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Editorial on the Research Topic

Muscle Mechanics, Extracellular Matrix, Afferentation, Structural, and Neurological Coupling

and Coordination in Health and Disease

There is a growing emphasis on the importance of muscle extracellular matrix on muscular
mechanics and specifically on the effects of the interaction of the extracellular matrix (ECM) and
the contractile apparatus. Accordingly, investigation of the role of muscle extracellular matrix and
other myofascial tissues continuous with the epimysium on muscle force production was one of
the main aims of this Research Topic. From the muscle function viewpoint, the structure and
role of intramuscular connective tissue was discussed in a comprehensive review (Purslow). This
work placed an emphasis on the shearing of intramuscular connective tissues as the mechanism
coordinating forces and displacements between adjacent muscle cells and indicated the role of this
in myofascial force transmission (e.g., Huijing, 2009; Yucesoy, 2010). With the aforementioned
mechanical interaction accounted for as a key determinant, experimental, and computational
quantification assessments for muscle fiber direction length changes or direct sarcomere length
changes were also an aim for this Research Topic. An experimental assessment using multi-photon
excitation microscopy in mouse tibialis anterior muscle surgically dissected from the tibia and
surrounding muscles showed that in isometrically activated muscle the sarcomeres re-organize
their lengths into a more uniform pattern over time, whereas in the passive state their length
non-uniformity remained the same (Moo and Herzog). Sarcomere lengths in isolated mice soleus
muscle in vivo were quantified using a force microscope by minimally imaging 20 continuous
sarcomere segments, which were used for length measurements (Tsai et al.). Samples from animals
exposed to different durations of ischemic stroke suggested that sarcomere additions were absent,
with implications for muscle spasticity and/or joint contracture that may follow stroke. Magnetic
resonance imaging (MRI) is a powerful tool (Figure 1) to quantify local muscle tissue displacements
and strains (e.g., Blemker et al., 2007; Pamuk and Yucesoy, 2015) and tissue structure (e.g., Sinha
et al., 2006), while along with continuum-based computational modeling (e.g., Böl and Reese,
2008; Yucesoy and Huijing, 2012) and novel modeling concepts and approaches (see below),
these techniques can allow the development of new phenomena (e.g., Cankaya et al., 2021),
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FIGURE 1 | Visualization of human muscle using MRI and DTI. Utilization of

advanced imaging techniques offers major potential for analysis of structure as

well as local muscle length and shape changes for human muscles in vivo.

addressing clinical problems (Westman et al., 2019; Marty and
Carlier, 2020; Ramasamy et al.) and understanding mechanisms
of treatments (Yucesoy and Huijing, 2009; Turkoglu and
Yucesoy, 2016). A review (Sinha et al.) focused on several aspects
of advanced MRI analyses, diffusion tensor imaging (DTI), and
modeling to quantify muscle tissue strain rates, strains, and
fiber orientations to study the effects of aging and disuse-related
remodeling of the extracellular matrix on force transmission
in the human musculoskeletal system. The authors indicated,
in collaboration with Purslow, shearing in the endomysium as
a marker for myofascial force transmission, and muscle fiber
shear strains for that purpose were quantified recently in human
muscle in vivo (Pamuk et al., 2016). Although, earlier Street
(1983) and recently others (e.g., Purslow; Malis et al.) referred
to the mechanical role played by the multimolecular trans-
sarcolemmal connections between the endomysium and muscle

fibers as lateral force transmission, the term lateral, may not be
quite accurate as it suggests force is transmitted perpendicularly
to the muscle fiber surface. Several studies report sarcomere
length heterogeneity (Pappas et al., 2002; Lichtwark et al., 2018;
Moo et al.), which according to myofascial force transmission
phenomena is ascribed to myofascial loads (Yucesoy, 2010),
i.e., forces acting locally along the muscle fiber originating (i)
intramuscularly from the ECM and sarcomeres in neighboring
muscle fibers and (ii) epimuscularly from muscle connections
to surrounding muscles and other tissues. These forces can
affect the mechanical equilibrium determining sarcomere lengths
and are aligned with the sarcomeres rather than being normal
to them. The principles of this mechanism were studied as
a part of this Research Topic using finite element modeling
and by comparing isolated muscle with muscle modeled within
the framework of its surrounding tissues (Pamuk et al.). The
results exemplified heterogeneity of muscle fiber direction length
changes occurring in context with myofascial loads acting
along the muscle fibers. Two of the three cases studied were
designed to represent principles of previous MRI and DTI-
based experiments conducted in humans, in vivo (Pamuk et al.,
2016; Karakuzu et al., 2017). They demonstrate how a passively
lengthened muscle can also have shortened parts and how an
isometric contracting muscle can also have lengthened parts
along the muscle fascicles. In another study in vivo, published
as a part of this Research Topic, the effects of passive ankle
dorsiflexion imposed by an isokinetic dynamometer on human
semimembranosus muscle were assessed using high-resolution
ultrasound (Wilke and Tenberg, 2020). The authors reported
muscle tissue displacement in the dorsal thigh, despite the
fact that knee angle was kept constant, and explained this
with myofascial force transmission across the knee joint. Such
mechanical interaction via the fascial system (Adstrum et al.,
2017; Stecco et al., 2018; Wilke et al., 2018) between muscles
within the same limb segment (e.g., Huijing et al., 2011; Marinho
et al., 2017; Ateş et al., 2018a) and even across segments, e.g.,
in the gastrocnemius after an imposed anterior pelvic tilt (Cruz-
Montecinos et al., 2015) have been reported in numerous studies.
In fresh postmortem human subjects, strainmechanisms in lower
limb deep fascia induced by passive knee movement were studied
using motion analysis and digital image correlation techniques
(Sednieva et al.). Shedding light on fascia/muscle interactions,
for anterior and lateral fascia, tension, and for the iliotibial tract,
dependent knee movement, tension, or pure shear mechanisms
were observed in extended or flexed positions, respectively. Based
on previous evidence reported on coupling between fascia and
skeletal muscle shown in fundamental/animal studies (Huijing,
1999; Huijing and Jaspers, 2005; Stecco et al., 2013; Wilke et al.,
2018), using ultrasound (Bojsen-Møller et al., 2010; Tian et al.,
2012; Le Sant et al., 2017; Ateş et al., 2018a), using MRI (Huijing
et al., 2011; Pamuk et al., 2016; Karakuzu et al., 2017), and
intraoperative work (Smeulders et al., 2004, 2005; Smeulders
and Kreulen, 2007; de Bruin et al., 2014; Kaya et al., 2019,
2020). Zullo et al. reviewed the functional effects of aging on the
neuromusculoskeletal system. They discussed occurrence of loss
of effectiveness in the locomotory apparatus, due to themolecular
and cellular changes occurring in the myofascia, the skeletal
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muscle tissue, the nervous system, and their structural and
functional coupling.

NOVEL COMPUTATIONAL APPROACHES
FOR DIFFERENT SCALES OF
NEURO-MUSCULO-SKELETAL
MECHANICS

Understanding the individual contributions of ECM and skeletal
muscle fibers to overall passive muscle stiffness presents a
particular challenge; Wheatley has used a combination of
experimental and computational approaches to show that biaxial
tissue testing can provide additional insight over uniaxial test
results, and further demonstrate how ECM collagen helps
to determine passive muscle stiffness. Klotz et al. discuss
fundamental challenges with evaluating detailed constitutive
models of skeletal muscle as internal variables are difficult to
experimentally quantify, and model predictions at the local
muscle level are difficult to verify. As such, these detailed
computational models might be considered as philosophical
explorations, and their main utility may be to guide the planning
of future experimental works.Wakeling et al. and Ryan et al.
address energy storage in skeletal muscle, how shape changes in
the muscle result in energy storage even without overall length
changes, and how some contractile energy is lost in overcoming
passive resistance to longitudinal contraction and accompanying
lateral expansion due to the largely incompressible nature of the
tissue. Ross et al. extend the work of Wakeling et al. and Ryan et
al. to dynamic contractions and show how relative energy storage
in the aponeurosis increases compared to energy storage in the
ECM. Taken together, these papers substantially strengthen our
understanding of muscle mechanics.

CLINICAL IMPLICATIONS: MECHANISMS
OF PATHOLOGICAL CONDITIONS AND
TREATMENT TECHNIQUES WITH A
SPECIAL EMPHASIS ON SPASTIC
CEREBRAL PALSY

Cerebral palsy (CP) is defined as decreased motor control due
to an injury to the developing brain, before evolvement of
mature gait or fine motor skills. Motor control is simplified, and
children use simpler muscle synergies while walking compared
to typically developed (TD) children. However, treatment for
gait improvement only marginally changes muscle synergies
(Bekius et al.). Typically, the children are born hypotonic, with a
normal range of motion of the joints, but will eventually develop
contractures of the joints due to both spasticity and shortening
of the musculotendinous complex (Hedberg-Graff et al., 2019;
Lindén et al., 2019). At the age of about 9, 3D ultrasound of
the medial gastrocnemius muscle and the Achilles tendon has
showed that in CP the tendon is relatively longer compared to
in TD children, and related to a larger stiffness of the muscle
in CP (Weide et al.). Muscle shortening in conjunction with
spasticity will force the ankle into flexion, and the heel does not

reach the floor when walking, i.e., the children walk with equinus.
Proper understanding of the mechanical effect of overactive
plantar flexors is critical to clinical diagnosis and treatment, but
it can be underestimated if the Achilles tendon moment arm is
overestimated by assuming a straight line of action (instead of
its actual curved path) (Harkness-Armstrong et al.). One way of
diminishing the spasticity is selective dorsal rhizotomy, which
by instrumented gait analysis has shown short-term diminishing
effects on so-called quasi-stiffness (i.e., the slope of the ankle
moment vs. the ankle angle plot) of the calf muscles (Ates et al.).
Another local and temporary way of diminishing toe walk due
to spasticity is by botulinum toxin (BTX) injection into the calf
muscles. Assessments of serial biopsies from the gastrocnemius
in CP in humans comparing BTX with saline has as yet not been
published, but injections into the tibialis anterior in the non-
spastic rat has shown positive acute effects (Ateş and Yucesoy,
2014; Yucesoy et al., 2015). After 1 month, atrophy and decreased
active force of all muscles in the anterior compartment of the
lower leg was evident (Kaya et al.). There was an increased
content of hydroxy-proline in the BTX group compared to rats
injected with only saline. One key biomechanical finding of
animal studies noteworthy of clinical testing is that the BTX
group also showed elevated muscle passive forces (e.g., Kaya et
al.). Another potentially functionally important biomechanical
finding shown in animal studies was a decrease in length
range of force production reported for muscles exposed to
BTX (Kaya et al.; Yilmaz et al., 2021). Therefore, studies on
what happens before and after botulinum toxin injections in
the muscle in children with CP is highly warranted. A new
method developed based on percutaneous muscle microbiopsies
is promising (Corvelyn et al.), and can, with repeated biopsies
during growth, hopefully in the future be used in understanding
the natural history of muscles in CP. The gait may be improved
if the calf muscle is lengthened by Achilles tendon lengthening,
which will increase the relative length of the already long tendon
even further. Here, there is a great risk of future weakness of
the calf muscles if both legs are affected, as in spastic diplegia,
and the child might develop crouch gait. A more conservative
and safer operative method is to just release the gastrocnemius
from the soleus fascia and sometimes also release the soleus
aponeurosis. Few experimental studies have been conducted on
what actually happens when an aponeurosis is cut (Brunner et al.,
2000; Jaspers et al., 2002; Ateş et al., 2013). The mechanism
of acute effects assessed computationally (Yucesoy and Huijing,
2009) showed that major sarcomere shortening in muscle part
distal to a cut leads to a decreased muscle force, and overall
increased sarcomere length heterogeneity causes muscle peak
force production to move to a longer muscle length. Brunner
et al. investigated aponeurotic release of the gastrocnemius in
the rat. They found that the length of the muscle complex was
increased, and the cut and resulting defect of the aponeurosis
was filled with more compliant scar tissue (Rivares et al.). This
is highly important since it suggests that the above mentioned
acute aponeurotic release effects may also prevail after recovery,
which needs to be tested in patients.

Regarding the force transmitting role of the epimysial
connective tissue in patients with CP, active muscle length-force
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characteristics measured intraoperatively directly at the muscle
tendon were shown to be affected by applying varying stretching
on adjacent tissues of the tested spastic muscle (Smeulders
et al., 2005). Likewise, mere distal tenotomy of the spastic
flexor capri ulnaris muscle did not eliminate its contribution
to the wrist flexion moment when epimuscular connective
tissues were left intact (de Bruin et al., 2011), implying that
the perimuscular connective tissues other than the proximal
and distal tendon are important in transmitting force from
a muscle to their target joints and structures. The role of
collagen-reinforced connective tissues in the limited joint motion
in spastic CP is still open to debate (de Bruin et al., 2013,
2014). Due to a highly variable distribution of intramuscular
collagen content within muscle, the amount collagen content
itself does not relate to the actual passive muscle properties
during mechanical testing as was shown in mouse hind limb
muscles (Binder-Markey et al.). Experimental work on rabbit
lower leg muscles showed that passive load bearing properties
of different muscles do vary. More importantly, mechanical
testing of isolated muscle fibers compared, respectively, to
bundles, fascicles, and whole muscle implied that the relative
contribution to passive resistance changes from intracellular
titin in isolated fibers to the extracellular perimysium in whole
muscles (Binder-Markey et al.). However, in vivo, passive stiffness
of monoarticular lower leg muscles was shown to be influenced
by knee angle indicating intermuscular interactions may change
muscular mechanics beyond a single muscle level. Note that,
in CP patients, intraoperative testing of spastic semitendinosus
and gracilis muscles did not show high passive forces measured
at their tendon as a function of knee joint angle (Kaya et al.,
2019, 2020). This suggests that in CP rather than the passive
state, the active state is the determinant of the pathological
condition, and co-activation of synergistic (Kaya et al., 2018)
and also antagonistic muscles (Ateş et al., 2018b) was shown
to elevate the active knee flexor force of individual spastic
hamstrings significantly. Therefore, in the context of issues
addressed in this Research Topic, mainly “the role of the muscle
extracellular matrix and other myofascial tissues continuous with

the epimysium on muscle force production” considering the
possible influence of altered passive connective tissue structure
and properties on the contractile apparatus in the muscle fiber
and sarcomere level can provide the leverage to understand
mechanisms of pathological conditions and effects of treatments
for improved control over them.

Other degenerative conditions affecting muscle structure
degrade gait, and early detection can help guide treatment. One
example is myotonic dystrophy type 1 (the most common form
of adult onset muscular dystrophy). Kim et al. have shown that
functional gait assessments, such as the Functional Ambulatory
Profile, correlate well with fat infiltration in lower extremity
muscles and can serve as inexpensive early or longitudinal
biomarkers in clinical studies.

Effects of blunt injury to the hindlimb muscles and to the
lungs have been studied by Gihring et al. in lean vs. obese
rats. They showed that obesity impairs the normal extracellular
expansion up to 8 days past the injury, which is otherwise a
normal part of the healing process. Obese rats, with fat deposits
in the muscle, have a longer healing period with a prolonged
period with increased pro-inflammatory cytokines and an altered
satellite cell gene expression. This shows that the ECM buildup
as a part of a healing process may be altered in different diseases
probably not only in obesity, but also in, e.g., diabetes and maybe
also in CP. Even lean children with CP have more signs of fat
in the muscle compared to control when investigated with MRI
(Noble et al., 2014).
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Selective dorsal rhizotomy (SDR) is a neurosurgical technique performed to reduce

muscle spasticity and improve motor functions in children with cerebral palsy (CP). In

long term, muscle contractures were observed even after SDR. To better understand

what is contributing to contracture formation, it is necessary to assess the effects of

SDR on joint stiffness. We hypothesized that ankle passive range of motion (ROM)

increases and the quasi-stiffness of the ankle joint decreases after SDR in children

with CP. This retrospective study included 10 children with diplegic CP (median age

6 years 2 months) who had undergone SDR and for whom gait analysis data were

collected 3 months before (Pre-SDR) and 13 months after (Post-SDR) surgery. Additional

to clinical measures, ankle quasi-stiffness (the slope of the ankle moment vs. ankle

angle plot) was analyzed from gait data. Passive ankle ROM at 0◦ (p < 0.0001) and

90◦ knee angles (p < 0.0001) increased after SDR. Dynamic EMG analysis showed

improved phasic gastrocnemius activity (p < 0.0001). Equinus gait was improved with

the reduction of peak plantar flexion (p < 0.0001), as well as an increase in peak

dorsiflexion (p= 0.006) during walking was observed. Ankle joint quasi-stiffness (Pre- and

post-SDR median = 0.056 Nm/kg/◦ and 0.051 Nm/kg/◦, and interquartile range: 0.031

Nm/kg/◦ and 0.019 Nm/kg/◦, respectively) decreased significantly (p = 0.0017) after

SDR. Moreover, even though the total time of the gait cycle did not change (p= 0.99), the

time interval from maximum dorsiflexion to maximum plantar flexion (Pre- and post-SDR

median = 0.125 s and 0.156 s, and interquartile range: 0.153 and 0.253 s, respectively)

increased significantly (p = 0.0068) after SDR. In conclusion, the decreased ankle

quasi-stiffness and the enhanced time interval in the gait cycle due to SDR indicate better

motor control and joint stability. Our findings suggest that the long-term contracture

formation occurring even after surgical interventions may be related to the stiffening of

non-contractile structures.
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INTRODUCTION

Selective dorsal rhizotomy (SDR) is a well-established
neurosurgical technique performed to reduce muscle spasticity
and improve motor functions in children with cerebral palsy
(CP) (1–3). During SDR, nerve rootlets in the lower spine
causing abnormal reflex circuits, are selectively cut under
intraoperative neurophysiological guidance (4). Combined with
physiotherapy, SDR reduces pain (5), improves joint range
of motion (ROM) (6, 7), and enhances the gait of children
with CP such that improvements in mobility are sustained for
many years (6, 8–10). However, since more than half of the
patients have additional orthopedic surgeries during these years
(11, 12), isolation of the effects of SDR on long-term functional
improvements is challenging.

Patients with CP developmuscle contractures that are thought
to be multifactorial, including chronic muscle shortening (13)
and decreased joint ROM (14) resulting in increased joint
stiffness (15). The determinants of joint stiffness are (i) the
passive component defined by the changes of the material
properties of muscles and connective tissues, and (ii) the active
component, which is the stiffness during dynamic conditions
due to neural impairments (i.e., chronic muscle overactivity or
spasticity) (16). Spasticity is believed to contribute to abnormal
joint stiffness via changes of not only active but also passive
muscle components due to adaptation (17). When the active
component is temporarily reduced, such as through use of
botulinum toxin, muscle stiffness may be slightly improved
(18) but passive joint stiffness appears to be unchanged (19).
Recent studies on animal muscles reported increased passive
muscle forces and a higher amount of intramuscular collagenous
tissues indicating enhanced passive stiffness after botulinum
toxin administration (20–22). SDR, on the other hand, has
the potential to improve joint stiffness since it permanently
reduces or eliminates spasticity, thus reducing the abnormal
active component without the use of botulinum toxins. However,
there is no previous report on the effects of SDR on ankle joint
stiffness. Understanding the effects of SDR on joint stiffness is
particularly timely since it was recently argued that contracture
formation occurs in long term SDR follow-up (5, 23). Therefore,
it is useful to assess the effects of SDR on joint stiffness in order
to better understand what is contributing to muscle contracture
formation after SDR. The aim of this study was to test the
hypotheses that (i) passive ankle ROM increases and (ii) ankle
joint quasi-stiffness decreases during self-paced walking after
SDR in children with CP.

METHODS

The present study was approved by the Institutional Review
Board of Mayo Clinic, Rochester, MN. A retrospective medical
record review was performed to identify children (18 years of
age or younger) with a diagnosis of spastic diplegic CP who had
undergone SDR. Children were included if they had received gait
analysis evaluations within 18 months before (Pre-SDR) and 18
months after (Post-SDR) surgery. Children were excluded from
the study if ankle kinetic or dynamic EMG data were missing.

SDR Operation
One to two-level laminectomy procedures were applied to
patients. Electrical stimulation was used to identify sensory roots
from L2-S1 levels on both the left and right sides. The sensory
roots at these levels were then separated into rootlets, with the
number of rootlets sectioned per level varying depending on the
electrophysiological response. In general, a sensory nerve was
separated into 3–10 rootlets with one-third to three-fourths of
the rootlets sectioned per side at each level. Taking into account
all the sensory rootlets stimulated from L2-S1 levels,∼40–60% of
rootlets were sectioned.

Clinical Assessments
TheGrossMotor Functional Classification System (GMFCS) (24)
was used to classify the mobility of the patients.

3D Gait Analysis
A set of 3D markers was placed on the body of each subject,
including the sacrum and bilaterally on the acromion processes,
lateral epicondyle of the elbows, center of the dorsum of the
wrists, anterior superior iliac spines (ASIS), lateral femoral
condyles, lateral malleoli, mid-thigh, mid-shank, heels, and the
spaces between the first and second metatarsal heads. The model
used was the same as described by Kadaba et al. (25) except
for the foot. A three-dimensional coordinate system was used
for the foot with an anteriorly directed x-axis, y-axis pointing
to the body’s left side, and a superiorly directed z-axis. The
markers placed at bony prominences were used for establishing
anatomic coordinate systems for the pelvis, thigh, shank, and
foot. Additional tracking markers were applied to each segment.
Two additional markers bilaterally on themedial femoral condyle
and the medial malleoli were used to locate the joint centers.

For gait analysis, a 10-camera motion capture system (Raptor
12, MotionAnalysis, Santa Rosa, CA, USA) was used. The 3D
coordinates of the markers and force plate were used as inputs
to a commercial software program (Visual3D, C-Motion Inc.,
Rockville, MD), to calculate the joint kinematics and kinetics.
The Visual3D program was used to define the joint center and
segment coordinate systems from the 3D marker trajectories, as
well as the subsequent rigid body kinematic/kinetic calculations.
Embedded right-hand Cartesian coordinate systems were used
in this model to describe the position and orientation of the
rigid body segments of the lower extremity. A three-dimensional
coordinate system was used for the foot with an anteriorly
directed x-axis, y-axis pointing to the body’s left side, and
a superiorly directed z-axis. With these embedded coordinate
systems, the joint angles were determined using the floating-axis
or Euler angle convention. The ankle center was located by a
vector directedmedially from the lateral malleolusmarker at one-
half the distance of the measured ankle width. The segmental
joint forces and moments were derived based on the calculated
joint centers.

EMG
A 16 channel surface EMG system (MA300, Motion Lab
Systems, Inc., Baton Rouge, LA) was used for data collection
and synchronized with the kinematic data. EMG data were
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collected at 2,400Hz from the rectus femoris, hamstrings, tibialis
anterior, peroneus longus, and gastrocnemius muscles rectified
and passed through a fourth-order low pass Butterworth filter
with 6Hz cutoff using custom Matlab (Mathworks, Natick, MA)
programming. Placement of EMG electrodes is confirmed by
real-time visual observation of the EMG signal while muscle
activation is achieved through resisted motion.

Assessment of Passive Characteristics
Ankle passive ROM was recorded at two knee angles: (i) The
patient was positioned supine with the knee fully extended (at
0◦) and (ii) the patient was positioned prone with the knee at
90◦. The foot was positioned in neutral inversion and eversion.
The proximal arm of the goniometer was aligned with the lateral
midline of the lower leg using the head of the fibula as a reference
point. By aligning the distal arm of the goniometer parallel to the
fifth metatarsal, the examiner changed the ankle angle slowly to
measure max PF and max DF.

Assessments of Dynamic Characteristics
Maximum Plantar Flexion (PF) and Dorsiflexion (DF)

Angles During Walking
To quantify the effects of SDR on the ankle angle used during
walking, the maximum PF and DF angles were calculated from
the average of three trials for each participant.

Ankle Joint Quasi-Stiffness
The Visual3D computer software package along with a set of
customMatlab (Mathworks, Natick,MA) programswere used for
data reduction and database archival. Three trials were collected
from each participant. The period of a gait cycle (stride) was
defined from the initial contact of one lower extremity to the next
initial contact of that same extremity. Kinematic measurements
included the motion of the body and limb segments during
representative walking strides. The kinetic analysis included the
net forces and torques (moment) exerted on the body as a result
of the combined effects of the ground reaction force, inertia, and
muscle contraction. The joint moments were described using
an internal moment convention. 3D kinematics was reported
in degrees, and kinetics was normalized to body mass. Figure 1
shows examples of (A) ankle angle and (B) ankle moment plotted
as functions of the gait cycle.

By using raw time-series kinematics and kinetics, the ankle
moment was calculated as a function of ankle PF-DF angles for
each trial. During the first max PF in early stance to max DF in
midstance (second rocker interval); the shank moving forward
is controlled by the eccentric contraction of the gastrocnemius
and soleus. Davis and DeLuca (26) described the slope of the
ankle moment—ankle angle plot at the second rocker interval of
the gait as dynamic ankle joint stiffness for healthy participants.
However, most of the children with CP do not have a traditional
second rocker interval. They tend to have premature rise to peak
PF moment. For this reason, the present study utilizes the ankle
moment-gait cycle relationship to determine the time interval
from max DF moment (min PF moment if there is no DF
moment) to max PF moment (Figure 1B).

FIGURE 1 | The computation of ankle joint quasi-stiffness. Examples of (A)

ankle angle vs. gait cycle and (B) ankle moment vs. gait cycle data for pre-

and post-SDR. (C) The ankle angle vs. ankle moment data is shown for the

chosen time interval from max DF to max PF for post-SDR. Since some of the

children did not have DF moment before the surgery, the time interval was

chosen from min PF to max PF. The quasi-stiffness is defined as the slope of

the linear regression curve for this time interval.

Moreover, as there has been concerns raised regarding the
precision of the term “dynamic stiffness” in this context, previous
literature (27) introduced the term “quasi-stiffness” to define the
resistance to angular motion.

The slope of the moment (Nm/kg) vs. ankle angle (degrees)
at this specific time interval was determined using a linear
regression model (Figure 1C). The Pearson correlation
coefficient (r) for each trial was calculated. If the correlation was
high (r ≥ 0.80), the calculated slope was recorded as ankle joint
quasi-stiffness. If high correlations were observed for more than
one trial for each limb, the average of the slopes of trials was
recorded as quasi-stiffness.

Dynamic EMG
Enhanced gastrocnemius muscle tone is defined as one of the
major determinants of ankle joint stiffness. Therefore, the phasic
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FIGURE 2 | Examples for scoring the gastrocnemius muscle EMG data with respect to gait cycle. The phasic character of gastrocnemius was scored as: 0, Phasic;

1, Increased Phasic Activity; 2, Continuous Low Level Activity; 3, Continuous with Phasic Pattern; 4, Continuous High Level Activity.

character of the gastrocnemius muscle was scored by using
dynamic EMG data with respect to the gait cycle: 0, Phasic;
1, Increased Phasic Activity; 2, Continuous Low-Level Activity;
3, Continuous with Phasic Pattern; 4, Continuous High-Level
Activity (Figure 2). Scoring was performed by one examiner and
intra-rater reliability was assessed with Cohen’s kappa (κ).

Statistical Analyses
For statistical analyses, SAS 9.4 (SAS Institute, Cary, NC)
software was used. To take into account that right and left limbs
may provide correlated response data, generalized estimating
equations were used separately to evaluate if significant changes
occurred in (i) ankle joint passive ROM, (ii) dynamic EMG
scores, (iii) max PF and DF angles during walking, (iv) joint
quasi-stiffness, (v) the time interval from max DF to max PF,
and (vi) total gait cycle time between Pre-SDR and Post-SDR.
To test the correlation between the effects of SDR on passive and
dynamic parameters, Spearman’s rank correlation coefficient (rs)

was calculated between the absolute change in ankle passive ROM
and quasi-stiffness due to SDR. Differences were considered
significant if p < 0.05.

RESULTS

A total of 10 children with spastic diplegic CP underwent
SDR and had pre- and post-SDR gait analysis. There were five
male and five female children (median age 6 years 2 month
at the time of surgery; min: 3 years 6 months, max: 8 years
7 months, interquartile range: 2 years 8 months). Pre-SDR
and post-SDR clinical tests and gait analyses were performed
3 months (min: 1 month, max: 8 months, interquartile range:
3 months and 21 days) before surgery and 13 months (min:
10 months, max: 17 months, interquartile range: 3 months and
9 days) after surgery, respectively. Two children were operated
on unilaterally. The data collected from their non-operated legs
were excluded from the analyses. Pre-SDR GMFCS levels ranged
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TABLE 1 | Patient mobility, dynamic EMG Scores, and ankle characteristics during walking.

# Age Sex GMFCS EMG-L EMG-R Max PF-L Max PF-R Max DF-L Max DF-R

Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post

1 7 (8) M I I 4 1 4 1 −40.2 −18.0 −30.1 −12.4 −6.5 8.1 6.9 8.9

2 8 (7) M II II 2 1 1 0 −19.1 −11.9 −11.4 −2.3 3.9 9.1 8.9 14.0

3 7 (3) M II II 1 0 2 0 −32.8 −12.8 −21.8 −26.1 14.1 19.3 10.3 19.2

4 6 (2) M III II 3 0 2 1 −6.3 −12.3 −3.2 −1.4 13.0 12.6 7.4 12.2

5 5 (5) F II I 3 1 3 1 −21.4 −19.4 −60.3 −14.5 12.4 21.0 −4.9 20.1

6 3 (8) F III III 3 0 3 0 −50.4 −55.0 −21.6 −37.1 −3.4 3.6 13.7 5.8

7 5 (0) F III II 1 1 2 1 −49.0 −15.7 −55.2 −29.0 −24.2 11.7 −33.8 4.8

8 6 |(2) F II I 1 3 1 0 −40.1 −13.4 −29.0 −10.9 −10.5 6.0 4.0 15.2

9 3 (6) F I I 3 1 2 0 −31.8 −11.8 −32.8 −17.3 5.3 −16.4 13.0 16.7

10 7 (4) M II I 2 2 2 2 1.1 −3.4 4.2 −7.9 12.6 19.1 11.7 8.1

Age is presented as year (month). M, F, R, L refer to male, female, right limb, and left limb. Pre and Post-refer to Pre-SDR and Post-SDR conditions. EMG grades 0, Phasic; 1, Increased

Phasic Activity; 2, Continuous Low Level Activity; 3, Continuous with Phasic Pattern; 4, Continuous High Level Activity.

from I to III. GMFCS levels of half of the children improved
post-SDR (Table 1).

Ankle joint passive ROM measured at 0◦ of knee angle (p <

0.0001) (pre- and post-SDR median = 0 and 10◦, interquartile
range: 13.75 and 12.5◦, respectively; Figure 3A) and at 90◦ of
knee angle (p < 0.0001) (pre- and post-SDR median = 10◦ and
15◦, interquartile range: 15 and 12.5◦, respectively; Figure 3B)
increased significantly due to SDR.

After SDR, max PF during walking decreased significantly
(p < 0.0001) (pre- and post-SDR median = −29.54 and
−13.10◦, interquartile range: 26.89 and 7.90◦, respectively) and
max DF increased significantly (p < 0.0001) (pre- and post-
SDR median = 7.15 and 11.93◦, interquartile range: 17.04 and
11.95◦, respectively).

Dynamic EMG analysis showed that phasic pattern scores
of gastrocnemius significantly improved after SDR (p < 0.0001;
Table 1). Intra-rater reliability of scoring was moderate to high
for both pre- (κ = 0.78) and post-SDR (κ = 0.72) assessments.

Ankle joint quasi-stiffness (Pre- and post-SDR median =

0.056 Nm/kg/◦ and 0.051 Nm/kg/◦, and interquartile range:
0.031 Nm/kg/◦ and 0.019 Nm/kg/◦, respectively) decreased
significantly (p = 0.0017) after SDR surgery (Figure 4A).
Moreover, even though the total time of the gait cycle (pre-
and post-SDR median = 0.868 and 0.935 s, and interquartile
range: 1.308 and 0.284 s, respectively) did not change (p = 0.99),
the time interval from max DF to max PF (pre- and post-SDR
median = 0.125 and 0.156 s, and interquartile range: 0.153 and
0.253 s, respectively) significantly increased (p = 0.0068) after
SDR surgery (Figure 4B).

No significant correlation was found between the changes in
ankle passive ROM and the changes in quasi-stiffness [rs = 0.36
for ankle ROM at 0◦ knee angle vs. stiffness (p = 0.30) and rs =
0.24 for ankle ROM at 90◦ knee angle vs. stiffness (p= 0.41)].

DISCUSSION

The present study showed increased passive ankle joint ROM
and decreased quasi-stiffness for children with CP after SDR.

These results support both of our hypotheses. Furthermore,
we found that the time interval from max DF to max PF
during gait was elevated substantially by SDR. Numerous studies
(3, 5, 6, 11) have reported motor function improvement for
children with CP after SDR. Together with the other passive
and active outcome measures presenting improvement, the
decreased quasi-stiffness and the increased time interval might
be associated with better motor control and an indication of
enhanced joint stability post-SDR.

Increased passive ROM of ankle joint both at knee flexion
and extension indicates improvement in passive mechanical
characteristics of all plantar flexor muscles. Additionally,
gastrocnemius EMG revealed an improved phasic activity
after SDR. This also contributed to a reduction in passive
joint stiffness. As the children with CP underwent physical
therapy (per our program’s post-SDR therapy protocol), the
improvement in passive ROM may be more associated with
the physical therapy intervention, than SDR alone. A previous
study (9) showed that the improvement in passive joint stiffness
observed a year after surgery was sustained even 20 years
after SDR. This emphasizes the major progressive role of SDR.
Nevertheless, together with the physical therapy, the entire effect
of SDR on the passive ankle joint ROM is substantial.

We found that the dynamic gait characteristics of the ankle
joint improve after SDR. Specifically, a significant increase inmax
DF and reduction of max PF indicate a substantial shift of ankle
angles used during walking. The shift in ankle angles suggests a
reduction in equinus gait after SDR in children with CP, which
is consistent with previous gait analysis data (28, 29). Thus, gait
in children with CP who undergo SDR appears to shift the gait
kinematics toward a more typically developing gait, potentially
due to changes in motor control.

On the other hand, the changes in passive ankle ROM do
not correlate with the joint quasi-stiffness. This could be due to
the fact that the passive behavior of joints comprises not only
the passive muscle characteristics but also the amount and the
stiffness of non-muscular structures such as fascial connective
tissues, aponeurosis, ligaments, and nerves (30, 31). Therefore,
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FIGURE 3 | Box-and-whisker plot of passive ankle range of motion (ROM)

(A) when the knee was at 0◦ (fully extended) and (B) when the knee was at

90◦ for pre- and post-SDR. Negative and positive ankle ROM values indicate

plantar flexion and dorsiflexion positions, respectively. Pre- and Post-SDR

values are significantly different for both A and B.

this finding suggests the need for new studies on the active and
passive characteristics of individual muscles as well as stiffness of
non-muscular structures. Individual muscle stiffness in relation
to joint stiffness can be identified by using e.g., ultrasound
elastography method. A previous study (32) using the shear wave
elastography (SWE) approach reported that the gastrocnemius in
its passive state is stiffer in children with CP than in children
with typical development. The SWE approach can be reliably
used [e.g., (33)] to evaluate the stiffness of muscles activated at
different intensities up to maximum voluntary contraction for
healthy adults. Further studies evaluating the correlation between
passive muscle properties and stiffness of individual muscles
during dynamic conditions in children with CP and the effects
of SDR on these properties should be considered.

Decreased joint ROM and increased joint stiffness, which
characterize spastic CP are associated with changes in the
material properties of contractile and non-contractile structures
(14). Repetitive spastic contractions that cause muscle shortening
(13) are typically accepted as the main reason for contracture

FIGURE 4 | Box-and-whisker plot of (A) the ankle joint quasi-stiffness and

(B) the time interval from max DF moment to max PF moment for Pre- and

Post-SDR. Pre- and Post-SDR values are significantly different for both A

and B.

formation of the muscles crossing the related joint. It has
also been reported, by using an instrumented and model-based
approach that the active neural contribution of plantar flexor
muscles is a major source of higher ankle joint stiffness in CP
(16). In line with these previous works, our study demonstrates
that SDR diminishes the neural source of spasticity and improves
ankle joint quasi-stiffness. However, Tedroff et al. argued that
anti-spasticity treatment may not prevent long-term muscle
contractures (5). Consistent with this argument, Olsson et al.
(34) reported that increased passive tension in vivo is unrelated
to the stretch reflex for spastic vastus lateralis of spinal cord
injured patients by using EMG and dynamometer data collected
during knee flexion and extension. From the biopsied muscle
samples, they showed fiber type alterations and higher passive
tension at the cell level due to spasticity as well (34). Moreover,
using hamstring biopsies Smith et al. (35) showed that not muscle
fibers but fiber bundles comprising the extracellular matrix of
children with CP were stiffer than that of age-matched controls.
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Recent studies on active mechanical characteristics of muscles of
children with CP (36–38) indicated that fascial structures have a
prominent role during co-activity of synergistic and antagonistic
muscles. Therefore, passive structures such as connective tissues
can modify the active force production capacity of muscles in
CP. Together with these previous reports, our findings suggest
that further research aiming to understand muscle contracture
formation should focus on mechanical alterations of non-
contractile structures and their specific effects on active muscle
force production.

It should be noted that our study is limited with 10 patients
with a comparably short follow-up period since the operation
has not been performed in our clinic for long. Moreover, clinical
evaluations of the strength of joints involved and selective
control are important for understanding the long-term stability
of the joints. However, these evaluations were not completed and
reported for the patients included in this study. Post-SDR ankle
contractures occur later stages or after childhood and adolescent
growth. Therefore, to better understand the pathophysiology
of post-SDR ankle contractures, the relationship between ankle
weakness, motor control, and ankle joint stiffness, including
ankle quasi-stiffness analysis will be necessary in long-term
follow-up studies. Further, for dynamic activities, investigating
stiffness is not only essential for the ankle but also the knee and
the hip joints. Hence, in the future, one should also consider
pre- and post-SDR quasi-stiffness calculations for the knee and
hip joints in order to advance treatment strategies and prevent
later contractures.

In conclusion, the present study shows that passive and
dynamic ankle joint characteristics improve after SDR.
Significant changes in ankle joint quasi-stiffness and in the
time interval from max DF to max PF may indicate better motor

control together with other outcomes, which reveal progress
in dynamic joint parameters. Further research on muscle
contracture following SDR is suggested, in particular with a
focus on mechanical alterations of intramuscular non-contractile
structures as well as non-muscular tissues.
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Ankle Motion Is Associated With Soft
Tissue Displacement in the Dorsal
Thigh: An in vivo Investigation
Suggesting Myofascial Force
Transmission Across the Knee Joint
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Experiments in cadavers have demonstrated significant mechanical interactions
between constituents of myofascial chains. However, evidence for such force
transmission effects is scarce under in vivo conditions. The purpose of this trial was
to examine the impact of ankle motion on soft tissue displacement of the dorsal thigh.
Eleven healthy active individuals (26.8 ± 4.3 years, six males), in prone position and with
the knee extended, underwent passive calf stretches (ankle dorsal extension) imposed
by an isokinetic dynamometer. High-resolution ultrasound was used to simultaneously
capture the displacement of the semimembranosus muscle, which was quantified by
means of cross-correlation analysis. Inactivity of the leg muscles was controlled using
surface electromyography (EMG). One participant had to be excluded due to major
EMG activity during the experiment. According to a one-sample t test testing the
difference to the neutral zero position, ankle dorsal extension induced substantial caudal
muscle displacements (5.76 ± 2.67 mm, p < 0.0001). Correlation analysis (Spearman),
furthermore, revealed a strong association between maximal dorsal extension and
semimembranosus motion (rho = 0.76, p = 0.02). In conclusion, the present trial
provides initial in vivo evidence for a mechanical force transmission between serially
connected skeletal muscles. This means that local alterations of the mechanical tissue
properties may modify flexibility in neighboring (superior or inferior) joints.

Keywords: myofascial force transmission, ultrasound, range of motion, fascia, myofascial chains

INTRODUCTION

Fascia, the collagenous connective tissue surrounding the skeletal muscles, has long been regarded
as a passive packing organ with limited significance for the locomotor system (van der Wal,
2009). However, recent research unveiled a far more complex role. Firstly, histological studies
have demonstrated the intrafascial existence of myofibroblasts (e.g., in the gastrocnemius fascia;
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Bhattacharya et al., 2010). Their contraction, most probably
mediated by the vegetative nervous system, can produce
substantial increases of tissue stiffness in the long-term (Schleip
et al., 2019). Secondly, already within minutes or hours,
alterations of the water content, e.g., induced by isometric
stretching, have been shown to significantly impact viscoelastic
tissue properties (Schleip et al., 2012). The capacity of fascia to
soften or harden in response to mechanical stimuli may be of
particular importance due to another newly discovered feature.
In contrast to prior assumptions, the surrounding fasciae do not
separate, but connect the skeletal muscles. This architecture can
be found between synergists and antagonists located parallel to
each other (Yucesoy, 2010) as well as between muscles arranged
in-series (Wilke et al., 2016a; Wilke and Krause, 2019).

As a consequence of intermuscular continuity (Yucesoy,
2010; Wilke et al., 2016a; Wilke and Krause, 2019) it has been
hypothesized that the modification of local tissue properties
can affect adjacent structures (Wilke et al., 2019a): if the
linkages connecting two muscles are stiff enough, they may
transmit force. In fact, experimental trials made such observation,
showing that length changes of lower leg muscles induced
mechanical strains in neighboring synergists and antagonists
(Huijing and Baan, 2001; Huijing et al., 2011). Since removing
the fibrous linkages between the muscles reduced this effect
(Huijing and Baan, 2001), the previously produced strains
seem to stem from a mechanical force transmission (Yucesoy,
2010). In their systematic review of cadaveric studies, Krause
et al. (2016) aimed to answer the question as to whether
mutual interactions would also occur between serially connected
muscles. According to their findings, substantial forces can
be transmitted, particularly in the posterior myofascial chain
(plantar aponeurosis, gastrocnemius, hamstring muscles, lumbar
fascia/erector spinae muscle). For instance, traction applied to
the biceps femoris leads to a force transmission to the lumbar
fascia (Vleeming et al., 1995). However, as cadavers (a) frequently
exhibit alterations of mechanical tissue properties (e.g., due to
fixation in solutions like formalin) and (b) do not produce
neuromuscular activity, the findings of most studies investigating
in-series mechanical force transmission cannot be extrapolated to
in vivo conditions.

As indicated, to date, only few trials have examined the
relevance of myofascial chains in the living organism. A couple
of studies demonstrated remote flexibility increases following
local exercise treatments (Grieve et al., 2015; Wilke et al.,
2016b, 2017, 2019b; Joshi et al., 2018). These findings
are intriguing, seemingly verifying the observations made
in vitro. It seems plausible that a decrease in tissue stiffness,
induced by the local interventions, can be transmitted to
more cranial structures (e.g., from Hamstrings and to
the neck muscles). However, as the measured outcome
(range of motion) represents a functional parameter, the
registration of non-local exercise effects does not provide a
definite proof for myofascial force transmission under living
conditions. The use of high-resolution ultrasound imaging
can resolve this research deficit as it is able to visualize a
non-stretched tissue during elongation of a neighboring,
connected structure: If substantial forces would be transmitted

through the linkage, a visible displacement of the non-stretched
tissue should occur.

Using a simple experimental approach (Cruz-Montecinos
et al., 2015) showed that an anterior pelvic tilt leads to a
recognizable displacement of the gastrocnemius fascia. Their
sonographic examination provides first indications for a cranial-
caudal force transmission effect originating at the hip joint.
However, in many movements of daily life and sports (e.g.,
walking, sprinting, jumping, squatting), forces are generated
in the legs and hypothetically transmitted in direction of the
trunk. In addition to this, all above described available in vivo
trials examining the functional relevance of myofascial chains
were (1) based on caudal-cranial force transmission and (2)
mainly focused treatments around the ankle joint (plantar fascia
massage, calf stretching). The present proof-of-principle study,
therefore, aimed to elucidate for the first time, if a dorsal
extension movement (also often referred to as dorsal flexion) of
the ankle leads to a myofascial force transmission to the posterior
thigh under in vivo conditions.

MATERIALS AND METHODS

Ethical Standard
The experimental ultrasound study was approved by the local
ethics committee and conducted according to the Declaration of
Helsinki as well as the guidelines of Good Clinical Practice. All
enrolled participants provided written informed consent.

Sample
Eleven healthy active individuals (26.8 ± 4.3 years, 6♂,
5♀) volunteered to participate. Exclusion criteria included
severe orthopedic, cardiovascular, neurological, endocrine and
psychiatric diseases, acute inflammation or history of surgery
in the lower limb, intake of drugs that modify pain perception
and proprioception, muscle soreness and pregnancy or nursing
period. Recruitment was performed by word of mouth.

Experimental Approach
A schematic depiction of the experimental approach is shown
in Figure 1. All experiments were conducted in the same room
and at constant temperature and daytime. The participants were
positioned in a standardized prone position on an isokinetic
dynamometer (Cybex Norm, Cybex, Ronkonkoma, New York,
United States), having their ankle joint axis aligned with the
rotational axis of the device. A fixation belt was attached over
dorsal pelvis (thus not compressing the Hamstring muscles) to
prevent body movement. In the experiment, the ankle (tested
leg chosen randomly) was moved passively between plantar
flexion and maximal achievable dorsal extension by means
of the dynamometer’s continuous passive motion function.
During the measurements, ankle joint angle [◦], relative to
the neutral zero position, was constantly recorded by the
device. Three repetitions, averaged for analysis, were performed
at an angular velocity of 5◦/s (Krause et al., 2019). The
participants were instructed to remain completely passive,
avoiding any voluntary muscle activity. To confirm this,
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FIGURE 1 | Schematic illustration of the experimental set-up. In the prone
position and with the knee extended, the ankle joint was passively moved
between plantar flexion and dorsal extension (arrow shows way into dorsal
extension). Maximal dorsal extension was calculated as the distance from a
calibrated neutral zero position (dashed line). Ultrasound recordings were
made over the semimembranosus muscle in order to estimate tissue
displacement induced by the ankle motion. EMG (not depicted here) used as
biofeedback ensured that no voluntary muscle activity occurred. Pelvic fixation
with a strap was required to prevent body motion induced by the
dynamometer action. As the belt was not in contact with the Hamstrings, it
did not affect tissue displacement.

surface electromyography (Biopac MP 160, Biopac Systems
Inc., Goleta, CA, United States) was used to monitor muscle
activity, providing the participants with live biofeedback. After
preparation of the skin (shaving and alcohol cleansing), Ag-
AgCl electrodes (8 mm diameter) were positioned over the
muscle bellies of the m. semimembranosus, m. gastrocnemius,
m. quadriceps femoris and m. tibialis anterior as well as
over the lateral malleolus and the lateral femur condyle with
the latter two being reference electrodes. Sensor placement
was determined according to the SENIAM (surface EMG
for non-invasive assessment of muscles) recommendations
(Hermens et al., 2000). Electrodes were placed at 1/3 of
the distance between the ischial tuberosity and the knee’s
medial joint line (semimembranosus), on the most prominent
bulge of the gastrocnemius muscle, at 50% of the distance
between the anterior spina iliaca superior and the superior
part of the patella (quadriceps femoris) and at 1/3 of the
way between the tips of the fibula and the medial malleolus
(tibialis anterior). Data were sampled at a rate of 1.600 kHz
and filtered with a high- and low-pass filter of 10 and
500 Hz, respectively.

In order to familiarize the participants with the device and
measurement conditions and to practice keeping the lower leg
muscles inactive, a warm-up of three flexion-extension cycles
was performed prior to the actual measurements. This approach
has already been used successfully in a previous, similar study
(Krause et al., 2019).

A high-resolution ultrasonography device (My Lab 70, Esaote
Biomedica, Genoa, Italy) was used to assess tissue displacement
upon ankle joint movement. Video recordings, depicting the
soft tissue of the dorsal thigh, were made with a linear
array transducer (custom-made, 100 mm × 8 mm, 7.5 Hz)
positioned over the belly of the semimembranosus muscle. To

prevent artifacts induced by variations in pressure to the skin,
a custom made template consisting of thermoplastic polymer
was used for fixation (Cruz-Montecinos et al., 2015). To detect
potential probe movement over the skin, acoustically reflective
markers (thin stripes of micropore tape) which are clearly
visible in the ultrasound image, were placed on the skin
(Morse et al., 2008).

Outcome
To reveal the spatial relations in the area of interest of
the United States image, the thickness of the subcutaneous
tissue and the deep fascia of the semimembranosus muscle
were determined using ImageJ (NIH, Bethesda, MD,
United States). Five equidistant measurements were taken
at rest and averaged.

The maximal horizontal displacement of the
semimembranosus muscle [mm distance from resting position]
during maximal passive ankle dorsal extension represented
the primary outcome. It was quantified using a frame-by-
frame cross-correlation analysis of the obtained ultrasound
videos, which reveals the maximum displacement of the muscle
relative to the zero position without ankle movement (see
Figure 2). The employed algorithm, created in MATLAB (The
MathWorks, Inc., Natick, MA, United States), was developed
by Dilley et al. (2001) and has been shown to represent a
highly reliable method to quantify tissue displacement (ICC:
0.77 to 0.99). Briefly, the software calculates the correlation
coefficient between the pixel gray levels of successive frames
within previously defined, rectangle-shaped regions of interest
(ROI) of the successive frames. The pixel shift revealing the
highest coefficient represents the relative movement between
two frames. In video recorded in this trial, six equidistant
ROIs (approximate size: 5 × 1 mm) were placed within the
semimembranosus. Mean maximal horizontal displacement
of the ROIs was calculated and analyzed as quantification of
muscle displacement. Excellent reliability of this approach (use
of the described software and six ROIs including interpretation
procedure) has been demonstrated in a previous trial of our
workgroup, which also examined fascial displacement in the
thigh (Krause et al., 2019).

Data Processing and Statistics
The recorded ultrasound, dynamometer and EMG data were
synchronized using a common electrical impulse delivered
through an external trigger to the interface of the employed
software (Acqknowledge, Biopac Systems Inc., Goleta, CA,
United States). Besides providing biofeedback, EMG data
were used to detect involuntary muscle activity with two
approaches implemented in the software package: The first
was based on a normalization against maximum voluntary
contraction (MVC), which was determined by means of isometric
contractions of the included muscles. Here, muscle activity
was defined as any root mean square values (0.03 s) >5%
MVC. The second was based on the algorithm of Hodges
and Bui (1996). Briefly, it determines the mean and standard
deviation of the signal during a period of 0.25 s under
resting conditions and creates a filtered average rectified value
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FIGURE 2 | Exemplary visualization of ultrasound-based cross-correlation analysis. Equidistant ROIs (red rectangles) are selected at rest (left image). In this example,
five ROIs have been positioned: three within the fascia and one in each, the subcutaneous tissue (SCT) and the muscle. Upon movement (right image), pixel
displacements relative to the center of the non-moving ROIs (small yellow square inside the red rectangles in left picture) are tracked (yellow line in right picture). The
end of the line indicates the maximal displacement, which is computed by the software algorithm.

(ARV). It then extracts the variance with regard to the
noise by means of dividing the difference between the ARV
and the mean by the standard deviation. For the resulting
signal, the median is calculated for the entire waveform.
Any activity exceeding this median for at least 0.1 s is
considered as muscle activity. Once one of the two methods
described detected muscle activity, the corresponding trials were
discarded from analysis.

Regarding the kinematic data indicating maximal ankle
dorsal extension (◦) and horizontal tissue displacement
(mm), mean values were calculated for the three movement
cycles in each condition. To answer the question as to
whether ankle movement leads to cranial displacement
of the semimembranosus myofascial soft tissue, a twofold
approach was chosen. Firstly, the one-sample t test and
95% confidence intervals (95% CI) were used in order
to examine whether movement of the semimembranosus
occurred (systematic difference to zero). Potential discrepancies
between men and women were detected using the t test
for independent samples. Effect sizes of both tests were
calculated and interpreted according to Cohen (1992) as small
(d = 0.2), medium (0.5) or large (0.8). Secondly, to identify
significant associations between ankle dorsal extension and
semimembranosus displacement, Spearman’s rank correlation
was used. According to Evans (1996), resulting coefficients
were graded as poor (<0.2), weak (0.2 to 0.4), moderate
(0.4 to 0.6), strong (0.6 to 0.8) or optimal (>0.8). Finally,
to demonstrate the reliability of the software algorithm for
tissue displacement, the intraclass correlation coefficient was
used (Bland and Altman, 1996). Based on the suggestions
of Fleiss (1986), resulting reliability values were classified as
poor (<0.4), moderate (0.4 to 0.75), or excellent (>0.75).
All calculations were made with BiAS for Windows 11.2
(Goethe-University, Germany); the significance level was
set to α = 0.05.

RESULTS

All participants completed the experiment. However, while the
analyses of the EMG confirmed absence of muscle activity in
10 individuals, one showed above-threshold values and hence,

the corresponding data were not included in the inferential
statistics. The subcutaneous tissue, per average, had a thickness
of 3.80 ± 2.17 mm. With 1.32 ± 0.49 mm, the deep fascia was
about two thirds smaller.

Hamstring Displacement
Calculating tissue displacement was highly reliable, revealing
almost perfect agreement between the five repetitions
(ICC = 0.81, 95%CI: 0.66 to 0.97, p < 0.0001). Corrected
for probe movement over the skin, which was negligible
(0.09 ± 0.10 mm), passive ankle dorsal extension induced
a significant caudal semimembranosus displacement of
5.76 ± 2.67 mm (95%CI: 3.86 to 7.68, p < 0.0001, d = 2.16).
The highest value (10.87 ± 1.57 mm) was registered in a
22-year old female while the lowest displacement was found
in a 24-year old male (1.22 ± 0.64 mm). In sum, higher
values (6.74 ± 3.03 mm) occurred in women when compared
to men (5.12 ± 2.46 mm), however, despite a moderate
effect size (d = 0.60), this difference did not reach statistical
significance (p = 0.38).

Correlation With Ankle Dorsal Extension
Maximal ankle dorsal extension, per average, was 19.8 ± 5.0
degrees. Spearman analysis revealed a strong positive

FIGURE 3 | Scatter plot showing the relation between maximal ankle dorsal
extension and dorsal thigh soft tissue displacement. Black circles represent
males, open circles represent females.
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correlation between the extent of caudal semimembranosus
displacement and dorsal extension (p = 0.02, rho = 0.76),
which suggests that higher ankle movement amplitudes were
associated with larger displacements of the semimembranosus
muscle (Figure 3).

DISCUSSION

The mechanical role of the soft tissue has been a recent
focus of fascia research (Zügel et al., 2018). However, despite
compelling evidence from cadaver experiments, pointing
toward the occurrence of in-series force transmission effects
across myofascial continuities (Krause et al., 2016), there
has been a lack of in vivo studies regarding this topic,
hitherto (Zügel et al., 2018). Our trial shows that maximal
ankle dorsal extension is associated with significant caudal
displacements of the semimembranosus muscle and its
encapsulating fascia. This finding may explain the remote
exercise effects detected in previous studies: It had been
shown that stretching or self-myofascial release treatments
induced flexibility increases in neighboring or even more
distant cranial joints (Grieve et al., 2015; Wilke et al., 2016b,
2017, 2019a; Joshi et al., 2018). Although representing an
intriguing observation, the occurrence of non-local changes
in such functional outcome could not only be related to a
force transmission across myofascial continuity but also be
due to other factors such as systemic neural adaptations,
i.e., altered stretch tolerance. Against this background, the
remote soft tissue displacements established here may, in
fact, demonstrate that mechanically relevant amounts of force
are transferred to serially connected skeletal muscles in the
living organism.

As indicated, this is one of the first studies examining
serial myofascial force transmission under in vivo conditions.
The only similar trial conducted by Cruz-Montecinos et al.
(2015) demonstrated a coupling of pelvic movement and
displacement of the gastrocnemius fascia. The absolute
magnitude of fascial displacement was higher in our
data (5.8 mm vs. 1.5 mm). This difference may be
explained by various factors, including differences in the
imaged muscle (semimembranosus vs. gastrocnemius),
the moved joint (ankle vs. pelvis) and the direction of
force transmission (caudal-cranial vs. cranial-caudal).
Notwithstanding, a common finding of both studies was
the strong correlation of local ROM alterations and consecutive
remote tissue displacements.

The practical implications of our research span from
sports performance to musculoskeletal disorders. Coaches
and exercise professionals should be aware that stretching
treatments do affect both the targeted tissue but also
morphologically linked skeletal muscles. The relevance of
the exercise position, for instance having the knee extended
or not when targeting the calf, thus extends beyond the
question of mono- or bi-articularity of muscles. In essence,
it may be argued that fascial tissues represent a potential
contributor to restrictions in flexibility, which would be in

accordance with previous data (Wilke et al., 2018). Besides
its potential relevance under normal conditions, myofascial
force transmission could also play a role in the development of
overuse disorders. It had been speculated that the occurrence
of non-local abnormalities (e.g., increased hamstring stiffness
in patients with plantar fasciitis) stems from a pathologically
altered/excessive degree of myofascial force transmission
(Wilke et al., 2019a). In order to further substantiate
this assumption, it seems of interest to conduct similar
experiments in both healthy individuals and patients with
musculoskeletal disorders.

When interpreting the novel findings, some noteworthy
methodological considerations need to be made. Firstly, the
measured soft tissue displacement represents a highly plausible
surrogate but not a direct measure of transferred force. While
this represents a rather theoretical concern, the effects observed
must not only stem from a serial force transmission. Ankle
movement has been demonstrated to modify the stiffness
of the sciatic nerve. As it crosses the knee joint, it may
have an impact on the mechanics of the thigh (Andrade
et al., 2016). In addition, the fascial bands spanning from
the gastrocnemius muscle to the dorsal thigh do not only
attach to the semimembranosus but also to the other parts
of the Hamstrings. Previous research revealed substantial
mutual interaction between muscles located in parallel (Huijing
and Baan, 2001). If force was hence transmitted from
the calf it is tenable to assume that it also reached the
biceps femoris and the semitendinosus. As a consequence,
particularly the forces acting on the latter (pulling it in the
caudal direction in the same way as occurring with the
semimembranosus), could have induced a (minor) part of
the muscle displacement. Another issue relates to the sample
size of our investigation. Evidently, it was sufficient to reveal
the presence of semimembranosus motion and its correlation
to ankle movement. However, our study may have been
underpowered with regard to the influence of sex: female
participants had higher displacements but the significance
threshold was failed for this observation. Future studies, further
delineating the role of sex on serial force transmission are
therefore warranted. Finally, a couple of additional outcomes
may be of particular value for upcoming research. Besides
visualizing other muscles (e.g., those located in parallel and
the calf muscles), it would be intriguing to measure the
pennation angle in order to complement the displacement data.
From a mechanical point of view, our experimental set-up
did not allow for a judgment of tissue stiffness which could
be another relevant effect modifier. It may be argued that
higher stiffness of the implicated transmitting structures (in
this case the gastrocnemius) would allow for a higher degree
of force transmission. One possibility to assess this outcome
would be using the isokinetic dynamometer to calculate the
passive resistive torque produced during ankle movement. As a
supplement, elastography, which has recently been used to study
the mechanical properties of the lower leg muscles (Ates et al.,
2017), could be added to gain further insight the mechanical
properties of the leg muscles. Particularly, it would allow the
measurement of stiffness changes in the entire Hamstring group
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in order to quantify the degree of myofascial force transmission
from muscle arranged in parallel.

CONCLUSION

Our study demonstrated under in vivo conditions that
mechanical force is transmitted between the ankle and the dorsal
thigh upon passive stretching of the gastrocnemius. This finding
may represent the morphological substrate of remote exercise
effects occurring after treatments based on myofascial chains.
The correlation of semimembranosus displacement and ankle
dorsal extension, furthermore, may suggest that fascial tissue
can restrict flexibility. Future research should elucidate the
functional implications of the observed transmission effects in
sports and disease.
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Defining variations in skeletal muscle passive mechanical properties at different size
scales ranging from single muscle fibers to whole muscles is required in order to
understand passive muscle function. It is also of interest from a muscle structural point-
of-view to identify the source(s) of passive tension that function at each scale. Thus,
we measured passive mechanical properties of single fibers, fiber bundles, fascicles,
and whole muscles in three architecturally diverse muscles from New Zealand White
rabbits (n = 6) subjected to linear deformation. Passive modulus was quantified at
sarcomere lengths across the muscle’s anatomical range. Titin molecular mass and
collagen content were also quantified at each size scale, and whole muscle architectural
properties were measured. Passive modulus increased non-linearly from fiber to whole
muscle for all three muscles emphasizing extracellular sources of passive tension
(p < 0.001), and was different among muscles (p < 0.001), with significant muscle
by size-scale interaction, indicating quantitatively different scaling for each muscle
(p < 0.001). These findings provide insight into the structural basis of passive tension
and suggest that the extracellular matrix (ECM) is the dominant contributor to whole
muscle and fascicle passive tension. They also demonstrate that caution should be
used when inferring whole muscle properties from reduced muscle size preparations
such as muscle biopsies.

Keywords: passive tension, scaling, titin, collagen, muscle architecture

INTRODUCTION

Passive tension is borne by a muscle when it is lengthened beyond slack length. This
increased tension resists further stretch, even in the absence of muscle activation.
Passive mechanical properties vary among muscles (Brown et al., 1996; Shah et al.,
2004; Prado et al., 2005; Ward et al., 2009), differentiate between healthy and pathologic
muscle (Abrams et al., 2000; Fridén and Lieber, 2003; Lieber et al., 2003; Meyer and
Lieber, 2012), and adapt in response to altered use (Brown et al., 1996; Takahashi
et al., 2007). However, understanding the underlying basis for these passive properties
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requires measuring passive mechanical muscle properties and
identifying sources of passive tension at each size scale.

Passive tension is generally attributed to both the extracellular
matrix (ECM) and intracellular titin (also known as connectin),
both of which have viscoelastic properties. Muscle ECM, which is
dominated by collagen in terms of mass, is organized into three
interconnected levels – epimysium surrounds whole muscles,
perimysium surrounds fascicles, and endomysium surrounds
individual fibers (Borg and Caulfield, 1980; Trotter et al., 1995).
These distinctions represent anatomical definitions with very
little structural or functional basis. These various connective
tissue layers provide structural support and play an important
role in force transmission between fibers and tendon (Trotter
and Purslow, 1992). Another passive load bearing structure is
titin (Wang, 1985; Maruyama, 1986), which is a large (∼4 MDa)
protein that spans from the sarcomere M-line to the Z-disk
(Maruyama et al., 1985) and bears tension with increased
sarcomere strain (Trombitas et al., 1995).

The relative contribution of ECM and titin may be muscle
(Prado et al., 2005), size-scale (Meyer and Lieber, 2011; Smith
et al., 2011), and strain dependent (Trombitas et al., 1995).
Titin clearly bears passive load in myofibrils (Linke et al., 1994;
Bartoo et al., 1997) and functions at low muscle strains (Wang
et al., 1991; Linke et al., 1994; Trombitas et al., 1995; Brynnel
et al., 2018). ECM is thought to dominate at the fiber bundle
(Meyer and Lieber, 2011; Smith et al., 2011) and whole muscle
(Olsson et al., 2006) level and act at high strains (Williams
and Goldspink, 1984; Linke et al., 1994; Brown et al., 2011a;
Meyer and Lieber, 2011). Unfortunately, most passive mechanical
studies are performed at only one size scale and then extrapolated
to other scales to predict structure-function relationships (Fridén
and Lieber, 2003; Lieber et al., 2003; Ward et al., 2009; Brown
et al., 2011a; Meyer and Lieber, 2011). With increasing size,
additional layers of ECM are included in the sample, which may
result in a non-linear scaling relationship in skeletal muscle.
However, experimental data are not available to support or
refute this concept.

In contrast to passive tension, active muscle tension clearly
results from intracellular interaction among actin and myosin
contractile proteins within individual sarcomeres and whole
muscle active tension is accurately modeled by linearly scaling
the number of sarcomeres acting in series and in parallel. At the
whole muscle level, muscle architecture (i.e., the arrangement of
muscle fibers within a muscle) predicts both active isometric force
(Powell et al., 1984) and excursion (Winters et al., 2011) to a first
approximation. Exceptions to this statement are based on higher
order effects in muscles that may occur due to myofascial force
transmission among muscles (Maas et al., 2001, 2003) or history-
dependent changes in active force (Edman et al., 1982; Joumaa
and Herzog, 2014). However, since neither myofascial force
transmission nor history-dependent changes are generalizable to
date, they are not typically included in biomechanical models
of active muscle force. Since passive tension is mediated by
both intra- and extra-cellular contributions (which are poorly
understood at the various scales) scaling laws for passive muscle
mechanical properties are not currently known. Indeed, our
previous study of active muscle properties showed that active

tension scaled linearly with sarcomere number but passive
tension predictions were off by 25% to 150% depending on
muscle and strain (c.f. Figure 3 of reference Winters et al., 2011).

Thus, the purpose of this study was to measure the passive
mechanical properties of single muscle fibers, fiber bundles,
fascicles, and whole muscles from the same samples of three
architecturally diverse muscles from New Zealand White rabbits.
Fiber number, titin isoform, and collagen content were also
measured to provide insights into, which, if any of these
parameters affect passive modulus at each scale.

MATERIALS AND METHODS

Whole Muscle Mechanical Testing
All experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of the University
of California, San Diego. The tibialis anterior (TA; n = 6),
extensor digitorum longus (EDL; n = 6), and extensor digitorum
of the second toe (ED2; n = 6) muscles of New Zealand White
rabbits (mass = 2.68 ± 0.04 kg; mean ± standard error of the
mean) were chosen due to their highly varied architecture and
accessibility (Lieber and Blevins, 1989; Takahashi et al., 2007).
Animal preparation and measurement of whole muscle isometric
contractile properties were performed as previously described
(Lieber et al., 1991; Lieber and Friden, 1993). Briefly, rabbits
were anesthetized using a subcutaneous injection of a ketamine-
xylazine cocktail (35 and 5 mg/kg, respectively) and maintained
on 2% isoflurane (IsoFlo; Abbott Laboratories, North Chicago,
IL, United States) at 2 L/min through a face-mask. Heart rate
and oxygen saturation were monitored (VetOx, Heska Co., Fort
Collins, CO, United States) throughout the test. A mid-line
incision was made from the mid-thigh to the ankle to expose
the muscle and tendon. The hindlimb was immobilized in a
custom jig via tightened screws at the femoral condyles and
malleoli. Suture markers were placed at the distal and proximal
muscle-tendon junctions to define muscle length (Lm). The distal
tendon was transected, released from the extensor retinaculum
(for TA and EDL), and clamped to a servomotor (Cambridge
Model 310B; Aurora Scientific, Aurora, ON, Canada) at the
muscle-tendon junction and aligned with the force-generating
axis of the motor (Lieber et al., 1991). For TA and EDL testing,
both tendons were cut to avoid the confounding effect of
the other muscle.

