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Invited Review

Applications of Magnetic Resonance Elastography
to Healthy and Pathologic Skeletal Muscle

Stacie I. Ringleb, PhD,! Sabine F. Bensamoun, PhD,! Qingshan Chen, MS,*

Armando Manduca, PhD,? Kai-Nan An, PhD,!

Magnetic resonance elastography (MRE) is capable of non-
invasively quantifying the mechanical properties of skeletal
muscles in vivo. This information can be clinically useful to
understand the effects of pathologies on the mechanical
properties of muscle and to quantify the effects of treat-
ment. Advances in inversion algorithms quantify muscle
anisotropy in two-dimensional (2D) and three-dimensional
(8D) imaging. Databases of the shear stiffness of skeletal
muscle have been presented in the relaxed and contracted
states in the upper extremity (biceps brachii, flexor digito-
rum profundus, and upper trapezius), distal leg muscles
(tibialis anterior, medial gastrocnemius, lateral gastrocne-
mius, and trapezius), and proximal leg muscles (vastus
lateralis, vastus medialis, and sartorius). MRE measure-
ments have successfully validated a mathematical model of
skeletal muscle behavior in the biceps brachii, correlated to
electromyographic data in the distal leg muscles and quan-
tified the effects of pathologies on the distal and proximal
leg muscles. Future research efforts should be directed
toward improving one-dimensional (1D) and 3D MRE data
acquisition and image processing, tracking the effects of
treatment on pathologic muscle and correlating the shear
stiffness with clinical measurements.

Key Words: magnetic resonance elastography; skeletal
muscle; elastic properties; biomechanics; shear stiffness
J. Magn. Reson. Imaging 2007;25:301-309.
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WHEN THE FUNCTION of skeletal muscle is altered due
to pathology or injury, it is difficult to objectively mea-
sure these changes. Most injuries to muscle are clini-
cally assessed with functional examinations (e.g., the
manual muscle test), validated clinical scales (e.g.,
modified Ashworth scale), force measurements using
handheld and isokinetic dynamometers, and surface
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and fine wire electromyography (EMG). While these
measurements provide information that clinicians can
use to track the changes in muscle function in their
patients, some are subjective or unreliable. Other
methods such as the isokinetic dynamometer measure
external torque, which can quantify how pathology af-
fects a group of muscles, but it cannot provide informa-
tion about the physiologic behavior of muscles or quan-
tify the mechanical properties of individual muscles.
Surface EMG can only record the activity of muscles
that are close to the surface of the skin, fine wire EMG
can be painful, and both methods only measure the
activity of a small portion of the muscle. Instead of
measuring functional changes, quantifying the elastic
properties of skeletal muscle may help improve our
understanding of the underlying causes of functional
changes. Additionally, when the elastic properties are
assessed under load and/or under various joint posi-
tions, both the muscle function and elastic properties
can be measured simultaneously.

Toward the goal of measuring elastic properties of
muscle, handheld devices have been developed that
purport to assess in vivo muscle stiffness (1-3). These
devices function by monitoring the resistance of soft
tissue to a load imposed perpendicular to the tissue.
Although they have acceptable reliability (1,4), they
can only examine superficial muscles with parallel
fiber orientations that are easily accessible with their
transducer (1) and cannot simultaneously examine
portions of a muscle with pennate or bipennate fiber
orientations, such as the vastus medialis. The de-
vices are also unable to differentiate between muscle
and other subcutaneous tissues or changes in soft
tissue tension transmitted to the region under the
sensor via fascia from muscles that are remote from
the sensor.

Recently, imaging techniques have been applied to
investigate muscle function. Spin-tagging and phase-
contrast MRI techniques can examine tissue velocity
and how it changes when injury and pathology are
present (5-8). Cine displacement encoding with stimu-
lated echoes (DENSE) MRI can measure the displace-
ments and strains in skeletal muscle during joint mo-
tion (9). T, mapping of muscle can be used to assess the
effects of exercise intensity on the muscles (10-12).
Muscle spectroscopy has been used to investigate lipid
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metabolism, diseased tissue, and muscle energetics in
a research setting (13). Blood oxygenation level depen-
dent (BOLD) imaging is being investigated as a method
to measure microvascular density and/or reactivity in
contracting skeletal muscle (14). While these methods
provide useful information about in vivo muscle, they
are unable to provide information about the material
properties of muscle in situ.

