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Abstract
Skeletal muscle is a very dynamic tissue, thus accurate quantification of skeletal muscle stiffness
throughout its functional range is crucial to improve the physical functioning and independence
following pathology. Shear wave elastography (SWE) is an ultrasound-based technique that
characterizes tissue mechanical properties based on the propagation of remotely induced shear
waves. The objective of this study is to validate SWE throughout the functional range of motion of
skeletal muscle for three ultrasound transducer orientations. We hypothesized that combining
traditional materials testing (MTS) techniques with SWE measurements will show increased
stiffness measures with increasing tensile load, and will correlate well with each other for trials in
which the transducer is parallel to underlying muscle fibers. To evaluate this hypothesis, we
monitored the deformation throughout tensile loading of four porcine brachialis whole-muscle
tissue specimens, while simultaneously making SWE measurements of the same specimen. We
used regression to examine the correlation between Young's modulus from MTS and shear
modulus from SWE for each of the transducer orientations. We applied a generalized linear model
to account for repeated testing. Model parameters were estimated via generalized estimating
equations. The regression coefficient was 0.1944, with a 95% confidence interval of (0.1463 –
0.2425) for parallel transducer trials. Shear waves did not propagate well for both the 45° and
perpendicular transducer orientations. Both parallel SWE and MTS showed increased stiffness
with increasing tensile load. This study provides the necessary first step for additional studies that
can evaluate the distribution of stiffness throughout muscle.
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1. Introduction
Normal skeletal muscle stiffness results from active tension produced by muscle contraction
and passive tension produced largely by connective tissue (Hill, 1938; Huxley, 1957). While
the manifestations of deficits in the active component are readily diagnosed and
unmistakably detrimental to daily function (NIMSD Consortium, 1996; Fried et al, 2001),
analogous alterations in the passive component are less understood. This apparent lack of
information should not imply that passive skeletal muscle stiffness does not play a key role
in skeletal muscle growth, metabolism, or function – as it is integral for all three (Jaspers et
al, 1999; Kjaer, 2004; Tatsumi et al, 2006; Werle, 2008). Numerous in vitro studies have
identified the connective tissue network of collagen within the extracellular matrix (ECM)
as a key contributor to passive stiffness in a variety of skeletal muscles (Bensamoun et al,
2006; Borg and Caulfield, 1980; S. H. Brown et al, 2012; Rowe et al, 2010). It is becoming
increasingly apparent that the ECM is vital for mechanotransduction, as well as muscle
growth and adaptation (Jaspers et al., 1999; Kjaer, 2004; Tatsumi et al, 2006; Werle, 2008).
Later research indicates that passive stiffness may also play a role in muscle performance
and adaptation to exercise (Fouré et al, 2011). Increased collagen content and stiffness are
seen in numerous musculoskeletal pathologies, including spasticity (M. Brown et al, 1999;
Damiano et al, 2001; Gracies, 2005; Vaz et al., 2006), as well as typical aging (Alnaqeeb et
al, 1984; Botelho et al, 1954; Larsson et al, 1979; Tomonaga, 1977). It is clear that muscle
stiffness is closely related to joint constraint – increased muscle stiffness is associated with
poor range of motion, while reductions in muscle stiffness may predispose to joint
subluxation (Johns and Wright, 1962; Vandervoort, 1999). Unfortunately, in vivo passive
stiffness measures historically focused primarily on either qualitative measures (Park and
Kwon, 2012) or the stiffness of entire joints and muscle groups (Sinkjaer and Magnussen,
1994), thus limiting the advancement of our clinical and scientific understanding. Reliable,
noninvasive, quantitative techniques for measuring and monitoring skeletal muscle stiffness
are necessary not only to advance our understanding of the mechanism and effects of altered
skeletal muscle stiffness but also to improve diagnosis and treatment following injury.