The mechanical testing protocol consisted of a series of passive
stretches over a range of muscle lengths. Neutral muscle length
(Lm0) was defined as the muscle length at which the hip and
knee were at 90◦ and the ankle was at 0◦ dorsiflexion and
neutral, muscle fiber length (Lf0) was calculated using previously
determined fiber length-to-muscle length ratios (Lieber and
Blevins, 1989). Measurements were obtained at discrete lengths
ranging from Lm0−5% Lf0 to Lm0+40% Lf0 in increments of
5% Lf0 with surrounding muscles maintained at their in situ
length. Passive tension at each length was measured 3-min after
each stretch to permit stress-relaxation. Force and length were
acquired at 4 kHz (610E series; National Instruments, Austin, TX,
United States) and a custom-written LabView program (National
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Instruments). This sequence was repeated for each of the three
muscles in each animal.

Upon completion of testing, animals were euthanized
with pentobarbital (Euthasol; Virbac AH, Fort Worth, TX,
United States) and muscles were removed, blotted dry and
weighed. Muscles were then divided longitudinally with one half
(randomized) fixed at neutral length for 3–5 days in 10% buffered
formalin for architectural determination. The distal one-third of
the other section was removed and placed into a glycerinated
storage solution [composed of 170.0-mM KPropionate, 5.0-
mM K3EGTA, 5.3-mM MgCl2, 10.0-mM imidazole, 21.2-mM
Na2ATP, 1.0-mM NaN3, 2.5-mM glutathione, 50-µM leupeptin,
and 50% (v/v) glycerol] at −20◦C for up to 4 weeks (Fridén and
Lieber, 2003; Lieber et al., 2003; Einarsson et al., 2008) for further
in vitro passive mechanical testing.

Fiber, Fiber Bundle, and Fascicle
Mechanical Testing
Muscles were removed from storage solution and transferred
into chilled relaxing solution maintained at pCa 8.0 and pH
7.1, consisting of the following: 59.4-mM imidazole, 86.0-mM
KCH4O3S, 0.13-mM Ca(KCH4O3S)2, 10.8-mM Mg(KCH4O3S)2,
5.5-mM K3EGTA, 1.0-mM KH2PO4, 5.1-mM Na2ATP, and 50.0-
µM leupeptin. Single fibers, fiber bundles (approximately 20
fibers), and fascicles (approximately 300 fibers defined by natural
ECM divisions) were carefully dissected from the same muscle.
Each sample (1.5–3.0 mm in length) was mounted in a chamber
in a custom apparatus at room temperature (20◦C). Using 10-
0 monofilament nylon suture, samples were secured to a force
transducer (Model 405A for fibers and bundles and 404A for
fascicles, Aurora Scientific, Ontario, Canada) on one end and
to a titanium wire rigidly attached to a rotational bearing
(Newport MT-RS; Irvine, CA, United States) on the other end
(see Figure 1 for sample illustrations of each size scale). Segments
displaying obvious abnormalities or discolorations were not used.
Samples were transilluminated by a low-powered laser diode
to permit sarcomere length measurement by laser diffraction
(Lieber et al., 1984).

Each segment was brought to slack length (length at which
tension was∼2 µN), and segment diameter and length measured
optically with a cross-hair reticule mounted on a dissecting
microscope. Samples were deformed in incremental strains of
∼0.25 µm/sarcomere and each stretch was held for 3 min
to permit stress relaxation before measuring passive tension
(Fridén and Lieber, 2003). Segments were stretched in total to
∼100% strain. Samples were discarded if they did not produce
a clear diffraction pattern, if irregularities appeared along their
length during testing, or if they were disrupted at either suture
attachment site. Two fibers, bundles, and fascicles from different
regions of each muscle were tested to avoid regional bias. After
testing, samples were transferred to microcentrifuge tubes and
half was suspended in sodium dodecyl sulfate-vertical agarose gel
electrophoresis (SDS-VAGE) sample buffer (Warren et al., 2003)
for titin analysis and the other half placed in an empty tube for
collagen content analysis. All samples were stored at−80◦C until
biochemical analysis.

FIGURE 1 | Photomicrograph of samples at the single fiber, fiber bundle
(approximately 20 fibers), and fascicle (∼300 fibers, defined by natural ECM
divisions) scale. Each sample (1.5–3.0 mm in length) was secured using
suture to a force transducer on one end and a titanium wire rigidly attached to
a rotational bearing on the other end. Each stretch was held for 3 min to
permit stress-relaxation before measuring passive tension. See text for details.

Titin Gels
Titin molecular mass was quantified in each specimen using
sodium dodecyl sulfate-vertical agarose gel electrophoresis (SDS-
VAGE), as described previously (Warren et al., 2003). Briefly,
samples (∼5-mg wet weight) were homogenized, then boiled for
2 min in 5:1 SDS-VAGE sample buffer. Titin standards from
human soleus (3,716 kDa) and rat cardiac muscle (2,992 kDa)
(Labeit and Kolmerer, 1995; Freiburg et al., 2000) were also
homogenized and mixed to create a titin standards “cocktail”
with the following ratio: 1-unit human soleus: 3-units rat
cardiac: 6-units SDS-VAGE sample buffer. Four standard lanes,
containing the human soleus and rat cardiac homogenates, were
evenly distributed across the gel. Sample wells were then loaded
with both experimental and rat cardiac homogenate. Gels were
electrophoresed on a dual slab gel chamber (C.B.S. Scientific, Del
Mar, CA, United States) at 4◦C for 5 h at 25-mA constant current.

Gels were fixed, allowed to dry for ∼20 h at 40◦C, and silver
stained according to the Silver Stain Plus procedure (Bio-Rad,
Hercules, CA, United States). Relative mobility and intensity
of each band were quantified with a densitometer (GS-800,
Bio-Rad) and Quantity One 1-D Analysis software (Bio-Rad).
Molecular mass of each experimental band was calculated based
on relative mobility compared to the human soleus and rat
cardiac titin standards. As TA contained two bands, mass was
calculated by averaging the two bands weighted by their relative
density (Thacker et al., 2011).

Collagen Content
Collagen percentage was determined by colorimetric analysis of
hydroxyproline content (10). Briefly, samples were hydrolyzed
in 6-N HCl for 24 h at 110◦C, dried, and treated with
chloramine T solution for 20 min at room temperature followed
by a solution of p-diaminobenzaldehyde for 30 min at 60◦C.
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Sample absorbance was read at 550 nm in triplicate and
compared to a standard curve to quantify hydroxyproline
content. Hydroxyproline content was converted to collagen
percentage using the constant (7.14; Etherington and Sims, 1981)
that defines the frequency of hydroxyproline residues per mole of
collagen and then normalized to specimen wet weight to obtain
collagen percentage in units of µg collagen/100 µg of wet weight
(Edwards and O’brien, 1980).

Muscle Architecture
Muscle architecture was quantified according to the methods
of Sacks and Roy (1982) as modified in by Lieber and Blevins
(1989) to measure muscle and fiber length, pennation angle,
and sarcomere length. Muscle halves were removed from 10%
formalin, rinsed in isotonic phosphate-buffered saline, and
digested in 15% H2SO4 for 20 min to facilitate muscle fiber
bundle microdissection. Two fiber bundles from three regions
(six total) of each muscle were microdissected to measure fiber
length and then sarcomere length (Ls) was measured by laser
diffraction (Lieber et al., 1984). Muscle length and fiber length
were normalized to a sarcomere length of 2.5 µm to facilitate
comparison among muscles.

To define muscle anatomical range, three separate
New Zealand White rabbits were anesthetized with isoflurane
and sacrificed via pentobarbital injection. Their hindlimbs were
skinned and amputated mid-thigh. Three hindlimbs were pinned
onto a corkboard at their maximal anatomic dorsiflexion with
toes fully extended (i.e., the longest anatomical length) and three
hindlimbs pinned at their maximum anatomic plantarflexion
with toes fully flexed (i.e., the shortest anatomical length).
Pinned hindlimbs were fixed in 10% buffered formalin for
48 hours and muscle architecture determined. Sarcomere length
operating range of each muscle was determined by subtracting
average Ls of each muscle in full dorsiflexion from average Ls in
full plantarflexion.

Data Analysis
From whole muscle experiments, force was converted to stress
by normalizing to the muscle’s physiological cross-sectional area
(PCSA). PCSA (cm2) was calculated according to the equation
[M•cos(θ)]/(Lfn•ρ) where M is measured muscle mass, θ is
pennation angle, Lfn is fiber length normalized to sarcomere
length from muscle architecture, and ρ is muscle density of
1.0597 g/cm3 (Mendez and Keys, 1960). For fibers, bundles, and
fascicles, force data were converted to stress by dividing force
by resting geometrical cross-sectional area determined assuming
a cylindrical sample with average diameter determined from
3 separate points along the specimen. In all cases, length was
converted to strain by normalizing to specimen slack length.

Passive stress-strain curves of muscle fibers were highly linear
and fit using linear regression (r2: = 0.93 ± 0.03 across muscles).
For fibers, we used linear fits, because even slight deviations
from linearity using polynomial fits resulted in negative moduli
when tangent modulus was calculated as the derivative of the
stress-strain curve. For fibers, linear fits were equally as accurate
as polynomial fits (polynomial fits yielded r2: = 0.95 ± 0.02
across muscles) so linear fits were selected. Passive stress-strain

curves of larger specimens were highly non-linear and thus fit
using a second-order polynomial (r2: = 0.98 ± 0.01 across scales
and muscles). For these bundles and muscles, linear fits were
highly inaccurate (linear fits yielded r2 values ranging from 0.3
to 0.6 across muscles) so second order polynomial fits were
selected for bundles and muscles. To test this overall analytical
approach, modulus data were compared to modulus calculated
by direct differentiation of stress-strain data and they agreed
well demonstrating that the results were not influenced by the
curve-fitting approach.

Muscle and size scale were compared by two-way ANOVA
with repeated measures (using grouping factors of muscle and
scale), and pair-wise comparisons with LSD corrections used to
compare all levels (SPSS, Chicago, IL, United States). Significance
level was set to p< 0.05, and data are presented in text and figures
as mean± SEM (standard error of the mean).

RESULTS

Whole muscle architectural parameters and single fiber, fiber
bundle, and fascicle dimensions were measured at each scale for
the TA, EDL, and ED2 (Table 1). Specimen diameter and slack
sarcomere length were not significantly different among TA, EDL,
and ED2 for any size scale (Table 1). However, in vivo sarcomere
length operating range was significantly different among muscles
(Table 1; p < 0.05).

Measured stress increased for a given strain for all three
muscles as scale increased (Figure 2). For the TA and EDL,
fascicles, bundles and fibers clustered together compared to the
very high stress observed for the whole muscles (Figures 2A,B).
Interestingly, the ED2 fascicles were intermediate in their stress-
strain relationship between the fiber, bundle and whole muscle
scales (Figure 2C). These relationships became more obvious
upon examining the passive modulus, which increased with
increasing size scale (p < 0.0001; Figure 3) and was significantly
different among muscles (p < 0.0001). Importantly, modulus
at each scale was muscle dependent as evidenced by the highly
significant muscle × scale interaction term (p < 0.0001). There
were relatively small differences in modulus between fibers
and bundles. The most dramatic modulus differences occurred
between the fascicle and whole muscle levels where muscles were
from 5- to 10-fold higher in modulus compared to fascicles and
from 10- to 100-fold higher in modulus compared to fibers. These
results explicitly demonstrate that passive modulus varies across
the three muscles and size scale.

Given that typical muscle sarcomere strains average about
20% (Burkholder and Lieber, 2001), we quantified modulus at
strains of 10%, 20%, and 30% (Figure 4). The main result was
the same for any strain – modulus was significantly different
among scales (p< 0.0001) and muscles (p< 0.0001) with a highly
significant muscle × scale interaction term (p < 0.0001). This
result explicitly demonstrates the dependence of muscle passive
mechanical properties on both the scale of the specimen and
the specific muscle studied. Importantly, none of the conclusions
of this report depend on a single strain measurement either
during a functional movement or anatomical limitation. The data
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TABLE 1 | Sample dimensions.

TA EDL ED2

Single fiber Diameter [mm] 0.065 ± 0.005 0.072 ± 0.005 0.064 ± 0.004

Slack sarcomere length [µm] 2.25 ± 0.09 2.33 ± 0.10 2.36 ± 0.03

Fiber bundle Diameter [mm] 0.267 ± 0.018 0.239 ± 0.026 0.248 ± 0.017

Slack sarcomere length [µm] 2.32 ± 0.04 2.34 ± 0.05 2.26 ± 0.08

Fascicle Diameter [mm] 1.198 ± 0.126 1.308 ± 0.213 0.974 ± 0.176

Slack sarcomere length [µm] 2.22 ± 0.08 2.37 ± 0.04 2.38 ± 0.07

Whole muscle Dorsiflexion sarcomere length [µm] 2.37 ± 0.18 2.43 ± 0.21 2.77 ± 0.03∗,#

Plantarflexion sarcomere Length [µm] 2.95 ± 0.07# 3.61 ± 0.04* 2.94 ± 0.10#

Normalized fiber length [mm] 38.41 ± 1.60# 15.43 ± 0.97* 10.64 ± 0.82∗,#

Pennation angle [◦] 0.6 ± 0.2# 8.7 ± 0.8* 18.1 ± 2.9∗,#

PCSA [cm2] 0.781 ± 0.029# 1.927 ± 0.117* 0.620 ± 0.064∗,#

*Statistically significant different from TA; #Statistically significant different from EDL.

presented across very large strain ranges (Figure 3) and several
select strain ranges (Figure 5) provide ample quantitative values
to be used in future modeling studies.

To further quantify scaling rules, modulus was compared
against the estimated number of fibers in each specimen on a
log-log plot. Data were accurately fit using a simple power law
equation (y = axb; TA: r2 = 0.84; EDL: r2 = 0.93; ED2: r2 = 0.92),
which further illustrates the non-linear scaling relationship that
occurs across size scales. Furthermore, the TA exhibited a
different scaling pattern than EDL or ED2 based on the different
exponent value extracted from the power law (b in y = axb; TA =
0.23± 0.02; EDL = 0.37± 0.02; ED2 = 0.41± 0.02; p < 0.001).

To provide structural insight into the differential passive
tension results described above, titin molecular mass and collagen
content of each specimen were measured (Figure 5). Collagen
content increased significantly with scale (p < 0.0001), was
significantly different across muscles (p < 0.0001) and showed
a significant muscle × scale interaction (p < 0.0001; Figure 5A),
suggesting differences in collagen organization among these three
muscles. Titin molecular mass did not differ significantly across
scale for any muscle tested (p = 0.24; Figure 5B), but did vary by
muscle (p < 0.0001) with TA titin size significantly smaller than
either EDL or ED2 at all scales (p < 0.001). No significant scale x
muscle interaction was observed (p = 0.49).

DISCUSSION

The results of these experiments demonstrate two important
concepts. First, passive modulus is not a constant for muscle
that can be easily applied across scales. Second, modulus
increases across scales in a non-linear, muscle-specific manner,
emphasizing that extracellular sources of passive tension
dominate at the whole muscle level.

Magid and Law (1985) first demonstrated that frog muscle
fibers and whole muscles have the same passive modulus,
demonstrating that passive tension was mediated intracellularly
across scale in frog muscle. This finding led to spectacular
experiments that have elucidated the nature of the intracellular
titin protein. However, more current findings suggest that their

finding may be species specific (Meyer and Lieber, 2018).
Human muscle fibers demonstrate different passive mechanical
properties compared to bundles, which contain a connective
tissue matrix layer (i.e., perimysium) that individual fibers do not
(Fridén and Lieber, 2003; Lieber et al., 2003; Ward et al., 2009).
Differences between fibers and bundles manifest themselves
functionally as well in mouse (Meyer and Lieber, 2011, 2018), rat
(Brown et al., 2011a), and rabbit (Brown et al., 2011b) skeletal
muscle: bundles exhibit a larger stress at a given strain that is
non-linear, whereas individual fibers often demonstrate a highly
linear response (Figure 2). In our sample, linear fits to fiber stress-
strain data explained over 90% of the experimental variability. By
comparing a group of dissected individual fibers to a fiber bundle,
the non-linearity and modulus increase was shown to be due to
the properties of the ECM (Purslow and Trotter, 1994; Meyer
and Lieber, 2011). Here, we found that the non-linearity and
magnitude of stress-strain curves increase considerably across the
fiber, bundle, fascicle, and whole muscle size scales (Figure 2) and
that passive modulus correspondingly increases with size scale.
Fiber passive modulus measured only 3.2%, 1.6% or 0.85% of
the whole muscle values for TA, EDL, and ED2, respectively, at
20% strain (Figure 4B) demonstrating that whole muscle passive
tension is dominated by extracellular structures.

It was also interesting to note that the ED2, with the very
high fascicle and muscle stiffness (Figure 4), had an extremely
small anatomical sarcomere length range (6.1% strain, 0.17 µm;
Table 1) suggesting that it probably functions over a very
narrow sarcomere length range. This may suggest that it acts
as a passive strut (stabilizer) rather than a muscle that moves
limbs over a wide range of motion. The TA, with the lowest
stiffness is monoarticular and likely functions over the largest
range during normal ankle rotation (24% strain, 0.58 µm;
Table 1). The EDL with intermediate stiffness may function over
a relatively small range since ankle and digital rotation during
normal movement are often complementary, even though it’s
potential anatomical range is quite large (49% strain, 1.18 µm;
Table 1). None of these interpretations are confounded by
sarcomere length differences across size scales which were all
very close to 2.5 µm. Future studies measuring fiber and
sarcomere length during movement are necessary to explicitly

Frontiers in Physiology | www.frontiersin.org 5 March 2020 | Volume 11 | Article 21131

https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00211 March 18, 2020 Time: 16:51 # 6

Ward et al. Passive Modulus Increases With Scale

FIGURE 2 | Passive stress-strain curves for (A) TA, (B) EDL, and (C) ED2 with
each curve representing a different size scale: fibers (open circles), bundles
(filled circles), fascicles (open squares), and whole muscle (filled squares). As
size scale increased, samples increased in stiffness and became highly
non-linear, presumably due to changes in ECM. Data are presented as
mean ± SEM.

test these hypotheses. Muscle fiber activation would certainly
shorten sarcomeres and the anatomical studies performed
herein do not necessarily emulate sarcomere length changes
during movement.

It is interesting that the passive moduli of whole muscles
were an order of magnitude larger than fascicles, suggesting
either the fascicles tested contained an incomplete perimysium
or that the epimysium is dramatically stiffer than the other
ECM layers. Thus, there may be a level of connective tissue

FIGURE 3 | Passive modulus-strain curves for (A) TA, (B) EDL, and (C) ED2
with each curve representing a different size scale: fibers (dotted lines),
bundles (squares), fascicles (triangles), and whole muscle (inverted triangles).
As size scale increased, modulus increases. Data are presented as
mean ± SEM.

organization above fascicles that is not appreciated based
on current concepts of muscle structure. Unfortunately, this
presents a challenge to further clarification as there are currently
not tools available that can measure muscle structure with
micron resolution across distances of many millimeters. We
recently reported the existence of perimysial cables of this
dimension (Gillies et al., 2017) but these data are currently
only obtainable on fixed/embedded specimens through the
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FIGURE 4 | Scaling of passive tension modulus across four size scales and
three muscles. (A) Modulus calculated at 30% strain, (B) Modulus calculated
at 20% strain, (C) Modulus calculated at 10% strain. In all cases, two-way
ANOVA revealed a significant effect of scale and muscle with significant
scale × muscle interaction (p < 0.0001).

very tedious serial blockface electron microscopic method
(Gillies et al., 2014).

Titin is thought to be the primary determinant of passive
stiffness (Prado et al., 2005) and slack sarcomere length
(Wang et al., 1991) at small size scales such as myofibrils

FIGURE 5 | Measurement of muscle biochemical content to provide insights
into the sources of passive tension. (A) Average collagen content was
determined for fibers, bundles, fascicles, and whole muscle homogenate
using a hydroxyproline assay. Collagen content increased with size scale
(p < 0.0001) and was significantly different across muscles (p < 0.0001) with
significant scale × muscle interaction (p < 0.0001). Collagen content is
expressed as a percentage of wet weight. (B) Average titin molecular weight is
shown for fibers, bundles, and fascicles and a whole muscle homogenate
from TA, EDL, and ED2. Titin molecular mass was not significantly different
across size scales for any of the muscles tested (p = 0.24). However, titin
isoform size for TA was significantly smaller compared to EDL and ED2
(p < 0.0001). Data are presented as mean ± SEM.

and fibers. Titin isoforms in TA were smaller than in EDL
or ED2 (Figure 5B), and, while not significant, TA did
have a shorter slack sarcomere length compared to EDL
and ED2 (Table 1) which may be related. Our results
in rabbit muscle are in contrast to the recent report by
Brynnel et al. (2018) who showed that whole mouse
diaphragm, soleus and EDL muscle stiffness were all
increased by the same amount when the PEVK region of
titin was reduced in size by homologous recombination.
Deletion of 47 exons in this region was predicted to shorten
the titin filament by 63 nm which agreed well with the
measured shift in the length-tension curve and increase
in passive stiffness. Currently, it is not clear whether
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differences between these studies are species-specific or another
as yet unidentified structural property of skeletal muscle.

Inspection of the biomechanical modeling literature
reveals that passive mechanical properties of muscle are
nearly universally considered to scale to muscle architecture
properties. The definitions used for passive mechanical
properties vary markedly across the numerous studies (see
Table 1 of reference Meyer and Lieber, 2018). However, the
data reported here clearly demonstrate that passive modulus
scales in a highly non-linear fashion from fiber to whole
muscle, and that the passive scaling is muscle-specific so
that generic generalization across muscles is not justified.
This also suggests that extrapolating whole muscle function
from reduced specimen preparations may not be justified.
We previously pointed this out based on the finding that
active muscle force was easily predicted based on known
sarcomere and architectural properties whereas passive force
was not (44). In addition, the structures responsible for
mediating passive tension may be fundamentally different
across size scales and strains. While titin is the most
significant predictor of passive tension at small size scales
(e.g., myofibrils and fibers), collagen content is the strongest
predictor of whole muscle passive function at any strain.
These findings suggest that a fundamental difference exists
among fibers, bundles, fascicles, and whole muscles, and
investigators should not simply rely on reduced preparations
such as muscle biopsies to infer whole muscle passive
mechanical properties.
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The passive load bearing properties of muscle are poorly understood partly due to
challenges in identifying the connective tissue structures that bear loads. Prior attempts
to correlate passive mechanical properties with collagen content (often expressed as a
mass ratio and used as a surrogate for connective tissue quantity within muscle) have
not been successful. This is likely a result of not accounting for variability in intramuscular
connective tissue throughout a muscle such that a single collagen content value likely
does not adequately represent the connective tissue load bearing capacity of a muscle.
Therefore, the purpose of this study was to determine how intramuscular connective
tissue distribution throughout a muscle impacts measured collagen content. For this
analysis, four mouse hindlimb muscles were chosen because of their varying actions and
anatomy; rectus femoris, semimembranosus, tibialis anterior, and lateral gastrocnemius.
Collagen content throughout each muscle was determined biochemically using an
optimized hydroxyproline assay. Dense connective tissue distribution throughout each
muscle’s length was quantified histologically. We found that collagen content varied
widely within and between muscles, from 3.6 ± 0.40 SEM µg/mg wet weight to
15.6 ± 1.58 SEM µg/mg, which is dependent on both the specific location within
a muscle and particular muscle studied. Both collagen content and connective
tissue structures demonstrated stereotypically patterns with the highest quantity at
the proximal and distal ends of the muscles. Additionally, using three independent
approaches: (1) linear regression, (2) predictive modeling, and (3) non-linear optimization,
we found complementary and corroborating evidence suggesting a causal relationship
between a muscle’s connective tissue distribution and collagen content. Specifically, we
found that muscle collagen content is driven primarily by its dense connective tissue
structures due to the extremely high collagen content of connective tissue (227.52–
334.69 µg/mg) compared to muscle tissue (1.93–4.03 µg/mg). A consequence of
these findings is that a single collagen content measurement does not accurately
represent a muscle’s complex distribution of connective tissue. Future studies should
account for collagen content variations and connective tissue anatomy to establish more
accurate relationships between collagen content measurements and whole muscle
passive mechanics.

Keywords: skeletal muscle, collagen, connective tissue, anatomy, hydroxyproline, histological analysis
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INTRODUCTION

Skeletal muscle is a heterogeneous composite tissue composed
of relatively compliant muscle fibers embedded in a relatively
stiff connective tissue matrix. While the major role of muscle is
to generate force and movement from muscle fibers, connective
tissue is critical to transmit this force as well as to bear
active and passive loads throughout the muscle (Purslow, 1989;
Gillies and Lieber, 2011). This passive load bearing property
is poorly understood (Herbert and Gandevia, 2019) partly
because the vast majority of previous research focused on muscle
active force production (Lieber and Ward, 2011; Herzog, 2017;
Lieber et al., 2017).

Part of the challenge to understanding passive load bearing
properties in muscle is properly identifying and quantifying the
structures responsible for bearing those loads. As mentioned
above, connective tissue is thought to be the primary load bearing
structure, but prior attempts to correlate passive mechanical
properties with a singular collagen content (often expressed as a
mass ratio and used as a surrogate for connective tissue quantity
within muscle) have not been successful (Smith et al., 2011;
Lieber and Ward, 2013; Chapman et al., 2014; Smith and Barton,
2014). Poor correlations may be the result of not considering
the complex distribution of stiff collagen-rich connective
tissue structures (internal tendon, aponeurosis, perimysium,
endomysium, etc.) within the muscle. One can imagine that, as
these stiff collagen-rich structures vary throughout and among
muscles, variations would affect a muscle’s passive load bearing
capacity while also causing collagen content to vary throughout
the muscle. Thus, it may not be surprising that a single collagen
value, as used in most previous reports, does not accurately
predict the muscle’s passive load bearing capacity.

Unfortunately, there has been no explicit comparison between
muscle collagen content and intramuscular connective tissue
anatomy that would test this assumption. Therefore, the purpose
of this study was to determine how intramuscular connective
tissue distribution impacts collagen content measured within
muscle. By understanding this relationship, we can establish
methods that identify the structures contributing to a muscle’s
passive mechanical properties.

MATERIALS AND METHODS

Materials
All procedures within this study were performed in accordance
with the NIH Guide for the Use and Care of Laboratory Animals
and approved by the Northwestern University’s Institutional
Animal Care and Use Committee. This study was conducted
using fourteen 12-week-old male and female C57Bl6 mice
(Jackson Laboratories, Bar Harbor, ME, United States). Mice were
euthanized and the rectus femoris (RF), semimembranosus (SM),
tibialis anterior (TA), and lateral gastrocnemius (LG) muscles
were immediately dissected. These muscles were chosen because
of their varying actions and anatomy (Burkholder et al., 1994;
Charles et al., 2016). After dissection, external tendons were
removed and muscles were either placed individually in 1.5 mL

microcentrifuge tubes and frozen at −80◦C for biochemical
analysis or pinned to cork and snap frozen in isopentane chilled
by liquid nitrogen (−159◦C) for histological sectioning. All
samples were then stored at−80◦C until used.

Methods
Biochemical Collagen Content Quantification
Sample preparation
To measure collagen content (defined as a mass fraction, i.e.,
µg collagen per mg wet muscle mass) variation, 24 muscles (4
muscles × 6 legs) were thawed and, using a scalpel, ∼10 mg
blocks were cut from three regions within each muscle. Blocked
sections were collected from the most proximal, most distal, and
middle regions of the muscle.

To measure the collagen content of the structures likely
contributing to the total collagen content throughout muscle, we
divided the tissue into two categories: (1) baseline muscle (muscle
tissue with its associated endomysium and perimysium but no
large dense connective tissue structures) and (2) dense connective
tissue (internal tendons and aponeuroses). The process for
separating these tissues is described below. Collagen content of
each tissue was measured separately.

To measure baseline muscle collagen content, 24 muscles (4
muscles× 6 legs) were thawed and∼10 mg samples from the mid
belly of each muscle were collected. Dense connective tissues such
as distinct internal tendons of the TA and RF and aponeuroses
of the RF and LG were removed from the sample by manually
microdissecting the muscle tissue from the connective tissues.

To measure the dense connective tissue structures’ collagen
content; 18 muscles [three muscles (RF, TA, and LG) × 6 legs)
were allowed to thaw, internal tendons from RF and TA and
aponeurosis of the RF and LG were collected by microdissecting
the structures from the muscle tissue, leaving only the connective
tissue structure (ranging in mass from 0.32 to 1.47 mg).

Hydroxyproline colorimetric assay
Collagen content for each sample was determined biochemically
using colorimetric hydroxyproline assay, modified from a
previously described protocol (Reddy and Enwemeka, 1996).
Briefly, the assay was performed on samples placed in 1 mL
of 6N HCl in a sealed screw top culture tube and hydrolyzed
for 24 h at 110◦C. Initial validation tests determined that
24 h was the optimal time for hydrolysis of these samples
(validation tests are described below and presented graphically in
Supplementary Figures 1, 2). At 24 h, samples were removed,
cooled to room temperature, and plated in triplicate. Plated
samples were evaporated then treated with a chloramine T
solution for 20 min at room temperature followed by a solution
of p-diaminobenzaldehyde for 30 min at 60◦C. Absorbance was
read at 550 nm and compared to a standard curve to quantify the
hydroxyproline content. Hydroxyproline content was converted
to collagen content using the constant (7.46) that defines the
number of hydroxyproline residues per collagen molecule.

Muscle collagen hydrolysis timing validation
To ensure complete and optimal hydrolyzation of collagen within
our muscle tissue samples, hydroxyproline content of the muscle
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tissue samples described above were hydrolyzed and tracked over
72 h. Additionally, to determine optimal collagen hydrolyzation
time, hydroxyproline content of human type I (C5483, Sigma-
Aldrich Co., St. Louis, MO, United States) and III collagen
(CC054, EMD Millipore Corp., Billenca, MA, United States) at
three concentrations (10, 20, and 30 µg/mL) was quantified at
specific intervals over 72 h of hydrolysis. As in the protocol
described above, samples were hydrolyzed at 110◦C in 1000 µL
of 6N HCl in a sealed screw top culture tube. At 2, 4, 6, 8, 10,
24, 48, and 72 h, 90 µL aliquots from culture tubes were plated
in triplicate and immediately set on ice and refrigerated to halt
hydrolysis then processed and analyzed as described above.

Histological Quantification of Muscle Dense
Connective Tissue Distribution Along Muscle Length
Muscle samples stored at −80◦C for histological sectioning were
raised to −20◦C before transfer to molds with chilled Frozen
Section Compound (FSC 3801480, Leica, Buffalo Grove, IL,
United States), then quickly snap frozen in isopentane chilled by
liquid nitrogen (−159◦C). Molds were transferred to a cryostat
(CM19050 Leica, Buffalo Grove, IL, United States), brought to
−20◦C, and mounted in the cryostat to allow transverse 10 µm
sections along the entire muscle length.

Sections were fixed for 3 min in 10% glutaraldehyde and
rinsed continuously in deionized (DI) water for 1–2 min.
Excess water was shaken off and slides were dried at room
temperature for 10 min. Once the slides were fully dried, they
were incubated for 60 min at room temperature in a dye
chamber filled with Picosirius Red (s2365 Poly Scientific, Bay
Shore, NY, United States). Sections were then washed twice in
0.1 N HCl for 1 min then rinsed continuously with DI water
for 1–2 min. Sections were then subjected to a dehydration
sequence: 70, 80, 95, 100, 100% ethanol for 1 min each. Sections
were then cleared with xylene for 15–30 min and wet mounted
with a xylene mounting medium (Cytoseal-60 8310-4, Thermo
Scientific, Waltham, MA, United States) and coverslip.

Images were taken under 10× magnification and stitched
together using a preset algorithm on a Leica Upright DM6000
(Leica, Buffalo Grove, IL, United States) system. Stitched images
were imported into Photoshop 2018 (Adobe, San Jose, CA,
United States) to determine the area fraction per section of dense
connective tissue structures; internal tendons, and aponeuroses.
The number of pixels corresponding to the connective tissue
structures over the total pixel number of the muscle image
defined connective tissue area fraction. Pixels corresponding
to the connective tissue structures of the internal tendon and
aponeurosis were determined within Photoshop using the built
in “magic wand” tool that allows the user to manually select an
initial seeding point and the tool selects contiguous pixels within
a tight color range of the initial seeding point. The user then edits
the selected pixels manually.

To be consistent with the biochemical analysis, only dense
connective tissues (internal tendons and aponeuroses) were
quantified while enlarged areas of loose connective tissue
structures (perimysium and connective tissue surrounding
neurovascular tracts) within the muscle were not quantified
as they were considered part of the “baseline” muscle tissue

(Figure 1). To confirm this assumption, we quantified loose
connective tissues and repeated the analyses conducted in
Section “Quantifying the Relationship Between Muscle Dense
Connective Tissue and Collagen Content” to include the loose
connective tissue structures. This analysis confirmed that the
contribution from the loose connective tissue structures to total
collagen content was negligible compared to the dense connective
tissue and muscle tissue (see Supplementary Material). Internal
tendons and aponeuroses were visually discriminated from
endomysium, perimysium, and epimysium (see white, black,
and yellows arrows in Figure 1) based on relative shape, size
and location. Qualitatively, internal tendons and aponeuroses
appeared thick and had linear continuity across images that
made them easily distinguishable from other connective tissue
structures. This process of selection and analysis required
approximately 30 min to 1 h per image and was completed by
a single skilled rater. This resulted in high intra-rater reliability
with an intraclass correlation coefficient of 0.996 and average
error of 4.54% which was calculated from three repeat analyses
of ten histological sections.

Quantifying the Relationship Between Muscle Dense
Connective Tissue and Collagen Content
We used three independent approaches to describe the
relationship between the dense connective tissue distribution
measured histologically as area fraction and collagen content
measured biochemically as mass fraction.

In the first approach, simple linear regression was applied to
the biochemically measured collagen content and histologically
measured area fraction across all muscles and regions. Within this
analysis, average collagen content across all muscles and regions
was used as the dependent variable. The independent variable
was the average summed area fraction from the corresponding
histological sections. Summed area fractions within a muscle
and region were calculated by summing the areas of connective
tissues structures, Act, of 4–6 consecutive histological sections,
representing the volume of tissue analyzed biochemically, then
dividing by the sum of the total muscle area, AM, across
those sections.∑

AFct =
∑n

i=1 Act,i∑n
i=1 AM,i

, where n = 4− 6 (1)

In the second approach, the relationship between collagen
content and connective tissue quantity was modeled and
compared to the experimentally determined relationship. This
modeled relationship was defined by a law of mixtures model that
predicts total collagen content of a muscle sample considering the
heterogenous composite nature of the tissue.

Coltot,p =
ColctVctρct + ColmVmρm

Vctρct + Vmρm
(2)

Vm = 1− Vct (3)

where predicted total collagen content, Coltot,p, was calculated
throughout a range of connective tissue volume fractions,
Vct , using the biochemically measured collagen content of
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FIGURE 1 | Picrosirus red stained histological sections (left column) demonstrating tracing procedure for quantification of dense connective tissue structures (right
column) of the internal tendons (shaded blue) and aponeurosis (shaded green) for the Rectus Femoris (RF), Tibialis Anterior (TA), and Semimembranosus (SM).
Middle column presents enlarged portions demonstrating tracing of the connective tissue structures that were included in the area fraction analysis. Callouts illustrate
the tracing of the (A) RF internal tendon (blue outline), (B) RF aponeurosis (green outline), (C) TA aponeurosis (green outline), and (D) TA internal tendon (blue outline)
with endomysium (small black arrow) and perimysium (white arrow) between fascicles surrounding neurovascular tracts that were not quantified as dense connective
tissue structures. Discrimination between (E) SM sheath included in the analysis (green outline) and (F) SM epimysium not included in the analysis (yellow arrow)
were based on their relative size, continuity, and shape.

Frontiers in Physiology | www.frontiersin.org 4 April 2020 | Volume 11 | Article 29339

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00293 April 17, 2020 Time: 15:35 # 5

Binder-Markey et al. Collagen Content Variation Within Muscles

dense connective tissue, Colct , and baseline muscle, Colm,
from above and tissue densities from the literature, ρct =

1.12 g/cm3 (Ker, 1981) and ρm = 1.06 g/cm3 (Mendez and
Keys, 1960). If Eq. 2 accurately represents the way in which
total collagen content is reflected by its connective tissue
area fraction, plotting biochemically measured collagen content
across muscle and regions with respect to area fraction (as an
approximation of volume fraction) should fall on the relationship
predicted by Eq. 2.

The third approach used to understand these relationships was
to use optimization to predict Colct and Colm from biochemically
measured tissue collagen content and histologically measured
area fractions. Colct,p and Colm,p were solved via an optimization
algorithm minimizing the difference between the measured total
collagen content and predicted collagen content using the above
law of mixtures model (Eq. 2) across all muscles and regions.

min
Colct,p,Colm,p

[
ColM,r

tot −
Colct,p

∑
AFM,r

ct ρct + Colm,p
∑

AFM,r
m ρm∑

AFM,r
ct ρct +

∑
AFM,r

m ρm

]
(4)

where ColM,r
tot is the average collagen content measured in a

specific muscle (M) and region (r) and
∑

AFM,r
ct is the average

summed area fraction of that respective muscle and region
used to represent the volume fraction, Vct. Optimization was
performed in MATLAB (Natick, MA, United States) using the
non-linear equation solver fsolve.

Statistical Analysis
Significance (α) was set to 0.05 for all analyses. To analyze
collagen content variations among muscles and regions, a mixed
effect model was performed with random factor of animal
and fixed factors of muscle and region. To analyze differences

among baseline muscle collagen content and dense connective
tissue collagen content, mixed effect models were performed
using random factor of animal and fixed factor of muscle or
structure, respectively. Data are presented in text and figures as
average± SEM unless otherwise noted.

Results

Collagen Content Variations Across
Muscles and Regions
Collagen content varied widely depending on the specific muscle
(RF, SM, TA, or LG) and region (proximal, middle, or distal)
(Figure 2) from a low of 3.6 ± 0.40 µg/mg wet weight in
the middle region of the SM to a high of 15.6 ± 1.58 µg/mg
in the distal region of the TA (n = 6/muscle). Statistical
analysis revealed a significant effect of muscle, region, and
muscle × region interaction (all p < 0.001) (n = 6). All muscles
demonstrated a stereotypical collagen content pattern wherein
proximal and distal ends had higher collagen content while the
middle had the lowest collagen content (Figure 2). Importantly,
the significant interaction term explicitly demonstrates that
collagen content depends both on the region of a muscle and the
particular muscle studied.

Baseline Muscle and Dense Connective
Tissue Collagen Content
Baseline muscle (muscle tissue with its associated endomysium
and perimysium but no large connective tissue structures)
collagen content across muscles was two orders of magnitude
smaller compared to collagen content of dense connective tissue

FIGURE 2 | Muscle collagen content variation by region (n = 6 muscles/bar) of rectus femoris (RF), semimembranosus (SM), tibialis anterior (TA), and lateral
gastrocnemius (LG) muscles. Collagen content varies widely within and between muscles with the stereotypical pattern being higher collagen content at proximal
and distal ends. Mixed effect model analysis revealed a significant effect of muscle, region, and muscle × region interaction (all p < 0.001) (n = 6).
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FIGURE 3 | Average ± SEM of (A) baseline muscle collagen content (n = 6/muscle) of the rectus femoris (RF), semimembranosus (SM), tibialis anterior (TA), and
lateral gastrocnemius (LG) and (B) connective tissue structures collagen content of the internal tendons of the rectus femoris (RF-IT) and tibialis anterior (TA-IT;
n = 6/structures) and aponeurosis of the lateral gastrocnemius (LG-AP; n = 6) and rectus femoris (RF-AP; n = 3). Note that collagen content in connective tissue
structures is almost 100 times that of pure muscle tissue. Black points represent the individual data points. Mixed effect models demonstrate that there is a
significant effect of muscle on baseline muscle collagen content but there is no effect of the dense connective tissue structure on collagen content. Post hoc pairwise
comparisons demonstrate significant differences between muscles and structures as denoted by brackets.

(internal tendons and aponeuroses) (Figure 3). The baseline
muscle collagen content ranged from 1.93 ± 0.07 µg/mg wet
weight in the RF to 4.03± 0.42 µg/mg in the TA (Supplementary
Table 1). In contrast, collagen content of connective tissue
structures ranged from a low of 227.52 ± 15.99 µg/mg in
the RF aponeurosis to a high of 334.69 ± 7.14 µg/mg in
the LG aponeurosis (Supplementary Table 2). Analyzing the
effect of muscle on the baseline muscle collagen content a
mixed effect model revealed a significant effect of muscle
(n = 6/muscle, p < 0.001). However, post hoc pairwise
comparisons demonstrated only the collagen content of the TA
as significantly different than the other muscles (Figure 3A).
Conversely, collagen content did not vary significantly (p = 0.09)
among connective tissue structures (n = 6/structure, except RF
aponeurosis n = 3).

Histologically Quantified Muscle
Connective Tissue Distribution Along
Muscle Length
Each muscle demonstrated a stereotypical anatomical connective
tissue pattern with the greatest area fraction of connective tissue
at the ends of each muscle (Figure 4). This stereotypical pattern
mimicked the pattern of higher collagen content measured
biochemically in the proximal and distal regions of each muscle,
suggesting a relationship between connective tissue structures
and collagen content (compare Figures 2 and 4).

Relationship Between Muscle
Connective Tissue Distribution and
Collagen Content
To understand and quantify the relationship between muscle
connective tissue distribution measured histologically

and collagen content measured biochemically three
independent approaches were taken as described in the
section “Methods”: (1) Linear regression, (2) Predictive
modeling, and (3) Non-linear optimization. The three
independent approaches provided complementary
and corroborating evidence of a strongly correlated
relationship between muscle connective tissue quantity and
collagen content.

Linear regression of collagen content versus measured area
fraction of connective tissue demonstrated a strong correlation
between the two (r2 = 0.89, p < 0.001; Figure 5, dashed yellow
line). The slope of the linear regression was 212, indicating
that, for every 1% increase in area fraction of connective
tissue, total collagen content increased by 2.12 µg/mg wet
weight which is a very large number compared to muscle
collagen content values measured (Figure 2). Additionally, this
slope also predicts that when the area fraction of connective
tissue is 100%, pure connective tissue, the collagen content
of the structure is 212 µg/mg wet weight. The regression
intercept of 2.81 predicts that baseline muscle collagen content is
2.81 µg/mg. Importantly, these predicted collagen content values
fall within one standard deviation of the average experimentally
determined dense connective tissue and baseline muscle collagen
content respectively (Table 1) providing strong support for
this interpretation.

Using the experimentally measured dense connective tissue
and baseline muscle collagen content (Table 1) a predictive
model (Eq. 2) derived from the law of mixtures predicts the
range of total collagen content values as a function of connective
tissue volume fraction (Figure 5 shaded gray region). All but
one of the data points used above in the regression analysis
fall within this predicted range of total collagen content values
(Figure 5).
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FIGURE 4 | Average area fraction ± SEM (shaded region) along the normalized length of the rectus femoris (top), semimembranosus (middle), and tibialis anterior
(bottom) (n = 4/muscle). The area fraction of the rectus femoris and tibialis anterior demonstrate the pattern of higher area fraction at the proximal and distal ends
with low area fraction in the middle. The semimembranosus demonstrates the same pattern but to a much smaller extent since there are minimal connective tissue
structures within that muscle. Structures are color coded as shown in the top panel.

Finally, the actual values for the dense connective tissue and
baseline muscle collagen contents were independently predicted
using non-linear optimization (Eq. 4). The optimized values
obtained of 204.45 and 2.80 µg/mg were very close to the values

predicted by linear regression and similar to experimentally
determined values (Table 1). Using these optimized values of
dense connective tissue and baseline muscle collagen content in
the previously defined the law of mixtures model (Eq. 2), the
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FIGURE 5 | Average measured collagen content ± SEM (n = 6/point) from data in Figure 1 versus area fraction ± SEM (n = 4/point) from the proximal, middle, and
distal regions of the rectus femoris (RF), semimembranosus (SM), and tibialis anterior (TA). Linear regression (dashed yellow line) demonstrates the data are strongly
correlated. Solid black line represents predicted relationship based on the law of mixtures (Eq. 2). The gray shaded region represents ± one standard deviation of the
measured connective tissue and baseline muscle collagen content. Values used for the law of mixtures model: Colct = 276.85 µg/mg wet weight, Error bars not
needed since a constant value is used in the simulation. ρct = 1.12 mg/mm3, Colm = 2.72 µg/mg, and ρm = 1.06 mg/mm3. The relationship between collagen
content and area fraction using the optimized predicted values of connective tissue and muscle (black dotted line) lies along the relationship predicted by the linear
regression (dashed yellow line).

TABLE 1 | Average collagen content measured biochemically and collagen
content predicted via linear regression and non-linear optimization for connective
tissue structures (Colct ) and baseline muscle (Colm) in µg/mg wet weight. See text
for details.

Measured Linear regression Optimization

Colct 276.85 ± 70.12 SD 212.43 204.45

Colm 2.72 ± 0.98 SD 2.81 2.80

predicted relationship between total collagen content and volume
fraction falls along that of the linear regression model (Figure 5
yellow dashed line) within the range observed of summed area
fraction. While the regression and optimized models appear
identical, they do diverge, but only at very high summed area
fraction values (Supplementary Figure 3).

DISCUSSION

The purpose of this study was to determine how the
complex connective tissue distribution within muscle affects
measured collagen content. Generally, both collagen content
and connective tissue structures are highest at the proximal
and distal ends of the muscles (Figures 2, 4). Additionally,
using three independent approaches, we found complementary
and corroborating evidence demonstrating a strong relationship

between muscle connective tissue structures and collagen
content (Figure 5).

These results demonstrate that a single collagen content
measurement typically will not accurately represent the
distribution of a muscle’s connective tissue. Due to the extremely
high collagen content of connective tissue, a muscle’s collagen
content is driven by its major connective tissue structures and
is extremely sensitive to the presence of even a small amount of
connective tissue. As demonstrated in our analyses, for every
absolute 1% increase in connective tissue volume fraction,
collagen content is predicted to increase by approximately
2.12 µg/mg. These are substantial changes when compared
to baseline muscle collagen content that ranges from only
1.93–4.03 µg/mg. Consequently, variations in collagen content
throughout a muscle will directly reflect the internal connective
tissue structures.

Previous reports of poor correlations between muscle collagen
content and muscle passive stiffness are likely the result of
not considering the complex variations in connective tissue
structures throughout a muscle or muscle biopsy. These previous
reports all compared a single collagen content value with muscle
bundle or whole muscle stiffness (Smith et al., 2011; Lieber and
Ward, 2013; Chapman et al., 2014; Smith and Barton, 2014).
As we demonstrated, because a single collagen content value
does not represent the complex connective tissue distribution
throughout a muscle it is unlikely to be a good predicter of a
muscle’s mechanical properties.
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The methods developed above could be adapted to the
in vivo study of collagen content and connective tissue
distribution throughout a muscle using high resolution magnetic
resonance imaging (MRI) (Supplementary Figure 4). Detailed
biochemical and histological measurements are difficult and
these laborious tasks are not feasible in vivo. Using the
rule of mixtures model (Eq. 2) and connective tissue area
fraction, as determined via high resolution MRI, collagen
content throughout a muscle can be determined in vivo.
Additionally, quantification and 3D reconstruction of connective
tissues in vivo could be used to create physiologically realistic
muscle specific biomechanical models of tissue loading that
accompany mechanical data in those muscles, providing for
a greater understanding of how these structures contribute
to passive muscle mechanics. In order to improve the
accuracy of these model predictions and account for muscle
collagen content variations between species, muscles, and
changes following muscle injury or diseased state, muscle
and connective tissue biopsies could be taken within the
muscle of interest.

Limitations of This Study
Within this study only a select number of muscles were analyzed.
However, we believe that these results are generalizable because
we deliberately selected muscles that had high variations in
connective tissue structures and physiological function.

Another potential limitation is that only total collagen
content was measured. Connective tissue is made of multiple
types of collagen with varying crosslinks, both of which
may affect mechanical properties. However, the purpose
of this study was to determine how total collagen content
quantity and connective tissue structures relate. Future
studies could perform a more detailed analysis of collagen
types and crosslinks with regards to location and potential
impact on mechanical properties within muscle tissue. Since
type I collagen represents over 70% of muscle collagen,
it is highly likely that these results reflect type I collagen
throughout muscle.

Finally, a major limitation in the implications of this work
is that we did not measure passive muscle mechanics. By
not measuring mechanics directly, our ability to infer the
impact of collagen content variations and connective tissue
distribution on a muscle’s passive mechanics is speculative.
However, the objective of this study was to establish methods
that identify the connective tissue structures potentially
contributing to a muscle’s passive mechanical properties.
Future studies will use these established methods with
measured passive mechanics to determine how connective
tissue distribution throughout a muscle impacts passive
muscle mechanics, providing a better understanding of this
important function.

Conclusions
This study demonstrated that collagen content varies widely
within and between muscles and these variations are driven

by the complex connective tissue’s distribution within muscle.
A consequence of these findings suggests that a single
collagen content measurement does not accurately represent
the distribution of connective tissue throughout a muscle.
Future studies should use data of collagen content variations
and connective tissue anatomy to establish more accurate
relationships with whole muscle passive mechanics.
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Sarcomere Lengths Become More
Uniform Over Time in Intact
Muscle-Tendon Unit During Isometric
Contractions
Eng Kuan Moo* and Walter Herzog*†

Human Performance Laboratory, Faculty of Kinesiology, University of Calgary, Calgary, AB, Canada

The seemingly uniform striation pattern of skeletal muscles, quantified in terms of
sarcomere lengths (SLs), is inherently non-uniform across all hierarchical levels. The
SL non-uniformity theory has been used to explain the force creep in isometric
contractions, force depression following shortening of activated muscle, and residual
force enhancement following lengthening of activated muscle. Our understanding of
sarcomere contraction dynamics has been derived primarily from in vitro experiments
using regular bright-field light microscopy or laser diffraction techniques to measure
striation/diffraction patterns in isolated muscle fibers or myofibrils. However, the
collagenous extracellular matrices present around the muscle fibers, as well as the
complex architecture in the whole muscles may lead to different contraction dynamics
of sarcomeres than seen in the in vitro studies. Here, we used multi-photon excitation
microscopy to visualize in situ individual sarcomeres in intact muscle tendon units
(MTUs) of mouse tibialis anterior (TA), and quantified the temporal changes of SL
distribution as a function of SLs in relaxed and maximally activated muscles for quasi-
steady state, fixed-end isometric conditions. The corresponding muscle forces were
simultaneously measured using a force transducer. We found that SL non-uniformity,
quantified by the coefficient of variation (CV) of SLs, decreased at a rate of 1.9–
3.1%/s in the activated muscles, but remained constant in the relaxed muscles. The
force loss during the quasi-steady state likely did not play a role in the decrease of
SL non-uniformity, as similar force losses were found in the activated and relaxed
muscles, but the CV of SLs in the relaxed muscles underwent negligible change over
time. We conclude that sarcomeres in the mid-belly of maximally contracting whole
muscles constantly re-organize their lengths into a more uniform pattern over time. The
molecular mechanisms accounting for SL non-uniformity appear to differ in active and
passive muscles, and need further elucidation, as do the functional implications of the
SL non-uniformity.

Keywords: sarcomere contraction dynamics, sarcomere length non-uniformity, extracellular matrix, sliding
filament theory, second harmonic generation imaging, skeletal muscle properties
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INTRODUCTION

The striation patterns of skeletal muscle carry important
functional information, as they reflect the amount of overlap
between the thick and thin filaments within a sarcomere, and
hence the amount of steady-state, maximal, isometric force that
a muscle can generate (Gordon et al., 1966). The seemingly
uniform striation spacing, however, has been shown to be
inherently non-uniform across all hierarchical levels: the intact
muscle (Llewellyn et al., 2008; Cromie et al., 2013; Moo et al.,
2016; Lichtwark et al., 2018), isolated muscle fibers or myofibrils
(Huxley and Peachey, 1961; Joumaa et al., 2008; Pavlov et al.,
2009; Infantolino et al., 2010; Johnston et al., 2016). The non-
uniform striation pattern, also known as sarcomere length (SL)
non-uniformity/dispersion, has been quantified as the extent
of deviation of individual sarcomere lengths (SLs) from the
average value of a group of sarcomeres. The SL non-uniformity
seen in a relaxed muscle has been found to increase when a
muscle is activated (Julian and Morgan, 1979; Joumaa et al.,
2008; Sanchez et al., 2015; Moo et al., 2017a; Moo and Herzog,
2018). This activation-induced increase of SL non-uniformity
has been theorized to play an important role in a series of
functional properties of skeletal muscle, such as force creep in
isometric contractions (Gordon et al., 1966; Edman and Reggiani,
1984), force depression following shortening of activated muscle
(Morgan et al., 2000), and residual force enhancement following
lengthening of activated muscle (Morgan, 1990; Edman and
Tsuchiya, 1996).

To date, our knowledge of sarcomere contraction dynamics
has been derived primarily from experiments using isolated
muscle fiber or myofibrils where the striation (Huxley and
Peachey, 1961; Telley et al., 2006; Infantolino et al., 2010)
and diffraction (ter Keurs et al., 1978; O’Connor et al., 2016;
Moo et al., 2017b) patterns can be captured using bright-field
microscopy and laser diffraction techniques, respectively. Due
to the technical difficulties associated with observing individual
sarcomeres in a whole muscle, there is a lack of understanding
of the dynamic behavior of sarcomeres residing in muscles,
where thousands of muscle fibers are assembled by collagenous
extracellular matrices in a complex architecture (Purslow, 1989,
2008; Heemskerk et al., 2005; Azizi et al., 2008; Lovering et al.,
2013). The extracellular matrices provide structural support to
the muscle, the muscle fibers and myofibrils (Purslow, 1989, 2008;
Gillies and Lieber, 2011) and could potentially lead to a different
contraction dynamics than the sarcomeres in isolated myofibrils
or muscle fibers that only have part or none of the extracellular
matrix of the muscle. As the muscle and its sarcomeres
elongate over the descending limb of the force-length curve, the
actomyosin-based active forces decrease (Gordon et al., 1966),
whereas the passive forces caused by the extracellular matrices
and intracellular titin increase (Gordon et al., 1966; ter Keurs
et al., 1978; Leonard and Herzog, 2010; Wood et al., 2014). This
shift in relative force contribution between passive structural and
active contractile elements may potentially alter the sarcomere
contraction dynamics, thereby affecting force production. In view
of the apparent importance of SL non-uniformity on muscle
properties, tracking the time history of SL distribution in whole

muscles prior to and during muscle activation may provide new
insight into the influence of extracellular matrices on sarcomere
mechanics and inter-sarcomeric interactions.

Therefore, the purpose of the current study was to
systematically quantify the temporal changes of SL distribution as
a function of SLs in quasi-steady state of relaxed and maximally
activated muscles. The MTU of TA of living mice was stretched
to five lengths, after which the TA was either left unstimulated
(for the relaxed condition), or maximally activated by electrical
stimulation of the sciatic nerve (for the activated condition). The
in situ sarcomeres from a small region at mid-belly of the TA
were visualized by multi-photon imaging and the corresponding
muscle forces were measured by a force transducer. The SL
distribution was investigated by quantifying the dispersion of SLs
through the coefficient of variation (CV). We hypothesized that
the time-varying SL dispersion depended on the initial SLs, and
differed between relaxed and activated muscles.

MATERIALS AND METHODS

The analysis of the current study was based on a data set
previously published for a different purpose and using different
analysis procedures (Moo et al., 2020).

Animal Preparation, Imaging of
Sarcomeres, and Measurement of
Muscle Forces
All aspects of animal care and experimental procedures were
carried out in accordance with the guidelines of the Canadian
Council on Animal Care and were approved by the University of
Calgary’s Life Sciences Animal Research and Ethics Committee.
All animals were euthanized at the end of the experiment.
The experimental procedures were the same as described in
Moo et al. (2020). Briefly, 10–12 week-old male C57/BL6
mice (N = 6; 30.5 ± 2.6 g) were anesthetized using a 1–2%
isoflurane/oxygen mixture. A cuff-type bipolar electrode was
implanted on the sciatic nerve. The left proximal femur was
fixed using a custom-made clamp at a knee flexion angle of
60◦. The tibialis anterior (TA) muscle was surgically dissected
from the tibia and surrounding muscles. The proximal end
of the TA remained attached to it’s in situ attachment site
on the proximal tibia; whereas the distal, tendon end of the
TA was detached from its insertion site with a remnant piece
of the first metatarsal bone. The distal end was then firmly
attached to a tendon clamp that extended from a 3-axes, linear
micro-manipulator (Newport Corp., CA, United States) which,
in turn, was instrumented with a uniaxial force transducer
(LCFL-1 kg, Omega Engineering Inc., CT, United States) and a
rotary stepper motor (PG25L-D24-HHC1, NMB Technologies
Corporation, MI, United States) for measurement of muscle force
and computer-controlled stretching of the TA at a constant speed,
respectively. A piece of parafilm (VWR, Canada) was stitched to
the skin overlying the TA and attached to the tendon clamp to
form a pool to accommodate a phosphate buffered saline solution
that kept the muscle hydrated and allowed for imaging using a
water-immersion objective.
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Sarcomere images were captured, and muscle forces were
measured, in relaxed and activated muscles at five MTU
lengths. A fluorescent microsphere-based marker (Thermo
Fisher Scientific Inc., MA, United States) was attached to the
mid- region of the muscle using a 100 µm-diameter glass
pipette tip to allow for the tracking of the same muscle volume
in the relaxed and activated muscles. This tracking of the
muscle volume was particularly important as the muscle fibers
move proximally during activation, and the magnitude of this
movement depends critically on the MTU. Sarcomeres were
visualized by second harmonic generation (SHG) imaging of
the TA using an upright, multi-photon excitation microscope
(FVMPE-RS model, Olympus, Tokyo, Japan) equipped with
an ultrafast laser (InSight DeepSee-OL, Spectra-Physics, CA,
United States) and a 25x/1.05NA water immersion objective
(model XLPLN25XWMP2-Ultra, Olympus, Tokyo, Japan). The
laser wavelength was 800 nm. The SHG signals emitted by
sarcomere A-bands were collected in the backward (epi-)
direction through the objective lens using a band-pass filter
at the harmonic frequency (FF01 400/40, Semrock Inc., NY,
United States). The average laser power in the sample plane
was kept between 15 and 18 mW to avoid thermal damage
to the muscle and to ensure optimal images. Time-series, two-
dimensional image bands were acquired at a frame rate of
23 frames/s in the horizontal plane (dimension: 159 × 2.8 µm;
pixel size: 0.2 µm; bit-depth: 12; dwell time: 2 µs) from an
imaging area of 159× 159 µm at the top 50 µ m of the TA.

In each trial, the TA was first held at a resting reference length
(11–12.5 mm) before being stretched by 0.5, 1.5, 2.0, 3.0, or
4.0 mm at a speed of 0.5 mm/s. When the target MTU length was
reached, the TA was activated using a 600 ms, continuous, supra-
maximal electrical stimulation [3 × α-motor neuron threshold,
70–80 Hz, 0.1 ms square wave pulse (Grass S88, Astro-Med.
Inc., RI, United States)] of the sciatic nerve, and sarcomere
imaging was performed simultaneously. In the relaxed muscle,
sarcomere imaging was performed without activation. Following
the sarcomere imaging and force measurement, the TA was
returned to its resting reference length and a 2 min rest period
was given between trials. Muscle forces were recorded by a
data acquisition unit (DI-149, DATAQ Instruments, Inc., OH,
United States) at 500 Hz throughout all trials.

Analysis of Sarcomere Images and
Muscle Forces
The experimental trials were initially divided into ten groups
based on the two muscle states (relaxed vs. activated) and the
five MTU lengths. Four to six trials with good sarcomere images
(i.e., good signal-to-noise ratio and minimal motion artifact) and
muscle forces were selected from each group for final analysis.

The 2.8 µm-wide planar image bands typically contained
two parallel-running myofibrils (Powers et al., 2016) and 5–30
sarcomeres in series. Sarcomeres were visible between 200 and
600 ms of the contraction after maximal isometric forces were
developed in the activated muscles (Figure 1, quasi-steady state
marked by the region shaded in gray). The selected image bands
were band-pass-filtered using Fiji software (National Institutes of

Health, MD, United States), and were processed using a custom-
written MATLAB code that identified the intensity-weighted
centroids of the sarcomeric A-bands. Individual SLs were
measured as the distance between adjacent A-band centroids
(Yang et al., 1998; Cromie et al., 2013; Moo et al., 2016). The
surface tilt of the local muscle region was measured using a
through-thickness muscle image, and SLs were corrected for out-
of-plane orientation (Moo et al., 2017a; Moo and Herzog, 2018).
The morphometric measures that were derived from individual
image bands include the mean, standard deviation (SD), CV
(= SD/mean), 95th percentile and 5th percentile of the SLs, as well
as the sarcomere length range, which is defined as the difference
between the 95th and the 5th percentiles of the SLs. Details of
the numbers of analyzed images and sarcomeres can be found in
Supplementary Table S1.

The force values measured from the uniaxial force transducer
represented a combination of passive and active forces, which are
the forces resulting from the passive structural elements and the
contractile components of the muscles, respectively. A structural
Hill-type model was used to extract passive and active forces
from the total measured force (MacIntosh and MacNaughton,
2005; Rode et al., 2009; Moo et al., 2020). Briefly, using the
mean SLs measured in the activated muscles, the passive force
was determined from the passive force-length curve, which was
constructed by best-fitting an exponential curve to the force-SL
data of the relaxed muscles in individual animals. The active force
could then be calculated by subtracting the passive force from the
total measured force. A representative example of a sarcomere FL
curve measured in the relaxed or activated conditions in a single
animal was included in Supplementary Figure S1.

The force-time history of each trial was divided into segments
of equal intervals that correspond to the acquisition time of
individual sarcomere image bands (43 ms). The average force
within each time-segment was calculated and linked temporally
to the morphometric measures derived from the sarcomere image
that was captured within the same time interval. The amount
of force loss from the maximal force recorded in the isometric
period (Figure 1) of the relaxed and activated muscles was also
calculated for each time segment.

Group Re-assignment for Analysis of
Temporal Changes of Sarcomere Length
Distribution
The average values of the morphometric and force data were,
respectively, determined from the image bands and force
transducer readings of all time segments collected at the five
MTU lengths of the individual muscles for the relaxed and
activated conditions. The active sarcomere force-length curves
were plotted for the six tested animals (Figure 2). Based on the
average active SLs determined at five MTU lengths, the data
were re-assigned into four SL groups (G1–4) that span across the
ascending limb, plateau, and descending limb of the theoretical
force-length curve (Figure 2), built based on the thick and
thin filament lengths of age-matched mice (Walker and Schrodt,
1974; Herzog et al., 1992; Gokhin et al., 2014, 2015; Moo et al.,
2020). Each SL group contained sarcomeres with average lengths
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FIGURE 1 | A representative example of force traces recorded, and the corresponding sarcomere images, when the MTU was stretched by 4 mm and held at this
length for either passive stress relaxation (left, blue curve) or for a fixed-end isometric contraction (right, red curve). Sarcomere images taken during the gray-shaded,
quasi-steady state, isometric contractions were analyzed for time dependence of SL distribution. During this period, there was a time-dependent decrease in force
due to stress relaxation in the relaxed muscles, and due to muscle fatigue in activated muscles, respectively. Note that the sarcomere lengths were measured as the
distance between the centroids of adjacent A-bands (bright bands in the figure), rather than following the typical definition of sarcomere length between two adjacent
Z-lines.

FIGURE 2 | Definition of data groups used in the current study. Rather than
using the MTU length as the grouping parameter, the data were divided into
four groups (G1–G4) based on the average SLs measured in the mid-belly of
the activated muscles. The theoretical sarcomere force-length curve (gray)
was overlaid for reference, with the optimal SLs ranging from 2.0 to 2.17 µm
(Walker and Schrodt, 1974; Herzog et al., 1992; Gokhin et al., 2014, 2015;
Moo et al., 2020). Each group of sarcomere lengths occupies different regions
of the force-length curve, and contains sarcomeres that differ by
0.15–0.25 µm. Group 1 consists of sarcomeres on the ascending limb
(1.8–2.0 µm). Group 2 contains sarcomeres residing on the plateau or at the
start of the descending limb, with lengths ranging from 2.15 to 2.30 µm.
Group 3 contains sarcomeres at lengths between 2.55 and 2.75 µm where
passive forces become substantial (Wood et al., 2014; Moo et al., 2020).
Group 4 is composed of sarcomeres that are located further down the
descending limb with lengths ranging from 2.90 to 3.15 µm. Note that two
data points from Animal 2 and Animal 5 were excluded as they fell outside the
grouping criteria.

that differed by 0.15–0.25 µm (see Supplementary Table S2).
The temporal changes of SL distribution and the corresponding
forces were analyzed based on this new grouping definition. The
work flow of data acquisition and processing is summarized in
Figure 3. Note that the reproducibility of SL distribution between

trials was not investigated here due to the experimental design
that did not allow for such an analysis. Interested readers can refer
to the Supplementary Materials where we address this issue in
more detail and provide some conceptual results of pilot work on
single myofibrils.