Sonoelastography, a technique using ultrasound to
measure the propagation of shear waves induced by
vibrations applied at various frequencies, was used to
estimate the elastic modulus of relaxed and contracted
quadriceps muscle group (15). Subsequently, transient
elastography was applied to muscle to quantify the
anisotropic properties of muscle tissue (16-18). While
both ultrasound elastography techniques are capable
of estimating Young’s modulus of muscle, ultrasound
has a limited field of view. Additionally, the higher fre-
quencies required for this technique can be rapidly ab-
sorbed by the muscle and may not penetrate into
deeper muscles (19). Furthermore, it may be difficult to
assess the mechanical properties of muscle when there
is a complex bone-muscle geometry (19), it is not pos-
sible to obtain 3D data and it may be difficult to con-
sistently scan the same area within a muscle.

Despite the advances in clinical evaluations and im-
aging techniques, there remains a need for methodol-
ogy to noninvasively quantify the mechanical properties
of skeletal muscle for evaluation of clinical cases and is
also capable of examining the mechanical properties of
muscle in three dimensions. Magnetic resonance elas-
tography (MRE) is a noninvasive phase-contrast MR
technique that uses an acoustic or mechanical driver to
induce shear waves into the object of interest (20,21).
An oscillating motion-sensitizing gradient synchro-
nized to the mechanical vibration induces a measurable
phase shift, which directly images the induced shear
waves and allows us to calculate displacement at each
voxel. These data can be inverted to estimate the shear
modulus in any soft tissue. By estimating the shear
stiffness of muscle using MRE, the underlying cause of
functional changes can be quantified in vivo. Con-
versely, the aforementioned clinical assessments and
imaging techniques assess the affects of the changes in
the properties of the muscle. Additionally, MRE can
directly quantify the passive and active properties of a
muscle and can image muscle groups on both sides of a
joint in one acquisition, which can allow us to investi-
gate events such as cocontractions that affect the prop-
erties of multiple muscles simultaneously.

Knowing the mechanical properties of skeletal mus-
cle has applications in several fields, including ortho-
pedics, sports medicine, physical medicine and re-
habilitation, endocrinology, and rheumatology. In
orthopedics and sports medicine, MRE can be used to
evaluate the effects of injury and track treatment meth-
ods to ensure that the correct muscles are being reha-
bilitated and to the correct degree. Using MRE to inves-
tigate the effects of treatment for patients with muscle
spasticity (e.g., stroke, spinal cord injury, cerebral
palsy, and brain injury) will allow us to objectively
quantify the effects of an intervention instead of using
subjective or qualitative measurements. With the po-
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tential for greater sensitivity with MRE than current
techniques to detect change, beneficial medication or
rehabilitation interventions could be more rapidly in-
corporated into clinical practice. If MRE measurements
can be correlated with muscle biopsy, MRE could prove
advantageous as a technique to detect diseases such as
myositis, which currently can only be diagnosed with a
biopsy. Finally, measurements of the properties of mus-
cle may shed light on the effects of pathologies that
change muscle fiber composition, like hyperthyroidism,
and help improve our approach for treating individuals
affected by these disorders.

Current MRE research efforts include implementing
new pulse sequences to reduce scan time and investi-
gate the behavior of shear waves in three dimensions,
imaging the change in muscle tension as the level of
contraction changes, and studying the anisotropy of
muscle tissue. These efforts will lead to a more complete
understanding of muscle tissue and when implemented
to study pathologic conditions, our understanding of
the effects of pathologies on muscle will be improved.

MRE DATA ACQUISITION

MRE can be implemented in a standard 1.5T or 3T
whole-body scanner, in which a motion-sensitizing gra-
dient is superimposed and switched in polarity at the
frequency of the induced shear waves. While most sys-
tems are capable of inducing and measuring shear
waves from 75 to 500 Hz, frequencies of 90 to 150 Hz
are typically used in skeletal muscle. Shear waves have
been induced with electromechanical (19,22-26), piezo-
electric (27), electromagnetic coil (28), a piezoelectric
bending element attached to a standard acupuncture
needle (29), and pneumatic drivers (30). The induced
cyclic motion has a wave vector, kata given frequency
(1/7). In the presence of motion-sensitizing gradients
the cyclic motion causes a measurable phase shift in
the in the received MR signal, given in Eq. [1] (20,21).