A number of techniques are currently available for monitoring muscle stiffness in vivo.
Myotonometry is quick and inexpensive, but tends to be superficial or merely qualitative
(Bizzini and Mannion, 2003; Park and Kwon, 2012). Stretch-release techniques elegantly
distinguish the stretch reflex stiffness from intrinsic joint stiffness (Sinkjaer et al., 1988), but
are unable to quantify the mechanical properties of individual skeletal muscles. Similarly,
range of motion measures can quantify resistance to movement, but also evaluates the
properties of entire joints and are unable to target individual muscles for assessment (Rabita
et al., 2005). Magnetic resonance elastography shows great promise for quantifying the
stiffness of whole muscles and muscle groups across a range of ages and contraction levels
(Debernard et al, 2011a; 2011b), but is costly and lacks real-time application (Jenkyn et al,
2003). Ultrasound shows great utility in evaluating underlying architecture of more
superficial muscles (Rutherford and Jones, 1992), and a variety of techniques have been
used to evaluate muscle stiffness (Park and Kwon, 2012), even in concert with magnetic
resonance elastography (Debernard et al, 2013), but, until recently, ultrasound has been
purely qualitative. As skeletal muscle is a very dynamic tissue, an ideal technique would be
capable of real-time measurement to quantify skeletal muscle stiffness throughout its
functional range. Such a technique should be sensitive to small changes in stiffness and
capable of determining material properties in light of the functionally relevant and often
complex skeletal muscle architecture.

Quantitative ultrasound elastography is beginning to emerge as a promising diagnostic tool
for evaluating the mechanical properties of skeletal muscle. Unlike earlier qualitative
ultrasound elastography techniques, Shear wave elastography (SWE) is an ultrasound-based
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technique that can characterize tissue mechanical properties based on the propagation of
remotely induced shear waves (Bercoff et al, 2004; Chen et al., 2009; Palmeri et al., 2008;
Sarvazyan et al, 1998). Shear modulus can be readily calculated from the measured shear
wave propagation velocity and tissue density (Yamakoshi et al., 1990). A variety of
ultrasound-based elastography techniques have been compared with magnetic resonance
elastography, with good agreement in a variety of tissues and phantoms (Bensamoun et al,
2008; Dutt et al, 2000; Oudry et al., 2009). Several investigators have begun to apply similar
ultrasound techniques and it is clear that increased skeletal muscle force production is
associated with increased stiffness (Gennisson et al, 2005; 2010; Shinohara et al, 2010; Zhao
et al, 2009). While these experiments are of great value, up until now no study has compared
ultrasound elastography results with traditional materials testing for skeletal muscle. To
ensure investigators are obtaining robust and meaningful results, baseline reliability and
validity information must be obtained for the application of such novel techniques to
anisotropic and inhomogeneous skeletal muscle tissue. Gennisson and colleagues found that
shear waves propagate much more readily along beef muscle fibers longitudinally, as
compared to perpendicularly or any interval of rotation therein (Gennisson et al, 2003).
Later investigations support these initial findings, as parallel transducer orientations
obtained the most reliable measures of muscle elasticity (Gennisson et al, 2010). Despite the
recent advances applying ultrasound elasticity imaging to skeletal muscle, these techniques
are yet to be validated taking into account the mobility and dynamic properties of skeletal
muscle. The purpose of this study was to validate SWE throughout the functional range of
motion of skeletal muscle. We hypothesized that combining traditional materials testing
techniques with SWE measurements will show increased stiffness measures with increasing
tensile load, and will correlate well with each other throughout the tensile range when the
ultrasound transducer is oriented parallel to the muscle fibers.

2. Methods
Specimen Preparation

We obtained four right brachialis whole-muscle samples immediately post-mortem from 6-
to 9-month old female swine. All animal care was in accordance with the Mayo Clinic
Institutional Animal Care and Use Committee guidelines. We completed all muscle testing
within five hours of sacrifice, so rigor mortis was not expected to play a significant role in
the mechanical testing (van Ee et al, 2000). At the time of sacrifice, all animals were
euthanized with injections of telazol (2.5 cc, 100 mg/ml), heparin (10 cc, 1000 units/ml), and
Fatal Plus (Vortech Pharmaceuticals, Dearborn, MI; 15 cc, pentobarbital sodium: 390 mg/
ml, propylene glycol: 0.01 mg/ml, ethyl alcohol: 0.26 mg/ml, benzyl alcohol 0.2 mg/ml).
Following dissection and visualization of the intact brachialis, we flexed the forelimb in situ
to 90° and fully extended to 180° at the elbow to establish the muscle's initial (L0) and final
(L1) lengths, respectively. Both lengths were obtained by measuring from origin, just under
the humeral head, to insertion, on the fused radius and ulna. We then harvested the intact
brachialis from origin to insertion, preserving and harvesting both bony attachments to
facilitate later mechanical testing. In the interest of facilitating material testing and to control
for individual variability between swine, we did not retain surrounding soft tissues (adjacent
musculature, overlying adipose tissue and skin, etc.) Following harvest, we kept the muscle
tissue cool and moist with chilled saline. Prior to testing, both the proximal humeral
attachment and distal radioulnar attachment were placed in collars and fixed with bone
cement (polymethylmethacrylate).

