statistics were calculated using a one-way ANOVA,
with significance set at p<0.05.

RESULTS AND DISCUSSION

Typical stress-strain results for LE, TE, and LS tests are shown in Figure 3. The linear modulus
of the EDL under LE is significantly higher than under either TE or LS (Table 1); no significant
difference was found between the modulus for TE and LS.

As the displacement of 10 mm did not cause material failure of the EDL under LS, failure
properties are reported for LE and TE only. Failure under LE or TE was observed as a separation
of muscle fibers within the muscle tissue (as opposed to a complete midsubstance failure of
the tissue). It is important to note that muscle fiber separation was not observed until after the
maximum load in the TE specimens was reached (Figure 3). Therefore, the material
microstructure was continuous up to the maximum load. The ultimate stress was significantly
higher under LE; conversely, the failure strain was significantly higher for specimens under
TE (Table 1). Results had a statistical power of > 0.90. Additionally, while material failure did
not occur during LS testing, the technique of cementing the specimens to the platens was very
efficacious. Visual inspection of the post-test samples revealed that the tissue of the cemented
region remained affixed to the platens, and that the cement did not penetrate beyond the surface.
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The amount of variability in biological experimental data should always be accounted for when
assessing experimental data. As the coefficient of variation (Table 1) was less than 1, the data
can be considered low-variance. Additionally, the linear modulus values for each test direction
lie within the 10t and 90t percentile of the sample distribution (Figure 4).

Results of this study indicate a higher linear modulus in LE, than in either the TE or LS. Given
the large disparity between the linear moduli found in this study, the larger modulus for LE
(447 kPa) compares favorably with the 100-700 kPa range Mathur (Mathur, et al., 2001)
described during low-magnitude indentations of murine skeletal muscle cells. Likewise, the
order of magnitude reduction seen in the transverse modulus of 22 kPa from the current study
correlates with the reported value of 75 kPa reported by Linder-Ganz and Gefen (Linder-Ganz
and Gefen, 2004).

The effect of aponeurosis on the linear modulus under LE and TE can be seen through
comparison with work performed previously (Morrow, et al., 2008). In the previous study
uniaxial tensile elongation tests were performed on medial gastrocnemius muscles from New
Zealand White rabbits using the same protocol as this study. The resulting linear moduli from
LE and TE tests (767 kPa and 81 kPa, respectively) are significantly higher than the moduli
reported in the current study (p<0.01 and p<0.02, respectively). This is not an unexpected
result, with the mechanical response of the muscle reinforced by the collagenous aponeurosis.
Additionally, since the longitudinal and transverse moduli properties of tendon have been
reported as being 2700 kPa and 50 kPa, respectively (Blemker and Delp, 2005), it was not
surprising that the contribution of the aponeurosis was comparatively larger in the longitudinal
direction. These results suggest that the presence of aponeurosis would strongly influence how
the tissue may be represented and may nullify the assumption of transverse isotropic material
symmetry. However, because the aponeuroses were dissected from test samples, transverse
isotropy can still be assumed in the tissue corresponding to the muscle fiber axis.

Results of the current study indicate that the ultimate stress in muscle under LE is significantly
higher than under TE; the converse is true for the failure strain. Van Ee (Van Ee, et al., 2000)
performed a study in which rabbit tibialis anterior muscles were loaded to failure in the
longitudinal direction, reporting an ultimate stress of 460 kPa and a failure strain of 0.31. The
larger ultimate stress and the lower failure strain may, at least in part, be attributable to the
presence of aponeurosis in Van Ee test specimens. The additional strength provided by the
tendinous aponeurosis, giving the higher ultimate stress, also constrains the deformation of the
softer muscle material at failure.

Comparisons with studies of skeletal muscle under compression (Van Loocke, et al., 2006,
Van Loocke, et al., 2008) suggest that skeletal muscle tissue is a bimodular material. Contrary
to the findings of the current study, under the same strain rate, Van Loocke et al. found the
cross-fiber modulus to be higher than the fiber-direction modulus. Additionally, the moduli
found were substantively lower than those of the current study; the longitudinal and transverse
modulus of fresh porcine muscle, calculated for a strain of 0.3, were found to be 2.04 and 4.56
kPa, respectively.

One limitation of this study is that testing was performed on fresh-frozen samples. Previous
studies have examined the effects of freezing and/or rigor on skeletal muscle tissue material
(Van Ee, etal., 2000) (Van Loocke, et al., 2006). However, a comparison of the linear modulus
of specimens tested under longitudinal extension one-hour postmortem with specimens tested
one hour after thawing from a pre-rigor freeze (Van Ee et al., 2000) revealed no apparent
difference; this suggests that the results of the current study offer a good estimation of skeletal
muscle material properties. However, further testing may need to be performed on samples
within 4 hours of sacrifice before material properties can be considered suitable for modeling
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in vivo musculature. Additionally, the quasi-static rate of extension used in this study is likely
well below rates seen under physiological conditions. This data may be augmented by
subsequent studies performed at strain rates typical experienced in vivo. Lastly, at a testing
length:width ratio of approximately 1:5, the aspect ratio of the TE specimens was less than
optimal ratio of 5:1 preferred to ensure that all clamping effects are eliminated in elongation
tests in accordance with St. Venant’s principle (Timoshenko and Goodier, 1951). Testing was
performed on specimens with this geometry due to difficulties that would be encountered in
cutting out specimen geometries to the small dimensions that would be required to achieve this
aspect ratio in a rabbit skeletal muscle.

CONCLUSIONS

This study marks the first time a set of 3D passive tensile material properties have been
collected. These results show that even with the aponeurosis dissected away, skeletal muscle
still has a significantly higher elastic modulus in the fiber direction than in the cross-fiber
direction. The order of magnitude decrease between the elastic modulus of skeletal muscle
under LE and TE is likewise demonstrated by an additional order of magnitude decrease in the
elastic modulus of LS. Further, the data provided by this study are sufficient to characterize
continuum models that represent skeletal muscle as transversely isotropic and hyperelastic.
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Figure 1.

Stages of aponeurosis dissection from an extensor digitorum longus: starting with (a) an intact
muscle, (b) a small portion of aponeuraosis is separated from the muscle near the transition to
full tendon, (c) a blade breaker is used to progressively separate the aponeurosis from the
muscle belly, until (d) the connective tissue is entirely separated from the muscle.
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Figure 2.

Test configuration schematics for (a) longitudinal extension, (b) transverse extension, and (c)
longitudinal shear tests. Photographs of (d) longitudinal extension, () transverse extension,

and (f) longitudinal shear tests.
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Figure 3.
Representative stress-strain curves for longitudinal extension, transverse extension, and
longitudinal shear tests.
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Figure 4.

Box plots of Linear Modulus for (a) longitudinal extension, (b) transverse extension, and (c)
longitudinal shear tests. Minimum and maximum values are represented by Xs; whiskers
connect values between the 10t and 90t percentile
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