YNT(Go - &)

b(7.0) = 5 cos(k -7 + 0). (1)

The accumulated phase shift, ¢, is proportional to the
number of gradient cycles (NN), the period of the gradient
waveform (T), the displacemetn amplitude vector (E], the
motion-sensitizing magnetic gradient vector (Go), and
the relative phase of the mechanical and magnetic os-
cillations (). The spin position vector is ¥ and the gyro-
magnetic ratio is 1.

Typical data acquisition parameters for 2D acquisi-
tions are as follows: TR = 100-350 msec, TE is defined
as the minimum time required for motion encoding
(10-60 msec), acquisition matrix size = 256, and a flip
angle from 10° to 60°. Four or eight phase offsets are
typically acquired and one to three 2D slices are ac-
quired per acquisition. Each acquisition measures one
component of motion, in the direction of the motion
sensitizing gradient. To obtain all three components of
displacement, the experiment must be performed three
times with orthogonal motion sensitizing gradient di-
rections. Depending on the number of offsets and slices
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acquired, acquisition time typically ranges from 30 to
300 seconds.

Because the mechanical properties of muscle are af-
fected by joint position and loading, positioning and
loading devices have been developed to acquire muscle
data. To test the biceps under load, a pulley system
consisting of a hand grip at one end and weights at the
other end was used (23). The muscles in the lower limb
were tested in a relaxed configuration with the volun-
teer lying prone (27). These muscles were also tested
under loads in three devices: 1) a positioning and load-
ing device capable of adjusting the position of the ankle
joint where weights connected to a cable and pulley
system applied plantar flexion and dorsiflexion mo-
ments (Fig. 1a), thus investigating an isotonic contrac-
tion (19,22,24); 2) a foot plate with a strain gauge in-
corporated to measure isometric force with the ankle
fixed in neutral (31); and 3) using a positioning and
loading device with a MR compatible torque cell to mea-
sure isometric moments and allowing for passive joint
positioning (Fig. 1b) (26,32). A leg press containing MR-
compatible load cells (Fig. 1c) (30), as well as a loading
and positioning device consisting of a cable and pulley
system to load the leg while fully extended (25), was
used to assess the thigh muscles.

DATA PROCESSING

Numerous methods have been developed to invert MRE
displacement data and to estimate the mechanical
properties of the tissue (21,33-36). Most 2D and 3D
inversion algorithms assume that tissue is linear, elas-
tic, locally homogeneous, and isotropic. Because mus-
cle is inhomogeneous and anisotropic, traditional in-
version algorithms cannot be applied. However, with
the assumption that the shear waves travel along the
muscle fibers, the data can be analyzed along the local
fiber direction. In initial studies a line profile was drawn
along the local fiber direction in the MR magnitude
image (Fig. 2a). This line profile was transferred to the
displacement image (Fig. 2b) and the wave length (\)
(Fig. 2c) along the profile was measured. The wave-
length was converted to wave speed (Eq. [2]), where fis
the frequency of the induced vibrations. Finally, the
shear stiffness (n) was estimated (Eq. [3]), where the
density of the tissue (p) was assumed to be 1000 kg/m?>
(23,27,30).

c =M (2)
W= pCz. (3)

Other techniques have been implemented to analyze
muscle MRE data. A Fourier transform was used to
transform waveforms parallel to a line of propagation
into the spatial frequency domain, and the spatial fre-
quencies for each spectrum were averaged and inverted
to calculate the wavelength (24). Equations [1] and [2]
were then used to estimate the shear stiffness. Another
method used to invert muscle data calculates the gra-
dient of the phase of the wave along a profile aligned
with the local fiber orientation. MRE data can be ac-

