1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

"% NIH Public Access

"EQEJ Author Manuscript

Rrens®

Published in final edited form as:
J Biomech. 2012 February 23; 45(4): 647-652. doi:10.1016/j.jbiomech.2011.12.015.

ACTIVATION AND APONEUROSIS MORPHOLOGY AFFECT IN
VIVO MUSCLE TISSUE STRAINS NEAR THE MYOTENDINOUS
JUNCTION

Niccolo M. Fiorentinol, Frederick H. Epstein?3, and Silvia S. Blemkerl:24

1Department of Mechanical & Aerospace Engineering, University of Virginia, Charlottesville, VA,
USA

2Department of Biomedical Engineering, University of Virginia, Charlottesville, VA, USA
SDepartment of Radiology, University of Virginia, Charlottesville, VA, USA
4Department of Orthopaedic Surgery, University of Virginia, Charlottesville, VA, USA

Abstract

Hamstring strain injury is one of the most common injuries in athletes, particularly for sports that
involve high speed running. The aims of this study were to determine whether muscle activation
and internal morphology influence /n vivo muscle behavior and strain injury susceptibility. We
measured tissue displacement and strains in the hamstring muscle injured most often, the biceps
femoris long head muscle (BFLH), using cine DENSE dynamic magnetic resonance imaging.
Strain measurements were used to test whether strain magnitudes are (i) larger during active
lengthening than during passive lengthening and (ii) larger for subjects with a relatively narrow
proximal aponeurosis than a wide proximal aponeurosis. Displacement color maps showed higher
tissue displacement with increasing lateral distance from the proximal aponeurosis for both active
lengthening and passive lengthening, and higher tissue displacement for active lengthening than
passive lengthening. First principal strain magnitudes were averaged in a 1 cm region near the
myotendinous junction, where injury is most frequently observed. It was found that strains are
significantly larger during active lengthening (0.19 SD 0.09) than passive lengthening (0.13 SD
0.06) (p < 0.05), which suggests that elevated localized strains may be a mechanism for increased
injury risk during active as opposed to passive lengthening. First principal strains were higher for
subjects with a relatively narrow aponeurosis width (0.26 SD 0.15) than wide (0.14 SD 0.04) (p <
0.05). This result suggests that athletes who have BFLH muscles with narrow proximal
aponeuroses may have an increased risk for BFLH strain injuries.
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1. INTRODUCTION

Hamstring strain injury is one of the most common injuries in athletes (Clanton and Coupe,
1998), especially for sports that involve running and sprinting, such as track and field
(Bennell and Crossley, 1996), soccer (Ekstrand et al., 2011), Rugby Union (Brooks et al.,
2005), Australian Rules Football (Orchard and Seward, 2002), and American Football
(Feeley et al., 2008). Of the three biarticular hamstring muscles, the biceps femoris long
head (BFLH) muscle is injured most often (De Smet and Best, 2000; Koulouris and Connell,
2003; Verrall et al., 2003). Despite the established prevalence of acute hamstring strain
injury in sport, the factors contributing to the high incidence of injury remain poorly
understood (Hoskins and Pollard, 2005).

Animal muscle experiments of injury have found that muscles are most susceptible to injury
when they are active and lengthening (Garrett et al., 1987; Lieber et al., 1991). These
experiments have been performed at the whole-muscle level and have demonstrated that the
magnitude of strain during active lengthening is the best predictor of injury (Lieber and
Friden, 1993), though for passive lengthening, the strains that lead to injury are much higher
than those for active lengthening (Brooks et al., 1995). However, experiments at the
myofibril level found that myofibrils fail at similar sarcomere strains for both active and
passive lengthening conditions (Leonard and Herzog, 2010). These two results are
inconsistent from the perspective of muscle-tendon unit dynamics. One would expect fibers
to stretch less during active lengthening as compared to passive lengthening, due to the fact
that tendons stretch relatively more during active lengthening (Hoang et al., 2007; Zajac,
1989). If fibers stretch less during active than passive lengthening, why are muscles more
susceptible to injury during active lengthening? One possible explanation is that, despite the
fact that whole muscle-fiber strains may be lower during active lengthening, localized
muscle tissue strains (i.e., strains in a small region of the muscle) may be higher during
active lengthening as opposed to passive lengthening. However, this comparison has not
been made /n vivo.