Statistical Analysis
Statistical analyses were performed using SPSS (version 25, SPSS
Inc., IL, United States). Unless otherwise stated, the results were
expressed as estimated marginal means (EMM)± standard error
(S.E.). The data from all time segments in individual trials were
first pooled, and the mean values of the mean, CV of SLs, as
well as the muscle forces were analyzed for condition effects,
which include muscle states (relaxed vs. activated) and SL groups
(G1–4), using a generalized estimating equation (GEE, under
Genlin Mixed procedures in SPSS) to take into account the
correlated (measurements within individual animals) nature of
the observations and the unbalanced (unequal number of serial
measurements for each animal) design of the study. Then, the
time-segmented data in these trials were analyzed by GEE to
individually test for relationships between contraction time and
the mean SL, CV, 5th percentile, 95th percentile, and length range
of SLs, as well as force drop during the isometric period. All
statistical tests were performed two-sided with type I error, α, set
at 0.05 level. Multiple comparisons were accounted for through
sequential Sidak adjusted p-values. As long as the data were
interval-type, no assumptions regarding normal distribution was
needed for the GEE statistical method.

RESULTS

When the sarcomeres were lengthened from G1 to G4, the
relative contribution of passive and active forces to the total
forces varied. The passive forces were negligible in G1–G2,
but grew to take up 25.4% of the total forces in G3. In
G4, 60.6% of the total forces were contributed by the passive
forces, while the remaining 39.4% came from the active
forces (Figure 4A). Sarcomeres on the ascending limb of the
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FIGURE 3 | Flow chart summarizing the work flow of data acquisition and processing. Sarcomere lengths were measured as the distance between two adjacent
A-band centroids. The muscle force-time data were divided into equal time (43 ms) segments that correspond to the frame rate of the multi-photon excitation
microscopy. The morphometric data were then temporally linked to the time-segmented muscle force in individual trials (see Materials and Methods for better
description).

theoretical force-length curve (G1) shortened by 10.8% upon
muscle activation. But the magnitude of this activation-induced
shortening became smaller and was 5.9 and 3.5% for the G2
and G3 length conditions, respectively (Figure 4B). For the G4
length condition, activation did not result in any sarcomere
shortening (Figure 4B). As to the SL dispersion, the CV of
SLs for the G1 length condition increased by 68.3% upon
muscle activation (Figure 4C). This activation-induced increase
of CV reduced to 37.6 and 29.6% for the G2 and G3 length
conditions, respectively, and became negligible for the G4 length
condition (Figure 4C).

When the relaxed muscles were held at fixed lengths, the
CV of SLs on the ascending limb (G1) decreased slightly at a
rate of 0.4%/s, but the CVs in G2–G4 did not show any time-
dependence (Figure 5 left panel). Average SLs and sarcomere
length range also showed negligible or no change with time
(Supplementary Figure S2).

Upon isometric activation, SL dispersion increased
instantaneously, but decreased at subsequent time points at
a rate of 1.9–3.1%/s for all length conditions (G1–G4), which
was 5–8 times faster than that in sarcomeres of relaxed muscles
(Figure 5, right panel). During the 400 ms quasi- steady state

of activation, the average SLs decreased slightly by 1.2–1.9% in
G1 and G2, but remained constant in G3 and G4 (Figure 6 right
column); whereas sarcomere length range became 11.6–24.6%
narrower (G1–G4, Figure 6 left column). When the shortest (5th
percentile) and longest (95th percentile) sarcomeres in individual
image bands were separately analyzed, it was found that for the
G1–G3 length conditions, the shortest sarcomeres remained at
constant lengths whereas the longest sarcomeres became 2.5 and
3.6% shorter over time (Figure 6, right column). The opposite
behavior was found for the G4 length condition, in which the
shortest sarcomeres were elongated by 1.9% but the longest
sarcomeres stayed at a constant length at the end of the isometric
contraction (Figure 6, right column).

Finally, the time-dependent decreases in force were also
analyzed for the relaxed and activated muscles. The force losses
were expressed in absolute and relative values (Figure 7). For the
relative force losses, the forces were normalized by the maximal
passive or the maximal active forces for the individual passive
and active trials, respectively. It was found that the magnitude
of force loss was similar for the relaxed and activated muscles.
Forces decreased by 6.6–12.7% in the relaxed, and by 2.1–12.8%
in the activated muscle (Figure 7B).
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FIGURE 4 | (A) Muscle forces, (B) mean SLs and (C) coefficient of variations of SLs, which are a measure of SL non-uniformity, in the relaxed (blue bars) and
activated (red bars) muscles averaged over the isometric period indicated in Figure 1. (A) Muscle forces were normalized by the highest isometric force recorded
(2570 ± 128 mN, mean ± S.E.) in individual animals. Active forces decreased whereas passive forces increased as SLs increased from G1 to G4. In G1–G3, the
active forces were substantially higher than the passive forces. In G4, the passive forces became higher than the active forces; (B) Activation led to shortening of
in situ sarcomeres in a SL-dependent manner. The magnitude of sarcomere shortening decreased from 10.8 to 3.5% while going from G1 to G3. In G4, there was
no sarcomere shortening associated with activation; (C) Activation led to a SL-dependent increase of CVs of SLs, with the magnitude becoming smaller as
sarcomeres lengthened from G1 to G3, and becoming virtually zero in G4. ∗ Indicates significant differences between SL groups for either the relaxed or the activated
condition (p < 0.01). † Indicates significant differences between the relaxed and activated states within a SL group (p < 0.01).

FIGURE 5 | Changes in SL non-uniformity, quantified in CV of SLs, in the relaxed (left graph) and activated (right graph) muscles over the isometric, quasi-steady
state indicated in Figure 1. In the relaxed state, only sarcomeres in G1 showed a slight decrease in CV at a rate of 0.4%/s, while the rest of the groups did not show
any linear relationship between CV and time. In the activated state, sarcomeres in G1–G4 all experienced a decrease of CV over the 400 ms isometric activation at a
rate of 1.9–3.1%/s. ∗ Indicates significant relationship between CV and time (p < 0.01). EMM, estimated marginal mean.

DISCUSSION

Here, we investigated the time-dependent changes of SL non-
uniformity as a function of SLs in the relaxed and activated
muscles, and also probed into the roles of relative force
contribution from the passive structural and active contractile

components on the contraction dynamics of the sarcomeres in
intact MTUs. Consistent with the literature (Llewellyn et al.,
2008; Cromie et al., 2013; Moo et al., 2016; Lichtwark et al.,
2018), our results indicate that SL distribution in the relaxed
muscles was inherently non-uniform (Figure 4C). Upon supra-
maximal, isometric activation of the muscles, SLs were perturbed
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FIGURE 6 | Length range of sarcomeres (difference between 95th and 5th percentiles of SLs) observed in individual image bands of activated muscles became 11.6
and 24.6% narrower following the 400 ms quasi-steady state of isometric contractions at all length conditions (G1–4, left column). However, the manner by which
the sarcomere length range decreased differed between groups. Plots of the changes of average, 5th percentile, and 95th percentile of the SLs with time (right
column) revealed that over the time of fixed-end isometric contraction, the shortest (5th percentile) sarcomeres remained at constant lengths but the longest (95th
percentile) sarcomeres shortened by 2.5–3.6% for G1–G3; whereas the opposite occurred in G4 in which the shortest sarcomeres were elongated by 1.9% while the
longest sarcomeres stayed at constant lengths. Note that the decrease in length range in G1 and G2 was accompanied by a slight 1.2–1.9% decrease of average
SLs over the 400 ms. ∗ Indicates significant relationship between time and either SL range, 5th percentile, average, or 95th percentile of the SL (p < 0.01). EMM,
estimated marginal mean.
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A

B

FIGURE 7 | (A) Absolute values and (B) relative values of force drop from the maximal isometric force increased with time in isometrically held, relaxed (left) and
activated (right) muscles. For the relative force drops, the forces were compared, respectively, to the maximal passive (left) or active (right) forces in individual trials
(see Supplementary Table S3 for more details on the active and passive forces used for normalization). The force dropped, respectively, by 6.6–12.7% due to
stress relaxation in the relaxed muscle (B, left graph), and by 2.1–12.8% due to muscle fatigue in the activated muscle (B, right graph) during the 400 ms isometric
period. ∗ Indicates significant relationship between force drop and time (p < 0.01). EMM, estimated marginal mean.

into a more non-uniform state, with muscles/sarcomeres at
the short lengths (G1–G2) experiencing greater changes than
muscles/sarcomeres at the long lengths (G3–G4, Figure 4C).
However, regardless of the level of SL non-uniformity in the
first 150–200 ms of activation, sarcomeres tended to re-organize
themselves into a more uniform length distribution over time,
even at lengths which were once thought to be the “unstable”
descending limb of the force-length relationship. Contrary to the
“instability” theory proposed by Hill (1953), Gordon et al. (1966)
and Morgan (1990, 1994), SLs on the descending limb were
not diverging, and sarcomeres were not rapidly pulled beyond
actomyosin overlap. Rather, SL non-uniformity, quantified by the
CV, decreased at a rate of 1.9–3.1%/s in all SL groups (G1–G4,

Figure 5) of the activated muscles, with minimal or no change
in average SLs (Figure 6). The force drop during the quasi-
steady state (Figure 1) was unlikely to contribute to the decrease
of SL non-uniformity, as force drops were found in both the
activated and relaxed muscles, but the CV of SLs in the relaxed
muscles either decreased slightly or remained constant with time
(Figure 5). Considering that the highest CV observed here was
∼10%, a decrease of CV of 3.1% per second was substantial.
Similar findings were also reported in previous studies (Moo
et al., 2017a; Moo and Herzog, 2018).

As the decrease in SL non-uniformity occurred exclusively
in the activated muscles, the active force-producing mechanism
likely plays a role in this re-distribution of SLs. During
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muscle activation, sarcomeres generate force through
cross-bridge attachments to actin, which are influenced by
the calcium-mediated activation of actin (thin) filaments
(Gordon et al., 2000), and the force-mediated activation of
mechano-sensing myosin (thick) filaments (Linari et al., 2015;
Fusi et al., 2016). The cross-bridges of the thick filaments respond
to increased force by undergoing conformational changes from
the “super-relaxed” to the “on” state in a positive feedback loop,
thereby increasing the proportion of active cross-bridges for
force production (Linari et al., 2015; Fusi et al., 2016). This
force-mediated activation of thick filaments is thought to allow
the non-uniform SLs in muscle fibers to remain stable during
isometric contractions, despite differences in actomyosin overlap
between sarcomeres of varying lengths (Schappacher-Tilp, 2018).
However, it is also postulated that a threshold limit to the SL
non-uniformity exists, after which the force-mediated regulation
by thick filaments would become ineffective in stabilizing SLs
(Schappacher-Tilp, 2018). For example, SLs of isolated myofibrils
become highly non-uniform (CV of 25–30%) upon Ca2+

activation (Johnston et al., 2019) and may have exceeded this
threshold limit of SL non-uniformity, thus leading to unstable SLs
and increasing SL non-uniformity over the duration of isometric
contractions (Pavlov et al., 2009; Johnston et al., 2019). In the
intact muscle, however, the collagenous extracellular matrices,
in the form of the endo- and perimysium, provide structural
stability to the muscle fibers (Purslow, 1989, 2008; Gillies and
Lieber, 2011), thereby limiting the in situ SL non-uniformity to
CV of < 10% (Figure 4C, see also Moo et al., 2017a; Moo and
Herzog, 2018). Therefore, even though the SLs in activated intact
muscles are non-uniform, the SLs could stay stable through
the force-mediated regulation by thick filaments. Nevertheless,
it should be noted that even after taking into account the
force-mediated regulating mechanism for SL stabilization, the
reduced SL non-uniformity (i.e., decreasing CV, Figure 5) over
the contraction time remains an unexplained phenomenon
requiring further research to elucidate its mechanism.

When sarcomeres are stretched along the descending limb
of the force-length curve (from G2 to G4), the growing relative
force contribution from passive elements is accompanied by a
decrease in active force due to continuous loss of actomyosin
overlap. The interplay of passive and active relative forces
likely leads to: (i) a reduction in sarcomere shortening upon
activation (Figure 4B), (ii) an overall decrease in SL non-
uniformity (Figure 4C), and (iii) a reduced perturbation of
SLs upon activation (Figure 4C), at long (G3–G4) compared
to short SLs (G1–G2) in TA muscles for fixed-end isometric
contractions. The time-dependent decrease of SL non-uniformity
also appears to be influenced by the relative contribution
of passive and active forces at the different SLs. When the
active forces are greater than the passive forces (G1–G3,
Figure 6), convergence to SL uniformity over time was achieved
by a shortening of the longest sarcomeres (defined by the
95th percentile of SLs), and little or no change in length
of the shortest sarcomeres (defined by the 5th percentile
of SLs). The opposite occurred when the passive forces
exceeded the active forces (G4, Figure 6). These observations
suggest that engaging the intracellular passive elements, such

as titin molecules, by mechanical stretch, does not only
lead to a more uniform SL distribution, but also alter the
contraction dynamics of sarcomeres (Horowits and Podolsky,
1987; Powers et al., 2014, 2017).

There are limitations in this study that need to be
considered. First, the results presented here were derived
from the measurements of sarcomeres in mid-TA, and may
not represent sarcomeres from other locations of the muscle,
although previous studies suggested that contraction-induced
changes of SL distribution are similar between middle and distal
TA locations (Moo and Herzog, 2018). Second, the decrease in
SL non-uniformity only represents the contraction dynamics of
sarcomeres over a 600 ms period. Longer contraction duration
may lead to different observations. Third, only muscle fibers in
the top 50 µm were investigated. Extrapolation of the results
into deeper regions of the muscle should be done with caution
(O’Connor et al., 2016).

CONCLUSION

Based on the results of this study, we conclude that sarcomeres
in the mid-belly of maximally contracting whole muscles
constantly re-organize their lengths into a more uniform
pattern over time. Furthermore, we conclude that SL non-
uniformity and SL dynamics depend in a crucial manner on
muscle/sarcomere lengths and appear to be affected by the
relative contributions of passive and active forces to the total
muscle forces. These results suggest that SL non-uniformity are
based on different mechanisms in active and passive muscles,
and undergo a perturbation upon activation as they go from
one state to the next. The details of the molecular mechanisms
accounting for SL non-uniformity in muscles need further
elucidation, as do the functional implications of the SL non-
uniformity.
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Extracellular matrix (ECM) structures within skeletal muscle play an important, but under-
appreciated, role in muscle development, function and adaptation. Each individual
muscle is surrounded by epimysial connective tissue and within the muscle there are
two distinct extracellular matrix (ECM) structures, the perimysium and endomysium.
Together, these three ECM structures make up the intramuscular connective tissue
(IMCT). There are large variations in the amount and composition of IMCT between
functionally different muscles. Although IMCT acts as a scaffold for muscle fiber
development and growth and acts as a carrier for blood vessels and nerves to the
muscle cells, the variability in IMCT between different muscles points to a role in the
variations in active and passive mechanical properties of muscles. Some traditional
measures of the contribution of endomysial IMCT to passive muscle elasticity relied
upon tensile measurements on single fiber preparations. These types of measurements
may now be thought to be missing the important point that endomysial IMCT networks
within a muscle fascicle coordinate forces and displacements between adjacent muscle
cells by shear and that active contractile forces can be transmitted by this route
(myofascial force transmission). The amount and geometry of the perimysial ECM
network separating muscle fascicles varies more between different muscle than does the
amount of endomysium. While there is some evidence for myofascial force transmission
between fascicles via the perimysium, the variations in this ECM network appears to be
linked to the amount of shear displacements between fascicles that must necessarily
occur when the whole muscle contracts and changes shape. Fast growth of muscle by
fiber hypertrophy is not always associated with a high turnover of ECM components, but
slower rates of growth and muscle wasting may be associated with IMCT remodeling.
A hypothesis arising from this observation is that the level of cell signaling via shear
between integrin and dystroglycan linkages on the surface of the muscle cells and the
overlying endomysium may be the controlling factor for IMCT turnover, although this
idea is yet to be tested.

Keywords: intramuscular connective tissue, extracellular matrix, collagen, endomysium, perimysium, muscle,
mechanotransduction
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INTRODUCTION

Intramuscular connective tissue plays a critical role in the
development and growth of muscle tissue and its quantity
and distribution vary greatly between muscles with different
functional properties. Yet surprisingly, relatively little is known
about the properties and adaptation of IMCT in comparison with
the knowledge of muscle function and plasticity (Kjaer, 2004).
There have been several different general terms and abbreviations
used to describe the extracellular matrix (ECM) within muscle.
The term “intramuscular connective tissue” (IMCT) will be used
consistently here.

This article reviews the structure and roles of connective
tissue structures within skeletal muscle tissues, with an emphasis
on recent developments and remaining questions. This subject
has a rich history; connective tissue structures surrounding
individual muscle fibers muscle were first described by Bowman
(1840). There have been substantial investigations of the
variations in amount and spatial distribution of IMCT between
different muscles of farm animals because of the large influence
IMCT has on the sensory qualities of muscle when cooked
and eaten as a food (Lehmann, 1907; Mitchell et al., 1927;
Ramsbottom et al., 1945; Strandine et al., 1949; Loyd and
Hiner, 1959; Rowe, 1981). The role of covalent crosslinks
between collagen molecules in modifying the properties of
IMCT with increasing physiological age has also been well-
documented. From the observation that newly synthesized
collagen was the most easily extracted, Jackson and Bentley
(1960) rationalized that the degree of collagen stabilization by
covalent crosslinking increased with time post synthesis. Newly
synthesized fibrillar collagen is stabilized divalent crosslinks
between lysine and hydroxylysine residues in the non-helical
portion of the molecule and hydroxylysine residues in the
helical portion of adjacent molecules (Shimokomaki et al.,
1972). A slow process of condensation between these divalent
crosslinks to produce more stable trivalent crosslinks (Eyre,
1987) is associated with stronger and stiffer IMCT. Gao et al.
(2008) demonstrated that epimysium from the tibialis anterior
muscle of rats became stiffer with animal age. A complete
description of lysyl-derived crosslinking of collagen is given
by Scott et al. (2012) and will not be discussed further
here, but is relevant to considerations of the influence of
IMCT on changes in muscle functionality in human aging
(Kragstrup et al., 2011).

THE STRUCTURAL COMPONENTS OF
INTRAMUSCULAR CONNECTIVE TISSUE

There are numerous comprehensive reviews of the structure of
IMCT in the literature. Purslow (2014) tabulated 17 previous
reviews of IMCT structure, mechanical properties, development,
turnover, and function. Gillies and Lieber (2011) also review some
pathological changes in IMCT in addition to its basic structure,
composition and properties. With such a wide choice of excellent
sources it is unprofitable to repeat an in-depth review of basic
IMCT structure here and, instead, a summary of IMCT structure

will be provided together with a discussion of what is relatively
new information, and questions that remain to be clarified.

The general structure of IMCT is summarized in Figure 1.
Each muscle is an individual organ that is surrounded by
an outer ECM layer, the epimysium (Schmalbruch, 1985).
Internally, the muscle is divided onto fascicles or bundle of
muscle fibers by a continuous network of connective tissue
structures termed perimysium. The perimysial network is
connected to the epimysium at the surface of the muscle.
Within each fascicle or fiber bundle, another continuous network
structure, the endomysium, lies between individual muscle fibers.
As emphasized elsewhere (Purslow and Delage, 2012), it is
common for previous literature to describe the endomysium and
perimysium as tubes or sheaths that surround each fiber and
fascicle, respectively, giving the impression that these “sheaths”
individually surround and separate each fiber and fascicle. In
reality, (as is evident from Figure 1E) the endomysium forms a
continuous three-dimensional network throughout the fascicle,
provided a connection between adjacent muscle fibers rather than
separating them. The perimysium is also a continuous three-
dimensional network that runs the length and breadth of the
muscle, linking the muscle fascicles that lie in the interstices
of this network.

It is a common assumption that muscle fibers typically
run the entire length of a muscle fascicle, inserting onto
tendons by myotendinous junctions at both ends. However,
numerous studies on a wide variety of species have shown
that many muscles have muscle fibers that do not span then
entire fascicle, Muscles with non-spanning or intrafascicularly
terminating muscle fibers are actually quite common (Gaunt
and Gans, 1993; Trotter, 1993; Hijikata and Ishikawa, 1997).
Hijikata and Ishikawa (1997) distinguish between non-spanning
fibers that terminate on tendinous insertions in some muscles
(e.g., mammalian rectus abdominis) and those having short
muscle fibers that taper down at each end and terminate within
the fascicle, with no connection to the tendons or tendinous
insertions (intrafascicularly terminating fibers), the series-fibred
muscle. For example, the main locomotory muscles of birds
(pectoralis muscles) are series fibers in 63 species studied, from
hummingbirds to turkeys (Gaunt and Gans, 1993). In series
fibred muscles, connections between fibers via the endomysium
are the only possible route for contractile force transmission.

Structure of the Endomysium
Each muscle fiber (cell) is bounded by its plasmalemma
(sarcolemma) and, external to this, a 50 nm thick basement
membrane layer comprized of non-fibrous type IV collagen
and laminin in a proteoglycan matrix. Lying between the two
basement membranes of two adjacent muscle fibers, the fibrous
network layer of the endomysium forms a continuum between
the two basement membranes. Schmalbruch (1974) estimated
that this network layer can be between 0.2 and 1.0 µm in
thickness. The fine collagen fibers that make up the bulk of the
network layer, together with an amorphous proteoglycan matrix,
comprise a planar feltwork of quasi-randomly orientated, wavy
fibers (Figure 1E). Transmission electron micrographs of cross
sections through the endomysium show that all the collagen
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FIGURE 1 | The general structure of intramuscular connective tissue. (A) Schematic diagram showing the general arrangement of the epimysium, perimysium, and
endomysium within muscle. (B) Schematic diagram depicting the sparse junction zones between the thick perimysium and the endomysium of muscle fibers in the
surface layer of the fascicle. (C) Schematic diagram showing myofibrils of an individual muscle cell residing in the honeycomb network of the endomysium. (D) Low
magnification scanning electron micrograph of IMCT structures in muscle after treatment with NaOH to remove myofibrillar proteins and proteoglycans. The thicker
perimysium is seen surrounding the honeycombed endomysial network within a fascicle. (E) A higher magnification view of the endomysial network after NaOH
treatment. From Purslow (2014), with permission. Panels (D,E) from Purslow and Trotter (1994), with permission.

fibers run in the plane parallel to the muscle fiber surfaces
(Trotter and Purslow, 1992). The preferred orientation of the
collagen fibers in the endomysial network changes with muscle
sarcomere length, but at all sarcomere lengths the great majority
of collagen fibers are still wavy (Purslow and Trotter, 1994) and
therefore relatively compliant in tension.

Structure of the Perimysium
The perimysium is described as a well-ordered criss-cross lattice
of two sets of wavy or crimped collagen fiber bundles in a
proteoglycan matrix, with each of the two parallel sets of wavy
fibers at angle symmetrically disposed about the muscle fiber axis
(Rowe, 1974, 1981: Borg and Caulfield, 1980; Purslow, 1989).
These collagen bundles again lie in the plane parallel to the

muscle fiber surface and their long axes lie at +55◦ and −55◦ to
the muscle fiber direction at muscle rest length. The orientation
of each of the two crossed-plies of collagen fibers and the
crimp angle varies systematically with muscle sarcomere length
(Purslow, 1989). Gillies and Lieber (2011) are of the opinion
that it is not known if perimysium forms a continuous network
across the width of a muscle and from origin to insertion of
fascicles, whereas the micrographs from studies on a range of
muscles from rats, rabbits, sheep, pigs, cattle, and chickens appear
to demonstrate quite clearly that the perimysium does indeed
form a continuous network across the muscle fascicle (Rowe,
1981; Nishimura et al., 1994; Purslow and Trotter, 1994; Liu
et al., 1995; Passerieux et al., 2007). A considerable amount of
experience has been accumulated in our laboratory in dissecting
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out large sheets of perimysium from the bovine semitendinosus
muscle for mechanical testing and thermal analysis in a series
of publications ranging from 1989 (Lewis and Purslow, 1989)
up until the present day (Latorre et al., 2019), which leads
this author to the conclusion that perimysium does indeed
form a continuous network across the width of a muscle and
from origin to insertion of fascicles. It is also clear that the
thickness and spatial distribution of perimysium varies greatly
between different muscles, as shown in Figure 2 for three bovine
muscles (Purslow, 1999). It should also be noted that the resilient
protein elastin is present in small amounts in the perimysium
of most muscles but that the amount of elastin is increased
dramatically in muscles such as bovine latissimus dorsi and
semitendinosus (Bendall, 1967), where it is thought to act as an
elastic energy store. Rowe (1986) showed that elastin fibers were
predominantly associated with the perimysium and epimysium
of bovine semitendinosus and longissimus dorsi muscles.

Structure of the Epimysium
The epimysium is a thick connective tissue layer that is
composed of coarse collagen fibers in a proteoglycan matrix.
The epimysium surrounds the entire muscle and defines its
volume. The arrangement of collagen fibers in the epimysium
varies between muscles of different shapes and functions. For
instance, the collagen fibers in the relatively thin epimysium
of the long strap-like M. sternomandibularis in the cow has
two sets of collagen fibers running at ± 55 to the muscle long
axis (Purslow, 2010), whereas the collagen fibers in the thicker
epimysium of M. semitendinosus in the same animal are close-
packed and parallel to the muscle long axis, and merge into the
tendon. The thicker epimysium of pennate muscles form a sheet-
like aponeurosis that acts as a wide base of muscle attachment
(Sakamoto, 1996).

Continuity of IMCT, Tendons and Deep
Fascia
Although the various IMCT structures are often described as
sheaths that separate individual fibers (endomysium) fascicles
(perimysium) and whole muscles (epimysium), in reality
these structures form continuous networks that connect and
coordinate the muscle elements within them. The endomysium
clearly forms a continuous network structure within a fascicle
and perimysium clearly forms another continuous network
within the whole muscle As the perimysium approaches the
surface of the muscle it merges seamlessly with the epimysium
(Turrina et al., 2013). At the ends of the muscle, the epimysium
thickens and merges with the tendons (Benjamin, 2009).
Tendinous connections from several muscles onto the deep
fascia of limb muscles have been observed, and it appears
that these connections provide myofascial continuity between
the different muscles of the limb (Stecco et al., 2007). It
is hypothesized that this continuity of connections between
IMCT and fascia coordinate the action of agonistic muscles.
Within this hierarchy of connections, the nature of connections
between the endomysial and perimysial networks at the surface
of muscle fascicles. is less well defined. Rowe (1981) observed

FIGURE 2 | Micrographs of large transverse sections of three muscles from
the same (bovine) animal, showing differences in the division of muscles into
fascicles by perimysium. Top panel: pectoralis profundus; middle panel:
sternocephalicus; bottom panel: rhomboideus cervicus. Differences in fascicle
shape, size, and perimysial thickness can be seen between muscles and
within each muscle. White gaps visible between fascicles are shrinkage
artifacts (separating perimysium from the endomysium of surface muscle
fibers) produced by fixation. Adapted from Purslow (2005).

an open network of fine wavy collagen fibers joining the
thick, dense planar network of collagen fiber bundles in the
perimysium to the endomysium of muscle fibers at the surface
of a muscle fascicle. Passerieux et al. (2006) similarly reported
connections between the perimysium and the endomysium
of muscle fibers at the surface of fascicles in bovine flexor
carpi radialis muscle that they termed perimysial junction
plates (PJPs). These periodic junctions are formed by branching
collagen fiber bundles from the perimysium inserting into the
surface of the endomysium. Gillies and Lieber (2011) show
some evidence of similar connections in their scanning electron
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micrographs of preparations from mouse extensor digitorum
longus muscles. PJPs are staggered at the surface of each muscle
fiber and separated by a distance of approximately 300 µm.
Transmission electron microscopy and immunohistochemistry
studies of PJPs have revealed a concentration of muscle fiber
nuclei and mitochondria in the muscle fiber underneath the
PJP (Passerieux et al., 2006). This suggests that PJP’s may be
a point of transmission of mechanical information and stimuli
into the muscle fibers which affects expression in the cell (i.e.,
points of mechanotransduction). A point of debate is whether
these junctions can also function as pathways for transmission
of active and passive forces. The preparation of specimens for
Figure 3 involved the fracture of freeze-dried fixed samples, and
Passerieux et al. (2006) noted that fracture removed the dense
layer of perimysium from the surface of the fascicle, leaving only
the perimysial collagen strands attached to PJPs. They argue that
this means that these junctions are very strong. However, these
connections are only sporadic (more than 100 sarcomeres apart)
and mechanical tests (Lewis and Purslow, 1990) showed that
the breaking strength of endomysial junctions was considerably
below the strength of the perimysial network, indicating that
these junctions may not be strong enough to transmit large forces.

The main components of IMCT are the fibrous collagen
types I and III in a matrix of proteoglycans, with the non-
fibrous type IV present in the basement membrane of the
muscle cells. Small amounts of fibrous type V collagen and
several of the fiber-associated collagens are also present. The
endomysium and perimysium have distinct proteoglycan and
collagen compositions, as detailed by Purslow and Duance
(1990). Light and Champion (1984) estimated that type III
made up 16% of the total (type I + III) in epimysium, 28%
in the perimysium and 62% of the endomysium in bovine
pectoralis muscle. These proportions vary between the IMCT
of different muscles. Comparing six bovine muscles, Light et al.
(1985) reported type III contents in the range of 14–30% in
the epimysium, 25–43% in the perimysium and a much smaller
variation of 53–58% in the endomysium.

PHYSIOLOGICAL ROLES OF IMCT

Intramuscular connective tissue has a wide range of functions.
At the most mundane level, it organizes and carries the
neurons and capillaries that service each muscle cell. Especially
at the level of the perimysium, it provides the location of
intramuscular deposits of fat. It patterns muscle development
and innervation, as proliferation and growth of muscle cells is
stimulated and guided by cell–matrix interactions. These roles
have been discussed previously (Purslow, 2002). This review
focuses on the current knowledge of the mechanical roles of
IMCT in relation to the transmission of contractile force, passive
tension in stretched muscle, and the adaptation of muscle due to
mechanotransduction.

Hill (1949) stated that the mechanical properties of skeletal
muscle could be described by a contractile element (CE), an
elastic element in series with this (SE) and another Eleatic
component in parallel to the CE and SE. He was at pains to

point out that this was a mechanical description only, and that
it was not necessary to identify the structures responsible for the
SE and PE response. By “elastic” he meant that these elements
would return to their original dimensions after loading, and so
act as spring-like stores of strain energy. He noted that the stress-
strain behavior of his hypothetical SE and PE elements would be
non-linear, in that their stiffness would increase with strain. This
“Hill-type three element model” conditioned many discussions
of the mechanical behavior of muscle subsequently. This model
essentially focuses on the contribution of each “element” in
tension, a constraint that is discussed below.

Experimental Data
Two papers published in the mid 1980’s characterize two very
different streams of thought about the contribution of IMCT to
the mechanical functioning of muscle. Magid and Law (1985)
measured the passive load extension behavior of single fibers
from frog muscle with and without surrounding endomysium
and concluded that this IMCT structure contributed very little
to the passive tension of muscle. This finding generated a focus
on titin as the principal intracellular structure responsible for
passive elasticity in the tissue. Looking at Figure 1E, it is clear
that dissection of a single muscle fiber with some surrounding
endomysium must involve the disruption of the continuous
network structure of the endomysium, a process that is much
easier to achieve without damaging the muscle fiber in frog
muscle than in mammalian species, hence frog muscle being
the material of choice for single fiber physiology studies. It is
more difficult, but possible, to isolate viable single fibers from
mouse extensor digitorum longus muscle and measure their
properties (Lännergren and Westerblad, 1987, 1991; Westerblad
et al., 1993). Measurements of the passive elasticity of muscle
by tensile tests on single fibers have also been used to look
at changes in IMCT in diseased human muscle (Mathewson
et al., 2014) or changes due to unloading on rat soleus fibers
(Toursel et al., 2002). Meyer and Lieber (2018) made a direct
comparison of the passive elasticity of mouse versus frog single
fibers using the same apparatus and protocol, and showed that
endomysium had a greater contribution to passive elasticity in
the mouse muscle fibers than those from the frog. By testing
the tensile properties of whatever remnant of the endomysial
network that clings to the surface of an isolated single fiber, these
investigations unequivocally demonstrate the non-linear tensile
properties of the endomysium. The thinking behind this line of
investigation is very much in accord with the three-element Hill-
type model of muscle mechanics that distinguishes a contractile
element, a series-elastic element and a parallel elastic element.
By equating the endomysium with the parallel elastic element,
this type of analysis forces our thinking into consideration of the
tensile properties of the endomysium. Purslow and Trotter (1994)
studied changes in the orientation and waviness of collagen
fibers in the endomysial network layer with muscle sarcomere
length and found that endomysium is non-linearly elastic but
extremely compliant in tension over the physiological range of
sarcomere lengths. A similar investigation with perimysium also
showed that this network of crimped collagen bundles is very
compliant in tension over the range of physiologically relevant

Frontiers in Physiology | www.frontiersin.org 5 May 2020 | Volume 11 | Article 49561

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00495 May 16, 2020 Time: 16:42 # 6

Purslow Extracellular Matrix Function in Muscle

FIGURE 3 | Perimysium excised form bovine semitendinosus muscle 24 h post-mortem (A) upstretched and (B) stretched transverse to the muscle fiber direction,
with the resulting load-deformation curve shown in (C). In (D) measurements of the angle between the collagen fiber bundles and the stretching direction (triangles)
are a reasonable fit to a model sf strain-induced reorientation (Purslow, 1989; fitted line) in the perimysium. Reproduced from Purslow (1999).

sarcomere lengths (Purslow, 1989). By constraining thought
to tensile properties of these planar fibrous networks of wavy
collagen fibers or fiber bundles, it was concluded that IMCT
structures are too compliant in tension to efficiently contribute
to the transmission of contractile force at the sarcomere lengths
where muscle generates most force. However, as noted above,
this conclusion is simply based on the assumption that these
ECM structures are working in tension. As discussed below,
that is now thought to be incorrect, and that their through-
plane shear properties are more important. Using finite element
models based upon the Hill-type three-element model, Marcucci
et al. (2019) have recently suggested that the contribution to
the parallel elastic component in passive muscle elasticity may
nevertheless be substantial.

The second stream of thought about the functioning of
connective tissue within muscle was generated by the observation
by Street (1983) that short segments of myofibrils from adjacent
fibers adhering to the endomysium of a single fiber dissected
from frog semitendinosus muscle changed length when the intact
fiber was stretched. This gave birth to the idea that forces are
transferred laterally between adjacent fibers by shear through the
endomysium. This mechanism explains why length changes in
non-activated muscle fibers follow the length changes of actively
contracting neighboring fibers when only a subset of muscle
motor units are activated in sub-maximal contraction.

A general recognition that force transmission can readily
occur between adjacent muscle fibers has been followed by
evidence that myofascial force transmission can occur between
fascicles even between adjacent muscles, as summarized by

Huijing (2009); Maas and Sandercock (2010), and Maas (2019).
While there is some dispute that epimysial force transfer
between individual muscles is significant (Diong et al., 2019),
the general idea of lateral force transmission between adjacent
fibers within a muscle fascicle is less controversial. However,
this concept requires a change of mental picture about the
functional properties of IMCT is two ways. Firstly, although
it is possible to discern the tensile properties of endomysium
by comparing the tensile properties of skinned single muscle
fibers to muscle fibers with endomysium, or small groups of
fibers with a part of intact endomysial network between them,
the relevance of this needs to be rethought. If a prime function
of the endomysium is to coordinate strains between adjacent
muscle fibers and keep sarcomeres in register with each other
by transmission of forces by shear, does measurement of tensile
properties really help to understand these important shear
properties? Secondly, from a materials science or biophysical
view of endomysium and perimysium, it is natural to focus on
the tensile, in-plane properties of a planar fibrous network and
the non-linear behavior that these exhibit due to strain induced
reorientation and de-crimping. This was the approach originally
applied to analysis of the perimysium (Purslow, 1989) and to
the endomysium (Purslow and Trotter, 1994), and in both cases
the result was only to highlight the worryingly high compliance
of these networks in tension. It should be remembered that the
endomysium studied by Purslow and Trotter (1994) was from a
very obviously series-fibred muscle (bovine sternomandibularis
muscle) where the none of the intrafascicularly terminating,
short muscle fibers run the length of a fascicle and the great
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majority have no myotendinous attachment, so that transmission
of contractile force via the endomysium is the only option.
We should also note that the endomysial connections between
intrafascicularly terminating fibers in series-fibred muscles are
essentially acting as part of the series elastic component in
Hill’s three-element model; efficient transfer of force from the
contractile element out to tendons and eventually bones requires
a series-elastic “link” that (a) does not dissipate energy (which
would waste the energy of contraction) but stores it elastically,
and (b) is relatively stiff, as a very stretchy or compliant
linkage would not efficiently translate muscle contractions into
movement of the bones. Analysis of tensile properties of these
planar collagenous networks continues to be a common mindset
(e.g., Bleiler et al., 2019). The highly compliant tensile properties
of endomysium provide little resistance to the longitudinal
and circumferential dimensional changes in working muscle
fibers; the endomysium easily allows and follows changes in
fiber geometry as muscle contracts and is passively lengthened.
This, however, is not inconsistent with providing a reasonably
efficient transmission of force by translaminar shear (shear
through its thickness).

Tensile tests on small sheets of perimysium isolated by careful
dissection from muscle are possible and show the obvious non-
linear stress-strain behavior expected of a compliant network
that suffers reorientation at finite strains and a straightening of
initially wavy or crimped collagen fiber bundles. An example if
given in Figure 3. Tensile tests on isolated perimysium from
large bovine muscles have continued to be performed only
because of the relevance of these properties to the textural
properties of muscle eaten as meat (e.g., Latorre et al., 2019),
but of course do not shed light on the functioning of this
IMCT structure in vivo, except to reinforce the point that
perimysium, like endomysium, is easily deformed in tension at
resting muscle lengths.

It is clear that the majority of muscles undergo shape changes
as they contract (Dick and Wakeling, 2017, 2018; Roberts
et al., 2019); fusiform muscles bulge in mid-section as they
contact, as do fan-shape muscle such as the pectoralis and all
unipennate, bipennate and multipennate muscles. This sounds
like a trivial observation, but consideration of how a fibrous
composite tissue can change shape reveals that, in order to do
so, some elements in the tissue as a whole must be allowed
to shear past neighboring elements. The question is; which
elements, at what scale of structure? If the endomysium is
tightly coordinating forces and displacements between adjacent
muscle fibers in a fascicle, then the likelihood is that shear
displacements could be accommodated between fascicles. In
a crude experiment, Purslow (2002) demonstrated that shape
changes caused by manipulation bovine semitendinosus muscle
in rigor produced slippage between fascicles, but not within
fascicles. Schmalbruch (1985) also discusses this mechanism. The
shear strains within different muscles are substantial and vary
between diverse muscles (Mutch, 2015).

It has been postulated that variations in the size and
shape of fascicles, and therefore in the spatial distribution
of perimysium, was related to variations in the shear strains
that need to be accommodated in differently shaped muscles

FIGURE 4 | Three muscle fibers dissected post-rigor from rat gastrocnemius
muscle forming a Y-shaped specimen suitable for measuring the shear
properties of endomysium. Bottom: schematic representation. Middle panel:
polarized light micrograph of the whole preparation. Top panel:
higher-magnification phase contrast image of the mid-section, showing the
free ends of the outer two fibers.

as they contract (Purslow, 2002, 2010). This idea has since
been supported by computational models (see below) and
argues that shear stains in the perimysium must be larger
than shear strains though the endomysium between muscle
fibers in a fascicle. This is in contrast to the interpretation
of those researchers (e.g., Huijing, 2009; Maas, 2019)
who stress the importance of lateral force transmission
between fascicles and between entire muscles (epifascial
force transmission) as an important physiological function,
as a perimysium easily deformed in shear would not be
an efficient means to transmit contractile force laterally
between fascicles.

Modeling Stress Transfer Between
Muscle Fibers by Shear
Models of the shear properties of perimysium and endomysium
at different sarcomere lengths (Purslow, 2002; Appendix A) led
to the idea that shear transmission of force could be relatively
efficient over a wide range of sarcomere lengths. These simple
ideas based on fibrous composites theory were developed using
estimated ranges of shear parameters, as no measured values
were available. In developing these models of translaminar shear
through a reorientating planar network of near-random, wavy
collagen fibrils, Purslow (2002) reasons that in practical terms
the shear modulus of the endomysium would be relatively
insensitive to changes in sarcomere length. These models have
not been tested, because of the difficulty in making experimental
observations. It has been proposed to use an overlapping shear
configuration of three muscle fibers (as shown in Figure 4)
to directly measure the shear stiffness of the endomysium.
These experiments have not yet been performed in the author’s
laboratory due to a lack of the strain vector mapping necessary to
extract shear displacements in the mid region of the specimen.
The specimen is shown only to demonstrate the viability of
such preparations.
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Computational Models of Stress Transfer
in Muscle by Shear
Various computational models (principally finite elements (FE)
models) have been used to explore the possible role of IMCT in
the active and passive mechanical properties of muscles. These
models are very attractive in that they can represent the complex
three-dimensional architecture of the tissue at various levels.
A full anisotropic set of (non-linear) moduli (both extensional
and shear) and the anisotropic poisons ratios for both muscle
fiber elements and IMCT elements, together with a detailed
representation of their shape and spatial distribution would be
an ideal starting point for building such complex computational
models. However, a full set of extensional, shear and poison’s
ratio parameters for muscle fibers and either the endomysium
of perimysium, or both, is not available. So, while a great
number of parameters can be estimated from experimental
studies, inevitably there needs to be some assumed range of values
for many of the parameters, not least the shear properties of
the IMCT components (both for shear through the thickness
along the muscle fiber direction and transverse to it). Thus,
Yucesoy et al. (2002) used a non-linear strain energy density
function to model the IMCT in their FE model of interactions
between muscle fibers and endomysium that contained different
extensional stiffness constants along and across the muscle
direction but equal shear stiffness in all directions. This Linked
Fiber-Matrix Mesh model approach has been discussed further
by Yucesoy and Huijing (2012) and applied to a study of muscle
paralysis by botulinum toxin (Turkoglu and Yucesoy, 2016).
Sharafi and Blemker (2011) were very explicit (in their table 1)
of the sources of the range of parameters that they included
in their FE model of force transmission from intrafascicularly
terminating muscle fibers. They noted that shear moduli for the
endomysium had not been measured and used estimated values
for an (isotropic) shear modulus in the range 3.7–5 kPa. In their
geometrically simplified FE model of a single cylindrical muscle
fibers embedded in an endomysial matrix, Zhang and Gao (2012)
use a range of mechanical property parameters from previous
models, including that of Sharafi and Blemker (2011). They
assume a shear modulus of 0.3–0.6 kPa along the muscle fiber
direction and 0.15–0.3 transverse to the muscle fiber direction.
These three FE models were are all very useful in exploring
the patterns of complex forces and deformations in muscle
as a composite tissue and, not withstanding the differences in
assumed shear parameters and other differences in the model
assumptions and constraints, all three produced results which
indicated a strong role for transmission of force between fiber
and ECM or between adjacent fibers by shear. Sharafi and
Blemker (2010) also used the FE model approach to examine
the effects of fascicle shape and size (and therefore perimysial
spatial distribution) on the properties of muscle. They noted that
measured values of shear moduli for muscle fibers, fascicles and
IMCT did not exist, and were likely to vary considerably from
muscle to muscle, so explored a wide range of these parameters
in their model. Using fascicle size and shape data from two
muscles (rabbit rectus femoris and soleus), Sharafi and Blemker
(2010) showed that perimysial thickness, the spatial staggering of

fascicles to each other and the anisometric ratio of the fascicle
were most important in determining the overall macroscopic
mechanical properties of each muscle. Over a range of mechanical
parameters studied, their simulations predicted higher shear
strains in the perimysium than within the fascicles (i.e., in
muscle fibers or the endomysium) and supported the concept that
variations in the spatial distribution of perimysium in a muscle,
defining muscle fascicles of varying sizes and shapes, generally
follow the need to accommodate more of less shear strains in
a given plane depending on the shape changes and ranges of
motions necessary for different muscles to fulfill their different
functions. This idea is echoed by Mutch (2015) who supposes
that fascicles are smaller, and separated by thinner perimysium,
in long strap-like muscles such as bovine sternomandibularis
or human sartorius because these contraction of these muscles
produce only small shear displacements within them, compared
to the bigger fascicles and thicker perimysium in some pennate
muscles, where shear displacements are greater. From a range of
ultrasonic imaging studies on human muscles in vivo, Purslow
(2002) in his table 2 presented data to show that maximum shear
strains between fascicles in pennate muscles could be as high as
2.05, and could vary substantially between the muscles studied.

While actual measurements of the shear properties of
endomysium through experiments such as those proposed above
in relation to Figure 4 may provide accurate data to feed into such
computational models, it is this author’s view that the conclusions
form FE models such as those cited here would not be affected
greatly, if at all. Over a wide range of simulated mechanical
parameters, these models form a consensus view that shear
transmission of force through a relatively stiff endomysium is an
important feature of muscle function, whereas the more shear-
compliant perimysium provides a mechanism for fascicles to
shear past each other, permitting the macroscopic shape changes
necessary for muscles to change shape as they contract.

Supersonic shear imaging (SSI) studies have provided
estimates of the macroscopic shear modulus of muscles in vivo.
Lacourpaille et al. (2012) measured values of shear modulus in
the range of 2.99–4.5 kPa in nine resting muscles of human
subjects. Nakamura et al. (2016) reported increasing values of
8.1–41.6 kPa for human gastrocnemius with increasing passive
ankle dorsiflexion. In their review, Lima et al. (2018) cite values
from a range of studies on different muscles ranging from 7 to
70 kPa depending on degree of muscle lengthening and joint
rotations and note that values increase with increasing muscle
activity. Chakouch et al. (2015) used the different technique of
magnetic resonance elastography (MRE) to measure the shear
modulus along nine muscles in the human thigh at rest and
report values ranging from 3.91 to 6.15 kPa. SSI and MRE
both use high frequency waves to study the tissue. Because
of the frequency-dependent viscoelastic nature of muscle and
IMCT, the shear moduli measured in SSI and MRE are likely
to be high estimates. However, these data do give values for
macroscopic shear properties of muscle that could be used as
end-point comparisons from computational models. It should
be emphasized that these reported shear moduli are for the
whole muscle tissue, not the IMCT. It is clear that these shear
moduli vary between active and passive muscle and increase with
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increasing muscle length or displacement. It is reasonable to
speculate that the translaminar shear moduli of the perimysium
and endomysium may also change with muscle length, as changes
in the orientation of collagen fibers with the IMCT network
with changing sarcomere length have been reported for both
perimysium (Purslow, 1989) and endomysium (Purslow and
Trotter, 1994). Simple fibrous composite modeling of the effects
of collagen fiber reorientation (Purslow, 2002) do predict that,
over the entire range of sarcomere lengths that can be achieved
in muscle, the translaminar shear modulus in the longitudinal
direction will become greater at very long sarcomere lengths,
and the translaminar shear modulus in the circumferential
direction will become greater at very short sarcomere lengths.
However, near muscle rest length the two translaminar moduli
are predicted from this simple model (Purslow, 2002) to be more
nearly equal and to only change to a very small degree within
the normal physiological range of sarcomere length changes. As
noted above, this led Purslow (2002) to hypothesize that the
shear modulus of the endomysium would be relatively insensitive
to changes in sarcomere length. This argument can be equally
applied to the shar properties of the perimysium. However, this
hypothesis is yet to be confirmed by direct measurements of the
shear properties of these IMCT networks.

Pamuk et al. (2016) combined magnetic resonance and
diffusion tensor imaging methods to assess deformation along
the muscle fiber direction in human medial gastrocnemius
muscle in vivo, including shear strains. As well as noting a
great inhomogeneity in longitudinal strains between muscle
fibers, Pamuk et al. (2016) observe that analysis of along-
fiber shear strains confirm that there is a great amount of
shear displacement between muscle fascicles during in vivo
movements of this muscle.

If the shear properties of the endomysium are designed to
keep adjacent muscle fibers closely aligned and coordinated
with efficient force transfer between them, whereas the shear
properties of the perimysium are designed to facilitate large
shear strains in a working muscle, then it follows that (a)
computational models should not use the same estimates of shear
properties for both endomysium and perimysium, and (b) the
mechanisms for adaptive growth or degradation of endomysium
and perimysium may be differently regulated, or may respond to
different ranges of stimuli.

CHANGES OF IMCT IN MUSCLE
ADAPTATION

Part of the adaptation of muscle to exercise, disuse and overload
injury involves changes to the IMCT (Kjaer, 2004; Mackey et al.,
2011, 2017; Hyldahl et al., 2015). There are also some changes in
the IMCT content of muscles as animals and people grow and
age, as reviewed by Kragstrup et al. (2011). Post natal muscle
growth is generally by muscle fiber hypertrophy, which means
that, if the thickness of endomysial and perimysial structures
remains constant, there would be a decreased intramuscular
collagen concentration as the volume of the muscle cells
increased. In the rapid growth of muscle in young farm
animals, there is no obvious change in collagen concentration

(McCormick, 1994), arguing that the volume fraction of muscle
occupied by endomysial and perimysial IMCT structures keeps
pace with the growth in muscle fiber volume. Kragstrup et al.
(2011) review the complicated evidence from both animal and
human studies indicating that, after maturity is reached, there
is a increase in intramuscular collagen content, as well as
change in the properties of IMCT due to age-related covalent
crosslinking. In the study of advanced human aging, it is unclear
if an increase in IMCT concentration is simply a function of
muscle fiber volume loss due to inactivity. It is also clear that
the connections within muscle tissue afforded by IMCT and
myotendinous joint connections are predominant sites of lesions
in muscle strain injuries, as highlighted in a recent meta-analysis
(Wilke et al., 2019).

Maintenance and regeneration of IMCT is a balance
of synthesis by fibroblasts versus degradation. Matrix
metalloproteinases (MMPs) are the principal proteolytic enzymes
of IMCT together with the family of metalloendopeptidases
described as a disintegrin and metalloproteinase (ADAMs),
which act as sheddases, cleaving off the extracellular portions
of integrins at the muscle cell surface (Christensen and
Purslow, 2016). In their studies of rat soleus muscle, Cha and
Purslow (2010a) demonstrated that MMP activity occurs at
the endomysium and perimysium, but that the muscle fibers
themselves produce large quantities of MMPs. When subject
to biaxial stretching a stronger increase in MMP activity is
produced by myoblasts than fibroblasts (Cha and Purslow,
2010b). In the response of muscle to overload injury it is
particularly evident that connections between muscle cells and
IMCT are broken down before remodeling occurs (Mackey et al.,
2011; Hyldahl et al., 2015).

Myoblasts and myotubes can produce their own basement
membrane collagens (Bailey et al., 1979; Kühl et al., 1982),
normally the type I and III collagen fibrous structures of the
interstitial region of the endomysium and of the perimysium are
considered to be primarily produced by fibroblasts (Chapman
et al., 2016). However, this very much depends on the stage
of development and conditions within the muscle (such as
muscle injury, disease or chronic inflammation). Myoblasts
produce type I collagen but this production normally decreases
substantially when the myoblasts differentiate into myotubes
whereas satellite cells produce type I and III collagens (Alexakis
et al., 2007). In contrast, in the mdx mouse, a model for
Duchenne muscular dystrophy (DMD), the satellite cells in older
muscle can still produce type III collagen but cease to produce
type I collagen (Alexakis et al., 2007). Substantial amounts of
type I collegen, produced by non-myogenic cells, are present
in the fibrosis evident in DMD. Transforming growth factor β

(TGF-β) is elevated in muscle injury and also in pathological
conditions such as DMD. TGF-β is a well-known regulator
of muscle fiber size but also causes elevated collagen type I
expression from both myoblasts and differentiated myotubes
in cell culture (Hillege et al., 2020). Myogenic progenitor cells
arising from satellite cells in growing or repairing muscle
form part of the regulation of synthesis of new collagen in
the IMCT by fibroblasts. Satellite cells activated by mechanical
overload proliferate and secrete exosomes containing microRNAs
(MiRNAs) into the ECM. Binding of MiRNAs, and specifically
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MiR-206, to fibroblasts suppresses collagen synthesis by its
inhibiting action on Ribosome-binding protein 1 (Fry et al.,
2017). In the absence of satellite cells, or upon their depletion
in chronic overload or disease, the lack of exosome-mediated
regulation of collagen synthesis in fibroblasts leads to fibrosis.
There is therefore evidence to suggest that both collagen synthesis
in the endomysium and its degradation by MMPs may be
regulated by muscle cells and their associated satellite cells. It is
less obvious that these mechanisms are relevant to the control of
collagen deposition and degradation in the perimysium, which is
not in contact with the muscle cells.

While there has been assumption that high rates of
muscle growth must be accompanied by a high rate of
turnover (degradation and resynthesis) of IMCT (Etherington,
1987), investigations of collagen metabolism resulting from
manipulations of animal nutrition fail to reliably back this
up. McCormick (1989) summarized a number of studies on
this and concluded that the processes controlling collagen
synthesis, degradation and stabilization via covalent crosslinking
in response to high or low growth rate are far from clear, based
on the fact that some dietary manipulations producing high rates
of muscle accretion are accompanied by more intramuscular
collagen with a higher solubility (which is presumed by Rompala
and Jones (1984) to indicate newly synthesized collagen) whereas
some others do not. If collagen solubility is indeed a reasonable
measure of newly synthesized collagen, it difficult to explain
increased solubility of collagen in the muscle of pigs on a
restricted diet, with low growth rate (Kristensen et al., 2002;
Therkildsen et al., 2002).

Muscle immobilization also results in changes in IMCT, and
these responses may also shed light on its role. Jozsa et al. (1988)
reported that the collagen content of soleus, gastrocnemius and
tibialis anterior muscles of rats increased when their hind limbs
wee immobilized. This was partially a result of loss of muscle
fiber volume, but an increase in endomysial and perimysial
thickness was also noted. Järvinen et al. (2002) noted similar
patterns of fibrotic depositions in both the endomysium and
perimysium in the same three muscles of the rat hind limb
upon immobilization. Excessive deposition of ECM (fibrosis) js
a well-know feature of muscular dystrophies, myopathies and
severe muscle injuries, as reviewed by Mahdy (2019). It may be
that a fibrotic deposition of IMCT is a mechanism to prevent
over-extension and catastrophic rupture of weakened muscle
fibers and fascicles. However, the appearance of myofibroblasts
as opposed to fibroblasts at sites of connective tissue injury
and muscle injury (Li and Huard, 2002; Contreras et al., 2016)
complicates the issue and suggests that fibrosis may be a response
of a differentiated cell type with a different set of response
conditions than normal fibroblasts.

Mechanotransduction Between Muscle
Cells and IMCT; Which Mechanical
Signals Matter, and Is It a Two-Way
Street?
Mechanotransduction refers to the signally pathways by which
cells sense and respond to mechanical stimuli by changes in their

expression. Mechanotransduction in muscle is a well-understood
concept that has been reviewed extensively (Hornberger and
Esser, 2004; Burkholder, 2007; Olsen et al., 2019). It is generally
recognized to involve connections from the ECM via integrins
(Boppart et al., 2006) with intracellular signaling in large part
via MAP Kinases (Martineau and Gardiner, 2001). Constantin
(2014) reviews evidence that the dystroglycan complex is another
important transmembrane connection involved in muscle
mechanotransduction. Other intracellular signaling pathways
involved in the response of muscle cells to external mechanical
signals include calcium channels (Damm and Egli, 2014) and
Yes-associated protein (YAP) activated pathways (Fischer et al.,
2016). Nitric oxide synthase also participates as a regulatory
mechanism of protein synthesis and degradation in skeletal
muscle (Shenkman et al., 2015). However, the IGF-1-Akt-mTOR
is thought to be the main positive regulator of skeletal muscle size
(Schiaffino et al., 2013).

From the viewpoint of regulating and adapting both muscle
fiber volume and properties and IMCT structures to functional
demands on muscles, there are two aspects of current muscle
mechanotransduction research worth noting. Firstly, while the
exact nature of the intracellular signaling pathways and resulting
changes in expression have been studied with great precision,
the exact nature of the mechanical stimuli that stimulates these
is generally less well defined. While Burkholder (2007) is careful
in his general discussion to distinguish forces from deformations
and to make the important distinction between tension and shear,
as well as discussing cyclic versus static loading, the primary
investigations he reviewed are generally less concerned with the
precise type of mechanical signal that elicited the responses in the
signaling pathways they studied. Given that shear transmission
of force through the endomysium seems to be an important
feature of muscle functioning, an emphasis on shear stresses
or shear strains as a primary mechanical signal could be an
interesting focus in future work. Juffer et al. (2014) showed
that myotubes are sensitive to shear stress imposed by fluid
flow. Huijing and Jaspers (2005) postulate that shear effects
between adjacent muscle fibers is an important component
of the mechanical signals for adaptation. Fischer et al. (2016)
stated that regulation of YAP pathways by shear in muscle
have not been characterized, but noted that fluid shear stress
does activate YAP in osteoblasts and chondrocytes. Meanwhile,
information on the activation of the PI3K/AKT/mTOR pathway
by mechanical stimulation of cells continues to be obtained by
use of cyclic biaxial membrane stretching as a stimulus (Da
et al., 2020) where it is hard to dissect the exact mechanical
component of the stimulus. Although the activation of the
mTOR pathway by elevated IGF-1 is a principal mechanism
in the regulation of muscle fiber size, it should be noted that
a variety of other factors activate mTOR, including reduced
myostatin expression (Egerman and Glass, 2014) and nitric
oxide synthase (NOS) signaling (Ito et al., 2013), as well as the
direct effects of mechanical loading (Hornberger et al., 2006).
Mechanical loading of differentiated myotubes by either cyclic
biaxial stretching (Wozniak and Anderson, 2009) or pulsating
fluid shear stress (Juffer et al., 2014) promotes Nitrous oxide
(NO) production.
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The second point to note is that most studies of
mechanotransduction in muscle are concerned with transfer
of mechanical information from the ECM to the muscle cells.
But connections between muscle cells and ECM also transmit
forces into the ECM. Regulation of IMCT due to mechanical
signaling from contractile forces is far less studied. This is an
important aspect if we want to know what signals could control
the deposition or remodeling of IMCT beyond passive stretching
of the muscle. Mechanical signals for IMCT deposition or
degradation can reasonably be expected to be either strains
or stresses experienced by fibroblasts, and indeed collagen
and proteoglycan synthesis is primarily the function of these
cells. Our current understanding of muscle function envisages
relatively small shear strains within a fascicle, i.e., efficient
force transmission through an endomysium with a relatively
high shear stiffness, whereas perimysial boundaries allow large
shear strains between fascicles. Given these differences, it is
not unreasonable to suggest that the amplitude or nature of
the signals controlling the growth or degradation of these two
different IMCT structures are likely to be different. Miller
et al. (2015) demonstrated an increase in the rate of collagen
synthesis within human gastrocnemius muscle after an acute
bout of strenuous exercise in the same timeframe as increased
myofibrillar protein synthesis, indicating a coordination of
response from both myocytes and fibroblasts. However, it was
not possible in this study to distinguish between synthesis
of collagen in the endomysium versus the perimysium. It is
also possible that some of the collagen synthesis was related
to micro-injury in response to overload and the consequent
macrophage infiltration and TGF-β upregulation of fibroblast
activity seen in muscle injury repair (Kim and Lee, 2017). While
mechanisms of mechanotransduction in fibroblasts generally
are known (Chiquet et al., 2003, 2007), fibroblasts in different
tissues have different responses (Mackley et al., 2006) and
fibroblasts isolated from different muscles in the same animals
are known to have different expression (Archile-Contreras
et al., 2010). By definition, fibroblasts synthesizing components
of endomysium have a different expression than fibroblasts
synthesizing perimysial components in the same muscle.

The control of degradation by MMPs may also be via signaling
to fibroblasts, although it is more likely that signaling within
muscle cells also has a large contribution to MMP expression and
activity, as discussed above. Any study of the effects of stimuli
on the production of MMPs by muscle cells is complicated by
the fact that MMPs function as intracellular signaling molecules
as well as extracellular proteases (Mannello and Medda, 2012).
A perinuclear concentration of MMP activity has been observed
in myoblasts (Cha and Purslow, 2010a) and in differentiated
myotubes (Purslow et al., 2012).

As discussed above, the tight linkage of mechanotransduction
at the muscle cell-ECM interface focuses attention on
endomysial-muscle cell interactions, but the perimysium is
only sporadically connected to the endomysium of muscle cells
at PJPs. While the mechanotransduction pathway afforded by
PJP structures (with their concentrations of sub sarcolemmal
myonuclei) may be pass external mechanical information into
the muscle cells, it is more difficult to postulate that the muscle

cells also regulate turnover of the perimysium, unless perimysial
fibroblasts are differentiated from endomysial fibroblasts and
respond differently to signals coming from the muscle cells so
as to synthesize and degrade this separate and distinct IMCT
structure separately.

A final consideration on the control of IMCT turnover and
deposition centers on the scaling of stresses at muscle fiber
surface with respect to muscle fiber growth. A normal assumption
is that the force produced by a fiber will increase in proportion
to its cross-sectional area, i.e., radius squared, on the basis that
the number of myofibrils per muscle cell should scale with CSA.
As the muscle fiber contracts, the generated surface shear stress
would be proportional to the force divided by the surface area
of the fiber (which is a linear function of radius). This would
imply that, as a fiber grows in radius through hypertrophy, for a
given force output per myofibril, the shear stress at the surface of
the fiber would be increasing. Above a limiting value, increased
signaling to the muscle cell could then trigger remodeling by
release of MMPs/ADAMs, and paracrine signaling from muscle
cells to fibroblasts could affect collagen synthesis. At least in
cardiac muscle, the sheddase activity of ADAMS is thought
to reduce integrin-mediated signaling with the ECM during
hypertrophy (Manso et al., 2006). An increase in the thickness
of the endomysium will lower the shear strains in it back to
some value below this triggering value. However, the assumption
that muscle hypertrophy proportionally increases the number
of myofibrils in the cross-section of growing muscle fibers,
increasing the force the produce in relation to the square of the
muscle fiber radius, has been called into question (Haun et al.,
2019). Krivickas et al. (2011) demonstrate that contractile force
generated in single muscle fibers is a linear function of their
diameter (or radius). If this analysis is true, then there would be
no change in the magnitude of shear stresses on the fiber surface
of muscle fibers grow (as shear stress to contractile stress is a
constant ratio of both contractile stress and surface shear stress
scales linearly with radius). However, force measurements with
intact (non-skinned) muscle fibers from the iliofibularis muscles
of Xenopus larvae clearly show that the fiber cross-sectional
area is proportionately related to the forces they can generate
(Jaspers et al., 2008). This issue could be resolved by a clearer
understanding of the shear properties of the endomysial- muscle
fiber interface and the cellular responses of both muscle cells and
fibroblasts specifically to interfacial shear stimuli.

CONCLUSION

Our understanding of the role of IMCT in normal muscle
functioning and its role in muscle adaptation and response to
injury has undergone considerable revision and is continuing to
evolve. It is arguably a legacy of the Hill three-element model
that a great deal of thinking on the mechanical roles of IMCT
and experimental approaches designed to measure these have
centered in the past on tensile properties, in relation to the
“passive elastic element.” However, we must remember that the
Hill model is just a representation of the macroscopic mechanical
behavior of muscle, rather than a mechanistic representation
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with insight into molecular or structural mechanisms. Although
Hill (1949) warned that a three-element model was only a
representation of the mechanical behavior of muscle, and that
structural elements of the muscle cells and IMCT could not
be directly assigned to the SE and PE elements, a mindset
of elastic “springs” in series and parallel with the contractile
elements has blinkered attention to tensile mechanical behaviors
of components. In reality, the in-plane tensile properties of the
endomysium and perimysium are very compliant at normal
in vivo sarcomere lengths, so freely allowing the length changes
needed in actively contracting and passively stretching muscle
fibers. But, the shear linkages through the thickness of the
endomysium keeps adjacent fibers in register and laterally
transmits force. While shear deformations in IMCT can be
interpreted in terms of its contribution to the effective tensile
stiffness of muscle in the muscle fiber direction, the field is
moving toward a clear understanding that the shear properties
of IMCT networks are different from tensile properties, and
most probably the growth and turnover of IMCT structures

are sensitive to shear parameters. While measures of tensile
properties of endomysium as a passive elastic element in single
fiber experiments has provided many insights into muscle
properties, it is arguable that what the field needs most is
detailed measurements of the translaminar shear properties of the
endomysial and perimysial networks.
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Recent studies on Myotonic dystrophy type 1 (DM1) have shown profound impairments

in gait, leading to falls. We analyzed functional ambulation profile (FAP) score that reflects

the temporal and spatial gait characteristics and investigated correlations with the lower

limb muscle magnetic resonance imaging (MRI) and 6min walk test (6MWT). Twenty

patients with DM1 and 20 controls participated in this study. The 6MWT and gait analysis

including FAP scores via GAITRite were performed in all patients and controls. DM1

patients displayed slower gait, shorter stride length, shorter stance length, and lower FAP

score. Among lower extremity muscles, the gastrocnemius, soleus and tibialis anterior

showed the most severe fat infiltration and these crural muscles significantly correlated

with FAP and 6MWT. Among crural muscles, tibialis anterior was the most important

muscle affecting gait speed, whereas the gastrocnemius contributed substantially to gait

instability. FAP score correlated with the muscle imaging and 6MWT in DM1. Therefore,

FAP score maybe used as an non-invasive marker that reflects deterioration of gait and

a possible surrogate biomarker in DM1.

Keywords: myotonic dystrophy, gait, FAP score, gastrocnemius, tibialis anterior, instability

INTRODUCTION

Myotonic dystrophy type I (DM1; Steinert disease; OMIM160900) is the most common form of
adult onset muscular dystrophy. Classically, DM1 is characterized by myotonia and pronounced
distal weakness in both upper and lower limbs (1). The proportion of wheelchair-bound DM1
patients is low as walking ability is generally maintained until the severe stage (2). However, DM1
is commonly associated with gait alterations that impair functional capacity, reduce quality of life,
and lead to a dramatic increase in fall risk (3, 4). Only a limited number of studies have described
gait impairments in patients with DM1, and different technical approaches were used by each study
in small samples of patients (5–7). These studies using 3D motion analysis with electromyography
and infrared-emitting diodes have indicated an important contribution of distal lower limb muscle
weakness to gait impairments in DM1. However, muscle strength was not quantitatively assessed
and it did not show weakness until moderate muscle degeneration. Therefore, the specific influence
of muscle on gait abnormalities associated with DM1 remains unclear. Recent studies have shown
the usefulness of muscle magnetic resonance imaging in identifying patterns of muscle involvement
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in various genetic myopathies. It also provides an excellent
approach for measuring the progression of muscle disease in
recent clinical trials (8, 9) The GAITRite is a portable gait
analysis tool for automated measurement of spatiotemporal gait
parameters (10). It is frequently used for clinical and research
purposes, and has been validated with different patient groups
such as for stroke (11), multiple sclerosis (12), Parkinson’s disease
(13, 14), Freidreich ataxia (15), and DM1 (16). Among the
parameters in GAITRite, we focused on the FAP score that
represent the quantitative spatiotemporal gait parameters that
encompasses gait speed and distance that evaluates fall risks and
gait balance as well. To the best of our knowledge, this is the
first study to investigate the relationship among quantified and
computerized gait assessment with emphasis on FAP score in
relation to muscle imaging and 6MWT in DM1.