Materials Testing
We mounted the specimen on a materials testing machine (model 312; MTS, Minneapolis,
MN) for simultaneous tensile testing and SWE ultrasound evaluation, as indicated in Figure
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1. The collars holding the humeral and radioulnar bone segments were fixed vertically on
the actuator using custom-designed attachments, replicating the normal anatomic
relationship between the two bones. We used the materials testing system (MTS) to stretch
the tissue specimen to its initial length, as previously measured in situ at 90° flexion. We
manually measured the thickness and width of the muscle at mid-belly, assuming an ellipse,
to estimate cross-sectional area (CSA) in the location where SWE measurements would be
taken. The same individual obtained all measurements throughout the study to reduce
variability. Each specimen underwent displacement-controlled tensile testing from initial
length to final length, at ～1.15% L0 per second, with simultaneous ultrasound
measurements. A load cell (model 3397; Lebow Products, Troy, MI; Accuracy: 0.05%)
measured force throughout the testing procedure. We collected all MTS force and
displacement data at 20 Hz. The specimen was preconditioned for 6 cycles prior to tensile
testing using the same loading protocol. We conducted all testing at room temperature (22°
C) and kept the specimen moist with saline and held at L0 between each tensile test, as
previously documented for similar studies (Gottsauner-Wolf et al, 1995). A digital output
signal sent from the MTS to the Verasonics ultrasound system (Verasonics Inc., Redmond,
WA) triggered and synchronized ultrasound SWE measures with MTS data acquisition. The
digital output signal began with the start of MTS displacement and immediately triggered
the first Verasonics acquisition, which we programmed to automatically acquire additional
measures every 1.5 – 2.0 seconds, depending on the loading rate and overall displacement.
We obtained ten ultrasound measures at regular, prescribed intervals throughout each
continuous tensile test.

From the collected MTS data, we calculated strain by dividing the displacement data by
initial length, and plotted the stress-strain curve, using CSA calculated from the initial
measurements. We defined Young's modulus as the slope between ten consecutive MTS
data points from the stress-strain curve. Using this approach, Young's modulus was
calculated for each of the ten SWE time points.

Shear Wave Elastography
Prior to tensile testing, we fixed a linear-array ultrasound transducer (L7-4, center frequency
= 5 MHz, Philips Healthcare, Andover, MA) over the middle third of the muscle specimen.
We attached the transducer to a custom-built device that maintained constant, minimal
pressure between the ultrasound transducer and the underlying muscle tissue throughout
each tensile test. Since all mechanical testing was well-within the submaximal range, we
tested multiple transducer orientations for each muscle specimen. By gross inspection and
brief B-mode ultrasound examination, we determined that the majority of fibers in the swine
brachialis were aligned parallel with the long axis of the muscle. We manipulated the
alignment of the transducer with respect to the long axis of the muscle, testing three
orientations: ultrasound transducer aligned 1) parallel, 2) at a 45° angle, and 3)
perpendicularly, as indicated in Figure 2, along with sample B-mode images to demonstrate
underlying muscle structure. We made all ultrasound measures at the midsection of the
muscle belly to limit the effects of regional alterations in structure or stiffness. We repeated
measures five times for each transducer orientation, for a total of 15 trials with each muscle
sample. A focused ultrasound “push” beam (fixed focal depth at mid-depth of the muscle
sample, push duration = 600 μs, center frequency = 4.1 MHz) transmitted by 40 elements of
the transducer generated shear waves in the muscle tissue specimen as shown in Figure 3.
After the push, the Verasonics system immediately switched to flash imaging mode and
used the same transducer to detect propagation of the shear waves for about 20 ms at a frame
rate of 7.6 kHz. Shear wave particle velocity signal at the focal depth of the push beam was
averaged over 10 wavelengths (corresponding to an axial range of 3 mm along the beam axis
to improve signal-to-noise ratio. Shear wave speed was then estimated using a time-to-peak
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method at different lateral distance (lateral range of shear wave data analysis is about 15
mm) from the push beam center through linear regression (Palmeri et al, 2008). Finally,
shear modulus throughout the tensile range of each muscle specimen was converted from the
shear wave speed measurements using Equation (1):