The BFLH muscle has a bipennate structure with a narrow, cord-like proximal aponeurosis
on the medial side of the muscle and a broad, thin distal aponeurosis on the lateral side
(Woodley and Mercer, 2005). Recently, results from a three-dimensional model of the
BFLH indicated that the BFLH’s internal morphology could contribute to the muscle’s
increased strain injury risk (Rehorn and Blemker, 2010). The model suggested that the
increased strain near the proximal myotendinous junction (MTJ) in the BFLH is due to the
fact that the proximal aponeurosis is much narrower than the distal aponeurosis in this
muscle and that the relative aponeurosis dimensions may be a predictor of increased strain
injury susceptibility in the BFLH. However, the variability of aponeurosis width across
individuals and the effect of this variability on measured strain /7 vivo have yet to be
explored experimentally.

The goals of this work were to utilize cine DENSE magnetic resonance (MR) imaging to: /)
measure tissue strains in the BFLH muscle during active lengthening and passive
lengthening, 77) compare strain magnitudes during active lengthening and during passive
lengthening in the region adjacent to the proximal aponeurosis, which is where injury is
often observed (Askling et al., 2007; Silder et al., 2008), and //7) compare strain magnitudes
in the region adjacent to the proximal aponeurosis for subjects with a relatively narrow
proximal aponeurosis to those with a wide aponeurosis during active lengthening. We
hypothesize that active lengthening will result in larger strain magnitudes than passive
lengthening and that muscles with a narrow proximal aponeurosis will experience larger
strains than those with a wide proximal aponeurosis.
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2. METHODS

Subjects

Thirteen (N = 13, 5 female, 8 male) healthy subjects (mean age: 25 SD 5 years, height: 175
SD 7 ¢cm) provided informed consent and were scanned in accordance with the University of
Virginia’s Institutional Review Board guidelines. All subjects had no known previous
hamstring strain injury and were free from lower extremity joint pain at the time of
scanning.

Experimental setup

Subjects were positioned in the headfirst, prone position on a non-ferrous exercise device
(Silder et al., 2009) in a Siemens Trio 3T MR scanner (Erlangen, Germany) (Fig. 1A).
Subjects performed knee flexion-extension motions at a rate of 0.5 Hz and guided by an
auditory metronome. Range of motion inside the scanner depended on the leg length of the
subject and was generally 30-40°. A fiber optic angular encoder (Model MR318, Microner
Inc., Newbury Park, CA, USA) was fixed to an axis on the back of the device to track
rotational motion during scanning (Fig. 1B). The angular encoder’s optical signal was
converted to a quadrature signal with a remote encoder interface (Model MR310, Microner
Inc., Newbury Park, CA, USA) such that it could be read by an encoder data acquisition
device (Model USB1, USDigital, Vancouver, Washington, USA) and exported to LabVIEW
(National Instruments, Austin, TX, USA). A LabVIEW program analyzed the angular
encoder signal to determine when maximum knee flexion had been reached and the onset of
knee extension (Fig. 1C), at which time a data acquisition device (Model USB-6211,
National Instruments, Austin, TX, USA) sent a square-wave pulse to the scanner to initiate
image acquisition.

Static images

Axial plane images were acquired of the right thigh from the biceps femoris’ origin on the
ischial tuberosity to its insertion on the fibular head. Three coils were used to acquire static
images—a body matrix coil on the hip, a large flex coil wrapped around the posterior thigh,
and a body matrix coil on the knee. The body matrix coil on the knee was removed prior to
dynamic imaging. Static images were acquired with a turbo spin echo sequence and the
following parameters: field-of-view 250 x 250 mm2, imaging matrix 512 x 512, in-plane
resolution 0.49 x 0.49 mm?, slice thickness 5 mm, TE 29 ms, TR 6000 ms and flip angle
120°. Static images were used to define the dynamic imaging plane such that it passed
through the proximal aponeurosis, muscle belly and distal aponeurosis (Fig. 2A). An
additional image was acquired in the dynamic imaging plane to confirm the BFLH’s
orientation in the imaging plane and the presence of the proximal and distal aponeuroses
(Fig. 2B).