METHODS

Participants
We included patients with DM1 from different families, and
age- and sex-matched controls who attended the clinic in
Department of Neurology at Kyungpook National University
Chilgok Hospital from January 22, 2018 to December 6, 2018.
This study was approved by the Institutional review board
of Kyungpook National University Chilgok hospital (KNUCH
2018-10-019). Medical records of age, sex, duration of disease,
and muscle weakness were reviewed. A diagnosis of DM1 was
genetically confirmed, and patients who were not able to walk
independently were excluded in this study. Lower muscle MRI
evaluation and gait analysis were performed using GAITRite, a
single layer pressure sensitive walkway measuring temporal and
spatial parameters in patients and controls. Each participant was
informed about the test procedure and participated in the study
after providing written consent.

MRI Acquisition
Muscle MRI was performed with a 3.0 Tesla scanner
(Discovery MR750, General Electric, Milwaukee, WI) using
the implemented quadrature body coil, 32-channel body array
coil for radiofrequency (RF) remission as previously mentioned
(17, 18). We graded the degree of fatty infiltration in the T1
weighted image of the individual muscles according to the
Mercuri scale that is widely used in various muscle disease (19).
The scale consists of a 5 grading system that range from 0 to 4.
0 represents normal appearance of the muscles and 4 is an end
stage of the muscle with diffuse fatty infiltrations.

Gait Assessment
Walking Endurance Test

The 6 minute walk test (6MWT) which is the most commonly
used parameter used in evaluation of motor performance in
various myopathies was utilized. 6MWT not only reflects the
overall motor function but it also represents the cardiopulmonary
status of the patients (20).

GAITRite Procedures
Gait assessment was conducted using a computer-based,
pressure-activated carpet system with a sampling rate of 120Hz
(GAITRite, CIR System, Havertown, PA). The GAITRite is a
6-m long and 0.6-m wide mat instrumented with pressure-
sensors that enable quantitative assessment of spatiotemporal
parameters of gait (Figure 1). Data were collected by a series
of on-board processors and transferred to a computer via an
interface cable. The GAITRite software immediately transformed
the raw data into spatiotemporal gait parameters. We recorded
general parameters such as step count, velocity, cadence, and
functional ambulation profile (FAP) score. The FAP score is an
overall score based on the step length/extremity length ratio, step
time, normalized velocity, and dynamic base of support (21).
Temporal and spatial gait parameters were extracted for each
individual foot. The temporal gait parameters included step time,
stride time, swing time, stance time, and heel-off-on-time (the
heel on time for the next foot minus the heel off time for the
current foot). The spatial gait parameters included step length,
stride length, step extremity ratio, and base of support.

Test Procedures for Gait Analysis
Participants were instructed to walk barefoot and at a
comfortable self-selected speed without physical assistances or
any walking aids. The walking trial was repeated four times to
obtain stable data. The mean values obtained from walking four
times were used for the final analysis. To prevent acceleration
and deceleration effects, participants started walking 1m before
reaching the active area of the electronic walkway and completed
their walk 1m beyond it. All participants were given breaks
between walking trials as requested to avoid the onset of fatigue.

Statistical Analysis
For gait analysis, we used a repeated-measures analysis of
variance (ANOVA) with one within-subject factor (left/right
foot) and one between-subject factor (patients with DM1/age-
matched healthy controls). A paired t-test was used to compare
patients’ clinical data, such as age of onset, disease duration, CTG
repeats, and general gait parameters (e.g., step count, distance,
cadence, and FAP score) with those of controls. Spearman’s
correlation coefficient (rho) was used to assess the relationship
between gait parameters and muscle MRI grading scores of
different muscle groups. Statistically significant correlations
(defined by two-tailed p < 0.05) were reported. Exact p-values
were reported unless p < 0.01. All analyses were conducted
in IBM SPSS v.24. Heat maps and hierarchical clustering were
generated with the ggplot2 and ComplexHeatmap packages of R
software (version 3.6.1, www.r-project.org).

RESULTS

Gait Parameters of DM1 Patients and
Controls
In total, 20 patients with DM1 were included. The mean age of
onset was 44 ± 9.7 years. The mean disease duration was 13.4
± 7.30 years. The mean number of CTG repeats was 369.05
± 211.66 (Table 1). In total, 20 controls were included (mean
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FIGURE 1 | The GAITRite apparatus used in the study.

TABLE 1 | Baseline characteristics of DM1 patients.

Patients with myotonic dystrophy

Number (M:F) 20 (11: 9)

Age (year) 42.65 ± 9.66

Age Onset (year) 44.45 ± 9.7

Disease duration (year) 13.4 ± 7.30

CTG repeat number 369.05 ± 211.66

CK level 259.1 ± 125.7

6MWT 337.75 ± 86.95

6MWT, 6min walking test; M, male; F, female; CK, creatine kinase.

age, 51.30 ± 4.71 years; 7 males). For gait parameters, an initial
comparison between right and left lower limbs was made. As no
significant difference between the two limbs was detected, the
means from both sides were pooled. The step count reflects the
total number of steps counted within a walkway and cadence
reflects the total number of steps within a minute. In general,
our results in DM1 patients had a higher step count score (p <

0.001), slower velocity (p < 0.001), and shorter cadence (p <

0.01) than those of controls. The FAP score was also significantly
lower in DM patients than in controls (p < 0.05) (Table 3). For
spatio-temporal gait parameters, DM1 patients showed shorter
step length (p < 0.001), shorter stride length (p < 0.001), lower
step extremity ratio (p < 0.001), wider base of support (p <

0.001), longer step time (p = 0.001), longer stride time (p =

0.001), longer stance time (p < 0.001), and shorter heel off heel
on strike time (p < 0.001) compared with those of age and sex
matched controls (Table 2).

Lowe Limb Muscle MRI Findings
We evaluated the gluteus maximus, gluteus medius, gluteus
minimus, iliacus, sartorius, gracilis, tensor fasciae lata, vastus
medialis, vastus lateralis, rectus femoris, adductor magnus,
semimembranosus, semitendinosus, long head of biceps femoris,
tibialis anterior, peroneus longus, tibialis posterior, soleus, and
gastrocnemius muscles. Unsupervised hierarchical clustering

TABLE 2 | The spatio-temporal gait parameters from GAITRite difference between

DM1 and controls.

Spatio-temporal gait

parameters

Patients with myotonic

dystrophy

Controls p

Step count 35.4 ± 8.57 26.5 ± 3.5 <0.001

Velocity (m/sec) 0.89 ± 0.19 1.25 ± 0.19 <0.001

Cadence (steps/min) 107.22 ± 17.53 121.03 ± 9.59 <0.01

FAP score 89.3 ± 10.57 94.9 ± 5.76 <0.05

Step time (sec) 0.57 ± 0.02 0.50 ± 0.02 0.001

Stride time (sec) 1.14 ± 0.03 0.99 ± 0.03 0.001

Stance time (sec) 0.72 ± 0.02 0.61 ± 0.02 <0.001

H.O & H.S time (sec) 0.02 ± 0.01 0.13 ± 0.01 <0.001

Step length (cm) 50.19 ± 1.62 61.93 ± 1.62 <0.001

Stride length (cm) 100.86 ± 3.23 124.48 ± 3.23 <0.001

Step extremity ratio 0.6 ± 0.02 0.75 ± 0.02 <0.001

Base of support (cm) 12.28 ± 0.64 8.7 ± 0.64 <0.001

CK, creatine kinase; 6MWT, 6min walking test; FAP, functional ambulation profile; H.O &

H.S time (sec), heel off and heel strike time.

of the Mercuri scale rating showed that characteristic fatty
replacement patterns on T1-weighted imaging depended on
the severity of fatty infiltration (Figure 2). As expected, the
hierarchical cluster analysis shows that the muscles in the
proximal lower extremities were less affected than those of
distal lower extremities. In the distal lower extremity, the
soleus, medial gastrocnemius, and tibialis anterior muscles were
most severely affected in descending order, whereas the tibialis
posterior was least affected (Figure 2). This finding is consistent
with the previous reports that crural muscles were more
severely affected than proximal leg muscles (22–24). Additionally
the cluster analysis well-correlated among the crural muscles
(soleus, gastrocnemius, and tibialis anterior) with 6MWT and
FAP scores while MRCSS, age of onset, disease duration and
CTG repeat lengths showed no correlations. The gastrocnemius
muscle was degenerated in all DM1 patients suggesting that the
gastrocnemius muscle degenerated earliest and most severely.
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FIGURE 2 | Hierarchically clustered heat map of Mercuri scale ratings from magnetic resonance (MR) images from 20 patients with DM1. The map showed that the

included patients could be divided into two distinct groups with mild fatty replacement and with moderate/severe fatty replacement. Each low corresponds to one

patient, and they are hierarchically clustered based solely on MR imaging data (using the Mercuri scale). Each column in the heat map corresponds to one muscle, in

descending order from the most to least degenerated. A gray-green-midnight green gradient in the heat map indicates increasing fatty substitution (legend at the

bottom). The five columns at the left of the heat map denote individual clinical features (not used in the hierarchical clustering algorithm): CTG repeat, CPK, MRCSS,

age of onset, and duration of disease, color-coded as indicated in the legend on the right. The three columns at the right of the heat map denote CPK, 6MWT, and

FAP score (not used in the hierarchical clustering algorithm) individual clinical features (not used in the hierarchical clustering algorithm), color-coded as indicated in the

legend on the right. MRCSS, Medical Research Council sum score; 6MWT, 6 minute walk test.

Relationship Between Gait Parameters
(FAP Score) and Lower Limb Muscle MRI
We compared individual muscles evaluated by MRI acquired in
the lower extremity with the FAP score through the GAIRite
apparatus and 6MWT. The grade of Mercuri score of tibialis
anterior, soleus, and gastrocnemius muscle were negatively
correlated with both FAP and 6MWT (Table 3). Vastus lateralis
was the only proximal muscle that showed a correlation with FAP
(Table 3). Furthermore, FAP score and 6MWT were significantly
correlated (r = 0.46, p < 0.05).

To clarify how the degeneration of each distal limb muscle
that play an important role in ankle weakness that is often
seen in DM1, correlation analysis between each Mercuri score
of tibialis anterior, soleus, and gastrocnemius muscles were
evaluated. These muscle groups were compared with the gait
parameters including FAP scores (Table 3). The grade of muscle
degeneration in tibialis anterior correlated with all spatio-
temporal gait parameters. It contributed the most to slow gait
velocity of gastrocnemius and soleus (r = −0.75 for tibialis
anterior, r = −0.49 for gastrocnemius, r = −0.46 for soleus,

respectively). The degeneration of gastrocnemius had the greatest
impact on wide base of support, implying that the gastrocnemius
was related with wide base gait and may be related to postural
instability. Degeneration of all three distal muscles had a
significant impact on gait parameters, higher step count, lower
cadence, short heel off-heel on strike time, short step length, short
stride length, and small step extremity ratio (Table 3).

Relationship Among FAP Score, Crural
Muscles and 6MWT
The FAP score that reflects overall functional gait function,
correlated with the 6MWT with statistical significance (r = 0.46,
p < 0.05). The Mercuri scale of the crural muscles including
tibialis anterior, soleus and gastrocnemius muscles (r = −0.52, p
< 0.05; r =−0.69, p < 0.05; r =−0.62, p < 0.01) also correlated
well with the 6MWT. Among them, gastrocnemius muscle was
the only muscle that significantly correlated with both 6MWT
and FAP scores (r = −0.61, p < 0.01; r = −0.62, p < 0.01)
(Figure 3). The fatty infiltration of the gastrocnemius and tibialis
anterior muscles showed statistically significant correlation to
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step width that reflects the base of support (r = 0.52, p =

0.019; r = 0.46, p = 0.05). Moreover, the gastrocnemius muscle
also showed significant correlation to the degree of toe (r =

0.52, p = 0.018), reflecting the role of gastrocnemius muscle in
postural instability.

Relationship Between FAP Score and
Clinical/Laboratory Parameters
We compared clinical characteristics such as age of onset, disease
duration, creatinine kinase levels and 6MWT that reflects the
overall motor function. We also compared the genetic parameter
of CTG repeats as well, with the FAP score. The 6MWT
statistically correlated with the FAP score (r = 0.464, p = 0.039),
while clinical parameters including age of onset and disease
duration showed no correlation with the FAP score. The FAP did
not correlate with laboratory parameter such as creatine kinase
or genetic parameter of CTG repeat length.

DISCUSSION

The aim of this study was to evaluate gait patterns in DM1
patients and in healthy controls using GAITRite in relation to
muscle imaging and motor performance. We used muscle MRI
and 6MWT that are most commonly used biomarkers in DM1.
The fatty degeneration of lower muscles are well-known non-
invasive radiologic marker in various muscular dystrophies and
6MWT reflects the overall cardiopulmonary and motor function
in different muscular dystrophies. We investigated the potential
relationship between gait parameters with emphasis on FAP score
with these two biomarkers. To the best of our knowledge, this is
the first study to analyze the degree of muscle involvement, as
assessed with muscle MRI, and its correlations with FAP scores
using GAITRite in DM1 patients.

FAP score focuses on spatiotemporal gait parameters
that quantitatively show gait speed and distance in various
neurological disease (25, 26). FAP score ranges from 30 to
100 points and it is based on self-selected velocity trial. The
parameters include step time, step length to leg length ratio
(SL/LL ratio), normalized velocity for each leg, degree of
asymmetry for SL/LL ratio between two limbs and dynamic
base of support. These scores are automatically calculated via
deduction from 100 and the lowest score being 30. FAP scores
are most extensively studied in Multiple sclerosis (MS) where
FAP score well-correlated with Expanded Disability Status Scale
(EDSS) which is most widely used clinical scale in MS (12).
Although FAP scores are expressed in quantitative values and it
is automatically calculated in association with the parameters as
described earlier, one of the most important limitation of FAP
score is that is can be over-estimated in patients who can walk at
a higher speed and it is not validated in children under age of 12
(24, 25). Our study enrolled DM1 patients with a mean age of 44
and it is well-described through numerous studies that showed
impairment of gait along with slower speed and instability.
Therefore, FAP score may be a simple and an ideal marker that is
more suitable in gait evaluation of DM1.

Frontiers in Neurology | www.frontiersin.org 5 May 2020 | Volume 11 | Article 39276

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Kim et al. FAP Score and Myotonic Dystrophy

FIGURE 3 | The relationship among gastrocnemius, (A) 6 minute walk test and (B) FAP scores.

The spatio-temporal gait parameters revealed short stride
length and slow cadence resulted in significantly reduced walking
velocity. Furthermore, an increased step width (base of support),
increased stance time, and stride time also had an impact on
slow walking. Walking speed is a recommended tool to evaluate
walking ability, and many studies have reported reference or
normative values of gait speed (27, 28). A Swedish study
recommended a pedestrian walking speed of 1.4 m/s when
constructing signalized intersection (29). Our study indicated
that DM1 patients had a walking speed of 0.89 m/s, and they
would not be able to cross the street in due time, emphasizing the
importance in understanding altered gait patterns in DM1 that
affect day to day life of these patients. Finally, the main outcome
of FAP score, an overall score that reflect the efficacy of gait was
significantly different from that of the control group.

Several quantitative studies assessed gait strategy in DM1
patients using different techniques and markers in small samples
(4, 5, 7). Wright et al. used infrared-emitting diodes affixed to
bracket the hips, knees, and ankles as an assessment tool for gait
of DM1 patients (7). They found an abnormal motion pattern at
both the hip and ankle, despite the lack of evidence for proximal
muscle weakness, such as that of hip muscles. In particular,
they described “foot slap” which was prolonged and increased
ankle plantar-flexion motion after heel strike (7). Another
study using segmental kinematics analysis coupled with ground
reaction force measurements and wireless electromyography
also confirmed that plantar-flexion motion was both limited
and prolonged after heel-strike (foot slap) (6). These studies
uniformly show distal muscle weakness that affect gait patterns

in DM1. In accordance to the previous studies, gait parameters
in our study showed a shorter heel off-heel on time (the heel
on time for the next foot minus the heel off time for the
current foot), indicating that their plantar flexion activity was
prolonged after heel strike. These findings can be consolidated
by our muscle MRI findings that illustrated a significantly
severe involvement of the gastrocnemius, soleus, and tibialis
anterior muscles. Interestingly these crural muscles significantly
correlated with the FAP score as well as 6MWT. Moreover,
we observed that the gastrocnemius was the most frequently
degenerated muscle and showed degeneration earlier than the
tibialis anterior muscle. These findings are in line with former
MRI reports demonstrating that in DM1, the gastrocnemius
muscles were predominantly affected (23, 29). We speculate
that the gastrocnemius muscles had the most influence on base
of support (step width) and therefore showed a significant
correlation with various gait parameters (step count, velocity,
heel off-heel on strike time, step length, stride length, and step
extremity ratio) (Table 3) in our study. These findings may
be partly explained by the “posture first” strategy which DM1
patients chose in order to preserve stability (30). In accordance to
these findings, we also observed the importance of gastrocnemius
in gait abnormalities in DM1 where it statistically correlated with
both FAP score and 6MWT.

The tibialis anterior muscle contributed the most to
slow velocity of gait and correlated with all spatio-temporal
gait parameters (Table 3). These findings suggest that ankle
dorsiflexor weakness influenced all gait components (prolonged
stride time, shorter step, prolonged heel off time, wide step,
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and small cadence) and finally resulted in slow gait speed. In
summary, significant degeneration of ankle plantar flexors may
produce postural instability, while weakness of dorsal flexors is
responsible for the reduction in gait speed.

The novelty of our study is that we found a significant
correlation among the FAP score, 6MWT and fatty infiltration
in the crural muscles and that these parameters seem to play a
synchronous role in understanding impairment of gait in DM1.

Our study has several limitations. First, the small number of
DM1 patients was not enough to meet statistical significance,
and may not reflect the entire range of alterations associated
with DM1. However, this study may be relevant to a
substantial portion of ambulatory patients with mild to moderate
DM1. Second, this was a cross-sectional study with DM1
patients; as such, longitudinal follow up of DM1 patients is
required to investigate the progression of gait abnormalities
in conjunction with changes in muscle strength, muscle
degeneration, and postural control. Finally, in addition to muscle
involvement, cognition, sensory, visual, and hearing symptoms
could contribute to gait impairments in DM1 patients. Further
studies focusing on central nervous connectivity for deeper
understanding of gait performance will be necessary. These data
will help to determine whether systemic gait analysis using
GAITRite may be used to (1) identify specific gait impairments
prior to the occurrence of foot drop in DM1 patients, (2) indicate
the need for early intervention, (3) help to tailor the management
of DM1 patients, and (4) gait parameters such as FAPmay be used
as a valuable non-invasive tool in evaluating progression as well
as a marker of treatment.

CONCLUSION

All spatio-temporal parameters were impaired in DM1
Radiologically most affected muscles were tibialis anterior

and gastrocnemius muscles and these muscles significantly
influenced FAP score in DM1. Moreover, the gastrocnemius
seem to influence postural instability, while tibialis anterior seem
to be related to reduction in gait speed based on the result of our
GAITRite analysis. Lastly, FAP score well-correlated with the
6MWT as well as fatty degenerative change in the muscle MRI.
Therefore, FAP score may be used as a surrogate marker of lower
limb motor function and with more longitudinal studies, the use
can be extended as a therapeutic marker in near future clinical
trials in DM1.
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Aim: To study the causes of locomotor dysfunction, estimate muscle forces, or
understand the influence of altered sarcomere and muscle properties and behaviours
on whole body function, it is necessary to examine the leverage with which contractile
forces operate. At the ankle joint, current methods to quantify this leverage for the
plantarflexors do not account for curvature of the Achilles tendon, and so may not
be appropriate when studying equinus gait. Thus, novel methodologies need to be
developed and implemented to quantify the Achilles tendon moment arm length
during locomotion.

Methods: Plantarflexor internal moment arm length and effective mechanical advantage
of 11 typically developed young adults were calculated throughout stance, while heel-
toe walking and voluntarily toe-walking on an instrumented treadmill. Achilles tendon
moment arm was defined in two-ways: (1) assuming a straight tendon, defined between
the gastrocnemius medialis myotendinous junction and Achilles tendon insertion point,
and (2) accounting for tendon curvature, by tracking the initial path of the Achilles tendon
from the calcaneal insertion.

Results: When accounting for tendon curvature, Achilles tendon moment arm length
and plantarflexor effective mechanical advantage did not differ between walking
conditions (p > 0.05). In contrast, when assuming a straight tendon, Achilles tendon
moment arm length (p = 0.043) and plantarflexor effective mechanical advantage
(p = 0.007) were significantly greater when voluntary toe-walking than heel-toe
walking in late stance.

Discussion: Assuming a straight Achilles tendon led to a greater Achilles tendon
moment arm length and plantarflexor effective mechanical advantage during late stance,
compared to accounting for tendon curvature. Consequently, plantarflexor muscle force
would appear smaller when assuming a straight tendon. This could lead to erroneous
interpretations of muscular function and fascicle force-length-velocity behaviour in vivo,
and potentially inappropriate and ineffective clinical interventions for equinus gait.

Keywords: mechanical advantage, moment arm, Achilles tendon, equinus, ultrasound
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INTRODUCTION

In human locomotion, propelling the body forward necessitates
the development of joint moments which exceed those caused
by the ground reaction force (GRF). To achieve this, the
involved muscles must produce adequate contractile force. In
addition to the capacity to voluntarily activate the contracting
muscles, the length and velocity at which these muscles contract
during stance is vital, as these parameters will dictate contractile
force output according to the force-length-velocity relationship
(Gordon et al., 1966). During walking, the gastrocnemius
medialis muscle of typically developed adults has been shown
to operate quasi-isometrically and close to the region where
optimal sarcomere overlap would be expected (Fukunaga et al.,
2001). This behaviour favours the economical production of high
contractile forces. However, certain neuromuscular pathologies,
such as cerebral palsy (CP) can negatively affect this optimal
behaviour. Differences in sarcomere length and function (Ponten
et al., 2007; Lieber et al., 2017), muscle stiffness (Barber et al.,
2011), and lengthening characteristics (Kalkman et al., 2018) have
been documented in those with CP, and associated differences
in fascicle behaviour during gait observed (Barber et al., 2017).
These may explain why these children find it difficult to generate
the required forces for adequate moment development about
the ankle joint.

However, to study the causes of locomotor dysfunction,
estimate muscle forces, or understand the influence of altered
sarcomere and muscle properties and behaviours on whole body
function, it is also necessary to examine the leverage with
which the contractile forces operate. At the ankle, the ratio
between the internal moment arm of the plantarflexors and
the external moment arm of the GRF, also known as effective
mechanical advantage, will determine the required muscle forces
for gait. Alterations in either moment arm can greatly affect
the required muscle forces. Therefore, understanding how this
leverage may be impairing muscle function and/or contributing
to movement impairments is vital in order to provide the
appropriate interventions to improve mobility.

It is well known that children with CP have alterations
in both the internal and external moment arms, due to
skeletal deformities and atypical gait patterns (Theologis, 2013).
Deformity of the hindfoot can alter the internal muscle-tendon
moment arm, which may be either increased (Alexander et al.,
2019) or decreased (Kalkman et al., 2017) according to previous
studies of the ankle joint at rest. Such alterations can affect
the production of internal joint moments due to a change in
the required muscle force (Gage et al., 2009). Dysfunction of
the external GRF moment arm can arise from foot deformities
or atypical gait patterns, such as a midfoot break or equinus
(Theologis, 2013). However, atypical gait patterns may also be
compensatory behaviours for muscle weakness or alterations
in the internal moment arm, because shortening the distance
between the ankle joint axis and the GRF vector will reduce the
joint moment that must be overcome (Hampton et al., 2003).

To treat lever arm dysfunction, surgical (Firth et al.,
2013; Chung et al., 2015) or therapeutic interventions
such as Botulinum toxin-A injections or serial casting

(MacKay-Lyons et al., 2017; Multani et al., 2019) are used.
Such interventions alter the effective mechanical advantage
of the plantarflexors and consequently, the muscle force
requirements. Despite this, effective mechanical advantage
is rarely ever quantified in research or even considered in
clinical decision making for a group of children that commonly
experience muscle weakness (Hampton et al., 2003). Therefore,
the effects of these interventions on muscle function in children
with CP are not well understood.

The lack of experimental evidence and clinical application
may be because quantifying effective mechanical advantage,
and specifically the Achilles tendon moment arm length,
during functional tasks is complex. Only two known studies
have implemented direct measurements of the Achilles tendon
moment arm during gait (Rasske et al., 2017; Rasske and Franz,
2018). They combined motion capture with tracked ultrasound
images of the proximal region of the Achilles tendon. The Achilles
tendon line of action is extrapolated distally from a locally visible
portion of the tendon within the ultrasound viewing window,
to estimate moment arm length about the ankle joint axis. If
the tendon distally to the scanned region remains straight over
the same action line, then the moment arm length quantified
by the linear extrapolation is an accurate representation of
the force vector acting on the calcaneus during plantarflexor
muscle contraction to generate ankle joint rotation. However, it is
known that the Achilles tendon becomes curved in plantarflexed
positions (Obst et al., 2014), due to its geometric architecture and
configuration with surrounding tissues (Kinugasa et al., 2018).
Such curvature would alter the orientation of the force acting
on the calcaneus, bringing the vector closer to the ankle joint
axis, thus reducing moment arm length (Csapo et al., 2013;
Kinugasa et al., 2018). Therefore, defining the Achilles tendon
line of force to act over a straight line, defined from any portion of
the tendon more proximal than the curvature, grossly simplifies
the anatomy and mechanics of the joint and may be subject to
errors in estimating the moment arm length over the tendon’s
distal region. This is particularly relevant when studying equinus
gait patterns where large plantarflexion angles occur.

The only known study (Obst et al., 2017) to have accounted for
tendon curvature when calculating Achilles tendon moment arm
found that during passive joint rotations, assuming a straight path
of the tendon overestimated moment arm length in plantarflexed
positions, compared to accounting for curvature. However, this
study used a 3D ultrasound sweep to define the curved action
line of the Achilles tendon (Hashizume et al., 2012), which
would not be possible in functional tasks such as gait, and
it is unknown if the conclusion holds under dynamic loaded
conditions. The alternative, of adapting the previous dynamic
ultrasound method (Rasske et al., 2017; Rasske and Franz, 2018)
to track the distal free tendon is not possible in equinus gait, as
the ultrasound probe cannot maintain contact with the skin and
becomes unstable.

Thus, to improve our understanding of coordinated bodily
movement and estimate required contractile forces, novel
methodologies need to be developed and implemented to
quantify the Achilles tendon moment arm length during
locomotion. Therefore, this study developed a practical method
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to quantify the Achilles tendon moment arm and account for
curvature which is applicable to in vivo locomotor tasks, such as
gait. The aim was to calculate the effective mechanical advantage
of the plantarflexors during heel-toe walking and voluntary
toe-walking gait and assess whether accounting for Achilles
tendon curvature would alter effective mechanical advantage
comparisons between walking conditions, when compared to a
straight Achilles tendon. We hypothesised that Achilles tendon
moment arm length would be smaller when accounting for
tendon curvature. Therefore, we also hypothesised that the
increase in effective mechanical advantage when voluntary
toe-walking compared to heel-toe walking would be smaller
when accounting for tendon curvature, compared to a straight
Achilles tendon.

MATERIALS AND METHODS

Participants
Eleven typically developed young adults (male n = 4; female n = 7;
age 24 ± 3 years; height 1.76 ± 0.05 m; body mass 73 ± 6 kg)
were recruited for this study. To assess test-retest reliability,
seven participants (male n = 1; female n = 6; age 25 ± 3 years;
height 1.75 ± 0.06 m; body mass 74 ± 6 kg) returned later
within the same day to repeat the protocol. All participants were
free from lower-limb injuries within the 6 months prior to the
study. Written informed consent was obtained and the study
was conducted in accordance with the recommendations of the
institutional ethics committee and the declaration of Helsinki.

Measurement Protocol
To identify the anatomical features of the Achilles tendon, static
ultrasound images were obtained in the sagittal plane whilst
participants stood under their own body weight (1) with feet-
flat on the floor (Figure 1A), to locate Achilles tendon insertion
(Figure 1C), and (2) on toes (Figure 1B), to identify the Achilles
tendon bend point in plantarflexed positions (Figure 1D)
(60 mm linear B-mode transducer; Telemed Echoblaster, Vilnius,
Lithuania). Achilles tendon bend-point was judged visually as
the point of intersection between the initial path of the tendon
from the calcaneal insertion, and the main portion of the tendon
(Figure 1D). Both insertion and bend-point were marked on the
skin with surgical marker.

Passive retro-reflective markers were placed on bony
anatomical landmarks of the right foot and shank, including
medial/lateral femoral epicondyles, medial/lateral malleoli, and
1st, 2nd, and 5th metatarsal heads. To track the Achilles tendon
path into the calcaneal insertion, the calcaneal marker was
placed directly on the tendon insertion skin marker. A second
marker was placed distally to the Achilles tendon bend-point
skin marker, to ensure that the marker remained below the
defined bend-point. To track the myotendinous junction (MTJ)
location, for the purpose of defining a straight Achilles tendon,
the ultrasound scanner was securely fastened over the MTJ of the
medial gastrocnemius and Achilles tendon using a custom-made
probe holder, rigidly fitted with a cluster of three markers. To

FIGURE 1 | (A) Experimental set-up, showing ultrasonography positioned in
the sagittal plane to identify Achilles tendon insertion and (B) Achilles tendon
bend-point. (C) Identification of Achilles tendon insertion from ultrasound
images taken during standing. (D) Identification of Achilles tendon bend-point
from ultrasound images taken during loaded plantarflexion. Dashed red:
Outline of Achilles tendon path, solid yellow: straight portion of Achilles
tendon, solid blue: initial path of Achilles tendon. Bend-point was defined as
the intersection of the yellow and blue lines. During data collection, the
bend-point was judged visually.

minimise out of plane movement, the long axis of the transducer
was aligned with the line of action of the muscle.

Participants walked on an instrumented split-belt treadmill
(Motek Medical, Amsterdam, Netherlands) at 1.2 m.s−1 in two
walking conditions; (1) typical heel-toe gait, and (2) voluntary
toe-walking, whilst secured in an upper body fall-arrest harness
for safety. Before data were recorded, 5 mins of familiarisation
was provided. At completion of the familiarisation period,
participants continued to walk for a further five gait cycles, during
which three-dimensional kinematics were collected using a 12-
camera Vicon Vero system (Vicon, Oxford, United Kingdom),
at a sample rate of 120 Hz. Force data were also recorded
within Vicon at a sample rate of 1200 Hz. Ultrasound data
were recorded at 30 Hz, synchronised to motion data by
a 5 V digital signal captured in Vicon. All data for both
methods of defining Achilles tendon line of action were collected
simultaneously. For test-retest measurements, all equipment was
fully removed and relocated.

Data Processing
Kinematic and kinetic data were processed in Visual 3D software
(C-Motion, Rockville, MD, United States). All data were low-pass
filtered with a cut-off frequency of 6Hz. Stance phase was
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defined between initial contact and toe-off of the right foot,
identified using a force plate threshold of 50N. Data were then
cropped between 20 and 90% of stance to only include positive
external moment arm values. Ultrasound images of calcaneus
and Achilles tendon bend-point, and videos of MTJ displacement
were analysed manually in ImageJ software (ImageJ 1.51j8,
United States). All data were exported to Matlab (MathWorks
R2019a, United Kingdom), where subsequent analysis was
conducted using a custom-made script.

Effective mechanical advantage (EMA) was calculated
between 20 and 90% of stance using Eq. (1):

EMA =
InMA
ExMA

(1)

where, InMA is the internal moment arm length and ExMA is the
external moment arm length.

External moment arm length was calculated as the
perpendicular distance between the trans-malleolar axis,
defined as a straight line between medial and lateral malleoli
markers, and the GRF vector.

Internal moment arm length was calculated as the
perpendicular distance between the trans-malleolar axis
and the line of action of the Achilles tendon force. To define
the Achilles tendon action line, the calcaneal and bend-point
markers were first corrected anteriorly along the foot plane by
the respective distances measured within the static ultrasound
images (Figures 1C,D), to lie over the mid-point of the tendon.
Achilles tendon line of action was then defined as a straight
line between the Achilles tendon insertion and (1) the MTJ, to
assume a straight tendon, and (2) the corrected Achilles tendon
bend-point marker, to account for tendon curvature. Data were
averaged for all five strides which were collected per participant.

Statistics
All parameters were normally distributed. To test whether the
internal moment arm length and effective mechanical advantage
differed between walking conditions or analysis methods, two
one-way ANOVAs were performed using Statistical Parametric
Mapping (SPM1D). Analyses were completed in Matlab 2019a,
with additional post hoc tests, and significance set at p < 0.05.
An SPM1D paired t-test was used to determine whether the
external moment arm length differed between walking conditions
only, as differences between analyses methods were eliminated
by collecting data simultaneously. The intra-rater reliability was
assessed by calculating the average mean typical error throughout
stance between test-retest sessions.

RESULTS

When accounting for Achilles tendon curvature, internal
moment arm length was constant throughout stance, with no
significant difference between heel-toe walking and voluntary
toe-walking conditions (mean 4.6 vs. 4.7 cm, p > 0.05;
Figure 2). When assuming a straight Achilles tendon, internal
moment arm length was also constant throughout stance in the
voluntary toe-walking condition (mean 5.2 cm) but decreased

FIGURE 2 | Internal moment arm length across 20–90% of stance when
accounting for Achilles tendon curvature. Solid black: heel-toe walking,
dashed black: voluntary toe-walking. For clarity, only average standard error of
the mean bars are indicated.

FIGURE 3 | Internal moment arm length across 20–90% of stance when
assuming a straight Achilles tendon. Solid grey: heel-toe walking (HW),
dashed grey: voluntary toe-walking (TW). *Significant difference between HW
and TW from 80% of stance onward (p = 0.043). For clarity, only average
standard error of the mean bars are indicated.

throughout stance in the heel-toe walking condition. This led to
a significantly smaller internal moment arm length in the heel-
toe walking condition than in voluntary toe-walking from 80% of
stance onward (∼4.4 vs.∼5.3 cm, p = 0.043; Figure 3).

External moment arm length in the voluntary toe-walking
condition remained relatively constant throughout stance (mean
11 cm), whereas for the heel-toe walking condition, external
moment arm length increased throughout stance (Figure 4).
External moment arm length was significantly smaller in the
heel-toe walking condition between 20 and 40% of stance
(p < 0.001; Figure 4), whereas there was no difference
between conditions during late stance, where large plantarflexion
moments are produced.

When assuming a straight tendon, effective mechanical
advantage was significantly smaller in the heel-toe walking
condition compared to the voluntary toe-walking condition
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FIGURE 4 | External moment arm length across 20–90% of stance. Solid
black: heel-toe walking, dashed black: voluntary toe-walking. *Significant
difference between HW and TW between 20 and 40% of stance (p < 0.001).
For clarity, only average standard error of the mean bars are indicated.

from 70% of stance onward (average mean difference = 0.2,
p = 0.007; Figure 5). Whereas, there was no difference in
the effective mechanical advantage between walking conditions
when accounting for Achilles tendon curvature (average mean
difference = 0.1, p > 0.05; Figure 6).

Both methods of defining Achilles tendon line of action
showed good intra-rater test-retest reliability in both walking
conditions, with an average mean typical error of effective
mechanical advantage throughout stance of 0.05 (coefficient of
variation = 4%).

DISCUSSION

In this study, we have developed a reliable method to account
for Achilles tendon curvature in the assessment of internal

FIGURE 5 | Effective mechanical advantage of the ankle joint across 20–90%
of stance when assuming a straight Achilles tendon. Solid grey: heel-toe
walking (HW), dashed grey: voluntary toe-walking (TW), dashed red box:
region of interest for statistical comparisons. *Significant difference between
HW and TW from 70% of stance onward (p = 0.007). For clarity, only average
standard error of the mean bars for the region of interest are indicated.

FIGURE 6 | Effective mechanical advantage of the ankle joint across 20–90%
of stance when accounting for Achilles tendon curvature. Solid black: heel-toe
walking, dashed black: voluntary toe-walking, dashed red box: region of
interest for statistical comparisons. For clarity, only average standard error of
the mean bars for the region of interest are indicated.

moment arm length and effective mechanical advantage of the
plantarflexors during locomotion. Using this method, we found
significantly smaller estimates of the plantarflexors’ mechanical
advantage compared to methods assuming a straight Achilles
tendon, particularly in plantarflexed positions. This will have
implications for the estimation of the contractile forces required
from the plantarflexors during gait to propel the body forward.

Assuming a straight tendon led to a larger Achilles tendon
moment arm length during locomotion compared to accounting
for tendon curvature. This observation is consistent with
previous measurements from passive ankle joint rotations (Obst
et al., 2017). Regardless of walking condition, Achilles tendon
moment arm length was greater throughout stance when
assuming a straight Achilles tendon, with the greatest differences
apparent in voluntary toe-walking, where plantarflexion angle
and thus tendon curvature is greatest (Kinugasa et al.,
2018). These findings are also reflected in the effective
mechanical advantage comparisons, as differences in the external
moment arm lengths were eliminated between analysis methods.
Consequently, a larger Achilles tendon moment arm length, and
therefore effective mechanical advantage, would result in smaller
estimations of required plantarflexor force for locomotion. Thus,
different conclusions could be reached depending on the method
used to define the Achilles tendon line of action. The magnitude
of this difference would be further increased if comparing
between plantarflexed and more neutral joint angles, for example,
between toe and heel-toe walking.

The decrease found in the Achilles tendon moment arm
length throughout stance when assuming a straight Achilles
tendon is in contrast with previous work. Rasske et al. (2017)
reported slight increases in Achilles tendon moment arm length
from 4 to 4.3 cm throughout stance when assuming a straight
Achilles tendon. The observed differences in the direction of this
change could be due to methodological differences in defining the
ankle axis and Achilles tendon line of action, for the calculation
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of moment arm length. Rasske et al. (2017) considered the
moment arm to be between the Achilles action line and the
ankle joint centre. In contrast, we calculated the moment arm
as the shortest distance to the vector along the trans-malleolar
axis. Furthermore, Rasske et al. (2017) tracked a section of the
Achilles tendon more distal than the gastrocnemius medialis
MTJ, but proximal to the curvature, while our “straight” method
defined the tendon between the MTJ and calcaneal insertion,
to reflect the overall path of the muscle-tendon unit between
the mechanically important regions for proximal to distal force
transmission, from muscle to tendon, and from tendon to bone.
Nevertheless, similar Achilles tendon moment arm lengths were
found in late stance (4.3 cm), where meaningful plantarflexion
moments are produced.

The external GRF moment arm length increased throughout
stance in the heel-toe walking condition (Figure 4), which is
consistent with previous research (Giddings et al., 2000). This is
due to the progression of the GRF vector along the foot and is
the main reason why internal plantarflexion moments increase
throughout stance. Since this magnitude of change is much
greater than the changes in the internal moment arm length,
the external moment arm plays the major role in determining
the profile of effective mechanical advantage throughout stance.
When voluntary toe-walking, there was no progression of the
GRF vector along the foot, thus the external moment arm length
remained relatively constant throughout stance (Range: 10.6–
11.1 cm). This can therefore explain why the profile of the
effective mechanical advantage also remains constant within this
condition (Figures 5, 6).

We compared the effective mechanical advantage between
walking conditions in late stance, where meaningful
plantarflexion moments are produced in heel-toe walking.
Differences in the external moment arm length between analysis
methods were eliminated, therefore comparisons of the effective
mechanical advantage between walking conditions are explained
by the differences found in the Achilles tendon moment arm
length. When accounting for tendon curvature, there was
no difference in the effective mechanical advantage between
walking conditions (Figure 6), whereas assuming a straight
Achilles tendon led to a greater effective mechanical advantage
in voluntary toe-walking compared to heel-toe walking from
70% of stance onward (Figure 5). Consequently, assuming a
straight Achilles tendon would result in smaller estimates of the
required plantarflexor muscle force for propulsion, compared
to accounting for tendon curvature. For clinical context, the
discrepancy in required muscle force at peak plantarflexion
moment was less than 5% for heel-toe walking. Therefore, when
assessing heel-toe walking only, a straight tendon path method
may be acceptable, as the combination of a relatively small
plantarflexion angle and large plantarflexor moment is unlikely
to cause large curvature of the tendon. However, when assessing
toe-walking, where large curvature of the tendon is expected,
the discrepancy in required muscle force was ∼10%. Therefore,
adopting a straight tendon path method may not be appropriate
for toe-walking, particularly when comparing pre and post
clinical interventions whereby walking pattern, and potentially
tendon curvature, will be altered.

Data from the present study indicate that equinus gait
increases the effective mechanical advantage of the plantarflexors
from 60% of stance onward (Figures 5, 6), the period when
meaningful plantarflexor moments are produced to, in part,
propel the body forward. Therefore, the required muscle force
would be reduced, supporting the notion that equinus gait
would serve as a compensatory strategy to accommodate
plantarflexor weakness (Hampton et al., 2003). Many clinical
interventions for children with CP aim to improve walking
pattern by altering the ankle joint range of motion or lengthening
the external moment arm along the foot (Firth et al., 2013;
Chung et al., 2015; MacKay-Lyons et al., 2017; Multani et al.,
2019). Both would impact the effective mechanical advantage
of the plantarflexors, yet little is known about the impact on
muscle function. Surgical lengthening of the Achilles tendon
in particular may also result in changes to the Achilles tendon
curvature, due to alterations in gross muscle-tendon architecture
and the relationship with surrounding soft tissue structures.
Nevertheless, we have shown that different conclusions could
be reached when comparing heel-toe walking to voluntary
toe-walking, depending on how the Achilles tendon line of
action was defined. Therefore, consideration of these erroneous
effective mechanical advantage values in the decision-making
process for management and treatment of equinus may lead to
ineffective or inappropriate clinical interventions. For example,
an overestimation of the effective mechanical advantage would
suggest that a child has adequate plantarflexor strength to
meet the demands of locomotion post-intervention, when
muscle force was initially underestimated. Thus, the ability to
measure the effective mechanical advantage correctly is essential
if we are to start incorporating such measures into clinical
practice. Musculoskeletal modelling offers an alternative to
direct measurement but may not be appropriate, or routinely
feasible due to the challenges of including individualised skeletal
deformities for children with CP (Rezgui et al., 2013). As
a result, direct measurements are needed in order to start
providing individualised conclusions and recommendations
for these children.

In this study, we have shown a need to account for tendon
curvature when assessing equinus gait. However, further work is
required to systematically study the proposed method, sources
of error and anatomical validity in both typically developed
and pathological populations. For example, the extent to which
the tendon bend-point changes under altered joint angle and
loading with respect to skin-mounted markers remains unclear.
A number of limitations should be acknowledged. First, we
defined the ankle joint axis of rotation using the trans-malleolar
axis rather than the true ankle axis of rotation, which operates
around the talo-crural joint, with a varying orientation across
the ankle joint range of motion (Barnett and Napier, 1957;
Lundberg et al., 1989). The use of functional joint calibrations
may provide closer estimates (Wade et al., 2019). However,
our method was developed for application in patients with gait
pathologies and skeletal deformities, for whom functional joint
calibrations may not be possible. A trans-malleolar axis would
also account for bony deformities which are often present in
conditions such as CP.
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Marker placement error and skin movement artefact may have
introduced error in the tracking of the trans-malleolar axis and
the Achilles tendon (Peters et al., 2010). Although we took care
in acquisition of static ultrasound images, we cannot rule out
that aligned and pixelation errors (Goldstein, 2000) impacted
the correction of motion capture markers. However, we have
shown good intra-rater reliability between test-retest sessions,
with a mean typical error which is smaller than the magnitude of
the differences between our measurements. Finally, the present
study has simulated toe-walking in a group of typically developed
young adults. Previous work has highlighted differences in the
muscle behaviour of children with CP who walk in equinus
and children and adults who voluntarily toe-walk (Kalsi et al.,
2016), therefore further work will be conducted to assess the
applicability of this method in children with gait pathologies.

To conclude, we have shown that it is essential to account
for Achilles tendon curvature in plantarflexed ankle positions,
as assuming a straight Achilles tendon resulted in a larger
Achilles tendon moment arm length and therefore effective
mechanical advantage. Consequently, the required muscle force
would be smaller when assuming a straight tendon, which
could lead to erroneous interpretations of muscular function
and sarcomere force-length-velocity behaviour in vivo, and
potentially inappropriate and ineffective clinical interventions.
We have shown that Achilles tendon curvature can be accounted
for in vivo during functional tasks such as gait using a relatively
simple method, which could facilitate the implementation of
measurements of effective mechanical advantage into clinical
practice. This would allow for future work to assess how clinical
interventions alter the effective mechanical advantage, and the
resultant impact on muscle function in children with equinus
gait. However, first, further work is required to validate the

proposed method and assess the applicability in children with
gait pathologies.
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University for Health Sciences, Medical Informatics and Technology, Hall in Tirol, Austria, 5 Department of Human Sciences, 
Kanagawa University, Yokohama, Japan, 6 Computational Engineering Applications Unit, Advanced Center for Computing 
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The focus of this review is the application of advanced MRI to study the effect of aging 
and disuse related remodeling of the extracellular matrix (ECM) on force transmission in 
the human musculoskeletal system. Structural MRI includes (i) ultra-low echo times (UTE) 
maps to visualize and quantify the connective tissue, (ii) diffusion tensor imaging (DTI) 
modeling to estimate changes in muscle and ECM microstructure, and (iii) magnetization 
transfer contrast imaging to quantify the macromolecular fraction in muscle. Functional 
MRI includes dynamic acquisitions during contraction cycles enabling computation of the 
strain tensor to monitor muscle deformation. Further, shear strain extracted from the strain 
tensor may be a potential surrogate marker of lateral transmission of force. Biochemical 
and histological analysis of muscle biopsy samples can provide “gold-standard” validation 
of some of the MR findings. The review summarizes biochemical studies of ECM 
adaptations with age and with disuse. A brief summary of animal models is included as 
they provide experimental confirmation of longitudinal and lateral force transmission 
pathways. Computational muscle models enable exploration of force generation and force 
pathways and elucidate the link between structural adaptations and functional 
consequences. MR image findings integrated in a computational model can explain and 
predict subject specific functional changes to structural adaptations. Future work includes 
development and validation of MRI biomarkers using biochemical analysis of muscle tissue 
as a reference standard and potential translation of the imaging markers to the clinic to 
noninvasively monitor musculoskeletal disease conditions and changes consequent to 
rehabilitative interventions.

Keywords: extracellular matrix, age and disuse related muscle force loss, structural muscle MRI, strain imaging, 
lateral transmission of force
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INTRODUCTION

The loss of muscle mass with aging and with unloading (e.g., disuse) 
has been studied extensively. Accompanying the loss of muscle 
mass (termed sarcopenia) is a disproportionately greater loss of 
muscle strength as we age, termed dynapenia (Goodpaster et al., 
2006). The role of muscular and neural determinants of muscle 
force loss with age has been investigated in several human and 
animal studies (Morse et  al., 2005; Faulkner et  al., 2007; Degens 
et al., 2009; Aagaard et al., 2010; Ballak et al., 2014). In addition 
to these determinants, the role of the extracellular matrix (ECM) 
in muscle force loss is also being increasingly recognized 
(Ramaswamy et  al., 2011; Zhang and Gao, 2014).

The ECM of the muscle is arranged hierarchically with the 
endomysium around the muscle fiber, the perimysium 
surrounding a group of muscle fibers, and the epimysium around 
the whole muscle. Scanning electron microscopy (SEM) images 
of the connective tissue reveal that the endomysium is a highly 
ordered network that surrounds individual muscle fibers (Purslow 
and Trotter, 1994) while the perimysium includes extended 
cables organized as bundles of collagen fibers that terminates 
on muscle cells (Gillies and Lieber, 2011). Collagen is the main 
structural protein in ECM and may be  present up to 10% by 
weight. Older muscles typically demonstrate fibrotic morphology 
(Lieber and Ward, 2013) that is characterized by an increase 
in collagen content and non-enzymatic cross-linking of collagen 
fibers (Haus et  al., 2007), and results in a stiffening of the 
ECM (Wood et al., 2014). Measurements of the passive mechanical 
properties of the ECM reveal that it is inherently stiffer than 
muscle fibers and that the aging ECM has a higher modulus 
than the young ECM; the latter was attributed to an increase 
of densely packed extensively cross-linked collagen (Meyer and 
Lieber, 2011). Mechanical properties are measured on dissected, 
skinned single fibers placed in an activating solution using a 
device to measure force and length (Wood et  al., 2014).

Aging and unloading significantly alter the concentration of 
force transfer proteins (e.g., decrease in dystrophin protein with 
aging) that transmit force both inside the muscle fibers (Hughes 
et  al., 2017) and in the ECM (Kragstrup et  al., 2011), changing 
their content, orientation, and composition. Age-related ECM 
remodeling process is accompanied by changes in the biochemical 
composition of the ECM, which features a higher ratio of type 
I  to type III collagen fibers in older individuals (Hindle et  al., 
2009). In addition, augmented concentrations of type IV collagens 
but lower laminin contents have been observed in the basal 
lamina of slow twitch muscles of rat soleus and rectus femoris 
muscles (Kovanen et  al., 1988). Transcriptional profiling studies 
performed in rat soleus muscles have shown that a large proportion 
of genes exerting a biological role in the ECM and cell adhesion 
is decreased in older muscles (Pattison et  al., 2003). This 
observation suggests that the age-associated fibrogenic processes 
are driven by a decreased degradation capacity, rather than by 
increased formation of collagenous structures. In particular, the 
activity of matrix metalloproteinases, i.e., enzymes responsible 
for collagen degradation were reported to decrease at older age 
in rat gastrocnemius, digitorum profundus, and soleus muscles 
(de Sousa Neto et al., 2018). The interplay between age-associated 

ECM remodeling and the development of fibrosis in mouse 
gastrocnemius muscle is the subject of current investigations 
(Stearns-Reider et  al., 2017; Forcina et  al., 2019). As compared 
to the increasing number of studies investigating age-associated 
ECM remodeling, scant evidence exists on changes promoted 
by prolonged disuse. Early studies performed by Karpakka et al. 
(1990, 1991) showed that immobilization of rats led to reduced 
hydroxylase activity and hydroxyproline (an amino acid 
constituting collagens) in the soleus and tibialis anterior muscles. 
More recent studies, similarly performed in rodents, suggest 
that a disuse-induced increase in the activity of matrix 
metalloproteinase 9 (gelatinase B) may be responsible for decreased 
expressions of collagens I  and IV (Giannelli et  al., 2005; Liu 
et  al., 2010). Changes in collagen content (in rat gastrocnemius, 
soleus, and tibialis anterior as well as in human vastus lateralis 
muscles) in response to short-term immobilization are usually 
small (Savolainen et  al., 1988; Haus et  al., 2007), which may 
be  explained by the relatively slow turnover rate of collagenous 
structures. Prolonged disuse, however, may cause a proteolytic 
imbalance that is responsible for the breakdown of basal lamina 
structures. Such ECM remodeling may lead to altered permeability 
and, ultimately, promote disuse atrophy. It is important to note 
that aging and disuse may induce changes in the structure and 
biochemical composition of the ECM, which are expected to 
be  associated with impaired transmission of contractile force 
through lateral pathways [i.e., through shearing between adjacent 
muscle fibers across costameres and the network of intramuscular 
connective tissue (IMCT)] (Csapo et  al., 2020).

The current accepted structural models of muscle tissue include 
muscle fibers embedded in a matrix of connective tissue ECM. 
Force generated in the muscle fiber is transmitted to the ECM 
at multiple focal adhesions and subsequently to the tendon via 
the ECM (Huijing, 2003; Purslow, 2010). Myofascial pathways 
of force have been observed at various levels including between 
adjacent fibers (Huijing, 1999), multi-tendon muscle (Zhang and 
Gao, 2014), and muscle synergists (Bernabei et  al., 2015). In 
multi-tendon muscles, force pathways exist through the 
myotendinous junction as well as through the ECM of the muscle 
bellies. In the multi-tendon extensor digitorum longus (EDL), 
it was shown that tenotomy severing the myotendinous junction 
had a smaller effect on the measured force than myotomy (severing 
the ECM between muscle heads) (Zhang and Gao, 2014). This 
effect was more pronounced in younger than aging rats, implying 
that lateral transmission of force (LTF) is reduced in the aging 
muscle. Architectural gear ratio (AGR, defined as whole muscle 
velocity to muscle fiber velocity), hypothesized to arise from the 
interplay of contractile forces and connective tissue constraints, 
has been identified as one of the determinants of mechanical 
performance in pennate muscles (Brainerd and Azizi, 2005, Eng 
et  al., 2018). Pennate muscles can achieve a gear ratio greater 
than one since they can shorten through a combination of fiber 
shortening and rotation. Further, the gearing is variable across 
contractions with muscles operating at high gear during low 
force contractions and at low gear during high force contractions 
(Eng et  al., 2018). Variable gearing seen in younger cohorts is 
lost in the muscle of aging rats presumably from the disruption 
in the interaction between contractile and ECM tissue leading 
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to the decline in muscle performance (Azizi et  al., 2008; Holt 
et al., 2016; Dick and Wakeling, 2017). AGR has been determined 
from in situ studies with sonomicrometry crystals embedded 
along with fibers to measure fiber length changes (Azizi et  al., 
2008), and from ultrasound (US) and MRI on human subjects 
(Shin et  al., 2009b; Dick and Wakeling, 2017). Studies also show 
that the restriction of radial expansion by connective tissues 
results in decreased muscle fiber shortening and generation of 
less mechanical work (Azizi et  al., 2017). Further, a stiff aging 
ECM may limit muscle performance possibly from both a smaller 
longitudinal contraction as well as a decrease in myofascial force 
transmission pathways via LTF (Ramaswamy et  al., 2011, Zhang 
and Gao, 2014). In young rodent muscles, at least 80% of force 
transmission occurs laterally through the ECM (Huijing et  al., 
1998), whereas in frail old muscle, LTF through the ECM is 
reduced ~60% (Ramaswamy et  al., 2011; Zhang and Gao, 2014).

The above summary clearly highlights that most of the tools 
used to study ECM are invasive, limiting comprehensive 
investigations of the contribution of the ECM to dynapenia 
in humans. This review focuses on structural and functional 
MRI to map ECM adaptations and consequence on muscle 
performance in healthy, aging, and disused muscle. Subject-
specific anatomical (muscle compartments and morphology), 
voxel level compositional (fat, connective tissue, and muscle 
fractions), and fiber morphology (pennation angle and fiber 
length) models using MRI data will more accurately predict 
force output as well as force transmission pathways. Modeling-
derived force transmission pathways can be  used to validate 
MR derived biomarkers currently hypothesized to be  surrogate 
markers of lateral transmission of force. It should be  noted 
that the proposed MR indices are novel and validation with 
biopsy analysis, animal models, or computational models are 
either ongoing or need to be  performed in future studies.

STRUCTURAL IMAGING OF THE ECM

The distribution and content of the ECM in humans have so 
far proven challenging to investigate with in vivo imaging, 
since its physical properties (very low spin-spin relaxation time, 
T2) renders it “invisible” in routine MRI. Consequently, there 
are few imaging-based studies published to date that have 
reported quantitative data of the ECM/fibrosis within skeletal 
muscles. Imaging these short T2 tissues requires special pulse 
sequences with ultra-low echo times (UTEs).

Ultra-Low TE Imaging of Short T2  
Intra-Muscular Connective Tissue
UTE imaging has been implemented by several groups and 
primarily used to study cortical bone, tendons, and cartilage 
(Sinha et  al., 2007; Du et  al., 2007a,b). Very few studies have 
investigated UTEs for muscle connective tissue quantification 
(Csapo et  al., 2014; Ugarte et  al., 2017a). Since adipose tissue 
is also present intramuscularly and a voxel can contain fat, water, 
and connective tissue fractions, and as these fractions change 
with age, it is important to be  able to quantify all three tissues 
in muscle and investigate their variations with age. Fat quantification 

is an area of intense research and several recent excellent reviews 
on skeletal muscle adipose quantification in normal and diseased 
muscle are available (Grimm et  al., 2018; Hu et  al., 2019; Marty 
and Carlier, 2019). The IDEAL-IQ imaging sequence that accounts 
for the multiple fat resonance peaks has been validated for 
accurate fat fraction (Eskreis-Winkler et  al., 2018).

Intramuscular adipose tissue (IMAT) and IMCT in the triceps 
surae (TS) muscles have been quantified in a cohort of young 
and aging subjects, using quantitative fat/water and UTE sequences 
(Csapo et  al., 2014). The latter study found an 18% greater 
TS muscle volume and a 39% higher muscle force in the younger 
cohort compared to the aging cohort (differences calculated 
from the average of young and aging subjects normalized to 
the average of all subjects), implying that 45% of force loss 
was not due to muscle size (ratio of volume to force differences). 
Further, in the gastrocnemius muscles (computed together for 
lateral and medial), IMCT increased by 64% and IMAT increased 
by 40% in the aging cohort, reflecting a 36% increase in the 
total amount of noncontractile tissue in the aging muscle 
(Figures  1A–C). A multichannel fuzzy cluster mean algorithm 
was implemented to automatically label IMAT/IMCT from UTEs 
images of calf images (Figure 1A; Ugarte et al., 2017a,b). Recent 
advances in image analysis enable accurate quantification of 
the CT, adipose, and water fraction in muscle from UTEs 
images (Araujo et al., 2017). US imaging also provides information 
on fat infiltration and fibrosis but is largely limited to 2D 
imaging and is semi-quantitative; however, US and MRI may 
provide complimentary information (Nijboer-Oosterveld et al., 2011; 
Arts et  al., 2012; Mul et  al., 2018).

Magnetization Transfer Contrast Imaging
Quantification of the macromolecular fraction (such as collagen 
in connective tissue) can also be  performed by quantitative 
magnetization transfer (qMT) imaging (Ramani et  al., 2002). In 
the qMT method, macromolecules are selectively saturated with 
an off-resonance pulse and the effect of this saturation is seen 
as a decrease in signal intensity of the free protons. qMT models 
the signal intensity as a function of the magnetization transfer 
(MT) pulse offset and power to yield several parameters including 
the macromolecular fraction (Ramani et  al., 2002). Recently, 
qMT has been applied to skeletal muscle and collagen has been 
proposed as the most likely macromolecule measured though 
it has not been validated with biopsy analysis (Sinclair et  al., 
2010; Li et  al., 2014). A recent animal study to monitor muscle 
tissue formation found correlations between magnetization transfer 
ratio (MTR) with specific skeletal markers and to contractility; 
this study indicated the potential of MTR to serve as a surrogate 
marker of muscle fiber formation (rather than collagen) (Rottmar 
et  al., 2016). Age-related changes in MTsat, a semi-quantitative 
index of MT showed that MTsat decreases with age (White, 2019). 
The latter finding is surprising since if the measured macromolecule 
fraction reflects collagen, and collagen is known to increase with 
age, it would be  anticipated that the MTsat would increase with 
age (Alnaqeeb et al., 1984). These studies emphasize that validation 
based on biochemical analysis of biopsy samples is critical to 
identifying the macromolecules detected by qMT, MTsat, or UTEs 
techniques and is currently underway in the author’s laboratories.
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FIGURE 1 | 3D muscle volumes with the noncontractile tissue shown segmented (automated MCFCM algorithm) in green for a young (left) and aging (right) subject 
(A) reproduced with permission from Wiley publisher of Ugarte et al. (2017a). Box plots reproduced with permission from Springer publisher of Csapo et al. (2014) 
showing adipose (B) and connective tissue (C) content in young and aging subjects in the calf muscles (MG, medial gastrocnemius; LG, lateral gastrocnemius; 
SOL, soleus). Significant differences are marked by an asterisk. Baseline and eigenvalue (D|| and D⊥) images shown at two diffusion times (short: 30 ms and long: 
700 ms) for young and aging subjects (D). Tertiary eigenvalues decrease with diffusion time and are significantly different between young and aging subjects at 
longer diffusion times indicating that at these longer times when the average diffusion path length approaches fiber cell dimensions, the tertiary eigenvalue 
representing diffusion in the fiber cross-section is more sensitive to the fiber dimensions. The significant difference may potentially indicate that aging muscle fiber 
has a smaller diameter than young muscle fiber (D) reproduced with permission from ISMRM publisher of Malis et al. (2019a). Microstructural parameters of the 
model (D0, free diffusion coefficient; S/V, surface to volume ratio of fibers; a, muscle fiber diameter; and τD, residence time, which is the average time spent within a 
muscle fiber) for young and aging subjects (D). Histological image of muscle tissue (top), segmented cross-section (middle), and 3D model produced by extruding 
the 2D model along the z-direction (blue: muscle fiber, red: connective tissue) (E) reproduced with permission from Wiley publisher of Zhang et al. (2019). The 
micromechanical model prediction of force generated by three muscle types (young, adult, and old) is shown for isometric, concentric, and eccentric contractions. 
Young, adult, and old muscle tissue were modeled with passive stiffness as low, medium, and high and connective tissue thickness as thin, medium thick, and thick, 
respectively; λ is the stretch ratio (F) reproduced with permission from Wiley publisher of Zhang et al. (2019).
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Diffusion Tensor Imaging and Modeling
Diffusion tensor imaging (DTI) is an established technique to 
probe the architecture of anisotropic structures such as skeletal 
and cardiac muscle fibers. Several excellent reviews discuss the 
imaging techniques, diffusion eigenvalues, and fractional anisotropy, 
and muscle fiber tracking including fiber length and pennation 
angles (Froeling et  al., 2013; Oudeman et  al., 2016). Diffusion 
eigenvalues reflect diffusion along the muscle fiber axis (primary 
eigenvalue) while secondary and tertiary eigenvalues maybe 
proportional to the fiber diameter (Galbán et  al., 2004, 2005; 
Karampinos et  al., 2007). However, the resolution of DTI-MRI 
precludes direct observations at the microscopic scale and modeling 
is required to link tissue microarchitecture to DTI indices.

Models for diffusion in muscle tissue were only proposed 
recently (Karampinos et  al., 2009; Fieremans et  al., 2017). A 
two-compartmental model, with elliptical muscle fibers as first 
compartment embedded in the second compartment, the ECM 
has been proposed (Karampinos et  al., 2009). Model derived 
muscle fiber diameters of calf muscles (Karampinos et al., 2009) 
were in the range of muscle fiber diameters obtained from prior 
histological studies of excised muscle (Behan et al., 2002). Another 
model (Fieremans et al., 2017), termed as the random permeable 
barrier model (RPBM) fits the time dependence of D⊥ (average 
of the secondary and tertiary eigenvalues) to extract microstructural 
parameters. The time dependence of D⊥ is obtained from a 
stimulated echo sequence at diffusion times of the order of 
several hundred milliseconds (Figure 1D). Estimates of the fiber 
diameter in the calf muscle using RPBM were comparable to 
autopsy reports from literature (Polgar et  al., 1973) though DTI 
modeling underestimated fiber diameters (Sigmund et al., 2014).

The two-compartment model applied to DTI data pre- and 
post-unloading showed that muscle fiber, permeability, and 
intracellular volume decreased and collagen increased while 
muscle ellipticity decreased post-suspension; the latter could 
potentially be  explained by the lack of a mechanical stimulus 
during unloading (Malis et  al., 2018b). The RPBM was applied 
to time dependent DTI data on old and young cohorts (Malis 
et  al., 2019a). Significant differences were found in the tertiary 
eigenvalue at the longest diffusion times; the latter is most 
sensitive to the fiber diameter (Figure  1D). The RPBM model 
yielded a lower volume fraction for the aging muscle; the latter 
is a measure of the membrane’s ability to hinder diffusion. It 
is possible that aging muscle may have compromised sarcolemma 
integrity that makes it more permeable. While the DTI modeling 
with age and disuse are preliminary analysis, they confirm 
that modeling enables one to monitor fiber and ECM adaptations 
at the microstructural level (Malis et  al., 2018b, 2019a).

STRAIN AND STRAIN RATE MAPPING 
USING DYNAMIC MRI

Muscle tissue deformation is quantified using MRI sequences 
that map voxel displacement (displacement encoded imaging) 
or voxel velocity [velocity encoded phase contrast imaging, 
(VE-PC)] or MR tagging to track voxel displacements [spatial 
modulation of magnetization, (SPAMM)] (Tan et  al., 2018).  

Strain heterogeneity along the muscle axis as well as the muscle 
fiber has been reported in the calf muscle and in the biceps 
brachii (Zhong et al., 2008; Shin et al., 2009b). Using the SPAMM 
technique, 3D strain and diffusion tensors were evaluated in 
the anterior tibialis and revealed a planar strain pattern where 
the principal shortening direction deviated from the muscle fiber 
direction indicating the presence of shear strain in the tissue 
(Englund et  al., 2011). The deviation was attributed to the 
variations in fiber length leading to a spatial variability in the 
absolute length change that in turn results in a deviation of 
the average strain away from the fiber direction toward the 
longest fibers; the inter-fiber connections are mediated by the 
ECM (Englund et al., 2011). Heterogeneous length changes along 
the fascicles of human medial gastrocnemius muscle measured 
by combining magnetic resonance imaging deformation analyses 
and DTI were reported (Pamuk et  al., 2016; Karakuzu et  al., 
2017). Computational models reveal that the strain heterogeneity 
arises primarily from a variation in fascicle lengths and the 
curvature of the fascicles. Nonuniform strain is hypothesized to 
affect force production and length range of force exertion (Yucesoy 
et  al., 2002) and is an important determinant for the outcome 
of orthopedic surgery (Yucesoy et  al., 2006; Yucesoy, 2010).