(1)

where μ is shear modulus, cs is shear wave propagation velocity, and ρ is density, which can
be assumed to be 1000 kg/m3 for all soft tissues.

Sample B-mode images are included in Figure 2. We acquired these via the Aixplorer
(SuperSonic Imagine, Aix-en-Provence, France) ultrasound system, using the SL15-4
transducer in the MSK/Superficial MSK mode (center frequency = 8.5 MHz). We used this
additional imaging system to obtain B-mode images that clearly demonstrate the underlying
tissue organization. It was necessary to use the Verasonics equipment to ensure proper
synchronization between the SWE measures and the MTS force and displacement data,
which is not available on the Aixplorer machine. Furthermore, the Verasonics equipment
enabled us to control the focal depth of the push beam so that strong shear waves could be
generated at the region of interest from which the most robust shear wave speed
measurements could be achieved using a 1D time-to-peak fitting technique. For these
reasons, we used the Verasonics system for SWE measurements in this study.

Data Analysis
We used regression to examine the correlation between Young's modulus from MTS and
shear modulus from SWE for each of the transducer orientations. However, as we tested
every muscle specimen multiple times for each axial loading trial, individual data points
were not independent of each other and thus conducting a simple linear regression was not
possible. To account for repeated testing of each muscle specimen, we used a generalized
linear model to run the regression. We estimated the parameters for the model using
generalized estimating equations (GEE) via the GENMOD procedure in Statistical Analysis
Software version 9.3 (SAS Institute Inc., Cary, NC). GEE are designed to optimally weight
observations from repeated-measures data sets to accurately estimate regression parameters,
and thus were well-suited for this analysis (Liang and Zeger, 1986; Zeger and Liang, 1986).
The GENMOD procedure, using the “repeated” statement, properly accounts for the
repeated testing of this study, though does not output a typical coefficient of determination.
For this reason, we manually calculated the goodness-of-fit R2 statistic using Equation 2:

(2)

where ŷi are the values predicted by the GENMOD procedure, ȳ is the mean of all
observations, and yi are the observations (Moore et al, 2012).

3. Results
All four brachialis specimens displayed similar trends throughout tensile testing and were
thus grouped together for subsequent analysis. The descriptive statistics for the four swine
brachialis specimens are included in Table 1. Young's moduli increased with increasing
displacement throughout the tensile test for all specimens, as demonstrated by the
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representative set of elastic moduli-displacement curves are included in Figure 4. All other
specimens displayed similar behavior. Shear moduli also increased with increasing strain for
trials utilizing parallel ultrasound transducer orientation. Only slight increases were seen
with either 45° or perpendicular transducer orientations.

GEE analyses of all observations from all four specimens are included in Table 2. These
results indicate a significant correlation between Young's modulus and shear modulus for
parallel transducer orientation (p < 0.0001). The regression coefficient was 0.1944, with a
95% confidence interval of (0.1463 – 0.2425). Scatterplots of all Young's moduli and shear
moduli from the parallel transducer trials, with associated generalized linear model
regression lines, are included in Figure 5. The parameters for 45° and perpendicular
transducer orientations were near zero and nonsignificant (0.0061; p = 0.1077, and 0.0043; p
= 0.2435, respectively).