Aponeurosis width measurement

Aponeurosis width measurements were taken directly on static images using Mimics
software (The Materialise Group, Leuven, Belgium). For each subject, the end of the
proximal aponeurosis was identified by inspection of axial-plane images. The image that
was one slice superior from the end of the aponeurosis was used for measurement. This was
a more reliable measurement location than the actual end of the aponeurosis, which
potentially suffers from averaging over the thickness of the imaging slice. This location was
chosen for measurement location because this is precisely where strain magnitudes were
found to be the largest in previous computational model simulations (Rehorn and Blemker,
2010). A width measurement was acquired by determining the length of a line drawn
directly on the proximal aponeurosis (Fig. 2C). Subjects were divided into two groups based
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on the median aponeurosis width, with subjects above the median placed in the wide
aponeurosis group (N = 6) and those at or below the median into the narrow aponeurosis
group (N = 7). The observer responsible for performing aponeurosis width measurements
was blinded to the strain results and vice versa.

Dynamic imaging protocol

Cine Displacement ENcoding with Stimulated Echoes (DENSE) images were acquired in an
oblique-coronal imaging plane in the BFLH muscle of the right thigh during repeated knee
flexion-extension (Aletras et al., 1999; Kim et al., 2004). In a previous study of skeletal
muscle motion in the biceps muscle in the arm (Zhong et al., 2008), DENSE was shown to
provide strain measurements that are consistent with strains measured using cine-PC
imaging (Pappas et al., 2002). DENSE images provide a measure of displacement at a pixel-
wise resolution by encoding displacement directly into the phase of the MR signal (Fig. 3A).
A spiral A-space acquisition and three-point balanced displacement-encoding technique were
employed for fast data acquisition and to ensure equivalent phase noise in all directions as
well as increased phase signal-to-noise (Zhong et al., 2009). Imaging parameters for the
DENSE acquisition included 400 x 400 mm? field-of-view, 128 x 128 acquisition matrix, 8
mm slice thickness, 0.08 cycles/mm in-plane and 0.12 cycles/mm through-plane
displacement-encoding frequency, TE 1.08 ms, TR 25 ms, flip angle 20°, 1800 ms
acquisition window, 35 time frames, and 2.5 minutes scan time.

For active lengthening trials, rotation of inertial disks attached to the back of the device (Fig.
1B) resulted in active lengthening of the hamstring muscles (Silder et al., 2009). For passive
lengthening trials, an individual standing outside the MR scanner moved the subject’s leg
while the subject remained relaxed. To test strain measurement repeatability, a second active
lengthening or passive lengthening trial was acquired for each subject. Repeatability scans
found first principal strain measurements to differ by an average of 0.06 (SD 0.03) across all
subjects. In addition, an axial-plane data set was acquired in a plane near the inferior end of
the proximal aponeurosis to study differences in displacement between the narrow and wide
aponeurosis subjects. The order for the four trials (active lengthening, passive lengthening,
repeatability, and axial-plane motion) was randomized between subjects and time for rest
was included between all trials.