Recent studies focus on the extraction of strain rate (SR) indices 
from VE-PC images and the changes of these indices with age 
and with disuse (Sinha et  al., 2015a, 2018; Malis et  al., 2018a). 
The SR tensor was calculated from the spatial gradient of the 
velocity images (acquired during isometric contraction) and 
diagonalized to obtain the eigenvalues (SRfiber and SRin-plane) and 
eigenvectors. Figure  2A is a schematic of muscle fiber and ECM 
deformation during contraction specifying the SR components 
derived in the principal axis (SRfiber and SRin-plane) and in the 
muscle fiber axis (SRff and SRcc) reference frames. Maximum shear 
strain (SRmax) was calculated by rotating the SR tensor by 45° 
from the principal axis frame and the potential origin of the 
shear strain is schematically shown in Figure  2A (Sinha et  al., 
2015b). It was hypothesized that the MR measured shear strain 
arises from the shear of the endomysium as the muscle fiber 
contracts (Figure  2A). This hypothesis is in conformance with 
computational models (Gao et  al., 2008a; Sharafi and Blemker, 
2011). SRfiber, SRin-plane, and SRmax were significantly lower in the 
aging cohort during isometric contraction (Figures  2B,D; Sinha 
et  al., 2015a). On multiple variable regressions, maximum shear 
strain rate (SRmax) and normal strain rate in the fiber cross-section 
(SRcc) were significantly associated with force (young and old 
cohorts) (Sinha et  al., 2015a). In disuse atrophy, SRin-plane and 
SRfiber angle were significantly changed with unloading 
(Figures  2C,E). Changes in SR-fiber angle, SRin-plane, and shear 
SR as well as their ability to predict force and force changes may 
reflect the role of remodeling of the ECM in disuse atrophy and 
its functional consequence in reducing LTF (Malis et  al., 2018a).

Computational models have identified that endomysium shear 
is the mechanism by which force is transmitted laterally (Gao 
et  al., 2008b; Sharafi and Blemker, 2010). The experimentally 
measured MR shear strain was potentially attributed to the shear 
in the endomysium (Sinha et al., 2015a; Malis et al., 2018a). Further, 
shear SR was a significant predictor of force in the age and disuse 
studies highlighting that if shear strain is a measure of LTF, these 
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results indicate the decreasing magnitude of LTF with age  
and with disuse (Sinha et  al., 2015a, 2018; Malis et  al., 2018a).  
The studies highlight that, while a direct noninvasive measurement 

of LTF is not possible, shear strain rate may potentially serve as 
a surrogate measure of LTF (Sinha et al., 2015a; Malis et al., 2018a). 
The increased stiffness of the aging muscle may result in lower 

A

B

D E

C

FIGURE 2 | Schematic of a muscle fiber and endomysium with the principal basis and fiber basis defined with respect to the muscle fiber. The muscle fiber is shown 
contracting (green arrows) while the endomysium experiences a shear strain (end attached to the muscle contracts with the muscle fiber while the other end stays fixed 
resulting in a shear strain). The direction of the strain rate components in the two basis sets (SRfiber and SRin-plane in the principal basis and SRff and SRcc in the muscle fiber 
basis) as well as the angle q between these two basis sets, SR-fiber angle are shown. The thick (unfilled) arrows show the lateral transmission of force pathways: from the 
cross-bridges of the myofilaments through the protein network on the sarcolemma to the extracellular matrix. Arrows indicate normal and shear strains (A) reproduced 
with permission from Wiley publisher of Sinha et al. (2018). Strain rate maps of the normal strain rates (SRfiber and SRin-plane) and shear strain rates (SRmax) in a young and 
aging subject at the same force level. The color maps are color-coded according to the legend provided with the figure. Color maps are overlaid on the magnitude image 
at the corresponding frame; maps show lower values in both the normal strain rates in the aging cohort (B) reproduced with permission from Wiley publisher of Sinha et al. 
(2018). Streamlines of eigenvectors corresponding to SRfiber overlaid on fiber directions (in black, tracked from fascicle orientations) for one slice of the same subject pre- 
and post-suspension at the peak of the contraction phase. This shows the difference in angle enclosed by SRfiber and muscle fiber (SR-fiber angle) (C) reproduced with 
permission from Wiley publisher of Malis et al. (2018a). Box plots of SR indices evaluated in the MG that showed significant difference between young and aging subjects 
(D). Box plots of SR-fiber angle showing significant differences in all three regions of the MG on unloading (E). Significant differences in (D) and in (E) are denoted by ‘*’.
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shear in the ECM and this is confirmed in the experimental studies 
(Sinha et  al., 2018). Recent advances in fast sequences integrating 
compressed sensing with VE-PC acquisitions have enabled the 
study of the full 3D strain tensor at different %MVC at significantly 
lesser number of contraction cycles (Malis et  al., 2019b, 2020). It 
is anticipated that the ratio of shear to normal strains will decrease 
with increasing %MVC for aging subjects (compared to younger 
subjects) reflecting the decreased contribution of LTF in aging muscle.

US strain imaging based on speckle tracking has been used 
to measure strain and strain rate during skeletal muscle dynamic 
imaging as well as muscle stiffness (Lopata et  al., 2010; Frich 
et al., 2019). High temporal resolution and real time capabilities 
are advantages while restriction to 2D-planes and limited field 
of view are disadvantages of US compared to dynamic MRI.

COMPUTATIONAL MODELING

Subject specific computational models using imaging data will 
more accurately predict force output as well as force transmission 
pathways (Blemker et  al., 2007). MRI can provide anatomical 
(3D morphology of muscles including size and shape), voxel 
level compositional (fat, connective tissue, and muscle fractions), 
and fiber morphology (pennation angle, fiber length, and curvature) 
information enabling the generation of subject specific models.

The computational modeling of skeletal muscles has advanced 
from 1D lumped-parameter model (Bahler, 1968; McMahon, 1984; 
Zajac, 1989), 3D sophisticated macro-scale muscle models (Martins 
et  al., 1998; Johansson et  al., 2000; Lemos et  al., 2004; Böl and 
Reese, 2008; Chi et  al., 2010), to multi-scale models (Sharafi and 
Blemker, 2010; Virgilio et  al., 2015; Spyrou et  al., 2017, 2019; 
Zhang et  al., 2019). Force transmission between the matrix and 
fibers using an interconnected fiber-matrix mesh discretization 
has been investigated (Yucesoy et  al., 2002, 2006). Imaging 
advancements now allow measurements of the deformations of 
contracting skeletal muscles (Drace and Pelc, 1994; Maganaris 
et  al., 1998; Pappas et  al., 2002; Finni et  al., 2003; Kinugasa 
et al., 2008; Shin et al., 2009a), and they also offer model parameters 
for computational investigation of deformation variations in muscle 
fibers and aponeuroses (van der Linden et  al., 1998; Johansson 
et  al., 2000; Yucesoy et  al., 2002; Oomens et  al., 2003; Blemker 
and Delp, 2005; Chi et  al., 2010). Positive to negative strain 
variations in aponeuroses, nonuniform strain changes in sarcomeres, 
and asymmetrical muscle fiber cross-sectional deformations, have 
also been reported in a nonlinear FE muscle model (Chi et  al., 
2010). Several specially designed FE models have demonstrated 
how muscle force output can be  strongly influenced by passive 
material properties (Chi et  al., 2012). The reproducing kernel 
particle method (RKPM) (Chen et  al., 1996, 2002) allows the 
model to be constructed directly from MR image voxels avoiding 
the complexity of mesh-based models and has been applied to 
muscle modeling (Basava et  al., 2014).

A micromechanical model based on the concept of repeating 
unit cells extracted from histological cross-sections of rabbit 
muscles was proposed to study the effects of microstructural 
geometry in both fiber and fascicle levels on the macroscopic 
along-fiber shear modulus of skeletal muscle in normal and disease 

conditions (Sharafi and Blemker, 2010; Virgilio et  al., 2015). 
Recently, a micromechanical computational model (Figure  1E) 
demonstrated that the increased stiffness and thickness of the 
passive materials of aging muscle tissue reduces the force generation 
capability under concentric contraction while maintaining the 
force generation capability under eccentric contraction (Figure 1F; 
Zhang et  al., 2019).

While it has been acknowledged that the wealth of data from 
MRI can be  leveraged to create subject specific models (Blemker 
et  al., 2007), this has not been fully exploited. Subject specific 
models created for MRI data (including fiber direction from DTI) 
on a young and old subject predicted a force decrease with age 
that matched the experimental data (Basava et  al., 2014). Further, 
the availability of functional MRI (strain patterns) provides 
experimental data for validation and fine tuning of computational 
models. It is also anticipated that subject specific endomysial thickness 
(MRI diffusion modeling) and stiffness (dynamic MRI) can 
be incorporated into micromechanical models (Zhang et al., 2019).

SUMMARY AND FUTURE PROSPECTS

Advanced MRI techniques provide a number of indices to 
probe the structure and function of muscle fiber and the ECM. 
In order to establish these indices as imaging markers, MRI 
derived structural/functional indices await validation from biopsy 
studies. Structural MRI data can be  used to generate subject 
specific computational models allowing predictions of force 
and strain distributions; the models in turn can be  validated 
using the functional MR data. Future simulation studies using 
computational models may provide the causal link between 
shear in the ECM, shear strain from MRI, and lateral force 
transmission pathways allowing one to establish shear strain 
from MRI as a surrogate marker of LTF. In addition, a direct 
way to establish the link between in vivo MR strain indices 
and LTF will require animal model studies. It is acknowledged 
that MRI is only one of many tools including US imaging 
and biopsy analysis in the arsenal of tools for the comprehensive 
assessment of the ECM. The focus is to identify and validate 
MRI biomarkers, which then can be  combined with markers 
from complementary modalities to advance the diagnosis, 
tracking of natural progression, and response to therapy in 
different musculoskeletal conditions ranging from sarcopenia, 
disuse atrophy to dystrophies.
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Aging is a one-way process associated with profound structural and functional changes 
in the organism. Indeed, the neuromuscular system undergoes a wide remodeling, which 
involves muscles, fascia, and the central and peripheral nervous systems. As a result, 
intrinsic features of tissues, as well as their functional and structural coupling, are affected 
and a decline in overall physical performance occurs. Evidence from the scientific literature 
demonstrates that senescence is associated with increased stiffness and reduced elasticity 
of fascia, as well as loss of skeletal muscle mass, strength, and regenerative potential. 
The interaction between muscular and fascial structures is also weakened. As for the 
nervous system, aging leads to motor cortex atrophy, reduced motor cortical excitability, 
and plasticity, thus leading to accumulation of denervated muscle fibers. As a result, the 
magnitude of force generated by the neuromuscular apparatus, its transmission along 
the myofascial chain, joint mobility, and movement coordination are impaired. In this review, 
we summarize the evidence about the deleterious effect of aging on skeletal muscle, 
fascial tissue, and the nervous system. In particular, we address the structural and 
functional changes occurring within and between these tissues and discuss the effect of 
inflammation in aging. From the clinical perspective, this article outlines promising 
approaches for analyzing the composition and the viscoelastic properties of skeletal 
muscle, such as ultrasonography and elastography, which could be applied for a better 
understanding of musculoskeletal modifications occurring with aging. Moreover, 
we describe the use of tissue manipulation techniques, such as massage, traction, 
mobilization as well as acupuncture, dry needling, and nerve block, to enhance fascial repair.
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INTRODUCTION

In animal species, aging is associated with substantial 
modifications to the molecular determinants of cells, which 
alter their morphology, activity, and functional properties. These 
events affect the characteristics of tissues and organs, thus 
resulting in overall decayed performance of the organism (Narici 
et  al., 2008; Zullo et  al., 2017). Indeed, during aging, human 
skeletal muscle, connective tissue, and the nervous system 
undergo consistent modifications, which can impair the ability 
to perform daily activities and, as a consequence, their health-
related quality of life (Netuveli et  al., 2006; Reid and Fielding, 
2012; Diehr et al., 2013). To promote healthy aging and reduce 
the burden of aging, it would be  important to define the time-
dependent alterations impairing the neuromuscular system. 
Also, sensitive, specific, and non-invasive methods to investigate 
the structural and morphological changes occurring in these 
tissues during aging are needed, and therapeutic interventions 
should be implemented. In this review, we outline the structural 
and functional changes occurring within skeletal muscle, fascial 
tissue, and nervous system during aging. Moreover, we summarize 
the evidence on the age-dependent impairment of the coupling 
between these tissues and the effect of inflammation in aging. 
Finally, we  describe some approaches for the study and the 
treatment of age-associated modifications in the neuromuscular 
system, such as imaging and ultrasound-based methods, as 
well as tissue manipulation techniques.

SKELETAL MUSCLE AND AGING

Sarcopenia, a gradual loss in muscle mass occurring in humans 
during aging, is detectable in the third decade of life and 
progressively increases with age (Janssen et  al., 2000; Narici 
and Maffulli, 2010). It has been estimated that, during aging, 
there is a 30–50% reduction in the number and 10–40% decrease 
in the size of skeletal muscle fibers, which is associated with 
a decay of muscle performance (Lexell et  al., 1988; Lexell, 
1995; Janssen et  al., 2002; Doherty, 2003). In particular, a 
reduction in skeletal muscle mass has been estimated to be 0.37 
and 0.47% per year in women and men, respectively (Mitchell 
et  al., 2012). Clinical studies in old adults have shown that 
muscle strength declines at a greater rate than muscle mass 
(Frontera et al., 2000; Goodpaster et al., 2006; Delmonico et al., 
2009). Therefore, factors other than muscle mass must also 
contribute to the decay of muscle performance in aging.

In humans, three isoforms (type I, IIa, and IIx) of the myosin 
heavy chain (MHC) are present, with different combinations 
and proportions in individual muscles (Schiaffino and Reggiani, 
1994, 1996). Each isoform has specific molecular features, which 
in turn, determine muscle characteristics (Trappe, 2009). There 
is evidence that the composition of the contractile apparatus of 
muscle, i.e., the isoforms of the MHC, varies with aging (Trappe, 
2009). In the vastus lateralis of old adults, the percentage of 
muscle fibers expressing both MHC types I  (MHC-I) and IIa 
(MHC-IIa) and MHC-IIa and IIx (MHC-IIx) is higher, and the 
percentage of muscle fibers expressing only MHC-I and MHC-IIa 

is lower than those of young adults (Klitgaard et  al., 1990). 
Moreover, in the sternocleidomastoid muscle (SCM) of old, 
compared to young, adults, the proportion of slow-twitch fibers 
is higher, the share of hybrid MHC-IIa/MHC-IIx fibers is reduced, 
the proportion of fast-twitch fibers with MHC-IIa and IIx is 
lower, and the proportion of fibers with the isoform MHC-IIx 
is reduced (Meznaric et  al., 2018). This leads to a shift toward 
a slower phenotype of muscle fibers and suggests that aging 
induces the replacement of fast-twitch with slow-twitch motor 
units (Meznaric et  al., 2018). Interestingly, the age-dependent 
decrease in the number and size of muscle fibers involves mainly 
type II, but not type I muscle fibers (Larsson, 1978; Lexell et  al., 
1988; Lexell, 1995; Martel et  al., 2006; Snijders et  al., 2009).

As for fiber structure, it has been demonstrated that pennation 
angles in the vastus lateralis muscle diminish with advancing 
age in women (Kubo et al., 2003). Such architectural modification 
results in a reduced number of parallel fibers and negatively 
impacts on muscle force generation (Thom et al., 2007). Moreover, 
besides changes in structural proteins, alteration of contractile 
and metabolic proteins, as well as calcium-handling proteins 
of skeletal muscle cells also take place in the elderly (Godard 
et  al., 2002; Thompson, 2002). The impairment of excitation-
contraction coupling, the increase of intermuscular adipose 
tissue, the alteration of intramuscular adipose tissue, and the 
amount of extracellular water relative to muscle volume with 
aging could also promote the decline in muscle performance 
(Rice et  al., 1989; Yamada et  al., 2010; Marcus et  al., 2012; 
Beavers et al., 2013; Hausman et al., 2014; Tieland et al., 2018).

As for muscle function, data from studies in animal models 
and humans demonstrated that the strength and the shortening 
velocity of muscle fibers decrease with advancing age (Lauretani 
et  al., 1985; Frontera et  al., 2000; Thompson, 2002; D’Antona 
et  al., 2003; Miljkovic et  al., 2015; Del Campo et  al., 2018). 
A study in a large cohort of adults demonstrated a significant 
reduction in isometric, concentric, and eccentric peak torque 
in the extensor muscles of the knee in old, compared to young, 
adults (Lindle et  al., 1997). Also, a 16.6–40.9% reduction in 
muscular strength has been estimated by comparing young 
adults (<40 years) with old one (>40 years) (Keller and Engelhardt, 
2014). A research employing magnetic resonance imaging (MRI) 
has demonstrated that maximum voluntary contraction, when 
normalized to the anatomical cross-sectional area of muscle, 
is lower in the elderly than healthy young adults (Morse et  al., 
2005). Although several pieces of evidence have been accumulated 
on the functional decline of skeletal muscle during aging, this 
issue is still disputed (Lexell et  al., 1988; Trappe et  al., 2003; 
Short et al., 2005a; Canepari et al., 2010). Indeed, some studies 
report that the power of human muscle fibers, normalized  
for cell size, does not change with age (Trappe et  al., 2003;  
Malisoux et  al., 2007; Raue et  al., 2009).

The wide remodeling of skeletal muscle occurring with age 
also influences its mechanical properties. Kocur and colleagues 
demonstrated that stiffness and tone of the upper trapezius 
(UT) and SCM increase with age, and elasticity decreases (Kocur 
et  al., 2017). On the contrary, the viscoelastic  
features of these muscles during movement are not significantly  
affected (Kocur et  al., 2017). The analysis of muscle tone and 
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mechanical properties of rectus femoris and biceps brachii 
muscles in old and young adults revealed that aging is associated 
with an increase of muscle tone, and stiffness, and a decrease 
in elasticity (Agyapong-Badu et  al., 2016). Also, the 
sternocleidomasteoid and upper trapezius muscles undergo a 
decrease in elasticity and an increase in stiffness in women in 
a seated position (Kocur et  al., 2019). These parameters varied 
about 1.5% per year, and, among all the possible etiologic 
factors analyzed (BMI, age, and head posture), only aging was 
found to be a major correlate (Kocur et al., 2019). Neuromuscular 
performance is also impaired with aging, as demonstrated in 
a study that evaluated both the time needed to perform specific 
muscular activities and muscular functional features (Haus et al., 
2007b). The authors showed that the time to climb stairs, rise 
from a chair, and walk a set distance significantly increased 
and the quadriceps muscle volume, strength, and power 
significantly decreased in aged adults (Haus et al., 2007b). These 
alterations did not match changes in intramuscular endomysial 
collagen nor in enzymatically-mediated collagen cross-linking, 
which remained constant, but matched a 200% increase in the 
advanced glycation end-product (AGE), pentosidine (Haus et al., 
2007b). The accumulation of AGEs in the intramuscular 
connective tissue, probably due to age-dependent decrease in 
collagen turnover, is associated with the formation of 
non-enzymatically-mediated collagen cross-linking (Verzijl et al., 
2000; Haus et  al., 2007b). This observation led the authors to 
hypothesize that the accumulation of AGEs in the intramuscular 
connective tissue of old adults might be  responsible for the 
increase in muscle tissue stiffness and decrease in passive 
viscoelastic properties, thus impairing muscle function.

Skeletal muscle is highly responsive to activity, i.e., it remodels 
and adapts its metabolism and structure to meet the body’s 
needs (Thompson, 2002; Potthoff et  al., 2007). Aging affects 
the architecture and the function of the skeletal muscle, but 
there are conflicting reports about the level of muscular adaptive 
capacity in the elderly (Rogers and Evans, 1993; Kim and 
Thompson, 2013; Gheller et  al., 2016). However, based on 
some pieces of evidence, aged skeletal muscle still maintains 
a certain degree of plasticity; therefore, it can undergo structural 
and functional changes in response to physiological stimuli 
(Joanisse et  al., 2017). In particular, exercise training has been 
demonstrated to stimulate skeletal muscle fiber hypertrophy 
and increase mitochondrial oxidative capacity in aged humans 
and animal models, resulting in increased muscle mass and 
strength (Frontera et al., 1988; Joseph et al., 2016; White et al., 
2016; Joanisse et  al., 2017; Kim et  al., 2017). At the same 
time, inactivity induces a decrease in skeletal muscle mass, 
and strength independently of age, but the recovery after 
immobility is impaired in aged humans and animal models 
(Zhang et  al., 2018a,b; Oikawa et  al., 2019).

At the molecular level, reactive oxygen species (ROS) and 
PGC-1alpha signaling, as well as the autophagic machinery, 
have been suggested as important determinants contributing 
to metabolic adaption and remodeling of skeletal muscle after 
physical activity (Ferraro et  al., 2014). Skeletal muscle fibers 
during their activity produce ROS, mainly due to the activity 
of mitochondria, NADPH oxidase, xanthine oxidase, and 

phospholipase A2 (Szentesi et  al., 2019). In turn, ROS activate 
several signaling pathways, which are pivotal for different cellular 
processes, such as proliferation, protein synthesis and degradation, 
ROS detoxification, and muscle fiber contraction (McDonagh, 
2016). ROS, at physiological levels, have a crucial role in the 
activation of adaptive responses to exercise in skeletal muscle 
cells (Ji, 2015). Indeed, mitochondrial biogenesis, antioxidant 
activity, inflammation, protein turnover, apoptosis, and autophagy 
are upregulated. The principal molecular elements of these 
signaling cascades are NF-kB, MAPK, and PGC-1alpha. When 
the levels of ROS greatly exceed the cellular antioxidant capacity, 
deleterious oxidative modifications occur to the structures and 
the molecules of the skeletal muscle fibers, thus impairing 
their function. Aging is associated with increased levels of 
oxidative stress in the skeletal muscle tissue, which is the 
accumulation of reactive oxygen and nitrogen species. As a 
result, the skeletal muscle undergoes structural and functional 
modifications, which reduce muscle mass, strength, and function 
(Ji, 2015). Indeed, satellite cells become dysfunctional, the rate 
of protein breakdown prevails over that of protein synthesis, 
muscle fibers activate apoptotic processes, intracellular calcium 
homeostasis is altered, and excitation-contraction coupling is 
impaired (Szentesi et  al., 2019). Studies in humans and mice 
showed that mitochondria of aged skeletal muscles have impaired 
mitochondrial NADH redox potential and reduced oxidative 
capacity (Conley et  al., 2000; Claflin et  al., 2015; Nelson et  al., 
2019). As a consequence, aged muscles accumulate oxidized 
proteins, and mitochondrial dysfunction, which, in turn, lead 
to increased ROS production and oxidative damage in the 
cells (Short et al., 2005b; Cerullo et al., 2012; Bratic and Larsson, 
2013; Gomes et  al., 2017). Besides, other cellular antioxidant 
enzymes, such as catalase, glutathione transferase, and superoxide 
dismutase, are also significantly reduced in skeletal muscle 
fibers of old adults, and exercise-activated redox signaling 
pathways are weakened (Cerullo et  al., 2012; Ji, 2015). A 
proteomic study in mice demonstrated that aging is correlated 
with reduced levels of redox-sensitive proteins involved in the 
energy metabolism of skeletal muscle fibers, thus affecting the 
cellular responses to oxidants (McDonagh et  al., 2014). These 
data were also supported by a recent study in humans, which 
showed that sarcopenia is associated with altered expression 
of genes regulating mitochondrial energy production in skeletal 
muscle (Migliavacca et  al., 2019). Indeed, the PGC-1alpha/
ERRalpha signaling, oxidative phosphorylation, and proteostasis 
are downregulated. As a result, mitochondria are dysfunctional 
and their number is reduced, thus further exposing skeletal 
muscle fibers to oxidative damage (Migliavacca et  al., 2019).

Experimental studies indicate a negative effect of aging also 
on skeletal muscle plasticity, which is the potential of this tissue 
to modify its structural and functional features in response to 
environmental changes (Verdijk et  al., 2007; Jee and Kim, 2017; 
Suetta, 2017). The regrowth response to physical inactivity-induced 
atrophy is also hindered in aged muscles (Pisot et  al., 2016).

As for the regenerative potential of skeletal muscle  
during aging, it has been reported that satellite cells, the  
quiescent adult stem cells of skeletal muscle, gradually lose 
their potential to regenerate skeletal muscle with advancing age 
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(Yin et al., 2013; Sousa-Victor et al., 2014; Joanisse et al., 2016). 
Indeed, experimental evidence from studies in both humans 
and animal models suggests that aging is associated with a 
reduction in satellite cell self-renewal and myogenic competences, 
and possibly a decrease in their number, thus resulting in an 
impaired regeneration of skeletal muscle tissue (Corbu et  al., 
2010; Sousa-Victor et  al., 2014; Brack and Muñoz-Cánoves, 
2016; Joanisse et  al., 2016). At the molecular level, aging drives 
a dysregulation of important molecular signaling pathways, such 
as FGF2/Sprouty1, Notch, p38 MAPK, JAK-STAT3, and 
p16(INK4a) in satellite cells, and impairs the microenvironment 
feeding and regulating the muscle stem cell niche (Sousa-Victor 
et al., 2014; Parker, 2015; Snijders et al., 2015; Brack and Muñoz-
Cánoves, 2016; Joanisse and Parise, 2016; Stearns-Reider et  al., 
2017; Etienne et  al., 2020; Levi et  al., 2020).

To counteract the impairment of skeletal muscle with aging, 
three main approaches have been pursued: physical activity, 
antioxidant dietary supplementation, and regenerative medicine 
therapies. Some pieces of evidence showed that regular exercise 
can reduce the detrimental effects of aging on skeletal muscle. 
In particular, it has been reported, both in humans and animal 
models, that regular physical activity can attenuate the 
age-dependent decrease in the number of mitochondria and 
proteins involved in the excitation-contraction coupling, thus 
delaying the impairment in muscle function (Zampieri et  al., 
2015; Csernoch et  al., 2017). Physical inactivity also damages 
the structure and function of skeletal muscle fibers. Moreover, 
in old adults, besides a weakened ROS scavenging system, dietary 
intake of antioxidants is often reduced (Damiano et  al., 2019). 
In this context, data from studies in humans and animal models 
indicate that muscular activity and/or dietary supplementation 
with antioxidant compounds, such as l-ascorbic acid, tocopherols, 
carotenoids, flavonoids, or polyphenols, exert some beneficial 
effects on age-related skeletal muscle decline (Cesari et al., 2004; 
Pierno et  al., 2014; Anton et  al., 2015; Cartee et  al., 2016; Jee 
and Kim 2017; Muhammad and Allam, 2018; Damiano et  al., 
2019). However, it should be  taken into account that the effects 
of physical exercise and/or dietary supplementation with 
antioxidants on skeletal muscle aging are still debated due to 
discordant results (Marcell, 2003; Ji, 2015; Cartee et  al., 2016; 
Flack et  al., 2016; White et  al., 2016; Distefano and 
Goodpaster, 2018; Damiano et  al., 2019; Szentesi et  al., 2019).

In the last decades, thanks to the progress of regenerative 
medicine, new approaches for improving skeletal muscle 
regeneration in humans have been developed. Indeed, cell therapies 
based on the delivery of myogenic stem cells have been largely 
used also in preclinical studies. Several sources of myogenic 
cells have been employed, so far: satellite cells, muscle-derived 
stem cells, myoblasts, mesoangioblasts, hTERT-immortalized 
muscle precursor cells, pericytes, CD133+ cells, hematopoietic 
stem cells, mesenchymal stem cells, perivascular stem cells, 
interstitial cells, pluripotent stem cells isolated from the dental 
pulp, embryonic stem cells, and induced pluripotent stem cells 
(iPSCs) (Hall et  al., 2017; Del Carmen Ortuño-Costela et  al., 
2019; Marg et  al., 2019; Mueller and Bloch, 2019). As a result, 
the delivery of these myogenic cells led to some improvements 
in muscle function and regeneration in mammalian animal 

models (Rao et  al., 2018; Mueller and Bloch, 2019). To enhance 
the effectiveness of these regenerative therapies, bioactive molecules, 
such as TGF-β, IGF-I, fibrin, keratine, as well as ECM-based 
bioscaffolds, have been combined with myogenic cells (Brown 
et  al., 2012; Dziki et  al., 2016; Fuoco et  al., 2016; Jiao et  al., 
2018; Pollot et  al., 2018; Mueller and Bloch, 2019). However, 
we are still far from effective treatments to use in clinical practice 
for skeletal muscle regeneration due to the difficulties associated 
with cell preparation, the limited engraftment of myogenic cells, 
the incomplete differentiation of myogenic cells in situ, the partial 
integration with host cells, and tumorigenic risk of immortalized 
cells. In the context of pharmacological intervention, many 
different drugs have been tested for improving muscle regeneration. 
Indeed, anti-inflammatory drugs have been used for blocking 
the anti-regenerative effect of chronic inflammation, hormones, 
and growth factors for stimulating cell growth; urocortin II for 
stimulating muscle fiber growth pathways; and myostatin for 
activating satellite cells. Indeed, urocortin II and myostatin showed 
an interesting potential for improving muscle hypertrophy  
and hindering the age-dependent loss of muscle tissue in  
animal models (Hinkle et  al., 2003; Rodriguez et  al., 2014; 
Cohen et  al., 2015; Naranjo et  al., 2017; Saul et  al., 2019).

CONNECTIVE TISSUE AND AGING

Besides its influence on skeletal muscle, aging also results in 
modification of cells and extracellular matrix of myofascia and 
tendons (Barros et  al., 2002; Haus et  al., 2007a; Trappe, 2009; 
Kragstrup et  al., 2011). Muscular fascia is composed of many 
different molecules, such as structural proteins (collagens, laminins, 
fibronectin, vitronectin, tenascin, and elastin), growth factors 
(TGFs and IGFs) glycosaminoglycans, proteoglycans, 
metalloproteinases, cytokines, and water (Eyre et al., 1984; Reiser 
et  al., 1992; McCormick, 1999). Fascia, due to its structure and 
composition, has elastic, viscoelastic and plastic properties that 
strongly influence the biomechanical features of the locomotory 
apparatus, as demonstrated both in humans and animal models 
(Kovanen et  al., 1988; Goldspink et  al., 1994; Kjaer, 2004; Avila 
Gonzalez et  al., 2018; Blottner et  al., 2019; Schleip et  al., 2019). 
Muscular connective tissue changes with advancing age, as 
reported also in studies in animal models. In particular, its 
thickness and the amount of collagen cross-linking increase, 
and its elasticity decreases (Alnaqeeb et al., 1984; Gosselin et al., 
1998; Ducomps et  al., 2003; Wilke et  al., 2019; Etienne et  al., 
2020). Additionally, the composition of the muscular connective 
tissue varies; as an example, the amount of collagen type IV 
rises, and that of type VI reduces (Etienne et  al., 2020; Levi 
et  al., 2020). As a result, the extracellular matrix becomes  
more rigid and muscles increase their stiffness, thus resulting 
in impaired muscle function (Alnaqeeb et  al., 1984; Kovanen 
et  al., 1984; Gosselin et  al., 1998; Willems et  al., 2001; 
Ducomps et  al., 2003; Etienne et  al., 2020).

Studies in humans and animal models showed that with 
advancing age the basal lamina becomes thicker and destructured, 
and the content of collagen type IV, laminin, and the antimyogenic 
cytokine, osteopontin, increases in skeletal muscle, thus hindering 
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its regenerative potential (Kovanen et  al., 1988; Grzelkowska-
Kowalczyk, 2016). Moreover, a decrease in the number of fibroblasts 
and stem cells in tendon during aging has been also reported 
in humans and animal models (Squier and Magnes, 1983; 
Nakagawa et  al., 1994; Zhou et  al., 2010; Ruzzini et  al., 2013).

A recent study by Wilke and collaborators demonstrated that 
aging is associated with variation in the thickness of the fascia. 
Indeed, the age-related modifications are specific for different 
body sites. Fascial thickness of the lower limb decreases with 
age (−12.3–25.8%), whereas fascia of the low back region increases 
(+40.0–76.7%) (Wilke et  al., 2019). These changes in connective 
tissue have been suggested to reduce joint flexibility (Wilke et al., 
2019). Moreover, the amount of intramuscular connective tissue 
in the gastrocnemius muscle of elderly adults is reportedly higher 
than that of young adults (Csapo et al., 2014). Although connective 
tissue content may change with aging, the amount of cross-
linking of intramuscular collagen remains stable, according to 
the results of a study in the vastus lateralis of young and old 
adults (Haus et  al., 2007a). Aging results also in a reduction 
in water content within tendon, as reported in the Achilles 
tendon of old rabbits (Ippolito et al., 1980), an increase in cross-
links between tendon fibrils and a decrease in collagen content 
and density (Vogel, 1978; Haut et  al., 1992; Couppe et  al., 2009; 
Svensson et  al., 2015). Reducing sugars can link to amino acids 
of collagen fibers and generate AGEs, which accumulate throughout  
life and result in increased tissue stiffness and strength  
(Bank et  al., 1999; DeGroot et  al., 2001; Suzuki et  al., 2008).

In addition, reduced elasticity and increased stiffness of aged 
musculoskeletal system can also be  caused by degeneration of 
connective tissue, which leads to reduced joint mobility in the 
elderly (Kocur et  al., 2019). At the molecular level, it has been 
reported that Wnt signaling, the expression of metalloproteinase 
(MMP) and tissue inhibitor of metalloproteinase genes, which 
regulate ECM degradation and remodeling, change with 
advancing age (Phillip et  al., 2015; Birch, 2018; de Sousa Neto 
et  al., 2018). Barros and colleagues demonstrated that elastic 
fibers of the cervical interspinous ligaments undergo 
fragmentation and degeneration, and oxytalan fibers, which 
confer resistance to the tissue, degrade during aging (Barros 
et  al., 2002). As a consequence, ligaments are more susceptible 
to ruptures following mechanical stress (Barros et  al., 2002).

Despite age-related modifications of connective tissue, the 
effect of these changes on the mechanical properties of tendons, 
such as strength, stiffness, and elasticity, is still debated, due 
to conflicting reports (Svensson et  al., 2015). Interestingly, a 
recent pilot study demonstrated that acute resistance exercise 
differentially affected young and old adults in the context of 
metalloproteinase gene expression (Wessner et al., 2019). These 
results support the evidence of stimulus-dependent ECM 
remodeling in the elderly.

COUPLING BETWEEN FASCIA, 
SKELETAL MUSCLE AND AGING

Muscles and fascia cooperate for the correct functioning of the 
locomotory apparatus. Their intimate relationship makes the 

performance of movement strictly dependent on the status of 
both of them. As an example, appropriate preparation of fascial 
structures by a warm-up and stretching protocols is essential 
for optimal results and minimal risk of injury in physical exercises 
(Yahia et  al., 1993; Mattieni et  al., 2009; Wang et  al., 2009). 
The structural and molecular changes of skeletal muscle and 
fascia with advancing age influence the transmission of force 
in the locomotory system (Wilke et  al., 2018). Intramuscular 
fascia connects different muscle fibers and muscle bundles within 
the muscle to form the force-generating structure connected to 
the bone (Turrina et  al., 2013). Indeed, studies in rats showed 
that the force generated by muscle fiber contraction is transmitted 
both longitudinally and laterally, through the intramuscular fascia, 
to the surrounding muscle fibers, till the tendon and the bones 
(Huijing and Jaspers, 2005). Moreover, molecular features, 
structure, and orientation of fascial fibers determine how force 
is transmitted and transferred through connective tissue to other 
surrounding elements (Stecco et al., 2013; Wilke et  al., 2018). 
In humans, recent data showed that the length of muscle fascicles 
is affected by the coupling between muscle and fascia (Pamuk 
et al., 2016; Karakuzu et al., 2017). Indeed, heterogeneous fascicle 
strains have been detected in the medial gastrocnemius muscle 
following submaximal plantar flexion activity or knee extension. 
This result has been explained by epimuscular force transmission 
(Pamuk et  al., 2016; Karakuzu et  al., 2017). Intermuscular 
mechanical interactions also have important implications in 
patients affected by cerebral palsy (CP), who suffer from motor 
disability. It has been suggested that the co-activation of 
antagonistic muscles of the knee, which causes the limited joint 
motion in CP patients, is due to altered force transmission 
through myofascial structures (Kaya et  al., 2019, 2020). This 
makes fascia a key structural and functional element of the 
contractile apparatus of muscle. As a consequence, the mechanical 
features of the entire muscle cannot be  merely described as the 
sum of the isolated fascia and muscle fibers.

The fluid component of fascia assists in the hydrostat function 
of the tissue and dissipates energy, whereas the elastic component, 
made by fibrous protein structures, can store and release elastic 
energy (Huijing et  al., 2003; Özkaya et  al., 2017). Besides the 
capacity of fascial components to generate force by myofibroblast 
contraction, fascia can also modulate its composition and 
structure in response to biomechanical stimulation, thus allowing 
its adaptation over time to meet the body’s needs (Blottner 
et  al., 2019). Several studies have demonstrated that muscles 
located in anatomically separate body regions can exchange 
tensional stress through a tight link and cooperation with 
fascial structures, thus contributing to the accomplishment of 
locomotory tasks and movement proprioception (Vleeming 
et al., 2014; Blottner et al., 2019). In the anatomical compartment 
comprised between leg and trunk, this complex architecture 
has been described as a myofascial force transmission chain 
(Myers, 2013; Wilke et  al., 2016).

Data collected so far suggest that myofascial force transmission 
is extremely relevant during muscle lengthening, such as in 
eccentric contractions and stretching activity (Yucesoy et al., 2005; 
Huijing, 2009; Yucesoy, 2010; Wilke et  al., 2018). Indeed, the 
presence of intermuscular mechanical interactions in the lower 
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leg muscles under passive joint motion has been clearly demonstrated 
by several ultrasound-based studies (Bojsen-Møller et  al., 2010; 
Tian et  al., 2012; Le Sant et  al., 2017; Ateş et  al., 2018).

Some pieces of evidence indicate that the close interaction 
between muscular and fascial structures and the physical 
continuity of connective tissue along the myofascial chain 
weakens with age, thus reducing the magnitude of mechanical 
force transmission (Wilke et  al., 2019). In this context, it 
has been shown that alteration in myofascial force 
transmission can influence the effects of nonlocal exercises, 
as the self-myofascial release of the plantar fascia on 
hamstring extensibility (Wilke et  al., 2019). Fascial tissue 
can densify and develop fibrosis with age, thus reducing 
muscular force production and joint range of motion (Pavan 
et  al., 2014; Zhang and Gao, 2014). Moreover, decreased 
physical mobility occurring in the elderly could be partially 
explained by increased stiffness and reduced elasticity of 
the extracellular matrix due to dehydration and increased 
collagen content (Sölch, 2015). Indeed, during aging, the 
connective tissue of patellar tendon increases fiber  
cross-links and reduces collagen content, and Achilles  
tendon and plantar fascia diminish their connecting fibers 
(Snow et  al., 1995; Couppe et  al., 2009).

CONNECTIVE TISSUE, INFLAMMATION, 
AND AGING

A key feature of aging tissue is, also, the so-called inflammaging, 
which describes a low-grade chronic systemic inflammation 
in the absence of overt infection. This “sterile” inflammation 
is a highly significant risk factor for morbidity and mortality 
in elderly people. Chronic inflammation influences tissue 
functions via several mechanisms: persistent production of 
reactive molecules by infiltrating leucocytes might damage 
structural elements of tissues; production of cytokines might 
modulate inflammatory responses and alter phenotypes of 
nearby cells (Franceschi and Campisi, 2014). Most of the 
inflammatory responses take place in the extracellular matrix, 
which can interact with immune cells and change their functions, 
thereby influencing tissue regeneration. Although early 
inflammation after tissue damage is important for remodeling 
and adaptations, decreased inflammation seems to be associated 
with improved tissue regeneration and gains of muscle strength 
(Zügel et  al., 2018).

MOTOR SYSTEM AND AGING

As for the effect of aging on the motors system, data  
showed that atrophy of the motor cortex, modifications of 
neurotransmission, reduced motor cortical excitability, and 
plasticity occur in the nervous system. These changes also 
result in impaired muscle performance (Tieland et al., 2018). 
Alterations in nervous system structure and function contribute 
to a decline in skeletal muscle efficiency with age, via a 
reduction in motor coordination and muscle strength.  

Loss of neural processes impairs the control and activity of 
skeletal muscle fibers. Indeed, the occurrence of age-related 
reduction in descending drive and an increase in the threshold 
of excitability of the corticospinal tract has been reported 
by studies in humans (Rossini et  al., 1992; Clark and Taylor, 
2011; Unhjem et  al., 2015). As demonstrated in mouse and 
rat models, aging is also associated with a decline in 
reinnervation of muscle fibers, accumulation of denervated 
fibers, and muscle atrophy. This phenomenon is probably 
caused by a reduced neurotrophil-mediated axonal sprouting 
following denervation (Aare et  al., 2016). Moreover, aging 
leads to motor unit remodeling, which leads to an alteration 
in the fiber type composition, i.e., the replacement of type 
II with type I  muscle fibers (Thompson, 2002). Reduction 
in the number of motor units is associated with the decay 
of muscle size and function in aged mice (Sheth et  al., 
2018). Aging also results in impaired movement coordination, 
due to a decreased control of motor output, as demonstrated 
in the first dorsal interosseous muscle of elderly subjects 
during submaximal contractions (Galganski et  al., 1993). 
Old adults, have 40% reduction in the total number of motor 
units, 50% enlargement of remaining motor units (low- and 
moderate-threshold motor units), and an increase in fiber 
density (Piasecki et  al., 2016). Also, differences in inter-joint 
coordination during squat jumps have been found between 
young and old adults (Argaud et  al., 2019). A study 
investigating neuromuscular coordination demonstrated a 
loss and reorganization of muscular patterns in old adults 
(Vernooij et  al., 2016).

Neuromuscular junctions (NMJs) are affected by detrimental 
modifications in their activity and conformation during aging 
(Li et  al., 2018). Studies in animal models showed that the 
structural integrity of NMJs is affected by aging. The area of 
the motor nerve terminal and that of post-synaptic folds is 
reduced and both nerve terminals and the post-synaptic cluster 
of acetylcholine receptors (AChRs) undergo fragmentation. 
Moreover, in aged rodent it has been reported an increase 
in the branching of nerve terminals, and extra-junctional 
AChRs, and a reduction in myofibre nerve supply (Kreko-
Pierce and Eaton, 2018). Interestingly, the degree of 
age-dependent degeneration of NMJs shows a certain variability 
between different muscles and even within the same muscle 
or the motor unit (Taetzsch and Valdez, 2018). The cause of 
this NMJs degeneration is still a matter of study, but some 
pieces of evidence indicate that impaired autophagic pathway 
and agrin signaling might cause NMJ decline (Li et  al., 2018). 
Data from animal models showed that aged NMJs have a 
reduced number of mitochondria and accumulate morphological 
abnormal mitochondria and oxidative damage in the presynaptic 
plaque (Gonzalez-Freire et al., 2014). Also, it has been reported 
that aging is associated with altered expression of neurotrophin 
genes in the neuromuscular system. In particular, 
neurotrophin-3, neurotrophin-4, and brain-derived neurotrophic 
factors are downregulated and glial cell-derived neurotrophic 
factor is upregulated in aged rodent muscles (Kreko-Pierce 
and Eaton, 2018). The effect of aging on neuromuscular junction 
transmissions is still debated, due to conflicting results  
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(Piasecki et al., 2016; Willadt et al., 2016). The results collected 
so far demonstrate that age-dependent changes in the nervous 
system could promote an impairment in skeletal muscle function 
(Piasecki et  al., 2016). However, in the perspective of healthy 
aging, several studies in mice demonstrated that the deleterious 
effects of aging on the structure and function of NMJs can 
regress due to physical exercise (Fahim, 1997; Valdez et al., 2010; 
Nishimune et  al., 2012; Cheng et  al., 2013).

IMAGING AND ULTRASOUND METHODS 
IN THE ELDERLY

From the clinical perspective, it is crucial to identify all the 
alterations that occur in the myofascial tissue with aging. 
Technological advancements allowed the development of 
high-resolution instruments for the morphological 
characterization of myofascia tissue and the assessment of 
factors that influence the “contractile quality” of skeletal 
muscle. Conventional imaging methods, such as MRI, the 
current “gold standard” for the analysis of muscle size, 
computed tomography (CT), and dual-energy X-ray 
absorptiometry (DXA), provide precise measures of muscle 
mass but are suboptimal in reflecting the composition of 
myofascial tissue. For instance, Hounsfield units in CT images 
(Engel et  al., 2018) or MRI signal intensity can be  used to 
evaluate the composition of the skeletal muscle (Carlier et al., 
2016). However, it is difficult to obtain these values for 
many community-dwelling older people because of the need 
for special equipment and the relatively high measurement 
burden (time, cost, and radiation exposure) and the lack of 
standardization of measurements (Lee et  al., 2019). Recently, 
ultrasound attenuation and echo intensity have emerged as 
potentially useful indicators of muscle composition. 
Ultrasonography is non-invasive, easily accessible, and relatively 
inexpensive compared with other imaging systems such as 
CT. Several groups of researchers have used ultrasound echo 
intensity as an index of skeletal muscle composition; whereby, 
increased amounts of intramuscular fat and fibrosis that 
occur with pathological aging result in increasing echo-
reflection and a brighter ultrasound image (Reimers et  al., 
1993; Pillen et  al., 2009; Watanabe et  al., 2018). Although 
such measures have also been related to muscle strength 
and functional performance in elderly populations in some 
studies (Fukumoto et  al., 2012; Watanabe et  al., 2013; Lopez 
et  al., 2017), they provide only indirect measures of the 
contractile quality of skeletal muscle in vivo. Several alternative 
ultrasound-based methods have recently been developed to 
quantify the contractile quality of muscle during dynamic 
contraction. Elastographic methods are increasingly used to 
assess the viscoelastic properties of muscle in aging but, as 
with echo-based measures, their widespread implementation 
in clinical and research settings is currently limited by low 
reproducibility (Zaidman et  al., 2012; Alfuraih et  al., 2018). 
Although other emerging ultrasound-based approaches 
including speckle-tracking (Frich et al., 2019), tissue Doppler 
imaging (Eranki et al., 2013), and axial transmission techniques 

(Wearing et al., 2016) arguably provide more direct measures 
of the contractile quality of the muscle-tendon unit in vivo, 
these techniques also suffer from limitations, including 
susceptibility to decorrelation (speckle tracking), user 
intervention (feature-based tracking), and dependence on 
insonation angle (tissue Doppler) (Sikdar et  al., 2014). 
Nonetheless, ultrasound-based measures appear to be promising 
approaches for quantifying contractile properties of 
myofascial tissues and have the potential to enhance our 
understanding of musculoskeletal function with aging 
and pathology.

MANIPULATION TECHNIQUES AND 
FASCIA REPAIR

Over the course of a lifetime, fascia can be  injured due 
to excessive or prolonged loading, traumatic events, strenuous 
physical activity, and surgical procedures. As a consequence 
of damage, repair mechanisms are activated to restore the 
original structural and functional features of the tissue (Zullo 
et al., 2017). Impairment of this process can cause a reduction 
in the performance of the locomotory apparatus and 
musculoskeletal disorders (Zuegel et  al., 2018). Therefore, 
strategies improving myofascial regeneration are pivotal. A 
broad range of tissue manipulation techniques has been 
proposed to enhance fascial repair. A study in the treatment 
of tension-type headache suggests a combination of soft 
tissue techniques and neural mobilization to be  most 
promising in relieving myofascial-induced pain and 
dysfunction (Ferragut-Garcias et  al., 2017). The authors 
highlight the importance of the treatment stimulus to 
mechanically stimulate nerve and fascia. Indeed, a study 
performed on people suffering from delayed-onset muscle 
soreness showed that the sensitivity of high-threshold 
mechanosensitive receptors is a predictor of pain and motor 
impairment (Fleckenstein et  al., 2017). Thus, approaches 
modulating the activity of these receptors may be  helpful 
for functional recovery. This is in line with recent clinical 
data showing that hands-on based conservative treatments 
can be  effective in relieving pain in injured athletes 
(Fleckenstein and Banzer, 2019). These treatments include 
nerve block, injection, ultrasound and laser therapies, 
manipulation, mobilization, massage, and traction, as well 
as acupuncture and dry needling. However, it is not clear 
whether aging influences the effect of these treatments. 
There is evidence that multimodal rehabilitation, including 
classic massage, transcutaneous electrical nerve stimulation, 
and ultrasound therapy improves pain and function in older 
women (aged >60) suffering from back pain (Cichon et  al., 
2019). A systematic review found limited evidence of pain-
reducing effects of physical therapy (three studies, two of 
them applying soft tissue treatments) among older adults 
with dementia (Coronado et  al., 2019). In summary, we  can 
only hypothesize that the fascial tissue of elderly people  
is susceptible to soft tissue stimuli, but its effect has  
to be  determined.
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CONCLUSIONS

Aging is associated with metabolic, structural, and functional 
modifications of cells, tissues, and organs, which lead to a 
gradual decline in psycho-physical performance. In particular, 
the locomotory apparatus loses its effectiveness, due to the 
molecular and cellular changes occurring in the myofascia, 
the skeletal muscle tissue, the nervous system, and their 
structural and functional coupling. Genetics, epigenetics, 
environment, diseases, lifestyle, nutrition, and injuries also have 
a prominent role in tissue remodeling occurring with aging 
(Jee and Kim, 2017). Thanks to recent scientific progress, many 
phenomena and mechanisms associated with aging have been 
defined, but still much remains to be  investigated. From the 
perspective of healthy aging, it is crucial to identify and hinder 
all the age-dependent modifications through specific strategies 
targeting etiologic factors, and also psycho-social issues. Indeed, 
ultrasound-based techniques can provide a detailed 
morphological characterization of skeletal muscle and connective 
tissue, thus allowing a specific analysis of the detrimental 
changes occurring in the myofascia with aging. Moreover, tissue 

manipulation techniques might contribute to improving 
myofascial regeneration in the elderly. Physical activity has 
been also suggested as an effective strategy for counteracting 
the deleterious consequences of aging, given that skeletal muscle 
plasticity might be  only partially lost in elderly individuals 
(Distefano and Goodpaster, 2018). However, this issue is still 
debated, due to contradictory results. Nevertheless, the constant 
progress in technology and biomedical research holds great 
promise for fighting the burden of aging by targeted 
therapeutic interventions.
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Botulinum toxin type-A (BTX-A) is widely used for spasticity management and
mechanically aims at reducing passive resistance at the joint and widening joint range
of movement. However, recent experiments on acute BTX-A effects showed that the
injected rat tibialis anterior (TA) muscle’s passive forces increased, and the length
range of active force exertion (lrange) did not change. Additionally, BTX-A was shown
to spread into non-injected muscles in the compartment and affect their mechanics.
Whether those effects persist in the long term is highly important, but unknown. The
aim was to test the following hypotheses with experiments conducted in the anterior
crural compartment of the rat: In the long term, BTX-A (1) maintains lrange, (2) increases
passive forces of the injected TA muscle, and (3) spreads into non-injected extensor
digitorum longus (EDL) and the extensor hallucis longus (EHL) muscles, also affecting
their active and passive forces. Male Wistar rats were divided into two groups: BTX-A
and Control (0.1 units of BTX-A or only saline was injected into the TA). Isometric forces
of the muscles were measured simultaneously 1-month post-injection. The targeted
TA was lengthened, whereas the non-targeted EDL and EHL were kept at constant
length. Hydroxyproline analysis was done to quantify changes in the collagen content of
studied muscles. Two-way ANOVA test (for muscle forces, factors: TA length and animal
group) and unpaired t or Mann-Whitney U test (for lrange and collagen content, where
appropriate) were used for statistical analyses (P < 0.05). BTX-A caused significant
effects. TA: active forces decreased (maximally by 75.2% at short and minimally by
48.3%, at long muscle lengths), lrange decreased (by 22.9%), passive forces increased
(by 12.3%), and collagen content increased (approximately threefold). EDL and EHL:
active forces decreased (up to 66.8%), passive force increased (minimally by 62.5%),
and collagen content increased (approximately twofold). Therefore, hypothesis 1 was
rejected and 2 and 3 were confirmed indicating that previously reported acute BTX-A
effects persist and advance in the long term. A narrower lrange and an elevated passive
resistance of the targeted muscle are unintended mechanical effects, whereas spread
of BTX-A into other compartmental muscles indicates the presence of uncontrolled
mechanical effects.

Keywords: botulinum toxin type A, muscle mechanical function, active force, passive force, collagen, animal
model
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INTRODUCTION

A widely used technique for management of spasticity arising
from a wide range of conditions such as cerebral palsy (CP)
(Graham et al., 2000; Criswell et al., 2006; Lukban et al., 2009),
spinal cord injury (Adams and Hicks, 2005; Marciniak et al.,
2008), multiple sclerosis (Hyman et al., 2000; Van Der Walt
et al., 2012) and stroke (Bakheit et al., 2000; Bhakta et al.,
2000) is injection of botulinum toxin type-A (BTX-A). The toxin
temporarily paralyzes muscles by inhibiting the discharge of
the acetylcholine containing vesicles into the synaptic cleft and
hence transmission of nerve impulses to the muscle fibers at the
neuromuscular junction (Blasi et al., 1993; Brin, 1997; Hammond
et al., 2015). A consequence is decreased muscle tone (Grazko
et al., 1995; Whelchel et al., 2004) which mechanically implies
a limited muscular force production capacity. BTX-A treatment
aims at improving joint function (Love et al., 2001) by reducing
the passive resistance of the muscle in the joint (Sheean, 2001)
and increasing the joint range of motion (Koman et al., 2000).

Understanding BTX-A effects on muscular mechanics is of
central importance because muscle exposed continues to serve as
the motor for movement, but this understanding remains limited.
Length-dependent reductions in knee extension torque (Longino
et al., 2005) and muscle force (Yucesoy et al., 2012) shown in
previous animal experiments indicate complex effects of BTX-A
on joint mechanics. Additionally, experiments in the rat anterior
crural compartment have shown acutely that BTX-A does not
improve the muscle’s length range of force exertion (lrange) and
elevates passive forces of the injected tibialis anterior (TA) muscle
(Yucesoy et al., 2012). In addition, spread of BTX-A through
muscle fascia was reported (Shaari et al., 1991). Such spread has
been reported to reduce forces (Yaraskavitch et al., 2008; Frasson
et al., 2012) and cause changes in length-force characteristics of
also the non-injected muscles (Yucesoy et al., 2012; Ates and
Yucesoy, 2014, 2018; Yucesoy and Ates, 2018). Remarkably, those
changes in the short term include effects contradicting treatment
aims (i.e., decreased lrange, increased passive forces and elevated
intramuscular collagen content) (Ates and Yucesoy, 2014). Finite
element analyses of that indicated that they do ascribed to a
continuing elevated stiffness the exposed muscles’ extracellular
matrix (Turkoglu and Yucesoy, 2016), testing of which deserves
major attention.

Whether the short-term effects persist in the long term is
unknown, but very important. Therefore, in a rat model, we
aimed at testing the following hypotheses. In the long term, BTX-
A (1) maintains lrange, (2) increases the passive forces of the
injected TA muscle, and (3) spreads into non-injected muscles
also affecting their active and passive forces.

MATERIALS AND METHODS

Assessment of the Effects of BTX-A on
Muscular Mechanics
Surgical and experimental procedures were approved by
the Committee on the Ethics of Animal Experimentation
at Boğaziçi University. Male Wistar rats were divided into

two groups: control (n = 7; mean ± SD: body mass
386.3 ± 36.5 g and 406.9 ± 16.8 g for the times of injection
and experiment, respectively) and BTX-A (n = 7; body mass
394.7 ± 29.0 g and 404.3 ± 34.3 g for the times of injection and
experiment, respectively).

Using intraperitoneal ketamine (1 mg/kg), a mild sedation was
imposed. Subsequently, a region was shaved, bound within an
approximately 15 mm radius from the center of the patella, where
a marker was placed. Brining the ankle to maximal plantarflexion
and the knee to approximated 90◦ angle, the TA muscle was
located by palpation. At a point 10 mm distal along the tibia, a
second marker was placed. A line segment was drawn between
the two markers and the injection location over the TA muscle
was determined as a point 5 mm lateral to the second marker. At
this location, the depth of the TA and the thickness of the skin
approximated 5–5.5 and 0.7–1 mm, respectively. All injections
were made exclusively into the TA, to a depth of 3 mm, therefore
into the superficial half of the muscle.

A 100 U vial of vacuum-dried, botulinum type A neurotoxin
complex (BTX-A) (BOTOX; Allergan Pharmaceuticals,
Westport, Ireland) was reconstituted with 0.9% saline solution.
For the BTX-A group, the animals received a one-time
intramuscular BTX-A injection. The total dose was 0.1 U and the
injected volume was 20 µl. For the control group, the animals
received a one-time intramuscular injection of the same volume
of 0.9% saline solution exclusively. All injections were performed
1-month prior to testing. The animals were kept in standard
cages separately. The animal care room was thermally regulated
and maintained a 12 h dark-light cycle. The animals were free to
do their normal activity until the day of the experiment.

Surgical Procedures
The animals were anesthetized using an intraperitoneally injected
urethane solution (1.2 ml of 12.5% urethane solution per 100 g of
body mass). Additional doses were given if necessary (maximally
0.5 ml). Immediately following the experiments, the animals were
euthanized by using an overdose of urethane solution.

To prevent hypothermia, the animals were kept on a heated
pad (Homoeothermic Blanket Control Unit; Harvard Apparatus,
Holliston, MA, United States) during surgery and data collection.
The control of the body temperature at 37◦C was obtained by
adjusting the temperature of the heated pad utilizing a feedback
system integrated with a rectal thermometer.

During surgery, the skin and the biceps femoris muscle
of the left hindlimb were removed. After the anterior crural
compartment was exposed, only a limited distal fasciotomy was
performed to remove the retinaculae (i.e., the transverse crural
ligament and the crural cruciate ligament). Consequently, the
connective tissues of the muscle bellies within the compartment
[i.e., the TA, extensor digitorum longus (EDL) and extensor
hallucis longus (EHL) muscles] were left intact.

A reference position was selected as the combination of knee
joint angle of 120◦; and ankle angle of 100◦. This position matches
with a combination of knee and ankle positions that the rat
attains in vivo, during the stance phase of gait (Gruner et al.,
1980). Maintaining the reference position, the following were
done: using silk thread, the four distal tendons of the EDL muscle
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were tied together. On the distal tendons of the EDL, TA, and
EHL muscles, as well as on a fixed location on the lower leg
matching markers were placed. Afterward, the distal EDL tendon
complex as well as the TA and the EHL tendons were cut as
distally as possible.

The femoral compartment was exposed for two purposes: (1)
to reach the proximal tendon of the EDL and (2) to expose the
sciatic nerve. Subsequently, keeping a small piece of the lateral
femoral condyle still attached, the tendon was cut from the femur.
The sciatic nerve was dissected free of other tissues. Once all
nerve branches to the muscles of the femoral compartment were
severed, the sciatic nerve was cut as proximally as possible.

The proximal tendon of the EDL, the tied distal tendons of the
EDL, the distal tendon of the TA, and the distal tendon of the EHL
muscles were sutured to four separate Kevlar threads in order to
provide connection to force transducers.

Experimental Set-Up
To mount the animal in the experimental set-up (Figure 1A)
the following procedure was utilized: (1) in order to avoid
obstruction of the Kevlar threads connecting the distal tendons to
their force transducers, the ankle was brought to maximal plantar
flexion (180◦) in which position, the foot was fixed to the foot
clamp. (2) The femur was fixed to the femur clamp such that
the knee angle was set at 120◦. (3) Taking care to ensure their
alignments in the muscle’s line of pull, each Kevlar thread was
connected to a separate force transducer (BLH Electronics Inc.,
Canton, MA, United States). (4) The distal end of the sciatic nerve
was placed on a bipolar silver electrode (Figure 1B).

Experimental Conditions and Procedure
For the duration of the experiment room temperature was kept
at 26◦C. To prevent dehydration, muscles and tendons were
irrigated regularly by isotonic saline. The distal and proximal
tendons of the EDL and the distal tendon of the EHL muscles
were kept in their reference positions at all times. Therefore,
during the experiment, their lengths were not changed. However,
the TA was brought to various muscle-tendon complex lengths,
by repositioning its force transducer. The isometric forces of all
muscles were measured simultaneously at each TA length. The
measurement started at active slack length of the TA and its
length was increased in 1 mm increments until reaching 2 mm
over its optimum length. TA muscle-tendon complex lengths are
expressed as deviation from its active slack length (1lmt TA).

Subsequent to bringing the TA to a target muscle length,
all muscles studied were activated maximally using a constant
current of 2 mA (square pulse width 0.1 ms) delivered to
the sciatic nerve (STMISOC; BIOPAC Systems, Goleta, CA,
United States) with the following stimulation protocol: (1) two
twitches were evoked. (2) 300 ms after the second twitch, the
muscles were tetanized (pulse train 400 ms, frequency 100 Hz).
(3) 200 ms after the tetanic contraction, another twitch was
evoked. Each completion of this protocol was followed by a
recovery period of 2 min for all muscles. During the recovery
period, the TA was kept near the active slack length. However,
the EDL and EHL lengths were not altered.

FIGURE 1 | The experimental set-up. (A) The distal tendons of the TA and the
EHL muscles as well as the proximal and the tied distal tendons of the EDL
muscle (EDL proximal and EDL distal, respectively) were each connected to a
separate force transducer by Kevlar threads. Throughout the experiment, the
EDL and EHL muscles were kept at constant muscle-tendon complex
lengths. Exclusively, the TA muscle was lengthened (1lmtTA) to progressively
increasing lengths, at which isometric contractions were performed.
Lengthening (indicated by double-headed arrow) started from muscle active
slack length at 1-mm increments by changing the position of the TA force
transducer. Inset shows relative sizes and positions of muscles of the anterior
crural compartment. (B) Experimental reference condition for joint angles are
120◦ and 100◦ for knee and ankle angles, respectively. The femur and the foot
were fixed by metal clamps. The distal end of the sciatic nerve was placed on
a bipolar silver electrode.

Assessment of Changes in Intramuscular
Connective Tissue Content Due to BTX-A
In a separate set of male Wistar rats, changes in intramuscular
connective tissue content due to BTX-A were assessed. The
animals were divided into two groups: control (n = 6; mean± SD:
body mass 404.3 ± 31.0 g) and BTX-A (n = 6; body mass
413.3± 46.2 g).

Collagen amount of each muscle was quantified using a
colorimetric analysis of hydroxyproline content (Carlson, 2014)
1-month after the injections. Subsequent to above described
surgical procedures to expose the anterior crural muscles,
biopsies were removed rapidly after euthanizing the animal.
Purity of the muscle samples were provided by careful removing
of all tendinous materials from the sample. Muscle biopsies
were flash-frozen in liquid nitrogen and stored at −80◦C before
running the assay within 4 weeks after removal. In short,
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each muscle was weighed prior to undergoing hydrolyzation at
130◦C for 12 h in 5 N HCl. Samples of the hydrolyzate were
oxidized at room temperature with a chloramine-T solution for
25 min incubation. Subsequently, the impurities were extracted
and discarded by toluene treatment. To convert the oxidation
product to pyrrole, the remaining aqueous layer containing
the hydroxyproline products was heated for 30 min in boiling
water. The final pyrrole reaction product is then removed in a
second toluene extraction, and the final solution was mixed with
Ehrlich’s reagent for 30 min. Sample absorbances were read at
560 nm in triplicate using UV-Visible spectrophotometer (UV-
1280; SHIMADZU, Kyoto, Japan).

Data Processing
Muscular tissues’ capacity of mechanical resistance at a tested
muscle-tendon length is characterized by muscle force in an
unstimulated state. This is referred to as passive muscle force
(Fp). Using the force-time traces obtained experimentally: (i)
Fp was determined 100 ms after the second twitch (Figure 2).
(ii) Muscle total force was determined as the mean force (for
a 200 ms interval, 150 ms after evoking tetanic stimulation)
during the tetanic plateau. Muscle active force (Fa) per muscle-
tendon complex length was calculated by subtracting Fp from
muscle total force.

A least squares criterion was used to fit the data for Fp and Fa,
with a polynomial function:

y = a0= a1x2
+ a2x2

+ . . .+ anxn (1)

where y represents isometric muscle forces (i.e., Fp or Fa),
and x represents muscle-tendon complex length. a0, a1. . .an are
coefficients determined in the fitting process.

Using one-way analysis of variance (ANOVA), the order of
the polynomials was determined (Neter et al., 1996). The lowest
order was sought after with the criterion that a significant
improvement was still provided to the description of changes in
muscle force data as a function of muscle-tendon complex length.
These polynomials were used for calculating mean and standard
deviations (SD) of data: for each muscle studied, muscle forces
at different TA muscle-tendon complex lengths were obtained.
For each TA muscle-tendon complex length, muscle forces were
averaged in order to determine the muscle force (mean ± SD) of
the control and BTX-A groups.

Muscle length-force characteristics were studied using four
key determinants defined as follows: (1) Muscle optimal force
is the maximum isometric force exerted by an active muscle.
Muscle optimal force is often taken as an indication of a muscle’s
capacity for force production. (2) Muscle optimum length is the
muscle length at which muscle optimal force is encountered. (3)
Muscle active slack length is the shortest length at which an active
muscle can still exert non-zero force. (4) Muscle length range
of force exertion is the length range from active slack length to
optimum length. Within the potential joint range of motion, this
is considered as a metric indicating movement capability, with
active force exertion.

Also to process these key determinants, the polynomials
obtained were utilized in order to determine: the optimal TA

FIGURE 2 | Typical examples of force-time traces measured at tendons of
experimental muscles from both control and BTX-A groups. Upper to lower
panels: superimposed force-time traces of the TA, EDL distal, EDL proximal,
and EHL muscles recorded at the optimum length of TA muscle.
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force (i.e., the maximum active muscle force value of the fitted
polynomial, for each individual TA muscle), the corresponding
optimal muscle length, as well as TA active slack length. The TA
length range of active force exertion (lrange) was determined as
the muscle length range between muscle active slack length and
muscle optimum length.

Hydroxyproline analysis was used to quantify changes in
intramuscular collagen content for muscles exposed to BTX-
A. Using the measured absorbance values of muscle samples,
hydroxyproline contents of individual muscles were determined
based on a reference (i.e., standard regression curve identifying
the paired information of pre-known hydroxyproline amounts
and their measured absorbance values) as µg hydroxyproline
expressed per mg of muscle tissue wet weight. Hydroxyproline
content was converted into intramuscular collagen content
using a constant (7.46), which characterizes the number
of hydroxyproline residues in one molecule of collagen
(Neuman and Logan, 1950).