4. Discussion
As hypothesized, both parallel SWE and MTS showed increased stiffness measures with
increasing tensile load. These techniques also correlated well with each other throughout the
tensile range, as indicated by the GEE parameter estimate for shear modulus obtained with
parallel transducer orientation. The notable discrepancy between shear modulus (via SWE)
and Young's modulus (via MTS) for 45° and perpendicular ultrasound transducer
orientations was well-anticipated, as it is understood that shear waves propagate much more
readily along fibers rather than across them (Gennisson et al, 2003). These findings illustrate
the necessity to closely consider muscle architecture when making ultrasound elastography
measures.

Numerous structural aspects of the swine brachialis made it very well-suited for this
investigation. As tendon compliance may contribute significantly to increases in length for
muscle-tendon units under tension (Herbert et al, 2011; 2002), it was important to minimize
the opportunities for tendon strain in this investigation. The swine brachialis has negligible
tendon at both the origin and insertion, which allowed us to reasonably assume minimal
tendon strain. As seen in Figure 1, the swine brachialis originated on the humerus just distal
to the humeral head, and had only one head of origin, unlike the two often seen in humans
(Leonello et al, 2007). The fibers converged distally to a very short aponeurosis where the
brachialis inserted into the ulna, which is fused with the radius in swine. By both gross
inspection and ultrasound evaluation, we found the brachialis to have largely parallel fiber
orientation, similar to other quadruped mammals such as the canine, as well as humans
(Hulse et al, 2010; Leonello et al, 2007; Lieber et al, 1992).

The findings from this study compare well with those from earlier work by Gennisson and
colleagues evaluating skeletal muscle throughout normal range of motion. Their study
applied similar technologies to human biceps muscle for elbow angles ranging from 90° to
165°, reporting shear moduli values ranging from 5.40 kPa at 90° to 29.54 kPa at 165° for
parallel transducer trials. The present study evaluating swine brachialis found a mean shear
modulus 5.81 kPa at L0, which corresponds to an elbow angle of 90°. The relationship
between shear modulus (reported as elasticity in Gennisson's paper) and elbow angle is very
similar to that of the present study, between shear modulus and strain, demonstrated in
Figure 4c (Gennisson et al., 2010).

More detailed interpretation of shear modulus results from SWE is difficult. It is clear that
the shear moduli values obtained from off-axis ultrasound trials are only minimally related
to Young's modulus during physiologically-relevant axial loading. As skeletal muscle may
be considered transversely isotropic (Morrow et al, 2010), it is perhaps only accurate to
report shear modulus, as calculated from shear wave speed, when the ultrasound transducer
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and subsequent shear wave propagation are aligned longitudinally with the underlying
muscle fibers. In an ultrasound study where the transducer is not aligned with the muscle
fibers, it may be more accurate to report only shear wave speed, rather than converting to
shear modulus, as Equation (1) no longer holds in these cases (Royer et al, 2011).
Furthermore, from a physiologic standpoint, the shear wave speed and associated shear
modulus are perhaps most relevant when aligned longitudinally with muscle fibers, as this
may represent the mechanism by which mechanical forces are transmitted throughout tissue,
allowing skeletal muscles to perform work (Huijing, 1999; Purslow, 2002; Sharafi and
Blemker, 2010).

This study makes several assumptions, some of which may be considered technical
limitations in the study design. Young's moduli estimations are based on CSA measures that
were assumed to be constant throughout the tensile test. Additionally, Young's moduli
estimations are based on global strain measures, throughout the entire muscle tissue – rather
than local strain measures, obtained in the area corresponding to that where ultrasound
measures were obtained. While these assumptions are incorrect, we expect the changes in
strain measure would be minimal and determined it to be an acceptable limitation given
current practices. The ultrasound transducer orientation trials assumed a majority of the
muscle fibers were parallel to the muscle line of action. Gross evaluation of each muscle
sample using B-mode ultrasound imaging indicate this is a reasonable assumption, though
no previous investigations have established the precise pennation and architecture of the
swine brachialis. This study also assume near-constant material properties throughout
skeletal muscle, as it compares whole-muscle Young's modulus to local shear modulus
values. It is possible that intramuscular stiffness values differ with proximity to origin and
insertion tendons, surrounding tissues, or intramuscular fascia. We chose to make ultrasound
measures at the midsection of the muscle belly to limit the effects of regional alterations in
stiffness, though inherent variations may still be present. Additionally, using dissected pre-
rigor swine muscle tissue as an analog for living human muscle may be considered flawed.
However, the benefits gained from these in vitro experiments directly comparing Young's
modulus and shear modulus far outweigh any limitations that may arise when applying these
findings to designing and evaluating a study that involves human muscle. Furthermore, the
strong correlation between shear modulus and Young's modulus throughout the entire
loading curve indicate that local SWE measures at mid-belly are as meaningful as whole-
muscle measures.