Displacement reconstruction and strain analysis

Time-varying tissue positions were reconstructed from DENSE images, and Lagrangian
strain tensors were calculated on a pixel-wise basis (Spottiswoode et al., 2007) (Fig. 3). The
BFLH muscle was outlined on DENSE images, and the MR signal’s phase was converted to
displacement (displacement = phase / (21 kg), ke = encoding frequency) at each pixel. At
each time frame, gridfit, a function that is freely available on MATLAB’s (The Mathworks,
Inc., Natick, MA, USA) File Exchange, was used to spatially smooth displacements by
employing a linear surface approximation over the entire BFLH region of interest.
Displacement measurements at each time frame were projected back to the first time frame,
and linear interpolation of the closest 3 pixels’ locations was used to define a material
description of tissue position at later time frames. Maximum knee flexion served as the
reference configuration for zero displacement and strain calculations. Time-varying tissue
positions were determined by temporal fitting with a polynomial. Data sets with a ratio of
average through-plane displacement to in-plane displacement greater than 0.3 were
disregarded prior to strain analysis, which included five data sets for the passive lengthening
acquisitions and no acquisitions for active lengthening. The 0.3 threshold was chosen to
ensure that muscle tissue remained in the imaging plane throughout the motion.
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Lagrangian strain tensors were found at each pixel with the most positive eigenvalue defined
as first principal strain. First principal strain values were averaged in the 1 cm region nearest
the BFLH’s proximal aponeurosis (i.e. near the myotendinous junction), because recent
dynamic MR experiments (Silder et al., 2010) and computational models (Rehorn and
Blemker, 2010) of active lengthening found that tissue strains are higher in the region
adjacent to the proximal aponeurosis and this is where injury is typically observed (Askling
et al., 2007; Silder et al., 2008). Statistical comparisons were made at the time frame
corresponding to full extension, because injury has been observed during the terminal swing
phase of sprinting gait (Heiderscheit et al., 2005; Schache et al., 2009).

A one-tailed, paired t-test was used to test whether displacements and strains were larger
during active lengthening than during passive lengthening, and a one-tailed, two-sample t-
test was used to test whether strains were larger for subjects with a narrow proximal
aponeurosis than for subjects with a wide aponeurosis during active lengthening.

3. RESULTS

Muscle tissue displacement in the 1 cm region adjacent to the proximal aponeurosis was
larger during active lengthening (9.70 SD 0.28 mm) compared to passive lengthening (6.19
SD 0.18 mm) (p < 0.05), which demonstrates greater stretch of the proximal tendon during
active lengthening. Average 15t principal strain in the 1 cm region nearest the proximal
aponeurosis border (Fig. 4) was greater during active lengthening (0.19 SD 0.09) than
during passive lengthening (0.13 SD 0.06) (p < 0.05).

Proximal aponeurosis width varied from 3.1 mm to 9.2 mm and on average was 5.8 (SD 1.8)
mm for all subjects, 4.4 (SD 0.7) mm for the narrow group, and 7.3 (SD 1.3) mm for the
wide group. Axial plane color maps of displacement demonstrate that displacement is
smallest along the proximal aponeurosis and increases with distance from the aponeurosis
(Fig. 5). In addition, color maps of displacement showed that the region of low displacement
near the proximal aponeurosis had a smaller area for subjects with a narrow proximal
aponeurosis as compared to subjects with a wide aponeurosis. During active lengthening,
subjects with a narrow proximal aponeurosis experienced greater 15t principal strain (0.26
SD 0.15) in the 1 cm region adjacent to the aponeurosis (Fig. 6) as compared to the wide
aponeurosis group (0.14 SD 0.04) (p < 0.05).

4. DISCUSSION

This study measured /n vivo localized strains in the BFLH muscle during active and passive
lengthening conditions to answer two questions. Are localized tissue strains elevated during
active as opposed to passive lengthening? And, do subjects with a narrower proximal
aponeurosis demonstrate elevated localized tissue strains as compared to subjects with a
wider proximal aponeurosis? We found that localized tissue strains near the proximal
aponeurosis were indeed higher during active lengthening as compared to passive
lengthening (Fig. 4). Furthermore, subjects with a narrower proximal aponeurosis
experienced larger localized tissue strains during active lengthening than the subjects with a
wider aponeurosis (Fig. 6).