Statistical Analyses
After using Shapiro–Wilk test to seek for a normal distribution
in lrange data of the TA, unpaired t or Mann-Whitney U test was
used to test for the effects of BTX-A injection on this metric.

Two-way ANOVA for repeated measures (factors: TA muscle-
tendon complex length and animal group) was performed
separately for the forces of each muscle. If significant main effects
were found, Bonferroni post hoc tests were performed to further
locate significant within-factor differences.

Forces of both groups were aligned for their optimum
length. Decrease in muscle active force is calculated per TA
muscle-tendon complex length, as the difference in mean force
between the control and the BTX-A groups. This is expressed
as a percentage of the mean force of the control group. The
Spearman’s rank correlation coefficient (ρ) was calculated to test
if reductions in TA active forces due to BTX-A injection are
correlated with TA muscle-tendon complex length. Correlations
were considered significant at P < 0.05.

Shapiro–Wilk test was used to check if the collagen content
data are normally distributed. The collagen amount calculated
for each muscle in BTX-A group was compared to those of
control group using unpaired t or Mann-Whitney U test, where
appropriate. Differences were considered significant at P < 0.05.

RESULTS

Effects of BTX-A on Muscular Mechanics
TA Force-Length Characteristics
ANOVA (factors: TA length and animal group) showed both
significant main effects on TA active forces, and a significant
interaction. Post hoc testing showed significant effects of BTX-
A for most muscle lengths (1lmtTA ≥ −7 mm). TA active
force reductions (e.g., 75.2, 48.3, and 52.8%, respectively, at
1lmtTA = −7 mm, 1lmtTA = 0 mm and 1lmtTA = 2 mm)
were inversely correlated with increasing TA muscle length
(ρ = −0.94, P < 0.001). The lrange of the BTX-A group
(8.56 ± 2.05 mm) was significantly narrower compared to that

of the control group (11.10 ± 1.58 mm) by 22.9%. ANOVA
showed significant main effects also on TA passive forces, but
no significant interaction. Compared to the control group, the
passive forces are higher in the BTX-A group on average by
12.3% (Figure 3).

EDL Forces
ANOVA showed both distally and proximally, only a significant
effect of animal group on EDL active and passive forces.
However, neither significant effects of TA length nor a significant
interaction were found. BTX-A caused significant active force
decreases (on average by 66.8% distally and 55.4% proximally)
and passive force increases (on average by 62.5% distally and
more than twice proximally) compared to those of the control
group (Figures 4A,B).

ANOVA also showed significant main effects of both factors
on the EDL proximo-distal active force differences (Figure 4C),
but no significant interaction. Whereas for the control group,
both positive and negative proximo-distal active force differences
were shown (distal EDL forces were higher than proximal ones
for 1lmtTA ≤ −7 mm and vice versa at longer TA lengths), for
the BTX-A group, the EDL proximal forces were higher than the
distal forces for most of the TA lengths (1lmtTA ≥ −11 mm).
Bringing the TA to longer lengths changed the proximo-distal
active force difference measured at the shortest muscle length
(1lmtTA = −13 mm) significantly for 1lmtTA ≥ −8 mm
and for 1lmtTA ≥ −9 mm, for the control and BTX-A
groups, respectively.

FIGURE 3 | Forces of the TA as a function of increasing TA muscle-tendon
length. Active and passive muscle forces are shown as mean and standard
deviation values for the control and BTX-A groups. The TA muscle-tendon
complex length is expressed as a deviation from its optimum length (1lmtTA).
Significant differences between the TA active force of the control group and
BTX-A group (Bonferroni post hoc test) are indicated by *.
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FIGURE 4 | Forces of the EDL as a function of increasing TA muscle-tendon
length. Active and passive forces of the EDL measured from (A) the distal
tendon, and (B) from the proximal tendon, and (C) proximo-distal active force
differences of EDL (FEDLdistal – FEDLproximal). Isometric muscle forces are
shown as mean and standard deviation values for the control and BTX-A
groups. TA muscle-tendon complex length is expressed as a deviation
(1lmtTA) from its optimum length.

EHL Forces
ANOVA showed significant main effects of both factors on EHL
active forces, but no significant interaction and only a significant
effect of BTX-A on passive forces, but no significant interaction.

BTX-A caused a significant active force decrease (on average by
28.8%) and passive force increase (on average by more than twice)
compared to those of the control group (Figure 5).

Changes in Intramuscular Connective
Tissue Content Due to BTX-A
For both injected TA muscle and non-injected EDL and EHL
muscles, were the intramuscular connective tissue contents
(Figure 6) significantly higher for the BTX-A group compared
to those of the control group (BTX-A group: 21.61 ± 3.56,
14.94 ± 4.82, and 14.82 ± 4.32; Control group: 7.49 ± 2.08,
6.55 ± 2.55, and 7.05 ± 3.81 µg collagen/mg muscle; P = 0.005,
0.006, and 0.029 for the TA, EDL, and EHL, respectively). Note
that, muscle masses in the BTX-A group were less than those of
the control group (BTX-A group: 0.35 ± 0.04, 0.10 ± 0.01, and
0.01 ± 0.003 g; Control group: 0.65 ± 0.04, 0.16 ± 0.03, and

FIGURE 5 | Forces of the EHL as a function of increasing TA muscle-tendon
length. Active and passive muscle forces are shown as mean and standard
deviation values for the control and BTX-A groups. TA muscle-tendon
complex length is expressed as a deviation (1lmtTA) from its optimum length.

FIGURE 6 | Collagen contents of the TA, EDL, and EHL muscles shown as
mean and standard deviations for the control and BTX-A groups. Significant
differences between the control and BTX-A groups are indicated by ∗.
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0.01 ± 0.01 g; P < 0.001, and P = 0.005, and 0.198 for the TA,
EDL, and EHL, respectively).

DISCUSSION

Rejecting the first hypothesis, the present data indicate a reduced
lrange for the injected TA muscle. The hypothesis was based on
our previous short-term experiment (Yucesoy et al., 2012), which
showed unlike an expected increase, no significant changes in
the lrange. However, this study showed that in the long-term,
BTX-A leads to even a narrowing of the muscle’s lrange. Elevated
passive force of the injected TA muscle confirms the second
hypothesis and is a consistent finding with the short-term effects
of BTX-A shown earlier (Yucesoy et al., 2012). Active and passive
forces of not only the injected muscle, but all muscles within
the anterior crural compartment were altered indicating spread
of BTX-A into also the non-injected muscles. This confirms
the third hypothesis. Elevated intramuscular collagen combined
with the muscle atrophy observed agrees with the increased
muscle passive forces. Therefore, BTX-A induced changes to the
structure and mechanics of both targeted and untargeted muscles
persist and advance in the long term.

Altered Mechanics of Muscles Exposed
to BTX-A
The mechanism of effects of BTX-A on muscular mechanics
and in particular how this reflects on muscle’s lrange has been
explored using finite element modeling (Turkoglu et al., 2014).
The characteristic determinant for this mechanism was indicated
as the “longer sarcomere effect” (LSE). In short, the inactivated
muscle fibers modeled, which represent BTX-A induced partial
muscle paralysis does not shorten. This effect is reflected also to
the activated ones via muscle fiber-extracellular matrix (ECM)
mechanical interactions (Yucesoy, 2010; Yucesoy and Huijing,
2012) yielding overall a limited shortening of sarcomeres in
muscle exposed to BTX-A compared to their counterparts in
a BTX-A free muscle. Due to such LSE (please see Figure 7
for an illustration), the sarcomeres reach their maximal force
production earlier causing the muscle’s optimum length to shift
to a shorter length. This explains the narrowing of lrange. Finite
element modeling of the time course of BTX-A treatment
further predicted that such effect of BTX-A may get more
pronounced in the long-term (Turkoglu and Yucesoy, 2016).
This was characterized by an increased stiffness of the muscle’s
ECM, which, via a more pronounced LSE, was shown to cause
sustained and/or increased shifting of muscle optimum length to
shorter lengths. This mechanism is likely to explain the present
experimental findings, which in contrast to no significant effects
reported acutely (Yucesoy et al., 2012) did show a narrowed lrange
for the TA exposed long-term to BTX-A. Based on those earlier
studies we consider that operation of the sarcomeres at longer
lengths within the BTX-A exposed muscle could plausibly be
a mechanism explaining the present findings. However, specific
new tests should be conducted in order to confirm that. Note that,
significantly higher total collagen content of muscles exposed
to BTX-A is an important present finding. This is in concert

with the elevated muscle passive forces shown and also with the
increased ECM stiffness considered in previous finite element
modeling. The hydroxyproline analysis conducted objectively
addresses changes in intramuscular connective tissue content
indicating increased collagen in muscle exposed to BTX-A. As
collagen is the main load-bearing constituent of the ECM, this
analysis was directly complementary for our aim of assessing the
effects of BTX-A on muscular mechanics. Yet, an assessment of
the expression and orientation of specific collagen isoforms and
other elastic proteins such as titin (Thacker et al., 2012) in future
studies can make the analysis of BTX-A-induced structural and
mechanical changes comprehensive.

BTX-A Effects at Large and on
Mechanical Interactions Between
Muscles
BTX-A can affect intermuscular mechanical interactions in two
ways: (1) As a highly diffusive toxin, BTX-A can spread beyond
the injected muscle through muscle fascia (Shaari et al., 1991),
blood stream (Ansved et al., 1997), and/or axonal pathways
(Antonucci et al., 2008). Mechanical effects of leakage of BTX-
A into a neighboring muscle (Yaraskavitch et al., 2008), into
synergistic muscles within a compartment (Yucesoy et al., 2012,
2015; Ates and Yucesoy, 2014; Yucesoy and Ates, 2018), and
even across antagonistic compartments (Ates and Yucesoy, 2018)
have been reported in several animal studies. This resulted in
at the least a dropped active muscle force, but also lead to
elevated collagen content, stiffness, and passive force as well
as a reduced lrange of non-injected muscles exposed acutely
to BTX-A by diffusion. The effects of BTX-A investigated
presently in the long term confirmed that BTX-A leads to a
decrease in the active forces of all synergistic muscles within
the compartment. On the other hand, BTX-A administration is
clinically expected to improve agonist-antagonist force balance
(Gracies et al., 2007; Elvrum et al., 2012). However, assuming that
inter-compartmental spread of BTX-A occurs in patients and is
effective in the long term, BTX-A effects on such imbalance may
not be as simple as weakening of the target muscle for a better
match with the force of the antagonist. Instead, mechanically this
may involve also weakening of the antagonist. However, BTX-
A may decrease cocontraction of antagonistic muscles, which is
exaggerated in children with CP (Ikeda et al., 1998). Nevertheless,
this may not be a controlled effect. More importantly, although
positive effects of BTX-A against the neurological pathology
are plausible, the present findings suggest that simultaneously
occurring mechanical effects may not be favorable ones. (2)
Muscles are connected to the joint through the tendons; however,
their bellies are interconnected via an integral system myofascial
connective tissue structures (e.g., collagenous connections
providing integrity between the epimysia of adjacent muscles
and collagen-reinforced neurovascular tracts interconnecting
bellies of intra- and intercompartmental muscles). In BTX-
A free conditions, epimuscular myofascial force transmission
(EMFT) (Huijing, 2009; Yucesoy, 2010), i.e., intermuscular
mechanical interactions occurring through those connective
tissue structures impose major effects on muscular mechanics
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FIGURE 7 | Longer sarcomere effect illustrated based on Turkoglu et al. (2014). (A) Finite element muscle model consists of combinations of muscle elements
arranged in series each of which constructs a whole fascicle. A combination of model nodes along one side of a fascicle is referred to as a fascicle interface. For
example, the most proximal fascicle interface is a combination of the nodes indicated by Roman numerals from I to IV. Each fascicle interface is indicated by a
number from 1 to 17. The local length changes along the muscle fiber direction, i.e., fiber direction strain is analyzed. (B) Schematic representation of BTX-A models
studied. These are achieved by not activating muscle elements (representing BTX-A induced partial paralysis) located in the proximal half (PHP), middle half (MHP),
and distal half (DHP) of the muscle: white areas show paralyzed muscle parts, whereas the darker areas show the parts that are activated maximally. These models
are studied versus a BTX-A free model (i.e., the entire muscle is activated maximally). (C) The characteristic BTX-A effect, i.e., the longer sarcomere effect shown
earlier (Turkoglu et al., 2014), exemplified. Mean fiber direction strain is the average of local length changes in nodes I to IV in each fascicle interface. Therefore, it is a
metric characterizing sarcomere length change per fascicle. Mean fiber direction strain curve for the BTX-A free muscle is localized below those of the BTX-A models
indicating that sarcomeres within muscle exposed to BTX-A attain longer lengths.

including the following: magnetic resonance imaging analyses
indicate heterogeneous local length changes (varying, e.g., from
29% lengthening to 13% shortening) along muscle fibers of
human medial gastrocnemius after imposing passive stretch
(Pamuk et al., 2016) or submaximal activation (Karakuzu et al.,
2017). Supersonic shear imaging analyses show similarly local
muscle stiffness changes (e.g., the shear modulus of the TA was
higher in extended knee compared to flexed knee position on
average by 27%, despite the fact that ankle angle was restrained)
(Ates et al., 2018a). Muscle mechanics experiments indicate
changes in muscle’s length-force characteristics in response to
altered mechanical conditions within which the target muscle
operates: (i) In animal experiments, those changes due to co-
activation of synergistic muscles include elevated agonist muscle
force amplitude (e.g., by 17%) and shift of muscle’s maximal
force production to a different length (e.g., by several mm’s,
yielding an increase in muscles length range of force production

by 24%) (Yucesoy et al., 2003a; Yucesoy and Huijing, 2007). (ii)
In intraoperative experiments in CP patients, co-activation of
synergistic and antagonistic muscles was shown to yield similar
effects altering force production of the target spastic muscle
compared to that measured after it is activated alone (Ates et al.,
2018b; Kaya et al., 2018, 2019, 2020). However, previously, EMFT
has been shown to be affected by BTX-A exposure in the short-
term (Yucesoy et al., 2015). One characteristic effect of EMFT is
the proximo-distal force differences (i.e., unequal muscle forces
exerted at both ends of a biarticular muscle, reaching up to
35%) (Huijing and Baan, 2001; Yucesoy et al., 2003a,b). This
represents the net amount of epimuscular myofascial loads (i.e.,
forces arising from stretching of the intermuscular connections
due to muscle relative position changes) acting on the muscle
(Yucesoy, 2010). The present results showed that exposure to
BTX-A does affect proximo-distal force differences for the EDL
muscle. At the shortest TA lengths, for both animal groups,
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distally exerted EDL active forces were higher than those exerted
proximally. This indicates that proximally directed epimuscular
myofascial loads act on the EDL belly. After imposing TA
lengthening, the direction of those loads changed to become
distally directed for both groups, but the amplitude of the net
amount of epimuscular myofascial loads was higher for the
BTX-A group. Previously, BTX-A injected into the TA was
shown to acutely remove EDL proximo-distal force differences
for all TA lengths studied (Yucesoy et al., 2012). Moreover, in
a specific test involving solely relative position changes of the
EDL, which was kept at constant length showed minimized EDL
proximo-distal force differences indicating diminished EMFT
after exposure to BTX-A (Yucesoy et al., 2015). Although the
latter test was not conducted presently, the findings (i) in
contrast, do not show a diminished EMFT in the long term,
but judging from the elevated distally directed myofascial loads,
and (ii) indicate that intermuscular connective tissue linkages
between the TA and the EDL should be stiffer. This issue
is relevant because for patients with CP, recent intraoperative
experiments show that inter-synergistic EMFT (Ates et al., 2018b;
Kaya et al., 2018, 2019, 2020) and also the inter-antagonistic
EMFT (Ates et al., 2014, 2018b; Kaya et al., 2019, 2020)
cause a significant increase in the force of spastic gracilis and
semitendinosus muscles (above 30%, up to 70%). This suggests
that the spastic hamstrings capacity to affect the pathological
condition in the joint is changed by EMFT. Therefore, it
is important to assess in new clinical studies if exposure to
BTX-A in the long-term sustains or even elevates the stiffness
of connective tissue structures, which provide intermuscular
mechanical connections.

Limitations and Implications of the Study
The established time to assess the chosen long-term effects
of BTX-A is based on concepts related to the process of
exocytosis. This process allows the release of acetylcholine
into the synaptic cleft at the neuromuscular junction, and
any intervention targeting that including exposure to BTX-
A yields presynaptic blocking in signal transmission, hence
muscle paralysis (Blasi et al., 1993; Brin, 1997; Kareem, 2018).
de Paiva et al. (1999) showed that 4-weeks after BTX-A
injection, no exocytosis occurs at the parent nerve terminals.
However, (i) this changes beyond 1-month duration (e.g., at
day 63 the authors showed recovery in exocytosis in the
parent terminals) and (ii) formation of a network of nerve-
terminal sprouts takes place after BTX-A injection, showing
an increase over time. Therefore, our choice of assessment of
BTX-A effects 1-month post injection allows avoiding exocytosis
in the parent terminals for a consistent testing and is in
concert with earlier animal studies (Longino et al., 2005;
Minamoto et al., 2007; Yaraskavitch et al., 2008; Thacker et al.,
2012). However, earlier research such as de Paiva et al. (1999)
suggests that due to a dynamic exocytosis process, involving
varying influences of the parent terminals and nerve-terminal
sprouts, also further longer-term BTX-A effects need to be
studied for a comprehensive understanding. Nevertheless, our
present study sheds light to such understanding and indicates

presence of novel mechanical effects that may affect the function
of treated muscle.

Note the differences between the injection protocol, BTX-
A dosage and volume used in the present animal study and in
common clinical practice. The injected TA muscle was located by
the manual placement method using anatomical landmarks and
palpation. However, electrical stimulation, electromyography or
ultrasound-guided injection of BTX-A is suggested for clinical
application in order to improve the accuracy and specificity
of localization, especially for deep and/or very small muscles
(Chin et al., 2005; Wissel et al., 2009; Heinen et al., 2010;
Walter and Dressler, 2014). Nevertheless, Picelli et al. (2012)
showed that such guidance does not provide a better outcome
compared to the manual placement method for superficial
muscles. Accordingly, we were confident in localizing the
superficial TA muscle presently and also in standardizing the
injection location and depth as bound by the protocol described
in the section “Materials and Methods.” On the other hand, the
optimal clinical injection dosage per targeted muscle depends
on the muscle volume, the degree of spasticity, and the level of
the muscle’s involvement in the patient’s pathological pattern of
joint movement (Molenaers et al., 2010). Heinen et al. (2010)
reported a safe total dose range for children with CP as 1 to 25
U/kg bodyweight. In lower extremity muscles, clinical BTX-A
doses vary between 3 and 6 U/kg (Koman et al., 1993; Frasson
et al., 2012). However, presently, the BTX-A quantity injected
approximates only 0.32 U/kg. Therefore, a direct comparison
suggests that the experimentally used quantity is much less than
those typically used in clinical applications. Also the presently
injected volume (approximately 64 µl/kg) is less than the
clinically utilized volumes (2.5–8 ml/kg) in lower limb muscles
(Koman et al., 2000, 1993; Frasson et al., 2012). However,
the findings indicate substantial drops in the measured forces
suggesting effectiveness and therefore, appropriateness of the
present dose for the study purposes. Note also the considerable
variability in the dose and volume injected across animal studies,
conducted on different species. Reported per kg of the animal,
those values include 8.3 U and 0.83 ml in the mouse (Carli et al.,
2009), 1–10 U and 0.1 ml in the rabbit (Borodic et al., 1994),
and 3.5 U and 0.23 ml in the cat (Yaraskavitch et al., 2008).
Therefore, in terms of the dose and injected volume of BTX-A,
a general limitation for animal studies is the difficulty in building
an explicit relationship with the clinical practice. This applies to
the present study as well. Yet, animal studies do reveal major new
phenomena and the present study indicates previously unknown
remarkable long-term effects of BTX-A on mechanics of muscles
exposed. However, those effects should be tested in the clinics.

Being also related to the dose administered, the issue of
injection site also requires attention. Contrary to the common
clinical practice, which typically involves multiple injection sites
(Brin, 1997; Graham et al., 2000), presently only the mid-target
muscle belly was injected. Taking into account high diffusivity of
BTX-A (Shaari et al., 1991), dividing the total dose per muscle
between multiple injection sites, can be effective in preventing
the spread of the toxin to other muscles (Graham et al., 2000;
Molenaers et al., 2010). The present injection protocol involving
a single site into which the entire dose was administered may
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plausibly have facilitated leakage of the toxin to the adjacent
non-targeted muscles. Yet, also for protocols involving multiple
injection sites, spread of BTX-A was shown to occur beyond the
injection site (Shaari et al., 1991). This makes controlling of the
effects of the treatment difficult and was considered as a side effect
(Graham et al., 2000; Hyman et al., 2000). In contrast, Frasson
et al. (2012) suggested that the spread of BTX-A they showed
from foot flexors to even antagonists could positively contribute
to improving gait in patients with CP. Overall, such spread,
which as indicated in previous animal studies can take place
inter-compartmentally (e.g., Ates and Yucesoy, 2018), implies at
least uncontrolled effects occurring in non-targeted muscles. This
needs to be specifically tested in the long term. However, taking
into account BTX-A effects adversely affecting the mechanics
of the muscles exposed as shown presently, controlling leakage
of the toxin appears to be quite important for controlling the
outcome of the treatment. Particularly, spread of BTX-A into
a bi-articular muscle has effects on both proximal and distal
joints and hence may even manipulate the movement in a non-
targeted joint. Therefore, structural and functional effects of
BTX-A on muscles exposed also through diffusion are worth
testing in the clinics.

CONCLUSION

In conclusion, the present findings show that previously reported
acute BTX-A effects persist and advance in the long term.
A narrower lrange and elevated passive resistance of the targeted
muscle are unintended mechanical effects of BTX-A, whereas
spread of BTX-A into other compartmental muscles indicates the

presence of uncontrolled mechanical effects. These findings can
be clinically relevant, but should be studied in patients.
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(2019). Intraoperative experiments combined with gait analyses indicate that
active state rather than passive dominates the spastic gracilis muscle’s joint

movement limiting effect in cerebral palsy. Clin. Biomech. 68, 151–157. doi:
10.1016/j.clinbiomech.2019.06.005

Kaya, C. S., Bilgili, F., Akalan, N. E., and Yucesoy, C. A. (2020). Intraoperative
testing of passive and active state mechanics of spastic semitendinosus in
conditions involving intermuscular mechanical interactions and gait relevant
joint positions. J. Biomech. 103:10955. doi: 10.1016/j.jbiomech.2020.109755

Kaya, C. S., Temelli, Y., Ates, F., and Yucesoy, C. A. (2018). Effects of inter-
synergistic mechanical interactions on the mechanical behaviour of activated
spastic semitendinosus muscle of patients with cerebral palsy. J. Mech. Behav.
Biomed. Mater. 77, 78–84. doi: 10.1016/j.jmbbm.2017.08.040

Koman, L. A., Mooney, J. F., Smith, B., Goodman, A., and Mulvaney, T.
(1993). Management of cerebral palsy with Botulinum-a toxin: preliminary
investigation. J. Pediatr. Orthop. 13, 489–495. doi: 10.1097/01241398-1993070
00-00013

Koman, L. A., Mooney, J. F., Smith, B. P., Walker, F., and Leon, J. M. (2000).
Botulinum toxin type A neuromuscular blockade in the treatment of lower
extremity spasticity in cerebral palsy: a randomized, double-blind, placebo-
controlled trial. J. Pediatr. Orthop. 20, 108–115. doi: 10.1097/01241398-
200001000-00022

Longino, D., Butterfield, T. A., and Herzog, W. (2005). Frequency and length-
dependent effects of Botulinum toxin-induced muscle weakness. J. Biomech. 38,
609–613. doi: 10.1016/j.jbiomech.2004.04.017

Love, S. C., Valentine, J. P., Blair, E. M., Price, C. J., Cole, J. H., and Chauvel, P. J.
(2001). The effect of botulinum toxin type A on the functional ability of the
child with spastic hemiplegia a randomized controlled trial. Eur. J. Neurol. 8,
50–58. doi: 10.1046/j.1468-1331.2001.00038.x

Lukban, M. B., Rosales, R. L., and Dressler, D. (2009). Effectiveness of botulinum
toxin A for upper and lower limb spasticity in children with cerebral palsy: a
summary of evidence. J. Neural Transm. 116, 319–331. doi: 10.1007/s00702-
008-0175-8

Marciniak, C., Rader, L., and Gagnon, C. (2008). The use of botulinum toxin
for spasticity after spinal cord injury. Am. J. Phys. Med. Rehabil. 87, 312–317.
doi: 10.1097/PHM.0b013e318168ceaf

Minamoto, V. B., Hulst, J. B., Lim, M., Peace, W. J., Bremner, S. N., Ward, S. R., et al.
(2007). Increased efficacy and decreased systemic-effects of botulinum toxin A
injection after active or passive muscle manipulation. Dev. Med. Child Neurol.
49, 907–914. doi: 10.1111/j.1469-8749.2007.00907.x

Molenaers, G., van Campenhout, A., Fagard, K., de Cat, J., and Desloovere, K.
(2010). The use of botulinum toxin A in children with cerebral palsy, with a
focus on the lower limb. J. Child. Orthop. 4, 183–195. doi: 10.1007/s11832-010-
0246-x

Neter, J., Kutner, M., Wasserman, W., and Nachtsheim, C. (1996). Applied Linear
Statistical Models. Homewood, IL: McGraw-Hill/Irwin.

Neuman, R. E., and Logan, M. A. (1950). The determination of collagen and elastin
in tissues. J. Biol. Chem. 186, 549–556.

Pamuk, U., Karakuzu, A., Ozturk, C., Acar, B., and Yucesoy, C. A. (2016).
Combined magnetic resonance and diffusion tensor imaging analyses provide a
powerful tool for in vivo assessment of deformation along human muscle fibers.
J. Mech. Behav. Biomed. Mater. 63, 207–219. doi: 10.1016/j.jmbbm.2016.06.031

Picelli, A., Tamburin, S., Bonetti, P., Fontana, C., Barausse, M., Dambruoso, F.,
et al. (2012). Botulinum toxin type a injection into the gastrocnemius muscle
for spastic equinus in adults with stroke. Am. J. Phys. Med. Rehabil. 91, 957–964.
doi: 10.1097/PHM.0b013e318269d7f3

Shaari, C. M., George, E., Wu, B.-L., Biller, H. F., and Sanders, I. (1991). Quantifying
the spread of botulinum toxin through muscle fascia. Laryngoscope 101, 960–
964. doi: 10.1288/00005537-199109000-00006

Sheean, G. L. (2001). Botulinum treatment of spasticity: why is it so difficult to show
a functional benefit? Curr. Opin. Neurol. 14, 771–776. doi: 10.1097/00019052-
200112000-00015

Thacker, B. E., Tomiya, A., Hulst, J. B., Suzuki, K. P., Bremner, S. N., Gastwirt,
R. F., et al. (2012). Passive mechanical properties and related proteins change
with botulinum neurotoxin A injection of normal skeletal muscle. J. Orthop.
Res. 30, 497–502. doi: 10.1002/jor.21533

Turkoglu, A. N., Huijing, P. A., and Yucesoy, C. A. (2014). Mechanical principles of
effects of botulinum toxin on muscle length-force characteristics: an assessment
by finite element modeling. J. Biomech. 47, 1565–1571. doi: 10.1016/j.jbiomech.
2014.03.017

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 11 June 2020 | Volume 8 | Article 738121

https://doi.org/10.1097/01.bpo.0000150819.72608.86
https://doi.org/10.1097/01.bpo.0000150819.72608.86
https://doi.org/10.3171/foc.2006.21.2.2
https://doi.org/10.1073/pnas.96.6.3200
https://doi.org/10.1073/pnas.96.6.3200
https://doi.org/10.1186/1471-2431-12-91
https://doi.org/10.1186/1471-2431-12-91
https://doi.org/10.1177/0883073811420874
https://doi.org/10.1177/0883073811420874
https://doi.org/10.1080/09638280701568437
https://doi.org/10.1016/S0966-6362(99)00054-5
https://doi.org/10.1016/S0966-6362(99)00054-5
https://doi.org/10.1212/WNL.45.4.712
https://doi.org/10.1212/WNL.45.4.712
https://doi.org/10.1007/BF00236145
https://doi.org/10.1007/BF00236145
https://doi.org/10.1016/B978-0-12-397032-9.00007-8
https://doi.org/10.1016/j.ejpn.2009.09.005
https://doi.org/10.1016/j.jbiomech.2008.09.027
https://doi.org/10.1016/j.jbiomech.2008.09.027
https://doi.org/10.1046/j.1365-201X.2001.00911.x
https://doi.org/10.1046/j.1365-201X.2001.00911.x
https://doi.org/10.1136/jnnp.68.6.707
https://doi.org/10.1136/jnnp.68.6.707
https://doi.org/10.1016/s0966-6362(98)90226-0
https://doi.org/10.1016/j.jbiomech.2017.03.028
https://doi.org/10.5772/intechopen.79551
https://doi.org/10.1016/j.clinbiomech.2019.06.005
https://doi.org/10.1016/j.clinbiomech.2019.06.005
https://doi.org/10.1016/j.jbiomech.2020.109755
https://doi.org/10.1016/j.jmbbm.2017.08.040
https://doi.org/10.1097/01241398-199307000-00013
https://doi.org/10.1097/01241398-199307000-00013
https://doi.org/10.1097/01241398-200001000-00022
https://doi.org/10.1097/01241398-200001000-00022
https://doi.org/10.1016/j.jbiomech.2004.04.017
https://doi.org/10.1046/j.1468-1331.2001.00038.x
https://doi.org/10.1007/s00702-008-0175-8
https://doi.org/10.1007/s00702-008-0175-8
https://doi.org/10.1097/PHM.0b013e318168ceaf
https://doi.org/10.1111/j.1469-8749.2007.00907.x
https://doi.org/10.1007/s11832-010-0246-x
https://doi.org/10.1007/s11832-010-0246-x
https://doi.org/10.1016/j.jmbbm.2016.06.031
https://doi.org/10.1097/PHM.0b013e318269d7f3
https://doi.org/10.1288/00005537-199109000-00006
https://doi.org/10.1097/00019052-200112000-00015
https://doi.org/10.1097/00019052-200112000-00015
https://doi.org/10.1002/jor.21533
https://doi.org/10.1016/j.jbiomech.2014.03.017
https://doi.org/10.1016/j.jbiomech.2014.03.017
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00738 June 29, 2020 Time: 18:38 # 12

Kaya et al. Long-Term BTX-A Effects

Turkoglu, A. N., and Yucesoy, C. A. (2016). Simulation of effects of botulinum
toxin on muscular mechanics in time course of treatment based on adverse
extracellular matrix adaptations. J. Biomech. 49, 1192–1198. doi: 10.1016/j.
jbiomech.2016.03.002

Van Der Walt, A., Sung, S., Spelman, T., Marriott, M., Kolbe, S., Mitchell, P.,
et al. (2012). A double-blind, randomized, controlled study of botulinum
toxin type A in MS-related tremor. Neurology 79, 92–99. doi: 10.1212/WNL.
0b013e31825dcdd9

Walter, U., and Dressler, D. (2014). Ultrasound-guided botulinum toxin
injections in neurology: technique, indications and future perspectives.
Expert Rev. Neurother. 14, 923–936. doi: 10.1586/14737175.2014.93
6387

Whelchel, D. D., Brehmer, T. M., Brooks, P. M., Darragh, N., and Coffield, J. A.
(2004). Molecular targets of botulinum toxin at the mammalian neuromuscular
junction. Mov. Disord. 19, S7–S16. doi: 10.1002/mds.20004

Wissel, J., Ward, A. B., Erztgaard, P., Bensmail, D., Hecht, M. J., Lejeune, T. M.,
et al. (2009). European consensus table on the use of botulinum toxin type a in
adult spasticity. J. Rehabil. Med. 41, 13–25. doi: 10.2340/16501977-0303

Yaraskavitch, M., Leonard, T., and Herzog, W. (2008). Botox produces functional
weakness in non-injected muscles adjacent to the target muscle. J. Biomech. 41,
897–902. doi: 10.1016/j.jbiomech.2007.11.016

Yucesoy, C. A. (2010). Epimuscular myofascial force transmission implies novel
principles for muscular mechanics. Exerc. Sport Sci. Rev. 38, 128–134. doi:
10.1097/JES.0b013e3181e372ef

Yucesoy, C. A., and Ates, F. (2018). BTX-A has notable effects contradicting some
treatment aims in the rat triceps surae compartment, which are not confined
to the muscles injected. J. Biomech. 66, 78–85. doi: 10.1016/j.jbiomech.2017.
10.035

Yucesoy, C. A., Emre Arikan, Ö, and Ates, F. (2012). BTX-A administration to
the target muscle affects forces of all muscles within an intact compartment
and epimuscular myofascial force transmission. J. Biomech. Eng. 134:111002.
doi: 10.1115/1.4007823

Yucesoy, C. A., and Huijing, P. A. (2007). Substantial effects of epimuscular
myofascial force transmission on muscular mechanics have major implications
on spastic muscle and remedial surgery. J. Electromyogr. Kinesiol. 17, 664–679.
doi: 10.1016/j.jelekin.2007.02.008

Yucesoy, C. A., and Huijing, P. A. (2012). Specifically tailored use of the finite
element method to study muscular mechanics within the context of fascial
integrity: the linked fiber-matrix model. Int. J. Multiscale Comput. Eng. 10,
155–170. doi: 10.1615/IntJMultCompEng.2011002356

Yucesoy, C. A., Koopman, B. H. F. J. M., Baan, G. C., Grootenboer, H. J.,
and Huijing, P. A. (2003a). Effects of inter- and extramuscular myofascial
force transmission on adjacent synergistic muscles: assessment by experiments
and finite-element modeling. J. Biomech. 36, 1797–1811. doi: 10.1016/S0021-
9290(03)00230-6

Yucesoy, C. A., Koopman, B. H. F. J. M., Baan, G. C., Grootenboer, H. J.,
and Huijing, P. A. (2003b). Extramuscular myofascial force transmission:
experiments and finite element modeling. Arch. Physiol. Biochem. 111, 377–388.
doi: 10.1080/13813450312331337630

Yucesoy, C. A., Turkoğlu, A. N., Umur, S., and Ates, F. (2015). Intact
muscle compartment exposed to botulinum toxin type a shows compromised
intermuscular mechanical interaction. Muscle Nerve 51, 106–116. doi: 10.1002/
mus.24275

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Kaya, Yılmaz, Akdeniz-Doğan and Yucesoy. This is an open-access
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Background: Walking problems in children with cerebral palsy (CP) can in part be

explained by limited selective motor control. Muscle synergy analysis is increasingly used

to quantify altered neuromuscular control during walking. The early brain injury in children

with CP may lead to a different development of muscle synergies compared to typically

developing (TD) children, which might characterize the abnormal walking patterns.

Objective: The overarching aim of this review is to give an overview of the existing

studies investigating muscle synergies during walking in children with CP compared to

TD children. The main focus is on how muscle synergies differ between children with

CP and TD children, and we examine the potential of muscle synergies as a measure to

quantify and predict treatment outcomes.

Methods: Bibliographic databases were searched by two independent reviewers up to

22 April 2019. Studies were included if the focus was on muscle synergies of the lower

limbs during walking, obtained by a matrix factorization algorithm, in children with CP.

Results: The majority (n = 12) of the 16 included studies found that children with

CP recruited fewer muscle synergies during walking compared to TD children, and

several studies (n = 8) showed that either the spatial or temporal structure of the

muscle synergies differed between children with CP and TD children. Variability within and

between subjects was larger in children with CP than in TD children, especially in more

involved children. Muscle synergy characteristics before treatments to improve walking

function could predict treatment outcomes (n = 3). Only minimal changes in synergies

were found after treatment.

Conclusions: The findings in this systematic review support the idea that children with

CP use a simpler motor control strategy compared to TD children. The use of muscle

synergy analysis as a clinical tool to quantify altered neuromuscular control and predict

clinical outcomes seems promising. Further investigation on this topic is necessary, and

the use of muscle synergies as a target for development of novel therapies in children

with CP could be explored.

Keywords: muscle synergy, cerebral palsy, typically developing, children, gait
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INTRODUCTION

Walking is the most common form of locomotion adopted
by humans and limbed animals, and it requires the activation
of numerous muscles. It has been theorized, that in order to
coordinate this complex behavior, the central nervous system
controls basic building blocks, referred to as muscle synergies or
motor modules, rather than individual muscles. Muscle synergies
are defined as temporal basic activation patterns of different
groups of muscles with a corresponding weighting coefficient for
every muscle. Each synergy contains multiple muscles and every
muscle can contribute to multiple synergies (Ivanenko et al.,
2005; Hart and Giszter, 2010; Dominici et al., 2011; Bizzi and
Cheung, 2013).

Over the past years, researchers applied muscle synergies as
a framework to analyze neuromuscular control in both healthy
subjects and individuals with neurological disorders. Generally,
muscle synergies are extracted from electromyography (EMG)
using matrix factorization algorithms, like the non-negative
matrix factorization (NMF), independent component analysis, or
factor analysis (Lee and Seung, 1999). In the healthy population,
four or five synergies extracted from a large number of EMGs are
required during normal walking and these synergies also account
for stride-to-stride variability and various speeds (Ivanenko
et al., 2004; Cappellini et al., 2006; Clark et al., 2010; Tang
et al., 2015). The muscle synergies of healthy adults (“mature
synergies”) are often used as a template to compare the results
of synergy analyses of pathological gait. Muscle synergies appear
to be altered in the adult population after brain injury. It has
been shown that the number of muscle synergies in post-stroke
individuals during walking is reduced compared to unimpaired
individuals due to merging of the “mature synergies” observed in
healthy adults (Clark et al., 2010). These findings correlate with
the degree of motor impairment which might reflect a simplified
control strategy of the central nervous system in moderate to
severely impaired post-stroke individuals. However, it is unclear
whether and how this change in synergy organization can be
generalized to other clinical populations and how it relates to
gait abnormality.

Cerebral palsy (CP) is a neurodevelopmental motor disorder
caused by non-progressive lesions in an immature brain
(Himmelmann and Uvebrant, 2018). CP has a wide clinical
spectrum, with mobility varying from walking without aids,
to being completely wheelchair dependent. The Gross Motor
Function Classification System (GMFCS) is used to classify
functional mobility in CP. Various diagnostic subtypes exist,
based on motor type and distribution of CP, that is, spastic,
dyskinetic, or ataxic, and unilateral or bilateral CP, respectively
(Bax et al., 2005). Individuals with CP who learn to walk, do
so after their brain injury, in contrast to adult stroke survivors
who have years of walking experience prior to the brain lesion. In

Abbreviations: BoNT-A, Botulinum Toxin Type A; CP, Cerebral Palsy; EMG,
Electromyography; GMFCS, Gross Motor Function Classification System; NMF,
Non-Negative Matrix Factorization; SDR, Selective Dorsal Rhizotomy; SEMLS,
Single-Event Multilevel Surgery; TD, Typically Developing; VAF, Variance
Accounted For; VAF1, Variance Accounted For by one synergy; Walk-DMC,
Dynamic Motor Control index during walking.

typically developing (TD) children, the number of basic muscle
activation patterns increases from two in stepping neonates to
four in toddlers, just after their first independent steps (Dominici
et al., 2011). The early brain injury in children with CP may
lead to a different development of muscle synergies, which
might be an underlying factor of abnormal walking patterns.
Studies on muscle synergies in children with CP are scarcer
than in stroke and have used diverse methods to calculate
synergies. Methodological choices in factorization methods,
filtering conditions, the number of muscles recorded, and the
recording quality appear to influence the outcomes of the synergy
calculations (Steele et al., 2013; Santuz et al., 2017; Shuman et al.,
2017).

Several types of treatment exist to improve gait quality
and functional mobility in children with CP. Recent research
has identified the possibility that muscle synergies can predict
effectiveness of therapies in children with CP (Schwartz et al.,
2016; Shuman et al., 2016, 2018; Oudenhoven et al., 2019).
A better insight into the neuromuscular control mechanisms
underlying the alteredmuscle activation patterns in children with
CP could possibly help to improve therapy choices and functional
mobility outcomes. In addition, more knowledge about these
mechanisms can be important for the interpretation of clinical
signs of CP at an early age, improve indication for therapy in
individual patients, and might even be used to develop new
diagnostic tools (Cheung et al., 2012).

The present systematic review aims to give an overview of
the existing studies investigating muscle synergies in children
with CP during walking to evaluate the current knowledge on
this topic. The primary aim is to examine how muscle synergies
in children with CP differ from those exhibited by TD children
during walking by investigating the quantification and structure
of synergies, and the variability of synergies between and within
children with CP. Second, we aim to examine the predictability
of treatment outcomes using muscle synergy characteristics, and
the effect of treatment on muscle synergies in children with CP.

METHODS

A systematic review protocol was developed based on the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA)-statement (www.prisma-statement.org). It
is registered on PROSPERO and can be accessed online
(number: CRD42019149109).

Search Strategy
A comprehensive search was done in the bibliographic databases
PubMed, Embase.com, and Web of Science (Core collection),
in collaboration with a medical librarian (RV). Databases
were searched up to 22 April 2019. The following terms
were used including synonyms and closely related words
(see Supplementary Information) as index terms or free-
text words: “Muscle synergy,” “Cerebral palsy,” “Typically
developing,” “Children,” “Walking”. The search was performed
without date, language, or publication status restriction. The full
search strategies for all databases can be found in the online
Supplementary Information (see Appendix).
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Study Selection
Studies were eligible for inclusion if they met the following
inclusion criteria: (1) children with CP younger than 19 years old,
and in case of mixed populations: the majority of the investigated
population younger than 19, (2) the focus of the study was on
muscle synergies of the lower limb during walking, (3) use of
a matrix factorization algorithm to obtain the muscle synergies.
Studies were excluded if, (a) it was a conference abstract, (b) it was
a conference paper, but a full paper was published afterwards, (c)
the study focused on muscle synergies of the upper limb, and (d)
the article was a review or protocol.

After exclusion of duplicate articles, two independent
reviewers (AB and MB) performed a title and abstract screening
on the residual articles. Thereafter, the reviewers assessed the
eligibility of the remaining articles in a full-text screening. Any
in- and exclusion conflict among the reviewers was discussed
until a consensus was reached. Study designs were defined
as being either a cross-sectional, case-control, or retrospective
cohort study. Methodological quality and risk of bias of the
included articles was assessed using the Downs and Black
checklist by the same two independent reviewers (Downs and
Black, 1998). In the original scale it is possible to score up to 32
points, but we used a modified version that was applicable for the
types of studies included in this systematic review, as has been
done in other reviews using the Downs and Black scale (Gorber
et al., 2007; Hebert-Losier et al., 2009). This left a maximum total
score of 14 points for cross-sectional studies, and 15 points for
case-control and cohort studies. Each study was assigned a grade
of “excellent” (13–15 points), “good” (10–12 points), “fair” (7–
9 points) or “poor” (<7 points). Any disagreements in grading
among the reviewers was discussed until consensus was reached.
Articles were not excluded based on poor quality, but this played
a role in the overall assessment of the article in the review.

Data Extraction and Analysis
Data extraction of the included articles was performed
independently by AB and MB. Subject characteristics
(age, CP type and distribution, GMFCS), study methods
(number of strides analyzed, number of muscles recorded,
EMG pre-processing steps, analysis criteria), and outcome
measures (muscle synergies) were summarized in a table. The
main outcome measures analyzed in this review were: (1)
quantification of muscle synergies during walking, such as total
number of synergies, VAF1 and walk-DMC, and (2) the spatial
and temporal structure of muscle synergies during walking.
These outcome measures were assessed in both children with CP
and TD children, and pre- and post-treatment in some studies.
In addition, variability in number and structure of synergies
between and within subjects in the group of children with CP
was evaluated.

RESULTS

Study Selection
The electronic search in the cited databases andmanual searching
of reference lists identified 1127 articles, plus 2 references
via additional sources (Figure 1). After duplicate removal, 682

articles were screened on title and abstract, from which 617 were
excluded, mostly because of differing target populations (e.g.,
animals, other diagnosis, or age) or study design (i.e., no muscle
synergy analysis during walking involved). Full-text screening of
65 articles left a total of 16 articles that were selected for this
review, reasons for exclusion of 49 articles are noted in Figure 1.

Study Characteristics
Twelve of the 16 articles compared children with CP with TD
children, four included only children with CP. The studies varied
in sample size, from 3 to 549 children with CP and 8 to 84 TD
children. All studies included children with age ranged from 1 to
16 years, in only one study (Steele et al., 2015) older individuals
with CP were also included. All studies included children with
spastic CP, except for one that included one dyskinetic child
(Tang et al., 2015), and GMFCS levels varied from I to IV. An
overview of all studies is given in Table 1.

Risk of Bias
Results of the methodological quality assessment are presented
in Table 2. Eight studies used a cross-sectional design (Torricelli
et al., 2014; Tang et al., 2015; Cappellini et al., 2016, 2018;
Goudriaan et al., 2018; Hashiguchi et al., 2018; Kim Y. et al., 2018;
Yu et al., 2019), four used case-control designs (Steele et al., 2015,
2019; Shuman et al., 2016, 2017), and four were retrospective
cohort studies (Schwartz et al., 2016; Shuman et al., 2018, 2019;
Oudenhoven et al., 2019). Quality scores ranged from 5 to 13,
one study received the grade “poor” (Torricelli et al., 2014), ten
studies “fair” (Tang et al., 2015; Cappellini et al., 2016, 2018;
Shuman et al., 2016, 2018, 2019; Hashiguchi et al., 2018; Kim Y. et
al., 2018; Steele et al., 2019; Yu et al., 2019), three studies “good”
(Steele et al., 2015; Shuman et al., 2017; Goudriaan et al., 2018),
and two studies “excellent” (Schwartz et al., 2016; Oudenhoven
et al., 2019).

Calculation of Synergies
All studies used NMF to obtain the muscle synergies from the
original (processed) muscle activity. Muscle activity was recorded
during overground walking using surface EMG in all cases, 4
to 11 muscles were included per leg, as specified in Table 3.
The raw EMG data was most commonly processed using the
following steps: high-pass filtered, demeaned (optional), rectified,
low-pass filtered, amplitude scaled, and time-normalized. NMF
has non-negative constraints, meaning that the original EMG
data cannot be negative, and the most used algorithm is the
“multiplicative update rule” algorithm presented by Lee and
Seung (1999).

Quantification of Synergies
The quantification of synergies was often done post-hoc based
on the variance of EMG activity accounted for (VAF). VAF is a
measure of the quality of the EMG reconstruction based on the
selected number of muscle synergies. Twelve of the 16 studies
included in this review reported the total number of synergies
during walking using a certain VAF threshold (Torricelli et al.,
2014; Steele et al., 2015, 2019; Tang et al., 2015; Cappellini et al.,
2016, 2018; Shuman et al., 2017, 2019; Hashiguchi et al., 2018;
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FIGURE 1 | Flow chart article selection.

Kim Y. et al., 2018; Oudenhoven et al., 2019; Yu et al., 2019). Out
of these articles, nine compared the number of synergies between
individuals with CP and unimpaired individuals (Steele et al.,
2015; Tang et al., 2015; Cappellini et al., 2016, 2018; Shuman et al.,
2017, 2019; Hashiguchi et al., 2018; Kim Y. et al., 2018; Yu et al.,
2019), while the remaining three only included children with CP
in their study (Torricelli et al., 2014; Oudenhoven et al., 2019;
Steele et al., 2019). Despite a difference in VAF threshold, number
of subjects, and number of recorded muscles (see Table 3), the
majority of studies found that children with CP recruited fewer
synergies (range 1–4) compared to TD children (range 3–4) or
healthy adults (all 4) on average when comparing the number of
synergies during walking (Torricelli et al., 2014; Steele et al., 2015;
Tang et al., 2015; Shuman et al., 2017; Hashiguchi et al., 2018;
Kim Y. et al., 2018; Yu et al., 2019). In contrast, Cappellini et al.
(2016, 2018) found that both children with CP and TD children
recruited 4 synergies. They used a linear regression procedure

that plots the VAF against the number of synergies and finds
the smallest number for which the root mean square error of
the corresponding linear fit is smaller than 10−4 (d’Avella et al.,
2006). The authors show that this corresponds to a VAF>80% for
all subjects.

Six studies reported VAF1, the variation of EMG activity that
can be explained by just one synergy, which is another parameter
computed to study the complexity of the locomotor behavior
(Steele et al., 2015, 2019; Shuman et al., 2016, 2017; Goudriaan
et al., 2018; Kim Y. et al., 2018). Five of the six studies found
that the average VAF1 was significantly larger in children with
CP (range 71.0–84.2%) compared to TD children (range 61.0–
74.7%, see Table 1). Steele et al. (2019) did not compare with TD
children, but showed that VAF1 was 81.4 ± 5.5% for children
with CP.

Three studies reported the Dynamic Motor Control index
during walking (Steele et al., 2015; Shuman et al., 2017; Kim
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TABLE 1 | Summary of the selected study characteristics.

Study Subjects Age (yrs) CP type &

distribution

GMFCS N strides

analyzed

N

muscles

(= total)

EMG pre-

processing

Analysis

criteria

Synergies

Total N VAF1 (%) Walk-DMC Structure

Cappellini

et al. (2016)

CP: 35

TD: 33

CP: 2.3–11.8

TD: 1.0–11.8

Spastic (16 uni,

19 bi)

I, II, III CP: 50 ± 24

TD: 72 ± 28

11 bi

(= 22)

HP: 30Hz,

Demeaned

LP: 10 Hz

RMSE of VAF vs.

n curve<10−4

CP: 4

TD: 4

- - Temporal:

CP 6= TD

Cappellini

et al. (2018)

CP: 14

TD: 14

CP: 3.0–11.1

TD: 3.3–11.8

Spastic (5 uni,

9 bi)

I, II CP: 35 ± 5

TD: 27 ± 3

11 bi

(= 22)

HP: 30Hz,

LP: 10 Hz

RMSE of VAF

vs. n curve<10−4

CP: 4

TD: 4

- - Temporal:

CP 6= TD

Hashiguchi

et al. (2018)

CP: 13

TD: 10

CP: 12.8 ± 3.8

TD: 13.4 ± 0.5

NG I, II, III 5 8 uni

(= 8)

BP:

20–250Hz,

LP: 10 Hz

VAF>90% CP: 55% = 2, 30%

= 3,

15% = 4

TD: 10% = 3, 60%

= 4,

30% = 5

- - -

Tang et al.

(2015)

CP: 12

TD: 8

AD: 10

CP: 5.8

(3.7–9.0)

TD: 6.1

(4.5–9.2)

AD: 24.5

(23–26)

Spastic (2 uni,

9 bi)

1 Dysk

I, II, III, IV >20 8 bi

(= 16)

HP: 50Hz,

Demeaned,

LP: 10 Hz

VAF>95% CP: 37.5% = 2*,

29.2% = 3*,

33.3% = 4*

TD: 31.2% = 3,

68.8% = 4

AD: 100% = 4

- - CP 6= TD&AD

SCA: CP = 57.0

± 16.8, TD =

84.2 ± 11.8, AD

= 95.7 ± 2.0

Yu et al.

(2019)

CP: 18

TD: 8

CP: 4.4

(2.3–6.5)

TD: 4.4 ± 1.4

Spastic (bi) I, II, III 8 (NMF on

each stride

separately)

8 bi

(= 16)

HP: 50Hz,

Demeaned,

LP: 10 Hz

VAF4 CP:

GMFCS I/II = 4,

GMFCS III = 3

TD: 4

- - Spatial:

CMFCS I/II = TD

GMFCS III 6= TD

Temporal:

CP 6= TD

Torricelli

et al. (2014)

CP: 3 15, 14, 14 Spastic (bi) II >3 8 bi

(= 16)

BP:

20–400Hz,

Demeaned,

LP: 5 Hz

VAF>90% 2 - - CP 6= AD

Shuman

et al. (2017)

CP: 113

TD: 73

CP:

I: 10.4 ± 4.8,

II: 10.9 ± 5.8,

III: 12.2 ± 9.4

TD: 10.3 ± 3.5

Spastic (bi) I, II, III NG 5 bi

(= 10)

HP: 40Hz,

LP: 4, 6, 8,

10, 20, 30,

40 Hz

VAF>90%

VAF1
Walk-DMC

Different

LP cut-offs

LP 4 Hz

CP: 2.1 ± 0.6

TD: 2.9 ± 0.4

LP 40 Hz

CP: 2.9 ± 0.4

TD: 3.4 ± 0.5

LP 4 Hz

CP: I = 80
†
,

II = 84
†
, III = 88

†

TD: 72

LP 40 Hz

CP: I = 75
†
,

II = 78
†
, III = 82

†

TD: 62.4

LP 4 Hz

CP: I = 82
†
,

II = 75
†
, III = 64

†

TD: 100

LP 40 Hz

CP: I = 84
†
,

II = 77
†
, III = 67

†

TD: 100

-

Steele et al.

(2019)

CP: 20 10.4 (6.2–13.6) Spastic (bi) I, II, III >3 5 bi

(= 10)

HP: 25Hz,

LP:10 Hz

VAF>95%

VAF1

3.1 (range 2–4) 81.4 ± 5.5 - -

Shuman

et al. (2019)

CP: 147

TD: 31

CP:

BoNT-A: 6.8 ± 2.9,

SDR: 9.3 ± 2.0,

SEMLS: 12.1 ± 3.1

TD: 9.3 ± 2.8

Spastic (33 uni,

144 bi)

I, II, III NG 8 bi

(= 16)

HP: 20Hz,

LP: 10 Hz

VAF>90%

VAF1
Walk-DMC

CP: 2.8 ± 0.6

TD: 4.2 ± 0.4

CP (pre-treatment):

BoNT-A: 79.1 ± 6.2,

SDR: 80.1 ± 4.9,

SEMLS: 80.2 ± 5.9

TD: 64.4 ± 3.1

Improved

post-treatment Spatial &

temporal:

Pre-treatment

CP ≈ TD

(Continued)
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TABLE 1 | Continued

Study Subjects Age (yrs) CP type &

distribution

GMFCS N strides

analyzed

N

muscles

(= total)

EMG pre-

processing

Analysis

criteria

Synergies

Total N VAF1 (%) Walk-DMC Structure

Oudenhoven

et al. (2019)

CP: 36 7.2 (4–13) Spastic (bi) I, II, III 3 5 bi

(= 10)

HP: 20Hz,

LP: 2 Hz

VAF>90% Higher N = better

treatment outcomes

No correlation with

treatment outcomes

- -

Kim Y. et al.

(2018)

CP: 20

TD: 8

CP: 12.5 ± 3.3

TD: 12.0 ± 2.6

Spastic (17 uni,

3 bi)

I, II 5 (NMF on

each stride

separately)

8 bi

(= 16)

HP: 35Hz,

LP: 5 Hz

VAF>90%

VAF1
Walk-DMC

Mean per stride

CP: 3.4 ± 0.3

TD: 3.8 ± 0.2

CP: 71 ± 4

TD: 61 ± 3

CP: 65 ± 14.2

(40.2–91.3)

TD: 100 ± 10

(85.1–113.0)

Spatial:

CP = TD

Temporal:

CP 6= TD

Steele et al.

(2015)

CP: 549

TD: 84

CP: 9.8

(7.4–13.3)#

TD: 10.3

(7.6–13.0) #

Spastic (122 uni,

427 bi)

I, II, III, IV 1 5 bi

(= 10)

BP:

20–400Hz,

LP: 10 Hz

VAF>90% CP: >80% = 1 or 2

TD: >60% = 3

CP: 84.2

(83.7–84.7)

TD: 74.6

(71.3–76.1)

CP: 86.2

(85.5–86.9)

TD: 100

(97.9–102.1)

Spatial:

CP = TD

Temporal:

CP 6= TD

Shuman

et al. (2016)

CP: 5

TD: 6

CP: 10.2

(6.0–13.0)

TD: 10.3

(6.0–13.0)

Spastic (2 uni,

3 bi)

I CP: 47.5 ±

19.6 (24–81)

TD: 44.8

± 15.9

(25–78)

8 bi

(= 16)

HP: 40Hz,

LP: 4 Hz

VAF1 - CP: 77.2 ± 4.1

TD: 68.4 ± 2.3

- -

Goudriaan

et al. (2018)

CP: 15

TD: 15

DMD: 15

CP: 8.9

(7.6–9.8)#

TD: 8.6

(7.3–10.0)#

DMD: 8.7

(6.8–9.9) #

Spastic (8 uni,

7 bi)

I, II 10 8 bi

(= 16)

BP:

20–450Hz,

LP: 10 Hz

VAF1 - CP: 74

TD: 65

DMD: 60

- -

Schwartz

et al. (2016)

CP: 473 7.7 ± 3.3 NG I, II, III >4 8 bi

(= 16)

NG Walk-DMC - - Higher walk-DMC

pre- treatment =

better outcomes

-

Shuman

et al. (2018)

Centre 1

CP: 473

TD: 84

Centre 2

CP: 163

TD: 12

Centre 1

CP: 7.5 ± 3.4

Centre 2

CP: 9.3 ± 2.7

NG I, II, III NG Centre 1

8 bi

(= 16)

Centre 2

4 bi

(= 8)

HP: 20Hz,

LP: 10Hz

Walk-DMC - - CP < TD

Higher walk-DMC

pre- treatment =

better outcomes

-

CP, cerebral palsy; TD, typically developing; AD, adults; DMD, duchenne muscular dystrophy; Uni, unilateral; Bi, bilateral; Dysk, dyskinetic; GMFCS, gross motor function classification system; N, number of synergies; HP, high-pass filter,

LP, low-pass filter; NMF, non-negative matrix factorization; VAF, variance accounted for; VAF1, variance accounted for by one synergy (%); RMSE, root mean square error; Walk-DMC, dynamic motor control index during walking; SCA,

synergy comprehensive assessment; NG, not given; BoNT-A, Botulinum Toxin Type A; SDR, Selective Dorsal Rhizotomy; SEMLS, Single-Event Multilevel Surgery. Age and number of strides are given as mean (± 1 standard deviation

or the range when provided by the authors) unless marked by a #, as this signifies the median (25th-75th percentile).

*Values in figure and text are not in agreement, so these values are extracted from the figure;
†
Signifies that values are extracted from graphical representations and are not precise.

F
ro
n
tie
rs

in
P
h
ysio

lo
g
y
|w

w
w
.fro

n
tie
rsin

.o
rg

Ju
ly
2
0
2
0
|V

o
lu
m
e
1
1
|
A
rtic

le
6
3
2

128

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Bekius et al. Muscle Synergies in CP

TABLE 2 | Results of methodological quality assessment.

Study Study design Reporting Ext. validity Int. validity - bias Int. validity—confounding Power Total

score

Grade

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Cappellini et al. (2016) Cross-sectional 1 1 1 1 1 0 0* 0* 1 1 1 1 0* 0 9 Fair

Cappellini et al. (2018) Cross-sectional 1 1 1 1 1 0 0* 0* 1 1 1 1 0* 0 9 Fair

Goudriaan et al. (2018) Cross-sectional 1 1 1 1 1 0 0* 0* 1 1 1 1 0* 1 10 Good

Hashiguchi et al. (2018) Cross-sectional 1 1 1 1 1 0 0* 0* 1 1 1 1 0* 0 9 Fair

Kim Y. et al. (2018) Cross-sectional 1 1 1 1 1 1 0* 0* 1 1 1 0* 0* 0 9 Fair

Tang et al. (2015) Cross-sectional 1 1 1 1 1 0 0* 0* 1 1 1 0* 0* 0 8 Fair

Torricelli et al. (2014) Cross-sectional 1 1 0 1 0 0 0 0 1 0 1 0* 0* 0 5 Poor

Yu et al. (2019) Cross-sectional 1 1 1 1 1 1 0* 0* 1 1 1 0* 0* 0 9 Fair

Shuman et al. (2016) Case-control 1 1 0 1 1 1 0* 0* 1 0 1 1 0* 0* 0 8 Fair

Shuman et al. (2017) Case-control 1 1 1 1 1 0 0* 1 1 0* 1 1 1 0* 0 10 Good

Steele et al. (2015) Case-control 1 1 1 1 1 0 1 1 1 0* 1 1 1 1 0 12 Good

Steele et al. (2019) Case-control 1 1 0 1 1 0 0* 0* 1 1 1 1 1 0* 0 9 Fair

Schwartz et al. (2016) Retrospective

cohort

1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 13 Excellent

Shuman et al. (2018) Retrospective

cohort

1 1 1 1 1 0 0 0* 1 0* 1 1 1 0* 0 9 Fair

Shuman et al. (2019) Retrospective

cohort

1 1 0 1 1 1 0* 0* 1 0* 1 1 1 0* 0 9 Fair

Oudenhoven et al. (2019) Retrospective

cohort

1 1 1 1 1 0 1 1 1 1 1 1 1 1 0 13 Excellent

1: yes; 0:no; 0*: unable to determine; Ext.: external; Int.: internal; maximum total scores: cross-sectional = 14; case-control and cohort = 15.

TABLE 3 | Overview of the recorded and analyzed muscles.

References Muscles Recorded sides Analyzed sides N analyzed muscles in NMF

Cappellini et al. (2016) TA, SOL, GL, GM, RF, VM, VL, ST, BF,

TFL, GLMax

Bi Both legs separately 11 for each leg

Cappellini et al. (2018) TA, SOL, GL, GM, RF, VM, VL, ST, BF,

TFL, GLMax

Bi Both legs separately 11 for each leg

Hashiguchi et al. (2018) TA, SOL, GL, RF, VM, ST, BF, GLMed Uni Most affected leg 8

Tang et al. (2015) TA, SOL, GL, VL, RF, ST, BF, TFL Bi Both legs separately 8 for each leg

Yu et al. (2019) TA, SOL, GL, VL, RF, ST, BF TFL Bi Both legs separately 8 for each leg

Torricelli et al. (2014) TA, GM, VM, VL, RF, AL, ST, BF Bi Both legs separately 8 for each leg

Shuman et al. (2017) TA, GM, RF, ST, BF Bi Random leg 5

Steele et al. (2019) TA, GM, VL, RF, ST Bi Both legs separately 5 for each leg

Shuman et al. (2019) TA, SOL, GM, RF, VL, ST, BF, GLMed Bi Most affected or random leg 8

Oudenhoven et al.

(2019)

TA, GM, RF, VL, ST Bi Most affected leg 5

Kim Y. et al. (2018) TA, GM, RF, ST Bi Both legs combined 8

Steele et al. (2015) TA, GM, RF, ST, BF Bi Uni CP: most affected leg

Other individuals: random leg

5

Shuman et al. (2016) TA, SOL, GL, RF, VL, ST, BF, GLMed Bi Uni CP: most affected leg

TD & Bi CP: both legs

8 or 16

Goudriaan et al. (2018) TA, GM, RF, ST, GLMed Bi Most affected or involved leg 5

Schwartz et al. (2016) TA, GM, RF, ST Bi NG 8

Shuman et al. (2018) Centre 1: TA, GM, RF, ST

Centre 2: TA, SOL, GM, RF, VL, ST,

BF, GLMed

Bi Most affected or random leg Centre 1: 4

Centre 2: 8

N, number; TA, tibialis anterior; SOL, soleus; GM, gastrocnemius medialis; GL, gastrocnemius lateralis; RF, rectus femoris; VM, vastus medialis; VL, vastus lateralis; ST, semitendinosus;

BF, biceps femoris; TFL, tensor fasciae latae; AL, adductor longus; GLMax, gluteus maximus; GLMed, gluteus medius; Uni, unilateral; Bi, bilateral; NMF, non-negative matrix factorization;

NG, not given.
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Y. et al., 2018; walk-DMC), which is associated to VAF1, for
comparisons of muscle synergies between children with CP and
TD children. Walk-DMC transforms VAF1 to a z-score with
respect to TD children. A score of 100 signifies the average walk-
DMC of TD children and each 10-point interval is one standard
deviation. Steele et al. (2015) proposed this measure as a clinical
tool to quantify altered neuromuscular control, in order to plan
treatments and predict clinical outcomes. In agreement with
the results on VAF1, all three studies found significantly lower
walk-DMC values in children with CP (range of averages 65.0–
86.2) compared to TD children (average 100; Steele et al., 2015;
Shuman et al., 2017; Kim Y. et al., 2018). One of these studies
showed that an increase in low-pass filter cut-off frequency from
4 to 40Hz caused an increase in the total number of synergies,
and a decrease in VAF1 in both children with CP and TD
children. However, it had no effect on walk-DMC, since this
measure normalizes VAF1 to a z-score (Shuman et al., 2017).

Structure of Synergies
Eight studies compared the structure of synergies in terms of the
results on temporal and spatial patterns between children with
CP and controls (Torricelli et al., 2014; Steele et al., 2015; Tang
et al., 2015; Cappellini et al., 2016, 2018; Kim Y. et al., 2018;
Shuman et al., 2019; Yu et al., 2019). Two studies found that the
spatial structure of synergies of children with CP was different
from healthy adults (“mature synergies;” Torricelli et al., 2014;
Tang et al., 2015), as was assessed by Tang et al. (2015) using
a model called synergy comprehensive assessment. In addition,
Tang et al. (2015) showed that the spatial structure of synergies
in children with CP was different from TD children, and that
a large variation in synergy structure was present in the CP
group. The majority of children with CP showed a combination
of “mature synergies” and synergies specific to CP, however none
of the affected legs in children with unilateral CP showed merely
“mature synergies.”

Six studies found that the spatial structure of synergies in
both children with CP and TD children was related to that
of “mature synergies,” but that the temporal structure differed
between children with CP and TD children (Steele et al., 2015;
Cappellini et al., 2016, 2018; Kim Y. et al., 2018; Shuman et al.,
2019; Yu et al., 2019). These studies found differences in the
duration and shifts of the peaks of the temporal patterns within
the gait cycle in children with CP compared to TD children. In
addition, Yu et al. (2019) showed larger co-activation between
synergies and higher variability of the temporal patterns within
groups (GMFCS I and II), in children with CP compared to
TD children.