The present investigation provides the first step for additional studies that can evaluate the
distribution of both passive and active stiffness throughout a muscle. Evaluating a variety of
muscles and loading profiles would further elucidate the nature of the relationship between
Young's modulus and shear modulus; More complex muscle architecture should be
thoroughly evaluated to further outline the relationship between muscle structure and ECM
and passive stiffness assessed via SWE. Finally, materials testing results should be
compared with in vivo measurements to elucidate the potential attenuation effects of
overlying tissues.

In conclusion, this study demonstrates valid SWE shear modulus results may be obtained
throughout the normal range of tension for appendicular skeletal muscle. The orientation of
the ultrasound transducer plays a key role in obtaining meaningful results.
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Figure 1.
Experimental set-up. Ultrasound transducer aligned with long axis of the brachialis. Bone
segments for proximal and distal attachment sites are embedded in bone cement and fixed to
the MTS base and load cell, respectively. L0 and L1 measured between arrowheads
indicating origin and insertion, with the elbow at 90° and 180°, respectively. Axial tensile
testing begins as the MTS base is translated away from the load cell, stretching the
brachialis from L0 to L1.
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Figure 2.
Ultrasound transducer orientations over brachialis muscle, with sample B-mode images
acquired using the Aixplorer ultrasound system in the MSK/Superficial MSK mode to
demonstrate underlying muscle structure. Ultrasound transducer coming out of the page,
white box indicates ultrasound transducer footprint, black dashed line indicates imaging
plane. (A) parallel, demonstrating muscle fibers running right-to-left. (B) 45°, (C)
perpendicular, demonstrating muscle fibers visible in cross-section. Solid bars indicate
focusing range. Scale (on right) in cm.
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Figure 3.
Shear wave elastography and time-to-peak fitting. A) Focused ultrasound “push” beam
generates shear waves in the muscle tissue specimen. The same transducer monitors the
time-to-peak of shear wave displacements at different lateral distances, indicated by vertical
bars. B) Example of shear waveform propagation across a lateral range of approximately 6
mm. (Slow time indicates time-direction of shear wave propagation; x represents lateral
distance to the initial “push” beam.) C) Example of time-to-peak fitting of waveforms,
obtained via linear regression.
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Figure 4.
Moduli data from a representative sample for specimen #3. A) Stress-strain curve obtained
from MTS test. B) Mean Young's moduli data, measured based on the stress-strain curve in
(A) throughout tensile test from all 15 loading trials. Error bars indicate ±SD. C) Mean shear
moduli data throughout tensile test for each of the three transducer orientations. Error bars
indicate ±SD.
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Figure 5.
Scatterplots of elastic moduli (Shear modulus, G; Young's modulus, E) for parallel
ultrasound transducer trials. Generalized linear model regression line obtained from
generalized estimating equations analysis. A) Specimen #1. G = 0.2602 E – 9.1963; R2=
0.9651. B) Specimen #2. G = 0.1539 E +0.1928; R2= 0.9884. C) Specimen #3. G = 0.1750 E
– 5.4259; R2= 0.9577. D) Specimen #4. G = 0.2044 E – 1.0085; R2= 0.9160. E) All trials
from all 4 specimens combined. G = 0.1944 E – 3.6760.
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Table 1

Descriptive statistics for four swine specimen. Swine mass taken immediately prior to sacrifice; brachialis
muscle lengths obtained at time of harvest; CSA obtained during mechanical testing.

Specimen ID Animal mass (kg) Initial length (mm) Final length (mm) Muscle CSA (mm2)

1 90 130 160 981.75

2 95 130 160 1040.65

3 50 110 130 706.86

4 60 115 135 725.71
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