303

MR Compatible
Torque Cell

Monitor

Pneumatic Q
driver

Mirror

Speaker

C

Figure 1. Examples of positioning and loading devices used to
collect muscle MRE data. a: Weights connected to a cable and
pulley system applied plantar flexion and dorsiflexion mo-
ments to the ankle joint. The ankle position could also be
adjusted. Reprinted from Basford JR, Jenkyn TR, An K-N,
Ehman RL, Heers G, Kaufman KR. Evaluation of healthy and
diseased muscle with magnetic resonance elastography. Arch
Phys Med Rehabil 2002;83:1530-1536, with permission of
Elsevier (19,22,24). b: Photograph of a MR compatible torque
cell incorporated into a positioning and loading device used to
assess distal leg muscles. ¢: MR compatible leg press and
examples of mechanical and pneumatic drivers used to induce
shear waves into the proximal leg muscles. (Reprinted from
Bensamoun SF, Ringleb SI, Littrell L, et al. Determination of
thigh muscle stiffness using magnetic resonance elastogra-
phy. J Magn Reson Imaging 2006;23:242-247, with permis-
sion of Wiley-Liss, Inc, a subsidiary of John Wiley & Sons, Inc.)

quired at multiple phase offsets between the mechani-
cal vibration and the oscillating magnetic gradients,
which effectively captures the wave field at different
times in the harmonic cycle. The phase gradient inver-
sion method extracts the harmonic component of the
shear wave at the driving frequency with a temporal
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Figure 2. Example of data
analysis in the tibialis anterior.
a: A line profile was drawn
along the local fiber direction of
the tibialis anterior in the MR

magnitude image and (b) cop-
ied to the displacement image.
c: In one method of data anal-
ysis, the wavelength (\) is mea-
sured from the line profile and

-20 4 L
-40 4 L -2
-60 T T T -4

0 20 40 60 e o
Cc A :

Fourier transform, thus yielding the phase and ampli-
tude of the propagating wave at each pixel (21). From
these data, the gradient of the wave phase, which is
inversely proportional to the local wavelength, can be
used to calculate the stiffness. Specifically, a profile
along the local fiber orientation is drawn as in Fig. 2a
and transferred to the wave phase image (Fig. 2d),
phase wraps (if present) are removed, and the slope of
the line was calculated with a linear curve fitting algo-
rithm (Fig. 2e and f). This slope, which equals the wave
number (k), can then be converted to local wavelength
(Eq. [4]), where field of view (FOV) is in meters and N is
the number of pixels in the FOV. The shear stiffness can
be calculated as above.

FOV -2t
= kN (4)
A coupled harmonic oscillator (CHO) simulation was
developed to simulate 3D wave patterns in idealized
anisotropic models of muscle using a set of ordinary
coupled linear differential equations with varying cou-
pling and damping coefficients to approximate the wave
equation (Eq. [5]) (28), where u is the displacement, W is
the coupling matrix, F is the position-dependent exter-
nal driving force, I is the damping vector, and I't >> 1.
The behavior of these patterns with different transverse
and longitudinal coupling constants was studied and
numerical values for the two shear stiffnesses deter-
mined from fits to 2D MRE observations under various
model assumptions.

2

d
Wu(t) + Fau(t) + Wu = F(t). (5)

Alternatively, a 2D anisotropic waveform analysis was
developed to determine anisotropic elastic coefficients

the shear stiffness is esti-
mated. In a second data analy-
sis method, the line profile is
copied from the magnitude im-
age to the wave phase image
(d), phase wraps (e.f) are re-
moved, so that the slope can be
calculated and the shear stiff-

2 @ & 80 ness can be estimated.

in muscle (37). In this analysis, it is assumed that the
principal axis of symmetry is parallel to the muscle
fibers and the image plane is coincident with the stress
plane, so that the stress is planar, thus reducing the
governing equation for elastic wave propagation (Eq.
[61).
Ci1=4p12=2C3 Ca3=4poEs/E; Css=2py5. (6)
A squared elliptic equation (Eq. [7]) was then used to
develop an explicit relation between the waveform and
the elasticity, which resulted in the shear stiffness (j3)
and two Young’s moduli (E; and Ej3).

(e ic? + 2e,k ks + ezl + 2e.k; + 2esk; + e5)* = 0.
(7)

While this method has promise to improve our under-
standing of the results from muscle MRE, it may be
difficult to satisfy the aforementioned assumptions and
the requirement that boundary conditions are nonre-
flective in muscles with complex fiber orientations
and/or morphology (e.g., the quadriceps).