Our result that /n vivo localized muscle tissue strains are elevated during active lengthening
provides an explanation for why muscles are more susceptible to injury during active
lengthening conditions, as compared to passive lengthening. Previous animal models of
muscle injury have shown that, while strain magnitude is an excellent predictor of injury for
active lengthening (Lieber and Friden, 1993), the relationship between strain magnitude and
injury potential is different between active and passive lengthening conditions (Brooks et al.,
1995). By contrast, myofibril-level experiments demonstrated that the relationship between
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sarcomere strain magnitude and myofibril failure is similar for both active and passive
lengthening conditions (Leonard and Herzog, 2010). One possible explanation for these
disparate findings is that in the animal whole muscle-tendon-unit experiments strains
experienced by the muscle tissue (and sarcomeres) are different in the active as compared to
the passive lengthening experiments. However, one would expect that, with the presence of
a tendon, muscle fiber strains would be less during active lengthening due to increased
tendon stretch in active lengthening as compared to the passive lengthening. (Our
displacement results also confirm increased stretch of the proximal tendon in the active
case.) Nonetheless, while overall fiber strains might be lower during active lengthening in
the presence of a tendon, we found that the localized muscle tissue strains adjacent to the
proximal aponeurosis were higher, which would result in increased injury potential,
particularly in those regions where tissue strains are elevated. More in vivo studies that
explore a large range of activation levels are needed in order to determine the exact
relationship between activation and localized strains.

Displacement and 15t principal strain measurements were found to differ based on the
BFLH’s proximal aponeurosis width at the inferior end of the muscle. Example
displacement color maps in an axial imaging plane (Fig. 5) showed that subjects with a
narrower proximal aponeurosis width had a smaller region of low displacement adjacent to
the aponeurosis (Fig. 5B); whereas subjects with a wider proximal aponeurosis had a wider,
more diffuse region of low displacement near the proximal aponeurosis (Fig. 5D). Average
15t principal strains were found to be higher for subjects with a narrow proximal aponeurosis
than for subjects with a wide aponeurosis (Fig. 6), suggesting that proximal aponeurosis
width could influence an individual’s susceptibility to strain injury by leading to increased
strains in the region where injury is often observed. This result is consistent with previous
modeling work that showed that the increased strain near the proximal MTJ in the BFLH is
due to the fact that the proximal aponeurosis is much narrower than the distal aponeurosis in
this muscle and that the relative aponeurosis dimensions may be a predictor of increased
strain injury susceptibility in the BFLH (Rehorn and Blemker, 2010). In contrast, the other
two hamstring muscles, which are injured less often than the BFLH (Koulouris and Connell,
2003), have a wide aponeurosis at each end of the muscle (Woodley and Mercer, 2005).

Cine DENSE imaging was performed in a single oblique-coronal imaging plane passing
through the proximal aponeurosis, muscle belly, and distal aponeurosis, with the goal of
capturing the mechanics of muscle tissue adjacent to the proximal aponeurosis. While this
plane allowed us to accurately measure the motion of the muscle in this proximal region, it
did not allow us to consistently capture the motion of the distal region of the muscle. In
addition, excessive through-plane motion necessitated the removal of passive data sets for
five subjects to avoid spurious in-plane strain results, which limited our ability to test for
interactions between activation and aponeurosis morphology. In future studies, a larger
cohort of subjects, along with additional loading conditions, will allow for a more detailed
analysis of the effects of activation level and morphology on /n vivo localized strains in the
BFLH. It is also possible that extending the dynamic imaging and strain analysis to three
dimensions would yield a more robust description of tissue mechanics of the whole muscle,
though three-dimensional DENSE imaging over a large field-of-view requires a significant
increase in scan time (e.g., 20 minutes to cover 350 x 350 x 110 mm3 in (Zhong et al.,
2010)).