Between-Subject Variability
Five studies discussed the muscle synergy differences within the
heterogenous CP group (see Table 4). The relation between the
severity of CP and muscle synergies was examined comparing
between different distribution of CP, i.e. uni- or bilateral (Steele
et al., 2015; Tang et al., 2015), and levels of impairment of
functional mobility, as represented by GMFCS scores and/or
Gillette Functional Assessment Questionnaire (Novacheck et al.,

2000) scores (Steele et al., 2015; Tang et al., 2015; Schwartz et al.,
2016; Hashiguchi et al., 2018; Kim Y. et al., 2018; Yu et al., 2019).

Children with CP that were bilaterally affected recruited fewer
synergies, as identified by lower walk-DMC scores (Steele et al.,
2015), a lower total number of synergies, and synergy structures
more specific to the CP group (Tang et al., 2015). In addition,
higher GMFCS levels in children with CP were related to lower
walk-DMC scores (Steele et al., 2015; Schwartz et al., 2016) and
a lower total number of synergies (Tang et al., 2015; Yu et al.,
2019). In contrast, Hashiguchi et al. (2018) and Kim Y. et al.
(2018) did not find a correlation between the total number of
synergies and GMFCS level, although Hashiguchi et al. (2018)
found that a higher level of spasticity in children with CP, as
assessed by the modified Ashworth Scale, was correlated with a
lower number of synergies. The temporal structure of synergies
was shown to differ between the affected and less affected side
of children with unilateral CP and children with bilateral CP
(Cappellini et al., 2016), and higher synergy variability was found
in children with higher GMFCS levels (Kim Y. et al., 2018; Yu
et al., 2019).

Within-Subject Variability
No systematic differences in number, and spatial or temporal
structure of synergies were found between days (Shuman et al.,
2016; Steele et al., 2019). However, muscle synergies were found
to be variable between strides in both children with CP and
TD children (Shuman et al., 2016; Kim Y. et al., 2018). Kim Y.
et al. (2018) used a cluster analysis based on a combination of
iterative k-means clustering and intraclass correlation coefficient
analyses to identify stride-to-stride variability of muscle synergies
(Kim et al., 2016). The authors found that children with CP
had a higher normalized cluster number, meaning that they
showed more distinct clusters across strides, although they
recruited fewer synergies. Thus, children with CP had higher
variability in spatial and temporal synergy structure between
strides compared to TD children, for various VAF thresholds (see
Table 5).

Treatment
Three studies investigated whethermuscle synergy characteristics
in children with CP before treatment are predictive of the effect of
different treatments, including selective dorsal rhizotomy (SDR),
single-event multilevel orthopedic surgery (SEMLS), single-level
orthopedic surgery, botulinum toxin type A (BoNT-A) injection
or conservative treatment (physical therapy). Higher walk-DMC
values before treatment were associated with improved gait
quality, as defined by theGait Deviation Index andwalking speed,
after several treatments (Schwartz et al., 2016; Shuman et al.,
2018). A higher total number of synergies before treatment was
associated with an improved knee angle at initial contact and
midstance after SDR, but not with an improvement of overall
gait quality, as quantified by the Edinburgh visual gait score
(Oudenhoven et al., 2019).

Shuman et al. (2019) investigated whether muscle synergies
change after treatment, and whether these changes were
associated with treatment outcomes. They found no changes in
the number of synergies, or synergy weights, and only minimal
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TABLE 4 | Severity of CP.

References Distribution of CP Level of impairment of functional mobility

Total N Walk-DMC Total N Walk-DMC Structure

Tang et al. (2015) Uni: 4 both legs

Bi: 2 or 3 per leg

- GMFCS I: 2 = 50%;

3 = 25%; 4 = 25%

GMFCS II: 2 = 50%;

3 = 17%; 4 = 33%

GMFCS III: 2 = 25%;

3 = 75% GMFCS IV: 2

= 100%

- -

Steele et al. (2015) - He: 89.2 (87.8–90.6)

Di: 86.9 (85.9–87.9)

Tri: 84.4 (82.5–86.3)

Quad: 81.4 (80.0–82.8)

- GMFCS I: 92.4 (91.1–93.7)

GMFCS IV: 79.2 (77.5–80.9)

FAQ = 10: 90.9 (89.2–92.6)

FAQ<7: 80.0 (78.7–81.3)

Higher GMFCS level = more

synergy structures that are

specific to CP

Yu et al. (2019) - - GMFCS I/II = 4;

GMFCS III = 3

- GMFCS I: DAM = 29.8;

GMFCS II: DAM = 30.6;

TD: DAM = 26.4

Hashiguchi et al.

(2018)

- - No correlation with

GMFCS levels:

χ
2
= 4.06, p = 0.40

- -

Kim Y. et al. (2018) - - No correlation with GMFCS

levels

- GMFCS level was correlated

with normalized cluster

number:

r = 0.51, p = 0.01

CP, cerebral palsy; N, number of synergies; Walk-DMC, dynamic motor control index during walking; Uni, unilateral; Bi, bilateral; He, hemiplegic; Di, diplegic; Tri, triplegic; Quad,

quadriplegic; GMFCS, gross motor function classification system; DAM, deviation of activation matrix (to identify variability of activations patterns between subjects).

TABLE 5 | Variability of synergies.

References Between strides Between days

VAF1 (%) Structure VAF1 (%) Structure

Shuman et al.

(2016)

Mean std:

CP = 5.0% (range 2.5–7.5%);

TD = 4.9% (range 3.7–6.5%)

Mean max difference:

CP = 19.1%; TD = 18.2%

- Day 1:

CP = 77.4 ± 5.3%;

TD = 68.4 ± 5.0%

Day 2:

CP = 76.9 ± 4.8%;

TD = 68.4 ± 4.7%

-

Steele et al.

(2019)

- - Average change day 1 to day 2:

4.24 ± 3.09%

CS (day 1 vs. day 2):

2 syn: w = 0.89 ± 0.10; act = 0.93 ± 0.06

3 syn: w = 0.83 ± 0.11; act = 0.91 ± 0.06

4 syn: w = 0.90 ± 0.08; act = 0.92 ± 0.05

Kim Y. et al.

(2018)

- Normalized cluster number*

for VAF

>80%: CP = 0.38 ± 0.06;

TD = 0.33 ± 0.04

>85%: CP = 0.37 ± 0.07;

TD = 0.31 ± 0.05

>90%: CP = 0.41 ± 0.05;

TD = 0.34 ± 0.08

>95%: CP = 0.39 ± 0.05;

TD = 0.34 ± 0.02

- -

CP, cerebral palsy; TD, typically developing; VAF1, variance accounted for by one synergy (%); std, standard deviation; max, maximum; CS, cosine similarity; syn, synergies; w, weights;

act, activations.

changes in VAF1 after BoNT-A and SDR. Temporal structure of
synergies changed only after SDR, toward being more different
from TD children. Children with CP whose synergies had a
temporal structure more similar to TD children after treatment
showed improved gait quality.

DISCUSSION

Walking problems in children with CP can in part be explained
by limited selective motor control, i.e., the impaired ability to
use the correct muscle group to move a joint independently
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from other joints in a limb during movement (Desloovere et al.,
2006). Muscle synergy analysis is increasingly used to quantify
altered neuromuscular control during walking. This systematic
review analyzed 16 studies investigating muscle synergies in
children with CP during walking, and aimed to examine how
these synergies differ from those exhibited by TD children.

Quantification of Synergies
The majority of studies found that children with CP recruit fewer
synergies during walking compared to TD children, either based
on a certain VAF threshold, VAF1, or walk-DMC (Torricelli et al.,
2014; Steele et al., 2015, 2019; Tang et al., 2015; Schwartz et al.,
2016; Shuman et al., 2016, 2017, 2018, 2019; Goudriaan et al.,
2018; Hashiguchi et al., 2018; Kim Y. et al., 2018; Yu et al., 2019).
The authors of these studies suggest that neuromotor control
is altered or less complex in children with CP. The number of
synergies for children with CP and TD children varied between
studies. Cappellini et al. were the only ones that did not find a
difference in terms of number of synergies between children with
CP and TD children (Cappellini et al., 2016, 2018).

The differences in findings between studies may be a
consequence of the varying functional mobility levels of subjects
included by the different studies. Cappellini et al. (2016, 2018)
included children with CP with a relatively high functional
mobility level (77–79% GMFCS I) compared to the other studies
(range 22–67% GMFCS I), with the exception of Shuman et al.
(2016) (100% GMFCS I). It is plausible that the functional
mobility of children with CP and TD children was too similar
in Cappellini et al. (2016, 2018) to find a difference in the number
of synergies between groups.

The use of different methods to define the total number of
synergies may also impact synergy outcomes between studies
(Hug et al., 2012; Russo et al., 2014). Most studies in this review
used VAF to define the total number of synergies, several of
these defined a specific VAF threshold, but there is no agreement
on the optimal height of this threshold. Consequently, the VAF
thresholds ranged from 80% to 95% across studies, affecting the
total number of synergies that are considered. However, this
only influences comparisons of the number of synergies between
studies, but differences between groups within one study can still
be observed. No systematic differences in number of synergies
were found between studies in this review, using different VAF
thresholds. To avoid the impact of this threshold, some studies
used VAF1 or the related measure walk-DMC, and found results
comparable to the VAF threshold. Cappellini et al. (2016, 2018)
were the only ones using a different method to define the number
of synergies, namely the “best linear fit” method. However, it is
unlikely that the use of this method explains the similarity in total
number of synergies between children with CP and TD children
found in Cappellini et al. (2016, 2018), since the authors verified
that their results agreed with a VAF > 80%. None of the studies
in this review considered the added variance of the following
synergy as a measure to define the total number of synergies
(Clark et al., 2010). The added variance could be an extra tool in
the future to define the total number of synergies as it negates the
risk that a synergy does not contribute sufficiently to the muscle
activation pattern of interest.

The variation in synergy outcomes between studies could
also be explained by the different number of muscles recorded.
According to previous research, a low number of muscles used
for analysis could lead to an over-estimation of VAF (Steele
et al., 2013; Zelik et al., 2014; Damiano, 2015). Several studies
used NMF to decompose four to eight muscles into two to four
synergies, but it is debatable whether this reduction aids enough
in terms of easing the interpretation of the data from a statistical
point of view. Yet, since it is not feasible to measure all muscles
involved in walking, a decomposition will always approximate
true neural signaling. Cappellini et al. (2016, 2018) were the only
ones recording a large number of bilateral muscles, 11 per leg,
which may result in a more precise estimation of the muscle
synergies involved during walking. This could possibly explain in
part why they did not find differences between CP and TD, while
others did.

In addition, processing methods of the EMG data, such as
filters and amplitude scaling, have been shown to influence
muscle synergy outcomes (Shuman et al., 2017). The majority
of studies included in this review used a low-pass filter with
a cut-off frequency of 10Hz, but some studies used low-pass
filters of 2Hz (Oudenhoven et al., 2019), 4Hz (Shuman et al.,
2016), and 5Hz (Torricelli et al., 2014; Kim Y. et al., 2018). The
lower the low-pass cut-off frequency, the more data is attenuated,
which has been shown to result in a lower number of synergies
(van der Krogt et al., 2016; Shuman et al., 2017), and smaller
increases in VAF post-treatment (van der Krogt et al., 2016).
There is no consensus yet on the best cut-off frequency for a
low-pass filter. Different filter types and filter orders are used
across studies, but these choices appear to be less significant
than the low-pass cut-off frequency (Devaprakash et al., 2016).
The influence of methodological choices on muscle synergies is
especially important to consider when comparing results across
studies or between centers, using different ways to process their
data. Overall, despite differences in the number and choice of
muscles, and EMG preprocessing methods, studies found similar
results. Moreover, the methods were the same in the CP and
TD group within all studies and should therefore have an equal
effect on the muscle synergies of all groups. Consequently, these
factors are not likely to explain the lack of difference in number
of synergies between children with CP and TD children found by
Cappellini et al. (2016, 2018).

Structure of Synergies
A subset of the included studies examined differences in the
structure of muscle synergies between children with CP and
TD children (Torricelli et al., 2014; Steele et al., 2015; Tang
et al., 2015; Cappellini et al., 2016, 2018), but they showed
different results. Some studies found differences in the spatial
structure, i.e., muscle weights, between children with CP and TD
children (Torricelli et al., 2014; Tang et al., 2015), whereas others
only found differences in the temporal structure, i.e. timing
and duration of the peaks of the temporal activation patterns
(Torricelli et al., 2014; Steele et al., 2015; Cappellini et al., 2016,
2018; Kim Y. et al., 2018; Yu et al., 2019).

Variation in the use of amplitude scaling methods could result
in a different weighting of the synergies per muscle. Scaling
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to unit variance appears to reduce these differences in muscle
weights, with more consistent synergy structures across low-pass
filters and at a lower number of calculated synergies compared
to peak amplitude scaling (Shuman et al., 2017). Although
the differences were small, this finding might be specifically
interesting for research investigating muscle synergies in clinical
populations, which recruit fewer synergies compared to TD
children. Moreover, normalization to individual maxima could
distort the relativemuscle weights due to variable weakness in CP,
which can result in inconsistent findings on the spatial structure
of synergies across studies (Damiano, 2015).

Deviation from the structure of “mature synergies” in children
with CP was found (Torricelli et al., 2014; Tang et al., 2015),
and could be a result of the lack of fractionation of synergies,
i.e., splitting of one synergy into more, during development.
Previous research in stroke patients suggests that a lower number
of synergies could result frommerging of the synergies of healthy
controls (Clark et al., 2010; Cheung et al., 2012). Merging and
fractionation of synergies influenced the longitudinal changes of
walking patterns in patients after subacute stroke, whereas the
number of synergies did not (Cheung et al., 2012; Hashiguchi
et al., 2016). Therefore, it might add value to examine the
structure including possible fractionation of synergies.

The studies used different methods to quantify similarity
between synergy structure. Torricelli et al. (2014) compared the
temporal activation patterns using adult data (Winter, 1991),
not specifying the method they used, while Tang et al. (2015)
and Yu et al. (2019) used Pearson’s correlation coefficients, and
the other studies used cluster analyses to compare the structure
between subjects (Steele et al., 2015; Cappellini et al., 2016, 2018;
Kim Y. et al., 2018). These cluster analyses identified comparable
patterns across subjects. Three studies isolated the synergies that
where not consistent across children as “Not Classified” (Steele
et al., 2015; Cappellini et al., 2016, 2018). This means that the
synergies that were specific to one child were not considered, and
the authors did not quantify how many synergies were removed
from each subject. Consequently, differences in synergies within
the group of children with CP, and between children with CP
and TD children were possibly lost, which could be a reason why
these studies did not find (large) differences in synergy structure
between children with CP and TD children. Kim Y. et al. (2018)
did allow synergy structures to be assigned to more clusters,
and they also found similar synergy structures between children
with CP and TD children. However, children with CP recruited
fewer synergies per stride, and the use of these structures was less
consistent across strides. This means that relative to the number
of synergies per stride, children with CP could access more
synergy structures than TD children, which suggests that children
with CP exhibit the same complexity of synergy structures, but
the control of these structures might be decreased. In order to
confirm this idea, more studies using the same clustering method
are necessary.

Cappellini et al. (2016) found similarities in temporal
structure of synergies between children with CP and TD toddlers
(1–1.2 years of age) who just started to walk independently. This
suggests that muscle synergies in children with CP lag behind
in development compared to TD children, which agrees with

previous research showing similarity between the walking pattern
in children with CP and early gait in TD children (Berger et al.,
1982, 1984; Leonard et al., 1991).

Variability of Synergies
The variation in findings between studies on the number and
structure of synergies might be related to the differences in
distribution and levels of functional mobility in CP. Children
with more severe types of CP, defined by either more distributed
CP or higher GMFCS levels, were found to use fewer synergies
(Steele et al., 2015; Tang et al., 2015), with different spatial (Tang
et al., 2015) and temporal (Steele et al., 2015; Cappellini et al.,
2016; Shuman et al., 2019) structures compared to less affected
children. These results might reflect a simpler motor control
strategy during walking with increasing severity of CP.

In contrast, Hashiguchi et al. (2018) and Kim Y. et al. (2018)
did not find a relationship between number of synergies and
GMFCS level, possibly because of the small sample size, which
limits the variability in a group. Tang et al. (2015) and Yu et al.
(2019) also included a limited group of children and they did
find an effect of GMFCS level on the number of synergies. Thus,
the relationship between the severity of CP and muscle synergies
is shown in studies with a sufficient number of subjects (Steele
et al., 2015; Cappellini et al., 2016; Shuman et al., 2019), but small
sample sizes can coincidentally not show it.

One study found a higher stride-to-stride variability in muscle
synergies in children with CP (Kim Y. et al., 2018). This may
represent a more immature walking pattern (Hausdorff et al.,
1999). High stride-to-stride variability can influence VAF values
and thus impact the decomposition of the data into muscle
synergies. Only four studies used the minimum of about 20
strides that is necessary according to Oliveira et al. (2014) to
create optimal reconstructions of the data and minimize the
influence of the variability between strides (Tang et al., 2015;
Cappellini et al., 2016, 2018; Shuman et al., 2016). Based on
the low amount of studies in this review assessing specifically
this aspect we cannot infer whether a lower number of analyzed
strides could have an effect on a lower number of synergies.

Considering the high diversity within the group of children
with CP, it is not surprising that many studies found larger
variability in number and structure of muscle synergies in
children with CP compared to TD children. In some studies
children with more severe types of CP walked with an assistive
device or trunk or hand support (Tang et al., 2015; Hashiguchi
et al., 2018; Kim Y. et al., 2018; Oudenhoven et al., 2019; Shuman
et al., 2019; Yu et al., 2019). In addition, children withmore severe
types of CP generally walk slower compared to less affected and
TD children. Walking speed is an important factor to consider
when evaluating muscle synergies, as previous research found
that both number and structure of synergies were affected by
walking speed in healthy adults (Yokoyama et al., 2016; Kibushi
et al., 2018) and TD children (Steele et al., 2015). These findings
suggest that different walking speeds require different control
from the central nervous system. However, others found that
muscle synergies were robust across different walking speeds in
healthy adults (Ivanenko et al., 2004; Chvatal and Ting, 2012)
and children with CP (Tang et al., 2015; Hashiguchi et al., 2018).
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Although findings are inconsistent, walking speed as a possible
confounding factor in comparisons of muscle synergies between
children with CP and TD children should be considered during
muscle synergy analysis. In addition, the quality of EMG data and
the absence of task-independent normalization may have caused
variation in muscle synergy results between studies, and should
be considered in the future.

Treatment
The finding that muscle synergies before treatment were
correlated with the effect of treatment in children with CP
(Shuman et al., 2016, 2018; Oudenhoven et al., 2019), suggests
that knowledge about muscle synergies in children with CP
before treatment could help predict whether children will
benefit from a specific treatment, and therefore potentially
assist in treatment decisions. Walk-DMC has been proposed
as a possible measure to quantify altered neuromuscular
control pre-treatment, since it has been shown to be correlated
with improvement of gait kinematics and walking speed
after treatment (Schwartz et al., 2016; Shuman et al., 2018).
Importantly, EMG processing methods, and number and type
of muscles have limited impact on walk-DMC values. Therefore,
this measure could be useful as a comparison of muscle synergy
analyses across studies or different clinical centers using different
EMG protocols. However, walk-DMC values are highly variable
in a heterogeneous population like CP (Steele et al., 2015;
Shuman et al., 2018). Although the mean results of walk-DMC
values using a large sample size might be a good predictor
of treatment outcome, caution should be taken when using
individual walk-DMC values in treatment prediction.

Besides the use of muscle synergies as a predictor of treatment
outcomes, muscle synergies may also be a target for treatment
themselves. Younger children with CP might be more sensitive
to interventions (Yang et al., 2013), because their brain is highly
plastic and their corticospinal tract is still maturing. Future
research should examine the opportunities of specific therapies
that target the neural level and adapt muscle synergies, to
improve the walking pattern of children with CP. Previous
research in unimpaired individuals showed that both the spatial
and temporal structure of muscle synergies can change due to
intense training in elite athletes (Sawers et al., 2015; Kim M. et
al., 2018), and with the use of ankle exoskeletons (Steele et al.,
2017; Jacobs et al., 2018). However, current treatments studied
in CP were found to have no effect on the spatial structure and
merely an effect on the temporal structure of muscle synergies
(Shuman et al., 2019). These results suggest that the number and
spatial structure of synergies may be hard to change in children
with CP, but that the temporal structure of synergies could be a
target for treatment. However, normalization of the EMG data is
an important factor that may have influenced the results on the
spatial structure of synergies. It remains to be further investigated
whether novel treatments, such as feedback training (Booth
et al., 2019), or therapeutic electrical stimulation of muscles,
tendons (Sommerfelt et al., 2001; í et al., 2002; Stackhouse
et al., 2007; Wright et al., 2012), or spinal cord (Solopova et al.,
2017), could improve muscle synergies, eventually leading to
walking improvement.

Future Directions
The number of studies currently available on this topic is limited,
which makes it difficult to draw additional conclusions. With
this systematic review we hope to inform researchers about the
current research status and to guide them toward better research
in the future.

The large variation in number and structure of muscle
synergies derived from children with CP appears to reflect
the diversity of CP and the ability of walking. However,
methodological factors also seem to play a role in the
determination of muscle synergies. On the one hand, it will be
helpful when studies investigating muscle synergies in children
with CP use consistent methods across different studies, in
order to compare results. On the other hand, this would limit
researchers to explore and use novel technologies. At least,
researchers could consider recording a number of muscles that
is representative for the muscle activation during walking, as
well as a sufficient number of strides, in order to make a proper
decomposition of muscle synergies. To achieve consistency in
EMG data processing steps across studies, researchers should be
informed about the choice of filters and factorization methods.
The determination of a suitable method to process EMG data of
children with CP during walking, for example with a standard
EMG processing pipeline, is an important area for future
research. If the group of children with CP is heterogeneous,
muscle synergy analysis should be performed on separate groups
based for example on different distribution of CP (i.e., uni-
or bilateral CP) or different functional mobility levels with
sufficient sample sizes, in order to examine the diversity in
the CP group. In addition, study of the influence of walking
speed on muscle synergies in children with CP and TD children
could be useful in the interpretation of the results found in the
studies included in this review. Irrespective of the differences
in data collection and analysis, the majority of the studies
included in this review found similar results, which indicates
that the difference in muscle synergies between CP and TD we
observe is robust. These corresponding findings from different
studies and research groups, provide strong evidence that the
observations are related to neural control, and do not merely
reflect methodological choices.

It is worth to mention that all the studies reported in
this review used the so-called synchronous synergy model
(time-invariant synergy approach) to investigate muscle
synergies during walking in children with CP. However,
various other models such as the time-varying synergy
model, first introduced by d’Avella and Tresch (2002), or
the space-by-time model (Delis et al., 2014) exist, and could be
implemented to study muscle activation modularity in children
with CP.

Investigation of the longitudinal development of muscle
synergies within subjects would minimize the inter-subject
variability and give more insight in the developmental changes
in children with CP. Moreover, nothing is known about the
development of muscle synergies in very young children at high
risk of CP compared to TD children. A longitudinal design
with consecutive measurements within subjects could give new
insights in the development of muscle synergies during walking
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in children with CP, and might open up new paradigms for early
interventions in CP.

Despite the increasing number of studies investigating muscle
synergies, the underlying mechanisms of muscle synergies
remain unknown. It is still a topic of debate whether muscle
synergies have a neural or non-neural origin (Bizzi and Cheung,
2013; Zandvoort et al., 2019). Muscle synergies in neonates
were shown to mainly reflect spinal cord and brainstem activity,
with an increase of the integration of supraspinal and sensory
control during development (Dominici et al., 2011). Even though
children with CP have cortical lesions, the differences in muscle
synergies compared to TD children might also depend on
changes in the brainstem and/or spinal cord. In addition, it is
debatable whether the use of fewer muscle synergies necessarily
reflects less complex motor control, as is suggested in most
studies, or whether it is merely caused by higher variability in
the EMG data in children with CP. Further research on the
underlyingmechanisms of muscle synergies is required to answer
these questions.

CONCLUSIONS

In conclusion, the majority of studies found that children with
CP recruit fewer synergies than TD children, and differences
in both spatial and temporal structure of synergies were found.
In addition, large variability of muscle synergies was found in
the group of children with CP, which might be due to the
heterogeneity in this group with different functional mobility
levels of CP. The inter-subject variability in number and structure
of synergies was higher in children with more severe CP, and
within subjects the stride-to-stride variability was higher in
children with CP compared to TD children, which is known to
influence VAF values and thus impact the decomposition of the
EMG data into muscle synergies.

The findings in this systematic review support the idea that
children with CP use a simpler motor control strategy compared
to TD children. The use of muscle synergies as a clinical tool

to quantify altered neuromuscular control and predict clinical
outcomes seems promising. Further investigation on this topic
is necessary, and the use of muscle synergies as a target for
development of novel therapies in children with CP could
be explored.
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Sarcomere lengths and their changes are key determinants of muscle active force
production. Recent studies indicate inhomogeneity of sarcomere lengths within the
muscle. Studies utilizing magnetic resonance imaging (MRI) analyses for quantifying
local muscle tissue strains and diffusion tensor imaging (DTI) analyses allowing for
determination of their components along muscle fascicles show that those length
changes can be non-uniform. Specifically, two questions arise regarding the muscle’s
length change heterogeneities along the muscle fiber direction: (1) How can a passively
lengthened muscle show shortened regions? (2) How can an isometric contracting
muscle show lengthened parts? Using finite element modeling and studying principles
of the mechanism of strain heterogeneity along the muscle fiber direction, the aim
was to test the following hypothesis: epimuscular myofascial loads can lead locally
to strains opposing those elsewhere within the muscle that are determined by the
globally imposed conditions. The geometry of the model was defined by the contour
of a longitudinal slice of the rat extensor digitorum longus (EDL) muscle belly. Three
models were studied: (1) isolated muscle (muscle modeled fully isolated from its
surroundings) and models aiming at representing the principles of a muscle in its in vivo
context including (2) extramuscularly connected muscle (muscle’s connections to non-
muscular structures are modeled exclusively) and (3) epimuscularly connected muscle
(additionally muscle’s connections to neighboring muscle are modeled). Three cases
were studied: passive isometric muscle with imposed relative position change (Case I),
passive lengthened muscle (Case II), and active isometric muscle with imposed relative
position change (Case III). The findings indicated non-uniform strains for all models
except for zero strain in model (1) in Case I, but models (2) and (3) also showed strains
opposing the imposed effect. Case I: model (3) showed shortened and lengthened
sections (up to 35.3%), caused exclusively by imposed relative position change. Case II:
models (2) and (3) showed shortened sections (up to 12.7 and 19.5%, respectively)
in addition to lengthened sections. Case III: models (2) and (3) showed lengthened
sections (up to 5 and 23.4%, respectively) in addition to shortened sections. These
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effects get more pronounced with stiffer epimuscular connections. Assessments of
forces exerted on the muscle by the epimuscular connections showed that such strain
heterogeneities are ascribed to epimuscular myofascial loads determined by muscle
relative position changes.

Keywords: finite element model, epimuscular myofascial loads, non-uniform length change, muscle fiber
direction, extracellular matrix, intermuscular interactions

INTRODUCTION

Muscle has a multi-scale composite structure (Huijing, 1999): its
fundamental force producing units, sarcomeres, are connected
to each other serially at z-discs (Rowe, 1971), making up
myofibrils, while adjacent myofibrils are interconnected and
are also connected sequentially to laminin, the basal lamina,
and endomysium via multimolecular and costameric proteins
(Pardo et al., 1983; Danowski et al., 1992; Berthier and
Blaineau, 1997), which forms a three-dimensional structure
in which muscle fibers operate (Trotter and Purslow, 1992).
Therefore, it is representative to consider skeletal muscle in a
mechanically linked bi-domain concept of activatable muscle
fibers and the extracellular matrix (ECM) (Yucesoy et al., 2002).
Intramuscularly, this concept allows mechanical interaction of
these domains such that local length changes along the muscle
fiber direction is determined by the mechanical equilibrium
affected by forces (myofascial loads) exerted by the ECM and
other muscle fibers. The role of the ECM in limiting shortening
of sarcomeres in an activated muscle fiber (Street, 1983) and in
limiting elongation of sarcomeres in passively stretched muscle
fibers (Street, 1983) was shown.

Additionally, all along the muscle belly, the ECM is
continuous with structures outside the muscle: collagen
reinforced connective tissue structures supporting the
neurovascular tracts (i.e., the tissues containing nerves and
blood vessels), compartmental boundaries, intermuscular septa,
interosseal membrane, and the bone are in continuity and there
is connectivity between the epimysia of adjacent muscles. This
connective tissue integrity (for pictures, see, e.g., Huijing and
Baan, 2001; Huijing et al., 2003; Yucesoy et al., 2006; Stecco
et al., 2009; Willard et al., 2012; Wilke et al., 2016) allows
for transmission of forces to and from the muscle through
non-tendinous pathways. Extramuscular connections are defined
to represent muscle’s connections to non-muscular structures
exclusively. Epimuscular connections are defined to represent
muscle’s connections to both surrounding non-muscular and
muscular structures. Therefore, extramuscular and epimuscular
myofascial loads can also affect the mechanical equilibrium
determining local length changes along the muscle fiber
direction. The mechanical interactions of the muscle with its
surrounding muscular and non-muscular structures together are
referred to as epimuscular myofascial force transmission (EMFT)
(Huijing, 2009; Yucesoy, 2010).

Previously, effects of such myofascial loads have been
shown to cause, e.g., proximo-distal muscle force differences
and mechanical condition dependent muscle length–force
characteristics in animal studies as well as length change

inhomogeneities along muscle fascicles in accompanying finite
element modeling studies (Yucesoy et al., 2003a,b). Moreover,
in vivo human studies using elastography (Ateş et al., 2018) and
magnetic resonance imaging (MRI) analyses (Huijing et al., 2011)
have shown that knee joint angle change imposed at restrained
ankle angle causes non-uniform changes in the local stiffness and
local length distributions of soleus muscle, respectively. Further
studies combining diffusion tensor imaging (DTI) tractography
to determine directions of muscle fascicles combined with MRI
deformation analyses underlined the possibility of non-uniform
deformations along muscle fascicles occurring in vivo under both
passive and active conditions (Pamuk et al., 2016; Karakuzu
et al., 2017). Yet, mechanical principles of the mechanism behind
the findings reported require further elaboration. Specifically,
two questions arise from those findings regarding the muscle’s
length change heterogeneities along the muscle fiber direction:
(1) How can a passively lengthened muscle show shortened
regions? (2) How can an isometrically contracting muscle show
lengthened parts? By studying principles of the mechanism of
strain heterogeneity along the muscle fiber direction, the aim was
to test the following hypothesis: epimuscular myofascial loads
can lead locally to strains opposing those elsewhere within the
muscle that are determined by the globally imposed conditions.
For this purpose, finite element modeling was used and muscle
fiber direction strains within a truly isolated muscle vs. those
of extra- and epimuscularly connected muscles were studied in
passive and active conditions.

MATERIALS AND METHODS

Description of the “Linked Fiber-Matrix
Mesh Model”
In the linked fiber-matrix mesh (LFMM) model, skeletal
muscle is considered explicitly as two separate domains:
(1) the intracellular domain and (2) ECM domain. The
trans-sarcolemmal attachments are considered as elastic
links between the two domains (Yucesoy et al., 2002;
Yucesoy and Huijing, 2012).

Two self-programmed elements were developed and were
introduced as user-defined elements into the finite element
program ANSYS 12.0. One of these elements (ECM element)
represents the collagen reinforced ECM, which includes the basal
lamina and connective tissue components such as endomysium,
perimysium, and epimysium. A second element models the
muscle fibers (myofiber element). Within the biological context,
the combined muscle element represents a segment of a bundle
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of muscle fibers with identical material properties, its connective
tissues and the links between them. This is realized as a linked
system of ECM and myofiber elements (for a schematic 2D
representation of an arrangement of these muscle elements,
see Figure 1A).

In the LFMM model, the ECM domain is represented by
a mesh of ECM elements (matrix mesh). In the same space,
a separate mesh of myofiber elements is built to represent
the intracellular domain (fiber mesh). The two meshes are
rigidly connected to single layers of elements modeling proximal
and distal aponeuroses: a node representing myotendinous
connection sites is the common node of all three (ECM, myofiber,
and aponeurosis) elements. In contrast, at the intermediate
nodes, fiber and matrix meshes are linked elastically to represent
the transmembranous attachments of the cytoskeleton and ECM.
For these links (the model includes a total of 78 of them: 34
in each of the upper and lower model surfaces) the standard
element, COMBIN39 is used from the element library of ANSYS
12.0. This is a two-node spring element, which is set to be uniaxial
and have linear high stiffness characteristics representing non-
pathological connections between the muscle fibers and the ECM
(for an analysis of the effects of stiff or compliant links, see
Yucesoy et al., 2002). Note that at the initial length of passive
muscle, these links have a length equaling zero.

Both ECM and myofiber elements have eight nodes, linear
interpolation functions and a large deformation analysis
formulation are applied. A 3D local coordinate system
representing the fiber, cross-fiber (normal to the fiber direction),
and thickness directions is used. The stress formulation, S based
on Second Piola–Kirchoff definition, constitutes the derivative
of the strain energy density function, W with respect to the
Green–Lagrange strain tensor, LG

S =
dW
dLG

(1)

Extracellular Matrix Element
The strain energy density function mechanically characterizing
the ECM includes two parts:

W =W1 +W2 (2)

The first part represents the non-linear and anisotropic material
properties (Huyghe et al., 1991):

W1 =Wij(εij) (3)

where

Wij(εij) = k.(eaij.εij − aij.εij) for εij > 0 or

Wij(εij) = −Wij(|εij|) for εij < 0 and i 6= j
(4)

εij are the Green-Lagrange strains in the local coordinates.
The indices i = 1 . . . 3 and j = 1 . . . 3 represent the local cross-
fiber, fiber and thickness directions, respectively. aij and k are
constants (Table 1). Note that initial passive stiffness (k) and
passive fiber direction stiffness (a22) values were estimated by
fitting the experimental data by Meijer et al. (1996). Based on
the experimental data on dog diaphragm (Strumpf et al., 1993),

FIGURE 1 | LFMM model concept and plots of constitutive equations defining
the muscle modeled. (A) 2D schematic representation of an arrangement of
muscle elements. The intracellular domain, which is composed of the active
contractile elements (CEs) and intracellular passive cytoskeleton (ICP), is
linked to the extracellular matrix (ECM) domain, elastically. (B) Extracellular
matrix element stress–strain relations defined in fiber, cross-fiber, and
thickness directions. (C) Myofiber element’s active (contractile element)
stress–strain relation defined in fiber direction. (D) Myofiber element’s
intracellular passive (titin) stress–strain relation defined in fiber direction.
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TABLE 1 | Values and definitions of the model constants.

Constant Value Definition

k 0.05 Initial passive stiffness (Eq. 4)

a11 8.0 Passive cross-fiber direction stiffness, a11 = a33 (Eq. 4)

a22 6.0 Passive fiber direction stiffness (Eq. 4)

a12 6.0 Passive fiber–cross-fiber shear stiffness, a12 = a23 = a31

(Eq. 4)

Ss 5.0 Weight factor in the penalty function for the solid
volume (Eq. 5)

Sf 20.0 Weight factor in the penalty function for the fluid volume
(Eq. 5)

b1 30.0 Coefficient for the stress–strain relation of the
contractile elements (Eq. 6)

b2 −6.0 Coefficient for the stress–strain relation of the
contractile elements (Eq. 6)

b3 1 Coefficient for the stress–strain relation of the
contractile elements (Eq. 6)

t1 0.522 Coefficient for the stress–strain relation of the
intracellular passive elements (Eq. 7)

t2 0.019 Coefficient for the stress–strain relation of the
intracellular passive elements (Eq. 7)

t3 −0.002 Coefficient for the stress–strain relation of the
intracellular passive elements (Eq. 7)

passive cross-fiber stiffness (a11 = a33) was taken to be higher
than fiber direction stiffness. Identical values are used for fiber
and fiber-cross fiber shear stiffness (a12 = a23 = a31). However,
in contrast to the non-symmetric stress–strain relationships
defined for fiber and cross-fiber directions, a symmetric stress–
strain relationship is used for shearing. The resulting stress–strain
curves are shown in Figure 1B.

The second part includes a penalty function to account for
the constancy of muscle volume. The intracellular fluid and
solid elastic structures are considered as separate constituents
of muscle tissue with different responses to deformation: The
intracellular fluid is assumed to have the ability to migrate
freely within the cell, whereas the solid elastic structures housing
muscle fibers (e.g., basal lamina and endomysium) are restricted
in moving as they are being constrained by neighboring cells.
Therefore, a penalty function consisting of two parts was used:

W2 = Ss.(I3 − 1)2
+ Sf .(I

avg
3 − 1)2 (5)

where I3 is the third invariant (determinant) of the Right
Cauchy-Green strain tensor providing a ratio of the
deformed local volume over the undeformed local volume
for each Gaussian point.

If all I3’s are kept as unity, the element is considered as
solid and the local volumes are conserved. If the weighted mean
of all I3’s per element, (Iavg3 ) is kept as unity, the element is
considered as a fluid. The penalty parameters Ss (for the solid
volume) and Sf (for the fluid volume) allow determining the
penalty given for each part. Note that if both I3’s and Iavg3 ’s are
unity, the volume is constant. The parameters Ss and Sf (Table 1)
chosen after performing specific tests on the ECM element
allow a good representation of constancy of muscle volume
with optimal numerical efforts: for even very large deformations

(e.g., length changes greater than 40%), the maximal deviation
from undeformed volume remains below 5%.

Myofiber Element
Maximally activated muscle is studied. Sarcomeres within the
muscle fibers are assumed to have identical material properties.
The force–velocity characteristics are not considered due to the
isometric nature of the present work. The total stress for the
intracellular domain (σ22f) is a Cauchy stress acting in the local
fiber direction exclusively and is the sum of the active stress of the
contractile elements (σ22contr) and the stress due to intracellular
passive tension (σ22icp).

To define the active length–force characteristics, a piecewise
exponential function (Figure 1C) was fit to the experimental data
of small rat gastrocnemius medialis (GM) fiber bundles (Zuurbier
et al., 1995). This function is scaled such that at optimum
length, the fiber direction strain (ε22) is zero and the maximal
stress value is unity.

σ22contr(ε22) = b3eb2ε
2
22 for ε22 > 0 or

σ22contr(ε22) = b3eb1ε
3
22 for ε22 < 0

(6)

where b1, b2, and b3 are constants (Table 1).
The source of intracellular passive tension is the intra-

sarcomeric cytoskeleton (Trombitás et al., 1995), which is
composed of several proteins. In this work, titin is considered to
play the dominant role. Experimental tension-sarcomere length
data (Trombitás et al., 1995) for a single rabbit skeletal muscle
fiber was fitted using a parabolic function (Figure 1D) and scaled
to make it compatible to the stress–strain characteristics of the
contractile part.

σ22icp(ε22) = t1ε
2
22 + t2ε22 + t3 and

σ22icp(ε22) = 0 for ε22 < 0
(7)

where t1, t2, and t3 are constants (Table 1).

Aponeurosis Element
To represent the aponeuroses, a standard 3D, eight-node element
HYPER58, from the element library of ANSYS 12.0 is used. This
element has a hyperelastic mechanical formulation for which the
strain energy density function is defined using the two-parameter
Mooney–Rivlin material law:

W = a10(Ī1 − 3)+ a01(Ī2 − 3)+
κ

2
(Ī3 − 1)2 (8)

where Īi i = 1 . . . 3 are reduced invariants of right-Cauchy strain
tensor, a10and a01 are Mooney–Rivlin material constants, κ =

2(a10 + a01)/(1− 2υ) is the bulk modulus, and υ is the Poisson’s
ratio. The parameters used (Table 1) ensure sufficient stiffness for
the aponeuroses for a representative role in force transmission
and providing muscular integrity as in real muscle.

LFMM Model Features and Definitions
Muscle length is defined as the distance between the proximal
and distal muscle ends (Figure 2). Initial muscle length equals
28.7 mm. Three muscle elements in-series define a large fascicle
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(bundle of muscle fibers) and 16 fascicles in-parallel make up the
muscle. An isometric condition describes an analysis in which
the proximal and distal muscle ends are fixed; hence, the muscle
length is globally kept constant. However, muscle fascicles run
between the proximal and distal aponeuroses and can locally
deform depending on the mechanical conditions imposed. It is
assumed that, at the initial muscle length in the passive state, the
sarcomeres arranged in series within muscle fibers have identical
lengths. Local strain, as a measure of change of length, reflects
the lengthening (positive strain) or shortening (negative strain)
of sarcomeres. Note that zero strain in the model represents the
undeformed state of sarcomeres (i.e., sarcomere length∼= 2.5 µm)
in the passive condition at initial muscle length. Fiber direction
strain within the fiber mesh of the LFMM model was used to
assess the non-uniformity of lengths of sarcomeres arranged
in-series within muscle fibers (referred to as serial distribution).

Muscle Models Studied
Extensor digitorum longus (EDL) muscle of the rat was modeled.
This muscle is a unipennate muscle with a minimal variation
of muscle fiber direction within the muscle belly. The muscle’s
relatively simple geometry is suitable for the present modeling
focused on assessment of effects of epimuscular myofascial loads
on local muscle strains. The geometry of the model was defined by
the contour of a longitudinal slice at the mid-muscle belly. Three
models were studied:

(1) Isolated muscle: This muscle was kept fully isolated from
its surroundings.

(2) Extramuscularly connected muscle: In order to model the
muscles’ extramuscular connections (Figure 2A) and to
account for their continuity with the muscular ECM,
a set of nodes of the matrix mesh were linked using
spring elements (COMBIN39, from the element library of
ANSYS 12.0) to a set of fixed points (Figure 2B). In a
previous experimental and anatomical study, the location
of the extramuscular connections of the EDL muscle were
determined to be at one-third of the fascicle length from
the most proximal side of each muscle fascicle (Yucesoy
et al., 2003b). In the muscle mechanics part of that study,
those connections were dissected to a maximum possible
extent, without endangering circulation and innervation
and the part supporting the neurovascular tract to the
EDL were shown to be much stiffer than the rest of the
connective tissues. Taking into account those previous
findings, our modeling considerations were: (1) the set
of fixed points comprising “mechanical ground” represent
bone, which is assumed to be rigid. (2) The spring elements
modeling the muscles’ extramuscular connections were set
to be uniaxial and have linear length–force characteristics.
(3) Initially (i.e., muscle length = 28.7 mm, and before
changing any of the tendon positions), the fixed points and
the corresponding nodes of the model were at identical
locations (i.e., the spring elements modeling the muscles’
extramuscular connections were at a length of zero). (4)
The higher stiffness of the connective tissues constituting
the neurovascular tract is taken into account by making

the seven most proximal links to the muscle stiffer than
the distal ones. Stiffness values determined previously
(Yucesoy et al., 2003b) were used for the more compliant
linkages, whereas a higher stiffness is preferred for the
proximal ones (i.e., k = 0.25 unit force/mm for stiffer
proximal part and, k = 0.033 unit force/mm for the
remaining links).

(3) Epimuscularly connected muscle: This model aims at
representing the principles of a muscle in its in vivo
context. Hence, it includes the muscle’s extramuscular
connections together with intermuscular connections to
neighboring muscle. In order to achieve that, two muscle
models with geometries identical to that in (1) were
intermuscularly connected: the corresponding nodes of the
matrix meshes of the two models were linked elastically
along their medial faces (Figure 2C). Extramuscular
linkages remained in the lateral faces of each model. For
both inter- and extramuscular links, the spring element
COMBIN39 was used with linear stiffness characteristics.
A suitable stiffness value (k = 0.2 unit force/mm) was
used for the intermuscular elements to provide sufficient
mechanical interaction between modeled muscles.

Cases Studied
In order to assess the effects of extra- and epimuscular myofascial
loads on local length changes along the muscle fiber direction,
three different cases were studied (Figure 3):

Case I: Passive Isometric Muscle, With Imposed
Relative Position Changes
All three muscle models were studied in the passive state. The
target muscles’ length was kept constant at the initial muscle
length. However, relative position changes were imposed for
extra- and epimuscularly connected ones in order to assess the
effects of myofascial loads developed on muscle fiber direction
strains. Implementation: the proximal and distal ends of the
target muscle were displaced distally by 2 mm.

Case II: Passive Lengthened Muscle
All three muscle models were studied in the passive state. The
target muscles were further lengthened distally, which for the
extra- and epimuscularly connected ones also elevates myofascial
loads via more pronounced muscle relative position changes.
Implementation: Subsequent to the relative position change
imposed as described above, the target muscle’s distal end was
displaced distally by 2 mm.

Case III: Active Isometric Muscle, With Imposed
Relative Position Changes
All three muscle models were fully activated, and their lengths
were kept constant at the initial muscle length. However,
relative position changes were imposed for the extramuscularly
connected muscle and the epimuscularly connected target
muscle, in order to assess the effects of myofascial loads
developed on muscle fiber direction strains. Implementation: the
proximal and distal ends of the target muscle were displaced
distally by 2 mm.
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FIGURE 2 | Anatomy and geometry of the model cases studied. (A) An image adapted from a previous experimental and anatomical study (Yucesoy et al., 2003b).
The EDL is shown after removal of the tibialis anterior muscle of the anterior crural compartment, whereas the other muscle, EHL is not removed in this image.
Extramuscular connections connect the EDL all along the muscle (marked by “+” signs) to the tibia, part of interosseal membrane and anterior intermuscular septum.
This structure includes the neurovascular tract (i.e., the connective tissue structure containing nerves and blood vessels) and comprises a pathway of extramuscular
myofascial force transmission. The geometry of modeled muscles is defined by the contour of a longitudinal slice of the rat EDL muscle belly (B,C). Three muscle
elements in-series define a large fascicle and sixteen fascicles in-parallel make up the muscle. Fascicles terminate in rigidly linked aponeurosis elements, which
increase in thickness toward tendon ends. (B) Extramuscularly connected muscle. The nodes of the matrix mesh marked by a black “+” sign have extramuscular
connections to mechanical ground and the nodes marked also by a black square have stiffer connections. A proximal view in the undeformed state is shown on the
left-hand side. Locations of the extramuscular connections are indicated using the same symbols as in the view of the longitudinal plane. (C) Epimuscularly
connected muscle. The target muscle is intermuscularly connected to the synergist muscle: the corresponding nodes of the matrix meshes of the two models are
linked elastically along their medial faces (shown by black circles on the left-hand side). The synergist is kept at a fixed length, whereas the target muscle is
lengthened distally. Both of the models are also connected extramuscularly: the nodes of the matrix mesh marked by a black “+” sign have connections to
mechanical ground. The nodes marked also by a black square have stiffer extramuscular connections. A proximal view of the models in the undeformed state is
shown on the left-hand side. Also in this view, the location extramuscular connections of the model are marked. (D) Fascicle sections I–IV and fascicle interfaces
1–17 are associated with model geometry.
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FIGURE 3 | Schematic representation of the protocols modeled. (A) Protocols for Case I and Case III. (B) Protocol for Case II. The links that connect the muscle to
the mechanical ground represent the extramuscular connective tissue, and those that connect the muscle to the synergistic muscle represent the intermuscular
connections. Extra- and epimuscularly connected muscles illustrate stretching of these links with imposed muscle relative position change (Cases I–III) and length
imposed (Case II).
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Note that Case I actually does not even involve any muscle
lengthening, but aims at showing that solely relative position
changes may lead to occurrence in different parts of passive
muscle with shortening as well as lengthening in muscle fiber
direction due to myofascial loads. However, Case II does
involve also muscle lengthening, which case directly addresses
plausibility of shortened parts occurring within a passively
lengthened muscle due to myofascial loads. Finally, Case III aims
at plausibility of lengthened parts occurring within an activated
isometric muscle. Note that this case represents a strict scenario
for the specific aim as activated isolated muscle at initial length
should involve exclusively shortening.

Solution Procedure
The analysis type used in ANSYS was static and large strain
effects were included. During the entire solution procedure,
the models studied were stable and no mesh refinement was
performed. A force-based convergence criterion was used with
a tolerance of 0.5%.

At the passive state, the activation coefficient b3 (Eq. 6)
equaled 0 (for Cases I and II). For Case III, maximal activation of
the muscles modeled was achieved by increasing b3 incrementally
up to 1, using fixed increments.

Processing of Data
Local fiber direction strain indicated lengthening and shortening
of sarcomeres, with zero strain representing the undeformed
state of the sarcomeres. Strain (ε22) along nodes of serial fascicle
interfaces (I–IV) were studied across fascicle interfaces 1–17
to quantify deformation patterns throughout muscle in isolated
muscle, extramuscularly connected muscle, and epimuscularly
connected muscle. For the epimuscularly connected muscle, the
lateral, i.e., the extramuscularly connected face, and the medial,
i.e., the inter-muscularly connected face, were assessed separately.

Epimuscular myofascial loads were calculated as the
fiber direction components of nodal reaction forces on the
epimuscular linking elements, and assessed as normalized with
respect to the largest epimuscular myofascial load value observed
in the three cases studied. The epimuscular myofascial loads,
which cause the most pronounced muscle fiber direction length
changes, were presented.

RESULTS

Case I: Passive Isometric Muscle, With
Imposed Relative Position Changes
Isolated isometric muscle shows the pre-defined zero strain
condition as a reference for muscle with no myofascial
loads acting on (Figure 4). In contrast, both extramuscularly
and epimuscularly connected muscles show both shortening
(Figures 4A,B—fascicle sections: I and II, maximally 35.3% in the
lateral face of epimuscularly connected muscle), and lengthening
(Figures 4C,D—fascicle sections: III and IV, maximally 23.6%
in the medial face of epimuscularly connected muscle) in
muscle fiber direction. For the lateral face of the epimuscularly

connected muscle, which shows the most pronounced strain
effects (Figure 4E), the myofascial loads (originating from
extramuscular linking elements) are proximally directed owing
to distally imposed muscle position changes. These loads,
normalized with respect to the maximum epimuscular load
calculated for Case II, range between 0.34 and 0.41 for the
proximal nodes with stiffer extramuscular connections, and are
below 0.09 for the remainder less stiff connections (Figure 4F).
Despite the fact that no length changes were imposed globally
on the muscle, these loads lead to shortening of the proximal
part of the muscle (i.e., fascicle sections I and II). In return,
the distal parts of the muscle (i.e., fascicle sections III and IV)
show lengthening.

Case II: Passive Lengthened Muscle
Isolated lengthened muscle shows lengthening in all fascicle
interfaces, for all fascicle sections in muscle fiber direction
(maximally by 28.7, 24.9, 19.6, and 23.0% in fascicle sections
I–IV, respectively) (Figure 5). However, the extramuscularly
connected muscle involves muscle fiber direction lengthening
in most parts of the muscle but also shortening in some
regions (fascicle section I in fascicle interfaces 1-7, up to
12.7%). This shortening effect is more pronounced in the
epimuscularly connected muscle where shortening in the muscle
fiber direction is shown in all fascicle interfaces of fascicle
section I (maximally by 19.5% in the lateral face, Figure 5E).
Yet, presence of muscle fiber direction shortening is not the
only difference. Compared to the isolated muscle, note also the
different amplitudes of muscle fiber direction length changes
shown in other parts: the extramuscularly connected muscle
shows less pronounced muscle fiber direction lengthening in
fascicle section I and II (maximally 19.2%, Figure 5B) and more
pronounced muscle fiber direction lengthening in fascicle section
III and IV (maximally 38.0%, Figure 5C). The epimuscularly
connected muscle shows even lesser pronounced muscle fiber
direction lengthening in fascicle section II (maximally 16.1%,
Figure 5B) and even more pronounced muscle fiber direction
lengthening in fascicle section III and IV (maximally 47.7%,
Figure 5D). These effects are ascribed to proximally directed
epimuscular myofascial loads acting on these muscles (Figure 5F
shows those of the lateral face of the epimuscularly connected
muscle). These loads range between 0.83 and 1 on the proximal
nodes with stiffer extramuscular connections, and equal 0.13
for the majority of the remainder less stiff connections. As the
muscles in this case are lengthened, the epimuscular myofascial
loads manipulate the imposed muscle fiber stretch leading to
elevation of lengthening in fascicle sections III and IV. However,
they limit (fascicle section II) and even beat lengthening in the
proximal parts of the muscle causing shortening fascicle section I.

Case III: Active Isometric Muscle, With
Imposed Relative Position Changes
Isolated muscle shows only shortening regions upon isometric
contraction, with an average strain of 10.0% (maximally by
12.2, 11.9, 12.2, and 13.0% in fascicle sections I–IV, respectively)
(Figure 6). In contrast, extra- and epimuscularly connected
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FIGURE 4 | Results presented for Case I: Passive isometric muscle, with imposed relative position changes. (A–D) Fiber direction strains after relative position
change for passive target muscle at 28.7 mm length are plotted per fascicle sections I–IV for each fascicle interface 1–17 in isolated muscle, in extramuscularly
connected muscle, in medial and lateral faces of epimuscularly connected muscle. (E) Color strain contour plots exemplified for epimuscularly connected muscle
model’s lateral face. The muscle parts that support the hypothesis are marked. (F) Myofascial loads due to extramuscular connections are calculated in local fiber
direction, normalized with respect to the largest epimuscular myofascial load values observed in the three cases studied, and are depicted proportionately with
glyphs on the lateral face of the target muscle.
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FIGURE 5 | Results presented for Case II: Passive lengthened muscle. (A–D) Fiber direction strains after relative position change for passive target muscle at
30.7 mm length are plotted per fascicle sections I–IV over fascicle interfaces 1–17 for isolated muscle, muscle with extra-muscular connections alone, and for medial
and lateral faces of muscle with inter- and extra-muscular connections. (E) Color strain contour plots exemplified for epimuscularly connected muscle model’s lateral
face. The muscle parts that support the hypothesis are marked. (F) Myofascial loads due to extramuscular connections are calculated in local fiber direction,
normalized with respect to the largest epimuscular myofascial load values observed in the three cases studied, and are depicted proportionately with glyphs on the
lateral face of the target muscle.
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muscles show a more complex muscle fiber direction strain
pattern including not only shortening, but also lengthening:
(1) for fascicle sections I and II (Figures 6A,B), both muscles
show a more pronounced shortening compared to the isolated
muscle (up to 33.3%). (2) On the other hand, for fascicle
section III (Figure 6C), both muscles show also certain
lengthening in some fascicle interfaces (1–6 and 14–17, up
to 5%). (3) Notably, for fascicle section IV (Figure 6D), the
epimuscularly connected muscle shows lengthening in both
lateral (up to 16.8%) and medial (up to 23.4%, Figure 6E)
faces. These more complex muscle fiber direction strain patterns
are ascribed to proximally directed epimuscular myofascial
loads acting on these muscles. Figure 6F shows those on
the lateral face (ranging between 0.46 and 0.97 for the
proximal nodes with stiffer extramuscular connections and below
0.15 elsewhere) and Figure 6G shows those on the medial
face (ranging between 0.33 and 0.12) of the epimuscularly
connected muscle. As the muscles in this case are activated,
the epimuscular myofascial loads manipulate the contraction-
induced muscle fiber shortening. This leads to elevation of
shortening in fascicle sections I and II as epimuscular myofascial
loads shorten the proximal muscle elements. However, they
limit and even overcome shortening as they stretch the
distal muscle elements. This causes lengthening in fascicle
sections III and IV.

Note that, further analyses (please see Supplementary
Material) studying identical cases as above, but with higher
stiffness inter- and extramuscular connections yield more
emphasized shortening in passively lengthened muscle and more
emphasized lengthening in active isometric muscle, and the
opposite for lower stiffness inter- and extramuscular connections.
Those findings together with those of additional analyses
studying effects of reduced imposed muscle length in Case II
sustain the role of myofascial loads in manipulating local length
changes along muscle fibers.

DISCUSSION

The present modeling results indicate that muscle fiber direction
strains in a truly isolated muscle and those in muscle in its
in vivo context of connective tissue integrity would be very
different. Note that, also for the truly isolated muscle, the
findings show that muscle fibers operating within a whole
muscle will not show a uniform muscle fiber direction strain
distribution. This is because when the muscle’s geometry and
the boundary conditions are taken into account the mechanical
equilibrium dictates length variations. For example, for an
isometric muscle, muscle activation will not be able to cause
shortening in the restrained muscle ends, hence the muscle
fibers located proximally and distally shorten less than the ones
located in the middle parts of the muscle belly. Moreover, if the
muscle geometry is asymmetrical, the mechanical equilibrium
dictates non-uniformity of the muscle fiber direction strains
along the length of the muscle fibers. The presently modeled
EDL muscle is asymmetrical and hence shows such length
change variability. However, a truly isolated muscle fiber studied

outside the muscle belly may show uniform strains along its
length. This is bound to certain assumptions though. The
muscle fiber’s ends need to be fixed perfectly straight, so that
no stress concentration occurs, which may, based on Saint
Venant’s principle in mechanics (Toupin, 1965) alter the length
changes at least within a part of the muscle fiber as long as its
diameter. Also the mechanical properties of the muscle fiber need
to be identical along its entire length. Nevertheless, the truly
isolated muscle models studied presently did show one thing
in common. That is, despite their non-uniformity, the muscle
fiber direction strains were of the same direction, i.e., zero for
Case I, all positive indicating lengthening for Case II, which
involves a lengthened passive muscle and all negative indicating
shortening for Case III, which involves an isometric activated
muscle. In contrast, the extra and epimuscularly connected
muscles showed non-uniform muscle fiber direction strains,
which typically involved also different strain directions as well.
Findings, which may appear unexpected, are shown particularly
in Case II featuring shortened parts in a lengthened muscle
despite being passive and in Case III featuring lengthened
parts in a muscle, which is only activated without length
changes imposed.

In addition to pioneering studies showing heterogeneous
sarcomere lengths in human muscle ex vivo (van Eijden and
Raadsheer, 1992) and in animal muscle in situ (Willems and
Huijing, 1994), evidence on inhomogeneous length distribution
of sarcomeres has accumulated for animal (Moo et al., 2016)
and human (Lichtwark et al., 2018) tibialis anterior muscle
in vivo at multiple sites using second harmonic generation
imaging. Therefore, sarcomere length measurements from a
small region may not be representative of the entire muscle.
A recent study in which tissue loading was imposed by joint
angle changes has shown inhomogeneity of along muscle fiber
strain distributions in human muscle upon passive extension
of the knee (Pamuk et al., 2016): MRI-based deformation
analyses to determine local strains and DTI-based tractography
to determine muscle fiber direction combined, the study showed
that passively imposed proximal lengthening of human medial
gastrocnemius (GM) yields both lengthened and shortened
sections along the same fascicles. Using the same techniques,
studying sustained submaximal isometric plantar flexion effort
showed non-uniform strain distributions along muscle fascicles
to include not only shortening but also lengthening (Karakuzu
et al., 2017). Those effects were explained by EMFT in both
studies: as locally epimuscular myofascial loads can affect the
mechanical equilibrium, shortened muscle fascicle parts in a
muscle stretch scenario and lengthened muscle fascicle parts
in a muscle activation scenario was considered conceivable.
This was supported by an assessment of local first principal
strains within the segmented and visualized neurovascular
tracts. Stretch on those collagen reinforced structures indicated
exposure to epimuscular myofascial loads (Karakuzu et al., 2017).
The locations within the GM where the neurovascular tracts
were entering into the muscle were those that showed elevated
muscle fiber direction length changes exemplifying the role
of intermuscular mechanical interactions. Those strains were
interpreted as sarcomere length changes along the GM fascicles
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FIGURE 6 | Results presented for Case III: Active isometric muscle, with imposed relative position changes (A–D) Fiber direction strains after relative position change
for active target muscle at 28.7 mm length are plotted per fascicle sections I–IV for each fascicle interface 1–17 in isolated muscle, muscle with extra-muscular
connections alone, and medial and lateral faces of muscle with inter- and extra-muscular connections. (E) Color strain contour plots exemplified for epimuscularly
connected muscle model’s lateral face. The muscle parts that support the hypothesis are marked. (F) Myofascial loads due to extramuscular connections are
calculated in local fiber direction, normalized with respect to the largest epimuscular myofascial load values observed in the three cases studied, and are depicted
proportionately with glyphs on the lateral face of the target muscle. (G) Similarly, myofascial loads due to intermuscular connections are calculated and depicted
proportionately with glyphs on the medial face of the target muscle.
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in vivo. However, it must be noted that the resolution in these
studies are in the order of millimeters, which is much coarser
than the length of a sarcomere, and corresponds to sections
of fascicle bundles. Also, the measurements involve strain, not
length. Thus, strain non-uniformity found does not directly
correspond to varying sarcomere lengths. Yet, these techniques
are up-to-date assets: while DTI-based tractography alone is
a powerful tool providing repeatable (Heemskerk et al., 2010)
anatomical information about human muscle fibers in vivo
for both upper (Froeling et al., 2012) and lower extremity
(Sinha et al., 2011), coupling it with sequences providing tissue
deformation or deformation rate such as cine phase contrast in
order to achieve fiber direction information has been limited to
few slices at a time (e.g., Felton et al., 2008). Time and subject’s
effort demands and more importantly dynamic nature of cine
phase contrast-imaging experiments cause that. This technique
yields tissue strains more directly (Asakawa et al., 2003) than
MRI image registration techniques, but the resolution is low
and an assumption is made that the static DTI acquisition
represents the tissue properties at a selected joint angle during
dynamic joint motion.

Techniques combining MRI and DTI analyses allow studying
effects of intermuscular mechanical interactions in human
muscles in vivo but as in other MRI modalities, provide
kinematic information only. Although plantar-flexion force
measured within the MRI scanner fed visually to the subject
during acquisition (Karakuzu et al., 2017) helped standardizing
the subjects’ sustained submaximal activation, the muscle force
remains unknown. Therefore, in MRI analyses, an explanation
of the findings based directly on force equilibrium of the
muscle is not possible. However, finite element modeling
allows addressing mechanical principles of that, and the
present findings show the role of epimuscular myofascial loads
on along muscle fiber strain distributions. It was pointed
out recently (Maas, 2019) that such modeling may be used
to elaborate on the findings of Pamuk et al. (2016). The
present study accomplishes that by three model cases, which
exemplify scenarios that yield uniform direction of strains
if EMFT mechanism is ignored, and strains of opposite
directions and heterogeneous amplitudes occurring along the
same fascicles if it is not.

Note that human muscle studied in MRI analyses and the rat
EDL model studied presently is not equivalent, but structural and
muscle relative position differences exist. Regarding structure:
the unipennate longitudinal EDL slice modeled bares important
simplifications compared to complex geometries and properties
of human muscles. The epimuscularly connected model involves
two identical muscles with separate tendons, which is also
a major structural simplification. Regarding muscle relative
position changes: According to measurements in cadavers,
90◦ knee angle change results in 8% length change in GM
(Huijing et al., 2011), with 30◦ knee extension imposed in
MRI analyses (Pamuk et al., 2016) plausibly corresponding to
3–4% change in muscle length. Although presently modeled
muscle lengthening approximates 7%, in the human study,
the ankle kept at 90◦ also imposes a stretch on the GM
suggesting that a comparable muscle lengthening is conceivable.

However, intermuscular mechanical interactions must differ.
Present epimuscularly connected model limits the mechanical
interaction of the target muscle to that with an adjacent muscle
only. Modeled muscles’ interconnected faces provide direct,
and neurovascular tracts connected at the mechanical ground
provide indirect intermuscular interaction. In human, the target
muscle is a part of the triceps surae with combined bipennate
geometry and distally the muscles insert to the Achilles tendon,
which also allows mechanical interaction (Tian et al., 2012).
Moreover, the intact limb provides mechanical interaction for
the gastrocnemius muscles also with antagonistic muscles. Due
to the preserved ankle position, proximally imposed lengthening
changes of their position relative to the remainder lower leg
muscles. Therefore, more pronounced intermuscular relative
position changes and stretch on interconnecting connective
tissue structures is plausible. Note that location and stiffness
of such connections are conceivably different not only across
muscles and species, but also among individuals. Therefore,
the amplitudes and directions of myofascial loads differ in
both studies. Please see Supplementary Material for model
elaboration on extra- and epimuscular connection stiffness’s
and muscle relative position changes, which confirm the role
of myofascial loads in the mechanism of along muscle fiber
direction strain heterogeneity.

The rat EDL has been studied extensively experimentally
(Ettema and Huijing, 1989; Huijing et al., 1998, 1994; Jaspers
et al., 2002; Huijing and Baan, 2003) and using matching
finite element modeling (Maas et al., 2003; Yucesoy et al.,
2003a, 2005, 2003b). Therefore, a good understanding of its
mechanics and anatomy forms sound basis for present modeling.
Previous work on epimuscularly connected bi-articular rat EDL
generated several new viewpoints suggesting implications of
the present findings. Unequal proximal and distal forces is
one characteristic finding (Huijing and Baan, 2001). The force
difference at each muscle length represents the net of epimuscular
myofascial loads acting on the muscle belly. Modeling their
effects inside the muscle led to an understanding that muscle
length is not the sole determinant of isometric muscle force
production. Instead, muscle relative position is a co-determinant
because it manipulates epimuscular myofascial loads, which
in return affect sarcomere lengths (Maas et al., 2003, 2004;
Yucesoy et al., 2003a, 2006; Bernabei et al., 2015). Muscle fiber–
ECM mechanical interactions are the core of this mechanism,
e.g., limiting sarcomere shortening in botulinum toxin type-A
(BTX-A) treated muscle (Turkoglu et al., 2014), which explains
muscle length-dependent force reductions (Yaraskavitch et al.,
2008) and narrowing of muscle length range of force exertion
(Ateş and Yucesoy, 2014). Elevated ECM stiffness (Yucesoy
and Ateş, 2018) yields more pronounced BTX-A effects in
modeled due course of treatment (Turkoglu and Yucesoy, 2016).
Epimuscular myofascial loads studied presently are important
because they interfere with muscle fiber–ECM mechanical
interactions. This may make muscle’s length–force characteristics
vary in different conditions. It was shown intraoperatively
in patients with cerebral palsy that spastic muscles’ force
amplitude can change significantly by co-activating other muscles
(Kaya et al., 2018, 2019, 2020).
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CONCLUSION

In the present study, we developed finite element models
and studied different cases to explore the principles of the
mechanisms of non-uniform strain distributions along the
muscle fiber direction with a particular emphasis on strains
opposing the imposed effect as shown in previous human studies
in vivo. Assessments of muscle fiber direction strains and forces
exerted on the muscle by the epimuscular connections showed
that such strain heterogeneities are ascribed to epimuscular
myofascial loads determined by muscle relative position changes.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

CY and UP contributed to conception and design of
the study and wrote sections of the manuscript. AC,

UP, and CY contributed to the development of models
and acquisition of the data. AC contributed to data
processing. UP wrote the first draft of the manuscript.
All authors contributed to interpretation of data for the
work, manuscript revision, and read and approved the
submitted version.