A waveguide constrained method of analyzing MRE
data was developed to analyze data from media in
which the propagation of waves is constrained by wave
guides, such as fiber bundles (38). After extracting the
harmonic component at the driving frequency with a
temporal Fourier transform as above, a Helmholtz de-
composition was used to separate the displacement
field into longitudinal and shear components, a spec-
tral wave decomposition of the wave along the fibers
was completed, and a sliding window Fourier transform
was performed on the data resulting in space-wave
number images (38-40). The maxima of these decom-
positions provided velocity profiles in the longitudinal
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Table 1
Mean (SD) of the Shear Stiffness of Relaxed Muscles*
Upper extremity Distal leg Proximal leg
References N
Biceps FDP Trap TA MG LG Sol VL VM Sr
Dresner et al 5 27.3(11.9) - - - - - - - - -
(23)
Basford et al 8 - - - 12.0(0.4) 24.9(0.7) 16.2(0.2) 16.8(0.2) - - -
(22)
He(ers)gt al 6 - - - 11.9(0.6) 20.3(1.1) 16.4(0.2) 16.4(0.2) - - -
19
Jenkyn et al 1 - - - 12.3 - 22.0 - - - -
(24)
Uffmann et al 12 17.9 (5.5) 8.7 (2.8) - - - 9.9(6.8) 12.5(7.3) - - -
(27)
Bensamoun 12-14 - - - - - - - 3.7(09) 39(1.2) 75(1.6)
et al (30)
S.I. Ringleb 11 - - - - - 16.1 (2.2) - - - -
(unpublished
results)®
8 - - 5.8 (2.0) - - - - - - -

Q. Chen
(unpublished
results)

*Muscles tested in: 1) the upper extremity were the biceps brachii (biceps), flexor digitorum profundus (FDP), and trapezius (trap); 2) the distal
leg were the tibialis anterior (TA), medial gastrocnemius (MG), lateral gastrocnemius (LG), and soleus (Sol); and 3) the proximal leg were

the vastus lateralis (VL), vastus medialis (VM), and sartorius (Sr).

2Values are mean (standard error) from Heers et al (19) and S.I. Ringleb (unpublished results).

and transverse components. This technique was ap-
plied to multislice MRE data obtained from the tibialis
anterior in a healthy volunteer. Wave speeds were eval-
uated along three fibers. The longitudinal component of
the wave had a consistent velocity; however, the velocity
and polarization of the transverse waves varied with the
location of the wave (38). This technique is a promising
method for understanding the mechanical properties of
waves in 3D muscle data. However, the data acquisition
time must be decreased before it can be clinically use-
ful.

APPLICATIONS TO MUSCLE

MRE was successfully applied to healthy muscles in the
biceps brachii (23,27,28,37), distal leg (e.g., tibialis an-
terior, gastrocnemius, and soleus) (19,24,26,27,32),
flexor digitorum profundus (27), thigh muscles (30),
and trapezius (Q. Chen, unpublished results). While
some studies developed methods for collecting MRE
data in specific muscles and reported a database of
muscle stiffness under various testing conditions
(24,27,30), other studies used MRE for specific tasks,
such as validating a model of muscle behavior (23),
correlating MRE to EMG (19), understanding how sym-
metric the shear stiffness of muscle is (26), and deter-
mining if significant changes in the shear stiffness oc-
curred when pathology was present in the distal
(22,26,31) and proximal (25) muscles of the leg.

DATABASES OF MUSCLE STIFFNESS USING MRE

The relaxed (Table 1) and contracted shear stiffness for
muscles in the upper extremity, distal leg, and proximal
leg were reported. The repeatability of muscle stiffness
in the upper (27) and lower (32) extremities were re-
ported. Methods were established to induce shear
waves throughout a larger muscle (the upper trapezius)
(Q. Chen, unpublished results) and to identify oblique
scan planes that could be used to consistently visualize

shear waves in the proximal thigh muscles (30). It was
observed that changes in the wave shape and/or shear
stiffness may be affected by muscle fiber type or mor-
phology (30).

The repeatability of muscle MRE acquisition was as-
sessed in the biceps brachii (27) and lateral gastrocne-
mius (32). Repeat data were collected in the relaxed
biceps brachii of two volunteers over seven days. The
mean and SD of the stiffness values of the repeat trials
were calculated, and the SDs were 1.7 and 4.7 kPa for
the two volunteers (27). Repeat data were collected from
nine volunteers in the relaxed lateral gastrocnemius.
The coefficient of variation was 15.7% and the mean SD
was 2.32 kPa, which was comparable to the SDs re-
ported in the biceps brachii. When the lateral gastroc-
nemius was contracted, the coefficient of variation was
19.4% and the SD increased to 5.2 kPa. These data
were consistent with a repeat study of EMG data in the
upper extremity over three years that found large vari-
ations at the individual level (41), suggesting that MRE
measurements are as repeatable as the EMG activity in
muscles.