The aponeurosis width measurement used in this study was taken on a single static MR
image and toward the inferior end of the proximal aponeurosis. The inferior end of the
proximal aponeurosis was chosen for measurement location because previous imaging
studies found injury to often occur along the proximal MTJ (Askling et al., 2007; Silder et
al., 2008) and computational model simulations of active lengthening predicted strain
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magnitudes to be largest in this region (Rehorn and Blemker, 2010). Given the large
variability in strains in the narrow aponeurosis width group, a more detailed description of
aponeurosis dimensions may provide additional insights into the link between BFLH
architecture and the muscle’s strain injury susceptibility. For example, we noticed that some
subjects exhibited a very thin curve-shaped extension of the proximal aponeurosis (a
“hook”) that penetrated the belly of the muscle, which could potentially influence strain
distributions in this region. In addition, the local fiber arrangement in this region could be an
important factor, which could be determined with diffusion tensor imaging (Englund et al.,
2011). The results presented here motivate the need to conduct future studies that
additionally measure other morphologic factors (such as the “hook” and the fiber
arrangement) in a larger cohort of subjects to fully determine relationship between internal
muscle-tendon morphology and strains.

Future prospective studies are required to confirm the extent to which the BFLH muscle’s
architecture contributes to acute strain injury. Muscle architectural measurements can then
be integrated with risk factors that have shown promise as predictors of strain injury,
because strain injury risk is likely a confluence of factors—functional and non-functional—
instead of a single, stand-alone cause (Bahr and Holme, 2003). Identifying individual
athletes and teams at-risk for acute strain injury can be used to motivate training programs
that have demonstrated success in preventing injury and re-injury, such as eccentric strength
training (Arnason et al., 2008; Askling et al., 2003) and trunk stabilization exercises (Sherry
and Best, 2004).
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Figure 1. Experimental setup

Subjects were positioned in the head-first, prone position in an MR-compatible exercise
device during repeated knee flexion and extension (subject pictured outside the scanner) (A).
Cyclic rotation of inertial disks resulted in active lengthening of the biceps femoris muscle
(Silder et al., 2009), while an angular encoder signal was sent to a laptop computer running
LabVIEW (B). Encoder position values (line) were used to trigger the scanner (asterisk) to
begin image acquisition at the onset of knee extension (C). (Example data are from a single
DENSE acquisition.)
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Figure 2. DENSE imaging plane and high-resolution images of the BFLH

The DENSE imaging plane was defined on axial plane high-resolution turbo spin-echo
images (A), such that the plane included muscle tissue adjacent to the proximal aponeurosis
of the BFLH muscle, the muscle belly, and the distal aponeurosis. Prior to DENSE image
acquisition, a high-resolution image was obtained in the oblique-coronal DENSE imaging
plane to verify the position of the BFLH and the inclusion of the aponeuroses (B). Proximal
aponeurosis width measurements were taken directly on axial-plane images (C).
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Figure 3. Example DENSE images, reconstructed displacements and strain map
Displacement encoding with stimulated echoes (DENSE) images were acquired in an
oblique-coronal plane containing the biceps femoris long head muscle (A). Measured
displacements were used to reconstruct time-varying tissue position at a pixel-wise
resolution (B), where vectors represent displacement from the first image and the vector’s
color represents the magnitude of displacement. First principal strain was defined as the
most positive eigenvalue of the Lagrangian strain tensor and was averaged in the region
within approximately 1 cm of the proximal aponeurosis (C).
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Figure4. Activation strain results

Average 15 principal strain measurements in a region within approximately 1 cm of the
proximal aponeurosis of the biceps femoris long head were significantly larger during active
lengthening (0.19 SD 0.09) than passive lengthening (0.13 SD 0.06) (*p < 0.05).
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Figure 5. Example high-resolution images and displacement color maps

Example high-resolution image and aponeurosis width measurement for a representative
subject with a narrow aponeurosis (A) and wide aponeurosis (C) during active lengthening.
Color maps of displacement magnitude demonstrate a small region (i.e., area) of localized,
low displacement adjacent to the proximal aponeurosis for a narrow width subject (B)
relative to a wide aponeurosis width subject (D).
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Figure 6. Aponeurosiswidth strain results

Average 15 principal strain measurements in a region within approximately 1 cm of the
proximal aponeurosis of the biceps femoris long head were significantly larger for subjects
with a narrow aponeurosis width (0.26 SD 0.15) than a wide aponeurosis width (0.14 SD
0.04) (*p < 0.05).
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