The trapezius is frequently weakened or altered by
primary injuries, such as overuse, or as a result of a
regional disorder such as rotator cuff dysfunction,
which can lead to debilitation of the muscles in the
shoulder girdle. To use MRE to study these injuries, a
large area of the upper trapezius must be investigated.
Therefore, a study was completed to induce waves
throughout the upper trapezius in a population of
healthy volunteers (N = 8) (Q. Chen, unpublished re-
sults). With an oblique sagittal scan plane and the use
of a carefully positioned pneumatic driver, planar
waves were successfully induced in the area of interest
(Fig. 3).

In the distal leg, the mean shear stiffness of the re-
laxed lateral gastrocnemius and the soleus (19,22) was
smaller when these muscles were examined in the coro-
nal plane (27). These data suggest that the differences
in acquisition plane could significantly affect the stiff-
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Driver Location

ness estimate because muscle is not homogeneous or
isotropic. Additionally, the propagation direction of the
wave must also be contained within the acquisition
plane or the stiffness estimates will be systematically
biased. In the proximal leg muscles, the relaxed shear
stiffness of the sartorius was significantly greater than
the vastus muscles, indicating that muscle stiffness
may be affected by orientation of the muscle fibers (i.e.,
the sartorius has longitudinal fibers, while the vastus
muscles have pennate fibers). Qualitatively, the sarto-
rius had round waves and the vastus muscles had
elliptical waves (30). Additionally, it was noted that the
oblique scan plane must be carefully selected in order
to visualize propagating waves in these muscles (30).

An increase in shear stiffness was observed when the
muscles were isometrically contracting (19,23,24). The
proximal leg muscles were tested in a MR compatible
leg press. When the volunteers extended their legs at
10% of the maximum voluntary contraction (MVC),
there was a significant increase (P < 0.05) in the shear
stiffness of the vastus lateralis and at 20% of the MVC,
there was a significant increase in the shear stiffness of
the vastus medialis. The shear stiffness in the vastus
lateralis may have increased at a faster rate because it
has more type II (fast) muscle fibers, while the vastus
medialis has more type I (slow) muscle fibers. These
findings suggest that MRE is capable of detecting dif-
ferences in both muscle fiber orientation and muscle
fiber type (30).

Ringleb et al.

Figure 3. a: Magnitude image of the up-
per trapezius. The outlined region is the
area of the muscle where planar wave
fronts are desired. The location of the
driver is indicated. b: Displacement im-
age in the upper trapezius demonstrating
that planar waves were successfully ob-
tained in the region of interest.

PREDICTION OF MUSCLE BEHAVIOR

A model was developed to predict the behavior of skel-
etal muscle using MRE (23). This model predicted that:
1) the shear stiffness of muscle would be positive with
no loading and that passive tension will produce a lin-
ear shear stiffness increase where the slope is depen-
dent on the cross-sectional area; and 2) shear stiffness
will increase linearly with load when contracted isomet-
rically and the slope of the shear stiffness vs. load curve
would be related to the inverse of the volume and cross-
sectional area of the muscle. This model was tested in
vivo in the biceps brachii of five healthy, asymptomatic
volunteers and with ex vivo bovine muscle. The first
prediction was supported by in vivo data collected in
the relaxed condition. The average shear stiffness in the
biceps brachii was 27.3 kPa (range 8-34 kPa) (23),
whereas the large variation in biceps stiffness was at-
tributed to the differences in cross sectional area. In a
subsequent study of the biceps brachii, a similar large
range in biceps shear stiffness was observed (27). The
ex vivo bovine muscle showed that the muscle’s stiff-
ness increased when it was stretched. Consistent with
the second prediction, when the biceps were isometri-
cally contracted, a linear increase in stiffness vs. ap-
plied load was observed, whereas the slope increased
with a decrease in muscle size (23).

The first model prediction was examined and con-
firmed in the distal leg muscles. The lateral gastrocne-
mius and tibialis anterior were examined while the

30
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Shear Stiffness (kPa)

Figure 4. The mean * standard error of the shear stiff-

-15 -5 5 15 25

Dorsiflexion Ankle Position (degrees)

Plantarflexion

g5  ness of the lateral gastrocnemius at different ankle posi-
tions indicates that the stiffness of the lateral gastrocne-
mius increases as the ankle moves toward dorsiflexion.
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Figure 5. The mean *+ standard error of the shear stift- g
ness of the lateral gastrocnemius under isometric plan- =
tar flexion moments (i.e., the volunteer is dorsiflexing) E
and dorsiflexion moments (i.e., the volunteer is plantar «

flexing). The shear stiffness increased as the dorsiflexion
moment increased, but there was no change in stiffness
under a plantar flexion moment because the gastrocne-
mius is a plantar flexor.

muscles were relaxed at various ankle positions, thus
changing the passive tension of the muscles. The shear
stiffness was greatest when the ankle was dorsiflexed
and decreased as the ankle was moved into plantar
flexion (24) (Fig. 4). Conversely, the shear stiffness of
the tibialis anterior was greatest when the ankle was
plantar-flexed and was similar when the ankle was in
neutral (0°) and in 20° of dorsiflexion (24).

The distal leg muscles were also examined while re-
sisting plantar flexion and dorsiflexion moments
(19,24) (Fig. 5). When a plantar flexion moment was
applied (i.e., the volunteers were isometrically dorsiflex-
ing), the shear stiffness of the tibialis anterior (a dorsi-
flexor) increased with load while there was no change in
the shear stiffness of the gastrocnemius or soleus. Con-
versely, when the volunteers were isometrically plan-
tar-flexing, the shear stiffness in the gastrocnemius
and soleus increased significantly (19,24) and there
was an insignificant increase in the shear stiffness of
the tibialis anterior (19,24).

CORRELATION OF MRE DATA WITH A
FUNCTIONAL EXAMINATION

It was hypothesized that the shear stiffness of distal leg
muscles were correlated to muscle activity (19). The
shear stiffness measured with MRE was compared to
the EMG activity of the muscles under the same loading
conditions. EMG data were collected with surface elec-
trodes for the medial gastrocnemius, lateral gastrocne-
mius, and tibialis anterior, while fine wire EMG data
were collected from the soleus. The R? values ranged
from 0.82 to 0.90, suggesting a high linear correlation
between the EMG and MRE measurements (19). The
highest correlation was found in the soleus, suggesting
that the correlations in the other three muscles may
improve if a fine wire EMG electrode was used. This
study demonstrated that MRE relates to an established
measurement of assessing muscle activity. Addition-
ally, some advantages of MRE were demonstrated in-
cluding the fact that a large group of muscles can be
examined simultaneously, the tension throughout a
muscle can be investigated, MRE is noninvasive and
MRE could be used to investigate the muscle properties
while at rest (19).

Plantarflexion Moment
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ASSESSING PATHOLOGIC MUSCLE WITH MRE
Distal Leg Muscles

Toward the goal of using MRE to examine the muscles
in pathologies that affect one side of the body (e.g.,
hemiplegia and disuse atrophy from a unilateral in-
jury), a level of symmetry was established in the lateral
gastrocnemius of 11 healthy, asymptomatic volunteers
when the ankle was positioned passively, under plantar
flexion loading and dorsiflexion loading. These data
were used to determine a 95% confidence interval (CI),
that when exceeded will indicate when differences in
the shear stiffness of muscle are due to normal ana-
tomic variations or the pathology (32). In the lateral
gastrocnemius, the upper and lower limits of an asym-
metry threshold (Ay;) were = 8.7% when the muscle
was relaxed and *11.6% when an isometric plantar
flexion load was applied. These limits of asymmetry
were exceeded by 11 patients with hemiparesis as a
result of stroke (32).

Two additional studies have found that MRE is capa-
ble of detecting differences between healthy and patho-
logic muscle in the lower limb. The shear stiffness of the
lateral gastrocnemius, medial gastrocnemius, soleus,
and tibialis anterior in patients with poliomyelitis (N =
1), flaccid paraplegia (N = 2), and spastic paraplegia
(N = 3) were compared to a database of healthy volun-
teers (N = 8). Data were collected when the muscles
were relaxed and the ankles were in the neutral posi-
tion. Significant increases in shear stiffness were mea-
sured in all four muscles (22). In a subsequent study,
the shear stiffness of the soleus in men with hypogo-
nadism was compared to healthy volunteers with the
ankle fixed at 90° when the muscles were relaxed and
from 5% to 20% of the maximum voluntary contraction.
There was no significant difference between the abso-
lute shear stiffness, however, when normalized to the
resting shear stiffness, a significant difference (P <
0.05) was found between the healthy and pathologic
muscles (31).

Proximal Leg Muscles

Several diseases such as hyperthyroidism cause prox-
imal muscle weakness, which may result in a change in
the shear stiffness. In Graves disease (hyperthyroid-
ism), there is a decrease in the number of slow-twitch
muscle fibers and an increase in fast-twitch muscle
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fibers (42). The relationship between the shear stiffness
and applied load in the vastus medialis in healthy vol-
unteers (N = 5) and patients with Graves disease (N = 5)
was investigated. This study found that patients with
Graves disease had a faster increase in muscle stiffness
after treatment than healthy volunteers (25), due to a
period of repair and adaptation of the thigh muscle
fibers. While a larger sample size is needed, MRE may
be capable of noninvasively detecting transformations
in muscle fiber type.

ONE-DIMENSIONAL MRE

A 1D MRE acquisition technique (43) was used to eval-
uate the shear stiffness of the vastus medialis and com-
pared with the aforementioned 2D technique (44) (Fig.
6). The mean stiffness of the vastus medialis measured
at rest was 3.7 and 4.4 kPa using the 1D and 2D
techniques, respectively. At 20% of the maximum vol-
untary contraction, the stiffness increased to 9.5 and
9.22 kPa in the 1D and 2D techniques, respectively.
This study determined that the 1D technique yields
results equivalent to the 2D MRE technique, while de-
creasing the scan time by a factor of 4.5.

FUTURE DIRECTIONS

MRE has been successfully implemented in evaluating
several major muscle groups in the upper extremities
(i.e., trapezius, biceps brachii, and flexor digitorum pro-
fundus), the thigh muscles (i.e., vastus lateralis, vastus
medialis, and sartorius), and the distal leg (i.e., tibialis
anterior, soleus, medial gastrocnemius, and lateral
gastrocnemius). Because muscle is inhomogeneous
and anisotropic, efforts toward developing inversions
that can consider anisotropy in muscles with complex
morphologies and fiber structures in three dimensions
should continue. Finite element modeling of muscle,
including its anisotropic properties, may also improve
our understanding of the behavior of shear waves in
skeletal muscle. Additionally, faster pulse sequences
must be investigated, such as echo planar imaging (EPI)
sequences, to decrease the acquisition time, such that
3D data can be obtained when muscles are contracted.
1D MRE acquisitions can also be examined in different
muscles and can be investigated as a method to moni-
tor real time changes during active contractions.

It will be helpful to determine how MRE correlates to
commonly used clinical measures, such as muscle bi-
opsy and subjective scales commonly used to evaluate
pathologies. If muscle MRE is compared to muscle bi-
opsies in either human or animal studies, we can de-
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Figure 6. Example of 1D MRE.
The location of the 1D profile
(beam) in the vastus medialis
(a), the 1D wave displacement
image (b), and the profile of the
wave in 1D (c).

termine if it is possible to use MRE to detect changes in
fiber type. The modified Ashworth scale is commonly
used to measure the amount of spasticity in patients.
Correlating this scale with muscle MRE will give clini-
cians a quantitative measure of spasticity, which may
help evaluate treatment methods.

MRE was shown to detect differences between
healthy and pathologic muscles in the lower extremities
(22,25,26,31); therefore, it is practical to start using
MRE to answer specific clinical questions in pathologies
that effect muscles. For example, MRE can be used to
evaluate treatments for muscles altered by pathology
(e.g., hyperthyroidism and stroke) and injured muscle
(e.g., muscle atrophy caused by disuse). The evaluation
of treatment methods that typically use subjective mea-
sures to evaluate their effectiveness may improve treat-
ment drastically because it can be used to determine
what method is most effective. Additionally, MRE can
be used to understand pathologies that present simi-
larly, but have different functional outcomes, such as
ankle ligament damage, in which some patients have
functionally unstable ankles while others function nor-
mally.
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