FUNDING

This work was supported by The Scientific and Technological
Research Council of Turkey (TÜBİTAK) under grant 118M466
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Ateş, F., and Yucesoy, C. A. (2014). Effects of botulinum toxin type A on non-
injected bi-articular muscle include a narrower length range of force exertion
and increased passive force. Muscle Nerve 49, 866–878. doi: 10.1002/mus.
23993

Bernabei, M., van Dieën, J. H., Baan, G. C., and Maas, H. (2015). Significant
mechanical interactions at physiological lengths and relative positions of rat
plantar flexors. J. Appl. Physiol. Bethesda Md 1985, 427–436. doi: 10.1152/
japplphysiol.00703.2014

Berthier, C., and Blaineau, S. (1997). Supramolecular organization of the
subsarcolemmal cytoskeleton of adult skeletal muscle fibers. A review. Biol. Cell
89, 413–434. doi: 10.1016/S0248-4900(97)89313-6

Danowski, B. A., Imanaka-Yoshida, K., Sanger, J. M., and Sanger, J. W. (1992).
Costameres are sites of force transmission to the substratum in adult rat
cardiomyocytes. J. Cell Biol. 118, 1411–1420. doi: 10.1083/jcb.118.6.1411

Ettema, G. J., and Huijing, P. A. (1989). Properties of the tendinous structures and
series elastic component of EDL muscle-tendon complex of the rat. J. Biomech.
22, 1209–1215. doi: 10.1016/0021-9290(89)90223-6

Felton, S. M., Gaige, T. A., Benner, T., Wang, R., Reese, T. G., Wedeen, V. J.,
et al. (2008). Associating the mesoscale fiber organization of the tongue with
local strain rate during swallowing. J. Biomech. 41, 1782–1789. doi: 10.1016/j.
jbiomech.2008.01.030

Froeling, M., Nederveen, A. J., Heijtel, D. F. R., Lataster, A., Bos, C., Nicolay, K.,
et al. (2012). Diffusion-tensor MRI reveals the complex muscle architecture of
the human forearm. J. Magn. Reson. Imaging 36, 237–248. doi: 10.1002/jmri.
23608

Heemskerk, A. M., Sinha, T. K., Wilson, K. J., Ding, Z., and Damon, B. M. (2010).
Repeatability of DTI-based skeletal muscle fiber tracking. NMR Biomed. 23,
294–303. doi: 10.1002/nbm.1463

Huijing, P. A. (1999). Muscle as a collagen fiber reinforced composite: a review
of force transmission in muscle and whole limb. J. Biomech. 32, 329–345.
doi: 10.1016/s0021-9290(98)00186-9

Huijing, P. A. (2009). Epimuscular myofascial force transmission: a historical
review and implications for new research. International society of biomechanics
muybridge award lecture, Taipei, 2007. J. Biomech. 42, 9–21. doi: 10.1016/j.
jbiomech.2008.09.027

Huijing, P. A., and Baan, G. C. (2001). Extramuscular myofascial force
transmission within the rat anterior tibial compartment: proximo-distal
differences in muscle force. Acta Physiol. Scand. 173, 297–311. doi: 10.1046/j.
1365-201X.2001.00911.x

Huijing, P. A., and Baan, G. C. (2003). Myofascial force transmission: muscle
relative position and length determine agonist and synergist muscle force.
J. Appl. Physiol. BethesdaMd 1985, 1092–1107. doi: 10.1152/japplphysiol.00173.
2002

Huijing, P. A., Baan, G. C., and Rebel, G. T. (1998). Non-myotendinous force
transmission in rat extensor digitorum longus muscle. J. Exp. Biol. 201, 683–
691.

Huijing, P. A., Maas, H., and Baan, G. C. (2003). Compartmental fasciotomy
and isolating a muscle from neighboring muscles interfere with myofascial
force transmission within the rat anterior crural compartment. J. Morphol. 256,
306–321. doi: 10.1002/jmor.10097

Huijing, P. A., Nieberg, S. M., vd Veen, E. A., and Ettema, G. J. (1994). A
comparison of rat extensor digitorum longus and gastrocnemius medialis
muscle architecture and length-force characteristics. Acta Anat. (Basel) 149,
111–120. doi: 10.1159/000147565

Huijing, P. A., Yaman, A., Ozturk, C., and Yucesoy, C. A. (2011). Effects of knee
joint angle on global and local strains within human triceps surae muscle: MRI
analysis indicating in vivo myofascial force transmission between synergistic
muscles. Surg. Radiol. Anat. 33, 869–879. doi: 10.1007/s00276-011-0863-1

Huyghe, J. M., van Campen, D. H., Arts, T., and Heethaar, R. M. (1991). The
constitutive behaviour of passive heart muscle tissue: a quasi- linear viscoelastic
formulation. J. Biomech. 24, 841–849.

Jaspers, R. T., Brunner, R., Baan, G. C., and Huijing, P. A. (2002). Acute effects
of intramuscular aponeurotomy and tenotomy on multitendoned rat EDL:
indications for local adaptation of intramuscular connective tissue. Anat. Rec.
266, 123–135. doi: 10.1002/ar.10045

Karakuzu, A., Pamuk, U., Ozturk, C., Acar, B., and Yucesoy, C. A. (2017). Magnetic
resonance and diffusion tensor imaging analyses indicate heterogeneous strains
along human medial gastrocnemius fascicles caused by submaximal plantar-
flexion activity. J. Biomech. 57, 69–78. doi: 10.1016/j.jbiomech.2017.03.028

Kaya, C. S., Bilgili, F., Akalan, N. E., Temelli, Y., Ateş, F., and Yucesoy, C. A.
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Matrix and Satellite Cell Functions
After Combined Muscle and Thorax
Trauma in C57BL/6J Mice
Adrian Gihring1†, Fabian Gärtner1†, Congxing Liu1, Markus Hoenicka2,
Martin Wabitsch3* , Uwe Knippschild1* and Pengfei Xu1
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Obesity has been described as a major factor of health risk in modern society. Next
to intricately linked comorbidities like coronary artery disease or diabetes, an influence
of obesity on regeneration after muscle injury has been described previously. However,
the influence of obesity on tissue regeneration in a combined trauma, merging the more
systemic influence of a blunt lung trauma and the local blunt muscle trauma, has not
been investigated yet. Therefore, the aim of this study was to investigate the influence
of obesity on regeneration in a mouse model that combined both muscle and thorax
trauma. Using gene expression analysis, a focus was put on the structure as well as
the organization of the extracellular matrix and on functional satellite cell physiology.
An increased amount of debris in the lung of obese mice compared to normal weight
mice up to 192 h after combined trauma based on visual assessment can be reported
which is accompanied by a decreased response of Mmp2 in obese mice. Additionally,
a delayed and elongated response of inhibitor genes like Timp1 has been revealed in
obese mice. This elongated response to the trauma in obese mice can also be seen
in plasma based on increased levels of pro-inflammatory chemo- and cytokines (IL-6,
MCP-1, and IL 23) 192 h post trauma. In addition to changes in the lung, morphological
analysis of the injured extensor iliotibialis anticus of the left hind leg in lean and diet-
induced obese mice revealed deposition of fat in the regenerating muscle in obese
animals hindering the structure of a compact muscle. Additionally, decreased activation
of satellite cells and changes in organization and build-up of the ECM could be detected,
finally leading to a decreased stability of the regenerated muscle in obese mice. Both
factors contribute to an attenuated response to the trauma by obese mice which is
reflected by a statistically significant decrease in muscle force of obese mice compared
to lean mice 192 h post trauma induction.
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GRAPHICAL ABSTRACT | The general workflow of the study is shown starting with the set-up of the trauma resulting with the collection of the tissue. The
collected tissues from the injured or control muscle (1), lung tissue (2), and blood (3) were further investigated using various methods listed in this graphical abstract.

INTRODUCTION

The cases of severe obesity are still rising, and a stagnation is
not likely within the next decades (Smith and Smith, 2016).
Apart from serious negative effects on social acceptance and
psychology, obesity has severe effects on physical health and
is associated with a massive economic burden (Tremmel et al.,
2017). Understanding how obesity influences the development
and outcome of common diseases on a molecular level
is indispensable for an improved and adapted treatment.
Adipose tissue, massively accumulated in obesity, is seen as
an endocrine organ that releases various adipocytokines like
leptin or adiponectin, free-fatty acids, and sex steroids. Since
tissue resident macrophages release pro-inflammatory cytokines
like tumor necrosis factor alpha (TNF-α), Interleukin 6 (IL-6),

Abbreviations: DIO, Diet-induced obesity; ECM, Extracellular matrix; HE,
Hematoxylin and eosin; IL-1β, Interleukin 1β; IL-6, Interleukin 6; Lox, Lysyl
oxidase; MMP, Matrix metalloproteinases; Fmax, Maximal twitch force; MCP-1,
Monocyte chemoattractant protein-1; MCSA, Muscle cross sectional area; MYOD,
Myoblast determination protein 1; MYF5, Myogenic factor 5; MYOG, Myogenin;
Lo, Optimal muscle length; PAX7, Paired-box protein Pax7; SR, Sirius red; TIMPs,
Tissue inhibitors of matrix metalloproteinases; TNF-α, Tumor necrosis factor
alpha.

Interleukin 1β (IL-1β), or monocyte chemoattractant protein-1
(MCP-1) (Kershaw and Flier, 2004), obesity is seen as a state
of chronic inflammation thereby not only influencing the
immune response but also several metabolic processes like energy
homeostasis, glucose and lipid metabolism (Coelho et al., 2013).
Therefore, the issue of obesity has become a field of focus in the
trauma research as well. It has been shown that the treatment
and the life expectancy after polytraumatic injuries is highly
influenced by additional risk factors like obesity (Hoffmann et al.,
2012). However, the influence of obesity on the outcome of
combined trauma injuries has not been sufficiently investigated
(Rau et al., 2017).

It is known that obesity is associated with increased
mortality and morbidity in trauma patients which can most
likely be linked with a higher incidence of multiple organ
failure, altered posttraumatic inflammatory response and
pulmonary complications like pneumonia (Hoffmann et al.,
2012; Andruszkow et al., 2013; Mica et al., 2013; Gray and
Dieudonne, 2018; Spitler et al., 2018), finally resulting in a
significantly increased hospitalization with intensive care unit
treatment (Licht et al., 2015). Although it has been shown
that there exists a negative correlation between obesity and
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the outcome after combined trauma injury, the molecular
mechanisms remain unclear. Besides adverse effects and
complication in the lung, obesity has also been shown to
influence the regeneration of skeletal muscle (Brown and Kuk,
2015; D’Souza et al., 2015; Li et al., 2020; Verpoorten et al., 2020).

Obesity has a negative influence on muscle regeneration
after blunt muscle trauma due to altered fatty acid metabolism
and altered signaling pathways like sonic hedgehog signaling
or insulin signaling (Akhmedov and Berdeaux, 2013; Fu et al.,
2016; Werner et al., 2018; Xu P. et al., 2018). Satellite cells
are key players in muscle regeneration after injury. Satellite
cell population consists of paired-box protein Pax7 (PAX7)
positive and myogenic factor 5 (MYF5) negative satellite
stem cells and committed satellite cells (PAX7+, MYF5+)
(Yin et al., 2013). Committed satellite cells are activated
after injury, proliferate and finally differentiate into myotubes
that mature to newly regenerated myofibers (Flamini et al.,
2018). This process is characterized by the expression of the
myogenic regulatory transcription factor myoblast determination
protein 1 (MYOD) (Yamamoto et al., 2018) and myogenin
(MYOG) (Meadows et al., 2011). Since it has been shown that
obesity has an influence on the lung (pneumonia) and the
skeletal muscle (altered fatty acid metabolism) in a multiple
trauma situation, this study uses a combined trauma model
to simulate a multiple traumatic injury by inducing a thorax
trauma as well as a muscle trauma in the left hind leg.
Herein, the lung trauma is supposed to lead to a more
systemic response, since it has been shown that lung injury
leads to a systemic release of pro-inflammatory cytokines
(Hiraiwa and van Eeden, 2014).

Although tissue specific stem cells play a crucial role in the
regeneration process of their domestic tissue, interconnected
factors are additionally of great importance. The regulation and
organization of ECM is a fundamental part of tissue regeneration
(Kusindarta and Wihadmadyatami, 2018) and is necessary for
the stability of the tissue during and after regeneration. ECM
is the non-cellular component of the tissue and consists of
different components including collagens, fibronectin, elastin,
proteoglycans, and laminin (Frantz et al., 2010; Kular et al.,
2014). Apart from a structural function the ECM is involved in
the regulation of cell proliferation (Koohestani et al., 2013), cell
adhesion (Schlie-Wolter et al., 2013), cell migration (Hartman
et al., 2017), and cell differentiation (Smith et al., 2018;
Novoseletskaya et al., 2019). Dysregulation and imbalance of
the extracellular matrix is associated with cardiac dysfunction
(Kim et al., 2000), destruction of cartilage in osteoarthritis
(Shi et al., 2019), fibrosis formation (Herrera et al., 2018),
and tumor development (Kessenbrock et al., 2010; Wei et al.,
2017). Matrix metalloproteinases (MMPs) are enzymes that
degrade components of the ECM and play a crucial role in
the tissue regeneration process (Bellayr et al., 2009). They
are involved in epithelial regeneration (Mohan et al., 2002),
mediation and regulation of immune response (Fingleton, 2017;
Xu S. et al., 2018) as well as in angiogenesis (Raza and
Cornelius, 2000; Song et al., 2016; Sun et al., 2017) and ECM
remodeling (Rohani and Parks, 2015). Altered ratios of MMPs
and their inhibitors, referred to tissue inhibitors of matrix

metalloproteinases (TIMPs), are often connected to impaired
healing function (Mu et al., 2013).

Although it has been shown before that obesity has a negative
effect on tissue regeneration (Brown and Kuk, 2015; D’Souza
et al., 2015; Li et al., 2020; Verpoorten et al., 2020), the
mechanisms and effects of diet induced obesity especially on
ECM organization, regeneration of the tissue and on functional
assessment of the regeneration has not been investigated yet.
ECM, which contributes heavily on tissue structure and strength,
is often overlooked in studies dealing with tissue regeneration.
Therefore, this study addresses this issue focusing on ECM
organization and regulation on gene, protein, and functional
level after combined blunt lung and muscle trauma as it can
be seen in the Graphical Abstract. The analysis of lung tissue
after trauma revealed a prolonged and attenuated response to
the trauma in obese mice after injury. This was detected in the
gene expression analysis of Timp1 and Mmp2, respectively. This
shifted and elongated response to the trauma is also seen in the
blood. Gene expression analysis of muscle tissue revealed changes
in the ECM organization as well as the regeneration process.
An increased gene expression of ECM structural proteins was
detected in lean animals, which is accompanied by a bimodal
response of Lox and Timp1. This hinds toward a hindered build-
up of ECM in obese mice during the early and late response to
the trauma. Additionally, a decreased activation of satellite cells
as a response to traumatic injury (based on Myog and Myod
expression) was observed, indicating a decreased regenerative
capacity of obese animals. Both findings contribute to a decreased
stability of the muscle in obese animals after trauma, which
finally results in a decreased regeneration of the muscle force
in obese mice 192 h after trauma induction. Furthermore, both
findings, the prolonged response in obese animals as well as the
decreased activation of satellite cells, are supported by the cyto-
and chemokine profile in the blood.

MATERIALS AND METHODS

Animal Model and Breeding
All mouse experiments were approved by the local and state
authorities (Ulm University/license number: 1183) and carried
out in accordance with local regulations and ARRIVE guidelines.
In the context of the application for animal experiments, a
power analysis was conducted, and the sample size was calculated
(nominal power: 0.8, nominal alpha: 0.025). A mouse model
consisting of male, non-genetically modified C57BL/6J mice
linking diet-induced obesity (DIO) and a combined trauma
injury was used for scientific investigation. Parental animals
received either a normal diet (ND, 10% kcal fat; DI12450) or
a high-fat diet (HFD, 60% kcal fat, DI12492) 1 week prior to
breeding to make the litter higher susceptible for DIO and to
influence prenatal development (Tamashiro et al., 2009). Litters
were weaned after 3 weeks and received the parental diet. Rearing
conditions include a 12 h light/dark cycle at 22.5 ± 1◦C with
unlimited access to food and water. To assess the success of
DIO, body weight was determined. For induction of the multiple
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traumatic injury 16 ± 1 week old lean and obese male mice were
randomly grouped into control and trauma.

Induction of Combined Trauma
Control and trauma mice were treated equally before and
after trauma induction with the exception that control mice
did not receive a traumatic injury. Anesthesia was carried
out in an anesthesia tube using a mixture of 2.5 vol%
sevoflurane and 97.5 vol% oxygen. Buprenorphine (0.3 mg/mL)
was injected subcutaneously with ongoing anesthesia using a
rodent anesthesia mask. Left upper leg and chest area of mice
were shaved. To simulate a combined-trauma mouse model a
blunt thorax trauma was induced after a blunt skeletal muscle
trauma. Muscle trauma was induced in the muscle of the left
hind leg extensor iliotibialis anticus using a drop tower apparatus
described previously (Werner et al., 2018; Xu P. et al., 2018).
The leg was fixed between scaffold and wedge. A weight with
a mass of 40 g was dropped from a height of 104 cm leading
to a blunt muscle injury evoked by the penetrating wedge. The
depth of penetration was limited by a spacer (3 mm) to prevent
bone fractures. Subsequent, thorax trauma was induced using a
blast wave generator described previously (Knoferl et al., 2004;
Kalbitz et al., 2017). Sternum was centrally placed under the
cylinder. A high-speed valve which can be triggered manually
was connected to a gas cylinder containing compressed air with
a pressure reducer adjusted to 13 bar. Tissue samples of lung and
muscle were collected from control and trauma mice 1, 6, 24, 72,
and 192 h post trauma.

Morphological Evaluation and Collagen
Quantification
Muscle tissue of the extensor iliotibialis anticus of the left
leg and lung tissue from untreated or injured normal weight
(n = 6) and obese mice (n = 6) were collected at different
time points. Paraffin-embedded, 5 µm thick cross-sections of
skeletal muscle and lung tissue were dried for 24 h at 40◦C with
subsequent deparaffinization in Roti-Histol R© and hydration in
decreasing alcohol series before having been used for staining
with Hematoxylin and eosin (HE) and Sirius red (SR).

HE Staining
Specimens were stained for 3 min in hematoxylin (Gill No.
3, Sigma-Aldrich, Munich, Germany), washed 2 times with
H2O followed by differentiating in acidic alcohol (1% HCl
in ethanol) for 3 s and bluing under running tap water for
10 min. Counterstaining was conducted with eosin (Eosin Y,
Sigma-Aldrich, Munich, Germany) for 10 s. Dehydration was
performed in increasing alcohol series and Roti-Histol R©. Finally,
sections were mounted with Entellan R©. One area per animal
was evaluated based on the region of trauma. Six animals were
used for each group based on the power analysis conducted
for the animal experiment application (license number: 1183).
Pictures were taken with the UC30 color camera at X10 and X40
magnification. All stainings were acquired with an Olympus IX81
and analyzed with the Olympus software cellSens Dimensions
2.3 (Build 18987).

SR Staining
Deparaffinized sections were stained in SR solution (0.1% in
aqueous saturated picric acid) for 1 h, differentiated in 0.5%
acetic acid and counterstained with hematoxylin for 10 min with
subsequent differentiation and bluing as previously described
(Xu P. et al., 2018). Dehydration was performed in increasing
alcohol series and Roti-Histol R©. Sections were covered with
Entellan R©. One area per animal was evaluated based on the region
of trauma. Six animals were used for each group based on the
power analysis conducted for the animal experiment application
(license number: 1183). Pictures were taken with the UC30 color
camera at X10 and X40 magnification. All stainings were acquired
with an Olympus IX81 and analyzed with the Olympus software
cellSens Dimensions 2.3 (Build 18987).

Collagen Quantification
SR stained tissue section were analyzed using the fluorescence
based method described by Vogel et al. (2015) based on the
analysis of the collagen content within picrosirius red stained
tissue with fluorescence microscopy. This was adapted and the
collagen content was calculated and normalized to the total area
of tissue, which was calculated by the addition of collagen and live
cell content. One area per animal was evaluated based on staining
of lung and muscle tissue of lean and obese male mice. A Z-stack
containing 21 pictures scanning vertically through the tissue
was recorded from control mice as well as 192 h after trauma
(n = 5). These 21 fields were used to calculate the mean indicating
percent positive collagen area. All stainings were acquired with an
Olympus IX81 and analyzed with the Olympus software cellSens
Dimensions 2.3 (Build 18987).

Gene Expression Analysis
Liquid N2 frozen parts of skeletal muscle of the left leg and
lung tissue were crushed, dissolved in 600 µL homogenizer
buffer and homogenized using a tissue homogenizer. Subsequent
RNA isolation was performed with the RNeasy R© Mini Kit
(Qiagen R©) according to manufacturer specifications (RNeasy
Mini Handbook, Protocol: Purification of total RNA from tissue,
06/2012). RNA was eluted in the final step with 30 µL nuclease-
free water. Generation of cDNA via reverse transcription was
performed with the AffinityScript Multiple Temperature cDNA
Synthesis Kit (Agilent Technologies) according to manufacturer
specifications. A total amount of 1000 ng purified RNA was used
for each reaction.

In SYBRTM Green-based qPCR analysis, Tbp (QT00198443,
Qiagen) as well as Rplp (QT00249375, Qiagen) were used
as reference genes (Gong et al., 2016). Target genes were
Mmp2 (QT00116116, Qiagen), Mmp9 (QT00108815, Qiagen),
Timp1 (QT00996282, Qiagen), Lox (QT00098028, Qiagen), Fn1
(QT00135758, Qiagen), Col1a (QT00162204, Qiagen), Col3a
(QT01055516, Qiagen) and Acta2 (QT00140119, Qiagen). In
muscle, additional genes including Myod (QT00101983, Qiagen),
Myog (QT00112378, Qiagen), Myf5 (QT00199507, Qiagen) were
investigated. Gene expression profiles were determined in injured
lung or muscle of lean and obese control animals as well as 1,
6, 24, 72, and 192 h post-trauma via qPCR (n = 5). Tbp and
Rplp were used as housekeeping genes. Gene expression profiles
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of genes are shown as fold change ± SEM. The 11CT method
was used for the depiction of the results. The final graph uses the
depiction of the fold change and control mice were excluded from
the graph, however, the control level is indicated by a dotted line.
Data was analyzed using the log of the fold change and a two-way
ANOVA followed by an uncorrected Fisher LSD test (n = 5). The
log was used for statistical analysis to avoid skewness of the data.

IHC Staining of Ki67
Paraffin-embedded, 5 µm thick cross-sections of skeletal muscle
and lung tissue were dried for 24 h at 40◦C with subsequent
deparaffinization in Roti-Histol R© and hydration in decreasing
alcohol series before having been used for Ki67 staining. The
samples were boiled for 15 min at 450 W in a microwave using
citrate demasking solution (14746, CST). After a cooling period
and several washes with water as well as PBS the samples were
stained overnight at 4◦C with the Ki67 rabbit mAb (12202,
CST) at a dilution of 1:250. The sections were washed, and the
secondary staining was performed with one drop Histofin Simple
Stain Max Po Anti-Rabbit (414142F, medac diagnostika). Sections
were incubated for 20 min. The samples were washed and a
counterstaining with hemalaun (109249, Sigma-Aldrich) was
performed. Finally, sections were mounted with Entellan R©. Two
areas per animal were evaluated based on trauma region. Four
animals were evaluated from each group and a picture was taken
with the UC30 color camera at X10 and X40 magnification. All
stainings were acquired with an Olympus IX81 and analyzed with
the Olympus software cellSens Dimensions 2.3 (Build 18987).
Percentage was calculated as Ki67 positive cells normalized to the
total amount of cells in the field.

Determination of ex vivo Muscle Force
Ex vivo measurement of muscle force was conducted with male
mice using a modified method described by Hakim et al. (2011).
Measurement was conducted with control mice as well as 24 and
192 h post trauma. Left extensor iliotibialis anticus was isolated
and two loops were attached at the distal and the proximal
tendon using surgical suture. The muscle was mounted vertically
between two iron hooks. The lower hook was rigid. The upper
one was connected to a force transducer and allowed to adjust the
muscle tension via a micrometer screw. Force data were recorded
on a computer. The construction was submerged in Ringer’s
solution (118 mmol/L NaCl, 3.4 mmol/L KCl, 0.8 mmol/L
MgSO4, 1.2 mmol/L KH2PO4, 11.1 mmol/L dextrose, 25 mmol/L
NaHCO3, 2.5 mmol/L CaCl2, pH 7.4) constantly bubbled with
a mixture of 95% O2 and 5% CO2. Muscle tension was set to
10 mN and equilibration was conducted for 10 min. Muscle
was extracted from Ringer’s solution and muscle length was
changed to generate a tension of 5 mN. Stimulation of muscle
was conducted with external cardiac pacemaker at 60 Hz for 5 s
with constant recording of generated muscle force. Stimulation
of muscle was repeated with varying lengths generating tensions
of 8, 10, 12, 15, 18, and 20 mN. The maximal twitch force (Fmax)
was determined as the biggest difference between the maximum
and the baseline of the recorded peaks. The length generating the
maximal twitch force was referred to as optimal muscle length
(Lo) and was determined with a caliper. Muscle was removed

from hooks, loops were removed and weight and dimensions
of muscle were determined with a digital caliper. The data
was normalized using the muscle cross sectional area (MCSA).
MCSA was calculated with the following equation, adapted from
Hakim et al. (2013):

MCSA[cm2
] =

muscle mass
ρmuscle ∗ Lo

ρmuscle = 1.06
g

cm3

Gelatin Zymography
Fifty microgram of tissue was used for the preparation of protein
extract and dissolved in 0.5 Fml ice-cold NP-40 lysis buffer
(50 mM Tris-HCl, 120 mM NaCl, 1% NP-40, 10% Glycerol). The
liquid N2 frozen parts of skeletal muscle tissue were homogenized
in lysis buffer over ice for 30 min after tissue crushing with a
pestle. This homogenate was centrifuged in a microcentrifuge at
16,000 × g for 20 min at 4◦C. The supernatant was collected,
and the protein concentration was measured with a Pierce
BCA Protein Assay Kit (23225, Thermo Fisher Scientific). Ten
microgram of protein was used for electrophoresis. Samples
resolved in non-reducing sample buffer were loaded on a 10%
acrylamide gel containing 5 mg/mL gelatin. After electrophoresis,
the gel was placed in renaturing buffer (2.5% Triton X-100,
50 mM Tris-HCl pH 7.5, 5 mM CaCl2, 1 µM ZnCl2) for 30 min
at RT. Subsequently, the gel was developed using developing
buffer (1% Triton X-100, 50 mM Tris-HCl pH 7.5, 5 mM CaCl2,
1 µM ZnCl2) for 30 min at RT followed by a 16–18 h incubation
with fresh developing buffer at 37◦C. The gels were stained
with Coomassie Blue staining solution, acquired with a Vilber
Fusion FX and evaluated with Image J. The muscle samples of
five lean and obese male mice, including control mice as well
as mice after 1, 6, 24, 72, and 192 h of trauma induction, were
measured in triplicates.

LEGENDplex
BioLegend’s bead-based immunoassay LEGENDplex was
performed to determine the level of several cyto- and chemokines
in plasma. Plasma was obtained by centrifugation of 0.5 mL
blood collected into an EDTA coated tube at 800 × g for 5 min
at 4◦C. A custom version of the mouse inflammation panel
(740446, BioLegend) was used with a V-bottom plate. The
used analytes were IL-6 (Bead B4), MCP-1 (Bead A8), TNF-α
(Bead A7), and IL-23 (Bead A4). The staining and acquisition
was carried out according to the manufacturer specifications
(LEGENDplexTM, Mouse Inflammation Panel with V-bottom
Plate, 05/2020). The analysis was performed with the LegendPlex
analysis software v8.0.

Statistical Analysis
Graphpad Prism 7.04 was used for statistical evaluation of the
graphs. The used tests for each analysis are depicted below the
graph. In general, a two-way ANOVA followed by an uncorrected
Fisher’s LSD test (α = 0.05) was used if several time or diet-
dependent comparisons were performed. If only specific time
points were compared as it is the case for the delta change of
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the muscle force a one-tailed, unpaired t-test was performed
(α = 0.05). Data is depicted as Mean± SEM. Since the data of the
gelatin zymography was non-parametric, an unpaired, one-tailed
Mann-Whitney test (α = 0.05) was used. The following indicators
were used for all statistical tests: ∗ indicates p < 0.05, ∗∗ indicates
p < 0.01, ∗∗∗ indicates p < 0.001, ∗∗∗∗ indicates p < 0.0001.

RESULTS

In order to investigate the influence of obesity on tissue
regeneration of muscle of the left hind limb extensor iliotibialis
anticus as well as the lung, an established combined trauma
model inducing blunt injuries in 16 ± 1 week old male, lean
and obese C57BL/6J mice was used (Knoferl et al., 2004) to
characterize morphological changes at various time points post
trauma induction (Xu P. et al., 2018) and to evaluate gene
expression of genes either involved in ECM organization or
satellite cell function.

Damage and regeneration process in the lung based
on morphological evaluation and collagen quantification is
unaffected by diet. Time- and diet-dependent regeneration
process of lung tissue was visualized with HE and SR staining
(Figure 1) to assess the effect of injury, morphological changes
and collagen deposition during the regeneration process.

Morphology of lung tissue of control animals is similar
in lean and obese individuals based on visual evaluation
(Figure 1A). Alveolar structure, limited by alveolar epithelial
cells, was clearly visible in control animals. The induction of
trauma led to a comparable reaction in lean and obese mice
including pulmonary contusion, which describes the disruption
of alveolar region and blood vessels. As a result, increased influx
of erythrocytes (strong pink color) was visible 1, 6, and 24 h
post trauma. At later time points an infiltration of immune
cells (blue color) responsible for removing tissue debris was
detectable 6 and 24 h post trauma respectively in lean and
obese mice. In lean mice tissue debris was removed from
alveoli, and rebuilding of alveolar compartment was proceeded
72 and 192 h post trauma. Nevertheless, erythrocytes were
still visible 192 h post trauma, probably indicating that the
regeneration process has not been completed, yet. In contrast,
tissue debris in the alveoli was still visible in obese mice 192 h
post trauma. Apart from that, structure of alveolar compartment
had still not been regenerated. Moreover, erythrocytes were still
visible in a huge area 192 h post trauma indicating that the
regeneration process is far from being completed. This might
indicate an impairment of the clearance of tissue debris in
obese animals, which will be further assessed by conducting gene
expression analysis.

Assessment of collagen deposition during regeneration
process was achieved by an implementation of SR staining (see
Figure 1B). Diet-dependent differences in collagen deposition
were not detectable in control animals. Also, during the first 72 h
of regeneration process, differences in collagen deposition were
not visible. However, 192 h post trauma obese animals showed
increased areas that are filled with interstitial ECM compared to
lean animals. A densitometric analysis based on the fluorescence

potency of picrosirius red was used to quantify the amount
of collagen (Figure 2). Even though an increase of collagen
deposition was detectable in lean and obese mice as a response to
trauma (Figure 2A), no difference was detectable in the changes
after 192 h between lean and obese animals (Figure 2B).

Based on the morphological assessment via HE and SR
staining, the regeneration process seems not to be completed
192 h post trauma in lean and obese mice. Nevertheless,
regeneration of the lung might be delayed in obese animals due to
an increased deposition of ECM 192 h post trauma. Quantitative
gene expression analysis was conducted to further characterize
ongoing regeneration processes with a focus on ECM regulation
and its structure.

Diet-Dependent Expression Differences
of Genes Encoding for ECM Structure
and ECM Organizing Proteins in the
Lung After Trauma
A quantitative gene expression analysis was conducted to further
investigate the increased interstitial ECM deposition in the lung
of obese mice 192 h post trauma (Figure 3). Gene expression
analysis of the three ECM structure genes Col1a, Col3a, and
Fn1 revealed that only Col1a seemed to be influenced by
obesity during its response to the trauma (Figure 3A). Col1a is
differentially expressed and statistically significantly decreased in
obese mice 6 and 192 h after trauma. Furthermore, Acta2 did not
show any differences between lean and obese animals, although a
constant increase can be detected in lean animals from 6 to 192 h,
which was not visible in obese animals.

Genes being involved in organization of the ECM including
Lysyl oxidase (Lox), Mmp2, Mmp9, and Timp1 were determined
via qPCR in lean and in obese control animals as well as 1,
6, 24, 72, and 192 h post trauma (see Figure 3B). Regarding
the gene expression profile of Lox, a bimodal response can be
observed with an early response peaking at 6 h post trauma
and a late response peaking at 192 h post trauma. The late
response is most likely not completed yet, but 192 h was
the last observation point of this study. The gene profile was
significantly decreased in obese mice compared to lean animals
during the early response as well as the late response. This
could hint toward a decreased stability of the newly regenerated
tissue, since the crosslinking of the generated ECM is not
as efficient in obese mice compared to the lean mice. In
contrast to the bimodal response of Lox, Timp1 is an early
responding gene and its upregulation is peaking 6 h after
the induction of the trauma in obese and lean animals. The
initial response seems to be non-significantly decreased in obese
animals, however this response is elongated. In contrast to lean
mice, where the expression of this gene is back to baseline
after 24 h, obese mice keep an upregulated level throughout
the observation time. This leads to a significantly increased
gene level of Timp1 even 192 h post trauma in obese mice
compared to lean mice. Timp1 is the inhibitor of various
MMPs. Therefore, the gene level of Mmp9 as well as Mmp2 was
investigated as well. Mmp9 shows a strong early upregulation
1 h after the induction of the trauma. However, obese and
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FIGURE 1 | Morphological evaluation of lung shows restricted clearance of tissue debris in obese mice 192 h after trauma induction. Histology of regeneration
process in lung of male lean and obese C57BL/6J mice after induction of blunt thorax trauma (n = 6). (A) Hematoxylin and eosin (HE) staining of lung tissue sections
from control animals as well as 1, 6, 24, 72, and 192 h post trauma. Blunt injury led to alveolar (arrow) influx of erythrocytes (asterisk) 1 h post trauma. Further,
alveolar contusion (triangle) and influx of immune cells was visible. (B) Sirius red (SR) staining of lung tissue sections from control animals as well as 1, 6, 24, 72, and
192 h post trauma. Interstitial collagen deposition (arrow) was visible 192 h post injury, elevated in obese animals. Pictures were taken with the UC30 color camera at
X10 and X40 magnification (OLYMPUS IX81). Scale bar: 200 µm (X10), 50 µm (X40).

lean animals manage to return to baseline quickly after the
initial response. Mmp2 in contrast did not show any response
to the trauma in obese animals. This led to a decreased gene

expression in obese animals compared to lean mice during all
time points. This was shown to be significant 6 h as well as
192 h after trauma.
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FIGURE 2 | Collagen deposition in the lung as a response to trauma is independent of diet after 192 h. Determination of collagen content in the lung using picrosirius
red staining based on auto-fluorescence properties of the dye. The percent of the positive areas for collagen in control mice as well as 192 h post trauma (n = 5) (A)
is depicted next to a graph depicting the differences of the post trauma mice to the respective control mice (B). The data is presented as mean ± SEM. Statistical
significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). **p < 0.01.

Damage and Regeneration Process
Based on Morphological Evaluation and
Collagen Quantification Is Unaffected by
Diet in the Muscle
In addition to lung injury, the combined trauma model also
included a muscle injury induced in the muscle extensor
iliotibialis anticus of the left hind limb.

Comparable to the analysis of lung tissue, the timeline of the
regeneration process of muscle tissue was visualized with HE and
SR staining (see Figure 4). HE staining (see Figure 4A) gave a first
impression about the diet-dependent muscle structure, the extent
of infringement and the progression of the regeneration process.
SR staining (see Figure 4B) was appraised regarding collagen
deposition occurring during regeneration process.

Lean control mice showed clearly separated muscle fascicles
and muscle fibers with marginal nuclei. In contrast to this,
the functional, consistent muscle structure of obese mice was
interrupted by fat depositions. In lean and obese mice induction
of trauma led to disruption of muscle fibers and influx of
erythrocytes 1–24 h post trauma. Six to twenty four hours
post trauma, immune cells infiltrated the damaged tissue.
Immune cells remove tissue debris and phagocytized necrotic
muscle fibers. Seventy two hours post injury, a high number
of cells filling in damage-related spaces was detectable. Most of
these immune cells showed a distinct round shape, whereas a
minority showed spindle-shaped appearance. The presence of
these cells filling the interstitial space led to a compaction of
the damaged tissue. 192 h post injury interstitial cells were still
visible, whereas the spindle-shaped phenotype was predominant
(see Figure 4A).

According to visual assessment, the density of the regenerated
muscle fibers is higher in lean animals compared to obese
animals. Lower density of the regenerated muscle fibers in obese
animals may be caused due to the observed fat depositions

and increased interstitial spaces in obese animals. Muscle fibers
showed a round shape with nuclei that moved to the center
indicating that fibers undergo a stage of regeneration. Although
muscle fibers were detected to undergo a stage of regeneration
192 h post trauma, total recovery comparable to structure of
control animals was not achieved in both groups (see Figure 4A).

According to the evaluation of SR staining (see Figure 4B)
collagen deposition was comparable in lean and obese mice
during the regeneration process. Small amounts of collagen were
detectable in occurring spaces caused by degraded muscle fibers
starting at 72 h post trauma. 192 h post trauma, the regenerating
area showed massive interstitial collagen deposition in both, lean
and obese mice. However, it becomes apparent that the muscle of
lean mice is more compact based on the visual evaluation of the
density of the regenerated muscle. The data presented in Figure 5
shows the quantification of collagen in the muscle of control
animals as well as 192 h after trauma. An increase of collagen
deposition due to the trauma can be observed in lean as well as
obese animals. However, no difference in the amount of deposited
collagen is detectable between the two diets. This indicates that
the compaction of the muscle in lean mice is not based on the
influence of collagen.

Visual evaluation of muscle regeneration process in lean and
obese mice showed massive fat deposition in muscle of obese
mice, which might also impede the compaction of the muscle in
later stage of regeneration.

Decreased Level of ECM-Structure
Genes in the Muscle of Obese Mice in
Later Stages of the Regeneration
Process
Quantitative gene expression analysis was conducted to further
characterize the ongoing regeneration processes with a focus
on ECM structure (Figure 6). Acta2 was analyzed as a marker
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FIGURE 3 | Altered response in obese mice to the trauma based on gene expression profiles of (A) ECM structure genes Col1a, Col3a, and Fn1 as well as Acta2
and (B) ECM organizing genes namely Mmp2, Mmp9, Timp1, and Lox in the lung. Statistical significance was determined using two-way ANOVA followed by an
uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Indicators of significance directly above the bars of the diagram
indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.
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FIGURE 4 | Restricted regeneration of the muscle extensor iliotibialis anticus and decreased density of the regenerated tissue in obese mice 192 h post trauma
induction. Histology of regeneration process in muscle extensor iliotibialis anticus of male lean and obese C57BL/6J mice after induction of blunt injury (n = 6).
(A) Hematoxylin and eosin (HE) staining of muscle tissue sections from control mice as well as 1, 6, 24, 72, and 192 h post trauma. Obese mice show fat deposition
(arrow) between muscle fibers. Blunt injury led to disruption of muscle fibers and influx of erythrocytes and immune cells. Further, necrotic muscle fibers were visible
(asterisk). 192 h post trauma newly formed myofibers with centered nuclei could be identified (triangle). (B) Sirius red (SR) staining of muscle tissue sections from
control mice as well as 1, 6, 24, 72, and 192 h post trauma. Interstitial collagen deposition (triangle) was visible 192 h post injury in lean and obese mice. Pictures
were taken with the UC30 color camera at X10 and X40 magnification (OLYMPUS IX81). Scale bar: 200 µm (X10), 50 µm (X40).

for the formation of myofibroblasts (Nagamoto et al., 2000).
The gene analysis showed a diet-independent upregulation
72 and 192 h post trauma. However, no difference between

the two diets can be detected, indicating a comparable level
of myofibroblast formation as a response to the trauma in
lean and obese mice.
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Col1a, Col3a, and Fn1 were analyzed to access the level of
genes that encode proteins building up the ECM. All three
genes show a statistically significant increase in lean mice 72 h
as well as 192 h post trauma. A trend of increasing levels of
those genes in the last two time points can also be seen in
obese animals, but without statistical significance. The lower
magnitude of response in obese animals to the trauma results in a
statistical increased level of Col3a after 192 h post trauma in lean
animals compared to obese animals. These results contrast with
the observation of comparable collagen deposition between the
two diets. This hints toward an additional regulatory step of ECM
organization that is differentially regulated in obese and lean mice
to explain the higher gene level of collagens and fibronectin.
In combination with the gene analysis of Acta2 this indicates
that although formation of the myofibroblasts is comparable
between lean and obese mice the activity of myofibroblasts
must be different. Myofibroblasts are differentiated cells, that
are responsible for the production of collagens while having the
ability to contract (Lowe and Anderson, 2015). Therefore, same
formation of these cells accompanied by a decreased production
of collagen hints toward a decreased activation of these cells.
However, this also hints toward another level of ECM regulation
since the endpoint determination of collagen deposition showed
no difference between the two diets. Therefore, genes that give
insight into the ECM organization were characterized.

Decreased Expression of ECM
Organizing Factors in the Muscle of
Obese Mice
Gene expression of Lox, Timp1, Mmp2, and Mmp9 was
determined to investigate the ongoing mechanisms regarding
ECM organization after combined traumatic injury (Figure 7).
Assessment of gene expression profile of Lox indicated a
significant upregulation in lean mice during all time points post

injury. The trend followed an early response peaking 6 h after
trauma and a late response peaking 72 h after trauma. This
bimodal response curve was also detectable in obese mice, but
in a much lower magnitude, which led to a statistically significant
decrease of the early response (6 h) and late response (192 h) in
obese mice. The decreased level of Lox, encoding for an enzyme
responsible for crosslinking collagen and elastin (Kothapalli and
Ramamurthi, 2009), might hint toward a decreased build-up
of ECM as a response to the trauma. This would result in an
instable matrix and decreased stability resulting in an impaired
regeneration and decreased muscle force. Besides crosslinking
proteins like LOX, degrading enzymes like MMPs and their
inhibitors TIMPs are also important for ECM organization. Gene
expression of Timp1 significantly increased in lean mice starting
at 6 h post trauma throughout the observed regeneration process.
This gene also follows a bimodal expression profile peaking at 6
and 72 h. This bimodal expression profile cannot be observed in
obese animals leading to statistically significant downregulated
levels in these mice at 6 and 72 h post trauma. Nevertheless,
obese mice also show a statistically increased level of Timp1
throughout the regeneration process after 6 h. However, they
are showing a unimodal profile peaking at 24 h post trauma.
Increased levels of Timp1, encoding for an enzyme inhibiting
the activity of various MMPs, hint toward a decreased MMP
activity, resulting in an increased build-up of the ECM. Regarding
the gene expression of Mmp2, an increase was detectable as
response to the trauma in lean and obese mice after 192 h.
However, this difference was only significant in lean mice.
Expression of Mmp2 starts to continuously increase in mice
between 24 and 192 h post trauma, resulting in a late response
to the trauma. Assessment of gene expression of Mmp9 showed
significant upregulation in lean mice 6 and 24 h post trauma.
In obese mice, the magnitude of the expression profile of Mmp9
follows lean mice, but always in a weaker and non-significant
manner. This gives Mmp9 the role of an early responsive gene

FIGURE 5 | Collagen deposition in the muscle as a response to trauma is independent of diet 192 h post trauma induction. Determination of collagen content in the
muscle using picrosirius red staining based on auto-fluorescence properties of the dye. The percent of the positive areas for collagen in control mice as well as 192 h
post trauma (n = 5) (A) is depicted next to a graph depicting the differences of the post trauma mice to the respective control mice (B). The data is presented as
mean ± SEM. Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01.
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FIGURE 6 | Altered level of ECM structure genes in obese mice. Gene expression profile of ECM structure genes Col1a, Col3a, and Fn1 as well as Acta2 were
determined in injured muscle of lean and obese trauma and control animals. Statistical significance was determined using two-way ANOVA followed by an
uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Indicators of significance directly above the bars of the diagram
indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.

to the trauma. Gelatin zymography was performed to investigate
the activity of MMP9 and MMP2 in obese and lean animals
and translate the gene research to the protein level showing
that no significant differences in the activity of MMP9 and
MMP2 are detectable in lean and obese mice at the indicated
time points after combined trauma induction (Supplementary
Figure S1). However, the activity of MMP9 and MMP2 followed
the gene profile, with MMP9 being upregulated to control
in the earlier time points after trauma, while MMP2 being
responsive to the trauma at later time points. 192 h after
trauma this leads to a decreased activity of MMP2 in obese
mice compared to lean mice, although this difference is not
statistically significant.

Analysis of gene expression profiles of various genes involved
in ECM-organization showed a bimodal response of Lox and
Timp1 peaking at 6 and 72 h, while being significantly decreased
in obese mice compared to lean mice. Additionally, a decreased
expression level of Mmp9 and Mmp2 could be detected in obese
mice, which translates to the protein level with a decreased level
of MMP2 activity after 192 h. The changed expression profile
in obese mice hint toward a weakened crosslinking of the ECM,

which could result in a decreased stability and recovered muscle
force in those animals.

Decreased Activation of Satellite Cells
During Regeneration in the Muscle in
Obese Animals
Gene expression analysis was focused on satellite cells to further
investigate differences in regeneration after blunt combined
trauma in the muscle of obese and lean mice. Expression levels
of satellite cell markers Myf5, Myod, and Myog were determined
in lean and obese control mice and 1, 6, 24, 72, and 192 h post
trauma respectively (see Figure 8). Gene expression profiling
of Myf5 showed a late response to the trauma with increased
expression values after 72 and 192 h in lean mice. The fold change
in obese mice follows this trend but stays non-significantly below
the lean mice. Although there was no significant difference
between the diets detectable in expression profile of Myf5,
changes in the fold changes of the satellite cell markers Myod and
Myog indicated diet-dependent differences in response to injury.
Gene expression of Myod was significantly upregulated in lean
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FIGURE 7 | Decreased early and late response of gene level of ECM organizing genes in obese mice. Gene expression profile of ECM organizing genes Mmp2,
Mmp9, Timp1, and Lox were determined in injured muscle of lean and obese control and trauma animals. Statistical significance was determined using two-way
ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Indicators of significance directly above the bars
of the diagram indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.

and obese mice 6 h post trauma. However, the response in obese
mice was statistically significantly decreased compared to lean
mice. This trend of reduced activation of satellite cells in the obese
muscle is continued with the expression profile of Myog, a marker
for committed satellite cells. Lean and obese mice upregulate this
gene significantly after 72 h as a response to trauma. Nevertheless,
this response is decreased in obese mice leading to a statistically
significant decrease after 192 h in comparison to the lean mice.
This indicates a decreased activation as well as commitment
based on the gene profile and hints toward a limited trauma
response and could further explain the observed differences in
regeneration of the muscle in obese and lean mice after blunt
muscle trauma. This decreased activation and limited response
is also noticeable among the percentage of dividing cells in the
muscle. A Ki67 staining was performed to evaluate the percentage
of dividing cells in the trauma region. The percentage of dividing
cells is increased in both lean and obese mice as a response
to trauma, however, this response is statistically significantly
lower in obese mice (Figure 9). The according pictures of the
Ki67 staining can be found in Supplementary Figure S2. The
decreased percentage of dividing cells in obese mice coincides
with the finding of deregulated activation and commitment

based on genes of satellite cells and strengthens the theory of
decreased stability and recovery of the muscle strength after
injury in those mice.

Decreased Level of Regained Muscle
Force in Obese Animals After Blunt
Muscle Trauma
The decreased activation and differentiation of the satellite cells
in obese mice after trauma as well as the analysis of several
genes involved in the organization and the build-up of ECM
hints toward a decreased stability of the muscle after injury,
which would result in a decreased recovery of muscle strength.
This theory of restricted regenerative capacity was approached
with the determination of the muscle force in lean and obese
control mice 24 h as well as 192 h post trauma (see Figure 10).
Time-dependent development of muscle force normalized to
MCSA (see Figure 10A) showed a significant, diet-independent
decrease after 24 h as a result to blunt-injury. However, the
recovery of this muscle force after trauma is different between
lean and obese mice. 192 h post trauma muscle force started to
increase in lean mice, whereas in obese mice an increase was
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FIGURE 8 | Decreased level of satellite cell activation in obese mice based on gene expression profile of satellite cell genes MyoD, MyoG, and Myf5. These levels
were determined in injured muscle of lean and obese control and trauma animals. Statistical significance was determined using two-way ANOVA followed by an
uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Indicators of significance directly above the bars of the diagram
indicate a statistical difference to the control, while starts above the connector line show differences between the two diets at that specific time point.

not detectable. Muscle force determined 192 h post trauma was
separately compared between lean and obese mice normalized to
the muscle force of the respective control mice (see Figure 10B)
to specify this difference showing that the recovery of muscle
strength is statistically significantly decreased in obese mice
compared to lean mice.

Increased Level of Inflammatory Cyto-
and Chemokines in Obese Animal After
192 h in the Plasma
The level of several pro-inflammatory chemo- and cytokines
were measured in the plasma of lean and obese animals to
support the findings of an elongated and changed response to
trauma in obese mice as it was suggested by the gene expression
profile of several genes investigated in this study. The results
were normalized to the respective control group (Figure 11).
Obese mice did not resolve the inflammation that occurs as a
response to the trauma 192 h after trauma. Several factors are
still upregulated in obese animals compared to lean mice at that
time point, indicating that the inflammation is still ongoing. This
can influence the regeneration process of both lung and muscle
since the inflammatory milieu can affect the switch of M1 to
M2 macrophages. This switch is especially important since M2
macrophages are main drivers in the degradation of collagen to

prevent a possible fibrosis (Madsen et al., 2013). Additionally,
M1 macrophages directly hinder the activation of satellite cells
(Perandini et al., 2018). Therefore, a prolonged inflammatory
milieu could explain the reduced commitment level of satellite
cells in early stages based on Myod and the decreased activation
at later stages based on Myog in obese mice.

DISCUSSION

Obesity is associated with an abnormal accumulation of fat in
adipose tissue, negatively influencing its function (Longo et al.,
2019). This dysfunction is characterized by an altered secretion
of adipocytokines (Leal Vde and Mafra, 2013) and inflammatory
cytokines (Monteiro and Azevedo, 2010) as well as a restricted
lipid metabolism (Sam and Mazzone, 2014), influencing whole
body metabolism. In this study the effects of DIO on regeneration
of lung and muscle after induction of blunt combined traumatic
injury were investigated.

Visual assessment of lung regeneration via HE and SR staining
showed delayed regeneration process with higher build-up of
interstitial ECM in lung of obese mice 192 h post trauma
(Figure 1). However, the level of collagen, which is one of
the most abundant components of lung ECM (Balestrini and
Niklason, 2015), is not changed in between lean and obese
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FIGURE 9 | Decreased proliferationin the tissue after trauma induction based
on IHC staining of KI67 in obese animals. Ki67 stainings were evaluated for
the percentage of proliferating cells in the trauma muscle in lean and obese
control mice as well as 6, 72, and 192 h post trauma. The data is presented
as mean ± SEM (n = 4). Statistical significance was determined using
two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05).
*p < 0.05. Indicators of significance directly above the bars of the diagram
indicate a statistical difference to the control, while starts above the connector
line show differences between the two diets at that specific time point.

mice (Figure 2). In contrast, the expression levels of proteins
involved in the structure as well as the organization of ECM
were indicating obesity-associated changes (Figures 3, 4). Both,
genes encoding for the structure as well as the organization
of the ECM, were deregulated hinting toward a decreased
stability of the regenerating tissue. Noticeable in this context
was the bimodal response of Lox, a gene encoding for an ECM

crosslinking enzyme. This gene was statistically significantly
decreased in obese mice during the early and late response to the
trauma. Timp1 showed an early upregulation 6 h after trauma
induction in both diets. However, the fold change returned to
baseline already after 24 h post trauma in lean mice, while
obese mice had a significantly increased level throughout the
observation time, indicating an elongated response in these mice.
The effect of an elongated response can also be seen when
analyzing inflammatory factors in the blood. 192 h after the
induction of the trauma, elevated levels of pro-inflammatory
cyto- and chemokines like IL23, IL6, and MCP-1 are still
observable in obese mice indicating ongoing inflammation. Since
the inflammation needs to be resolved to start the regeneration
process this might be responsible for the increased Timp1
expression. Additionally, increased levels of TIMP1 during
inflammation have been reported before (Ulrich et al., 2010).
Regarding the evaluation of MMP encoding genes Mmp2 and
Mmp9 were analyzed. Mmp9 is an early responding gene and is
upregulated in obese and lean mice 1 h after trauma. However, a
small, but significant increase 192 h after trauma can be detected
in obese mice. This increase is significant in comparison to obese
control mice as well as lean mice after trauma. This is intriguing
in context with MMP9 being a regulator of the cellular response
toward inflammation as it has been shown in a mouse model
investigating bone repair (Wang et al., 2013). However, the role
of an early responding gene has been shown before in a broad
range of lung injuries in different animal models (Yaguchi et al.,
1998; Gushima et al., 2001; Tan et al., 2006; Villalta et al., 2014). In
a bleomycin-induced fibrotic lung model in rabbits, MMP9 was
upregulated in the first response to injury followed by a more
chronic upregulation of MMP2 in later stages (Yaguchi et al.,
1998). Apart from that, upregulation of MMP9 was described to
be closely connected to the neutrophil influx after injury (Yaguchi
et al., 1998; Keck et al., 2002; Bradley et al., 2012), whereby
MMP9 seems to be involved in disruption of alveolar epithelial

FIGURE 10 | Decreased recovery of the muscle force in obese animals 192 h post trauma. Evaluation of muscle force during regeneration process of injured muscle
extensor iliotibialis anticus of lean and obese control mice as well as 24 and 192 h post trauma (n = 6). (A) Time-dependent development of muscle force normalized
to muscle cross sectional area (Force/MCSA [mN/cm2] ± SEM). Statistical significance was determined using two-way ANOVA followed by an uncorrected Fisher’s
LSD test (α = 0.05). (B) Comparison of Force/MCSA [mN/cm2] between lean and obese mice 192 h post trauma normalized to the respective control. Statistical
significance was determined with an unpaired, one-tailed t-test (α = 0.05). *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 11 | Lean animals show resolved inflammation 192 h post trauma induction, while obese mice show elevated levels of IL-23, MCP-1, and IL-6. Legendplex
assay was performed to evaluate the level of IL-23, MCP-1, IL-6, and TNFa in the plasma of lean and obese mice. The level of chemo- and cytokines were
determined in control mice as well as 6, 72, and 192 h post trauma. The data is normalized to the respective control group and presented as mean ± SEM. The
comparison was made between the two diets at each time point using two-way ANOVA followed by an uncorrected Fisher’s LSD test (α = 0.05). *p < 0.05.

membrane enabling neutrophil migration (Yaguchi et al., 1998;
Hsu et al., 2015).

Morphological evaluation of muscle regeneration process
indicated differences in muscle density, especially at later time
points which might be a result of intramuscular fat deposition.
Determined gene expression levels of ECM structure as well
as organizing proteins revealed significant changes between
lean and obese mice. The level of Acta2 was comparable
throughout the observed regeneration process between the
two diets and is upregulated during later time points. Acta2
is a gene encoding for alpha smooth muscle actin (αSMA)
and is used for the determination of myofibroblast formation
(Shinde et al., 2017). The formation of these cells can be
assumed to be unaltered by the HFD. However, the activity
of myofibroblasts seems to be decreased in obese mice, since
the level of genes encoding for ECM structure proteins
are decreased during the late response to the trauma. The
reduced build-up of collagen and ECM is the first contribution
to a reduced recovery of muscle strength in obese mice
after the regeneration period of 192 h, as it was shown
during this study.

This is accompanied by a changed gene profile of ECM
organizing proteins. The level of Mmp9 as an early responder
and Mmp9 as a late responder gene was comparable between
the two diets, although obese animals always stayed below
the level of lean mice. It was also shown in this study that
these gene expression profiles were translatable to the protein
activity level, since a gelatin zymography was performed for
MMP9 and MMP2. An increased level of activity was observed
during the earlier time points for MMP9, while MMP2 activity
increased after 192 h as a response to the trauma. However,
Timp1 encoding for an inhibitor of MMPs and Lox encoding
for an ECM cross-linking enzyme, were deregulated during the
response to the trauma in obesity. Both genes showed a bimodal
response to the trauma in lean mice, peaking after 6 h and
after 72 h. In contrast to this, both genes were downregulated
in obese mice during this early response as well as during
the late response. The activity of both genes enhances the
crosslinking of the ECM, therefore a decrease of these genes
would indicate a reduced stability of the generated ECM and
results in the second contribution to a decreased muscle force
recovery in obese mice.

Frontiers in Physiology | www.frontiersin.org 16 July 2020 | Volume 11 | Article 849168

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-00849 July 25, 2020 Time: 19:0 # 17

Gihring et al. Influence of Obesity on ECM-Organization

The third and final contribution to the decreased recovery
of the muscle force in obese mice after 192 h post trauma
can be found during the analysis of satellite cell genes, which
are responsible for regeneration of the skeletal muscle after
injury (Flamini et al., 2018). Myod, Myog as well as Myf5
can be used to differentiate between the different states of
satellite cell activation. Myf5 is described as an early marker
expressed in activated and committed satellite cells (Yin et al.,
2013). During the state of commitment Myod is expressed
(Meadows et al., 2011), while Myog is expressed at later time
points during the migration and alignment of myoblasts to
myocytes (Yamamoto et al., 2018). Although Myf5 should be
the first of the stem cell genes to respond to the injury, the
gene was increased during later time points, an early response
seemed to be absent. Myf5 was shown to be an important
factor in the maintenance and replenishment of the muscle
stem cell population which might explain the upregulation in
later time points (Gunther et al., 2013). The earliest response
to the trauma can be observed 6 h after trauma induction in
the expression of Myod which shows a significant increase in
both diets, but the obese mice show a significantly decreased
response. Additionally, Myog is increased 72 and 192 h post
injury, with a significantly decreased response in obese mice
These differences again hint toward a restricted response
to injury in the muscle of obese mice and a constrained
response amongst satellite cells, which can lead to the observed
functional changes of the regenerated muscle between lean
and obese animals.

The functional regeneration process was investigated by
measuring the muscle force. Determination of muscle force
showed a diet-independent drop in muscle force normalized to
MCSA 24 h after trauma in both groups. However, lean mice
started to recover from the injury 192 h after injury as the
muscle force starts to increase. This effect is not observable in
obese mice, where the muscle force is still decreasing 192 h
post injury. This leads to a statistically significant difference
between lean and obese mice 192 h after trauma. Since it has been
shown that this model produces the same impact during trauma
between obese and lean mice (Werner et al., 2018), lean mice
showed higher regenerative capacity of muscle force compared
to obese mice. According to this, the detected differences in gene
expression during the regeneration process might influence the
later outcome expressed by lower functionality.

CONCLUSION

In conclusion, this study showed the influence of obesity in the
organization of the ECM in a combined trauma model in the lung
and the muscle. In the lung, this influence is detectable in a visual
assessment as well as during gene expression analysis of genes
encoding for ECM structure and organizing proteins. The gene
analysis revealed a prolonged response to the traumatic injury in
obese mice, which is also supported by increased levels of pro-
inflammatory cyto- and chemokines in obese mice after 192 h
post trauma, indicating that the inflammation as a response to
the trauma is not resolved yet.

Additionally, the results presented in this study showed
variances between lean and obese mice in the regeneration
process of the muscle. Visual assessment showed an increased
deposition of fat in the muscle of obese mice in the
control state as well as during regeneration after trauma.
It was shown that decreased gene levels of ECM structure
proteins are detectable in obese mice as a response to the
trauma. This is accompanied by decreased levels of genes
responsible for encoding proteins that help to build-up ECM.
Additionally, gene analysis revealed a decreased activation and
differentiation of satellite cells in obese mice. Both observations,
the decreased stability due to deregulated ECM build-up as
well as the decreased regeneration by satellite cells, contribute
to a decreased restoration of the muscle force in obese
mice after trauma.

These observation offers several targets for investigating the
influence of obesity on the regeneration of tissue after blunt
traumatic injury. On the one side, focus can be put on the
prolonged response due to inflammatory processes. On the
other side, the decreased activation of satellite cells might be
a pathway that can be targeted to ensure a better treatment
of obese trauma patients. Latter is especially translatable to
the human, since a decreased activation of satellite cells
during obesity has been described before (D’Souza et al.,
2015; Fu et al., 2016). Although the mechanism behind the
decreased activation remains unclear, this observation has now
been made in several obese mouse studies, including muscle
dystrophy, cardiotoxin models and during this study after
blunt injury in a mouse model using a combined trauma. It
needs to be investigated, how this research is translatable to
the human and can be utilized for patients to benefit from
it. However, an attenuated response by satellite cells during
type 2 diabetes mellitus has been shown in humans before
(Deshmukh et al., 2015; Yoon et al., 2015). Differences in
the activation potential of satellite cells during obesity might
therefore not only be observable in the mouse model, but
also in the human. Additionally, increased inflammation in
obese patients is a well-known fact, since obesity in general
is seen as a chronic inflammation (Trayhurn and Wood,
2004; Galic et al., 2010). Therefore, the reported findings
including prolonged response to the trauma, due to the
ongoing inflammation, might be translatable to the human
patient as well.

Even though satellite impairment, prolonged response to the
trauma and increased inflammation in obese mice were presented
as separate findings in this study, once translated to the human
this becomes one topic that needs to be targeted, since a chronic
inflammation certainly impacts the regeneration of any part of
the body and has a huge systemic impact on regeneration of
lung or the muscle.
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FIGURE S1 | Level of MMP2 and MMP9 activity follows the trend of gene profiling
in lean and obese mice without showing significant differences between the diets.
Gelatin zymography was performed to determine MMP2 and MMP9 activity in the
muscle of lean and obese mice, in control mice as well as 1, 6, 24, 72, and 192 h
post trauma (n = 5). The data is normalized to the individual control by subtracting
the baseline value of the control group from the determined band intensity of the
individual time points.

FIGURE S2 | Decreased number of Ki67 positive cells in regenerated muscle after
trauma induction in obese mice based on IHC staining. Ki67 staining in muscle
extensor iliotibialis anticus of male lean and obese C57BL/6J mice after induction
of blunt injury (n = 4). Ki67 staining was performed in obese and lean control mice
as well as 6, 72, and 192 h post trauma. Obese mice show fat deposition (arrow)
in between muscle fibers. Exemplary Ki67 positive cells are indicated with a
triangle. Pictures were taken with the UC30 color camera at X10 and X40
magnification (OLYMPUS IX81). Scale bar: 200 µm (X10), 50 µm (X40).
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Fascia is a fibrous connective tissue present all over the body. At the lower limb level, the
deep fascia that is overlying muscles of the outer thigh and sheathing them (fascia lata)
is involved in various pathologies. However, the understanding and quantification of the
mechanisms involved in these sheathing effects are still unclear. The aim of this study
is to observe and quantify the strain field of the fascia lata, including the iliotibial tract
(ITT), during a passive movement of the knee. Three fresh postmortem human subjects
were studied. To measure hip and knee angles during knee flexion-extension, passive
movements from 0◦ to around 120◦ were recorded with a motion analysis system and
strain fields of the fascia were acquired using digital image correlation. Strains were
computed for three areas of the fascia lata: anterior fascia, lateral fascia, and ITT. Mean
principal strains showed different strain mechanisms depending on location on the fascia
and knee angle. For the ITT, two strain mechanisms were observed depending on knee
movement: compression is observed when the knee is extended relative to the reference
position of 47◦, however, tension and pure shear can be observed when the knee is
flexed. For the anterior and lateral fascia, in most cases, minor strain is higher than
major strain in absolute value, suggesting high tissue compression probably due to
microstructural fiber rearrangements. This in situ study is the first attempt to quantify the
superficial strain field of fascia lata during passive leg movement. The study presents
some limitations but provides a step in understanding strain mechanism of the fascia
lata during passive knee movement.

Keywords: deep fascia of the thigh, digital image correlation, motion analysis, strain, in situ study, iliotibial tract,
biomechanics

INTRODUCTION

Pathologies of the musculoskeletal system have become a major public health issue, especially
due to an aging and sedentary population. Osteoarticular pathologies such as osteoporosis or
musculoskeletal disorders lead to disability and loss of autonomy. In the lower limb, for instance,
several pathologies such as osteoarthritis, iliotibial band syndrome, inflammatory lesions, joint
disorders, traumatic injuries etc. may significantly affect a patient’s quality of life. To develop
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a greater understanding of these pathologies and to provide
better health care, clinicians are increasingly using biomechanical
modeling (Chèze et al., 2012). Musculoskeletal models allow the
study of everyday life movements – walking, climbing stairs,
getting up from a chair – thanks to kinematic and dynamic
analyses, and can therefore provide a thorough evaluation of
patients’ functional status.

Dynamic multi rigid body models of the lower limb
(Moissenet et al., 2014) can predict musculotendinous forces
within the joints as well as ligament and contact forces.
However, the main limitation of these models is that muscles are
represented only by their main lines of action. They are unable
to reproduce forces induced transversely (Huijing, 2009) by a
muscle’s activation on other muscles, bones and joints via fascias,
epimysium and connective tissues.

To overcome this limitation, finite element models of the
lower extremity including contractile muscular volumes (Stelletta
et al., 2016, 2017) or for one specific muscle (Westman et al.,
2019) have been developed. Nevertheless, even though these
models include detailed geometry and mechanical properties
of muscles, improvements are still needed to increase their
biofidelity in reproducing the complex passive mechanical action
of soft connective tissues, especially the fascias. These passive
structures sheath muscles and muscular compartments; exert
a stress or pressure on them and thus participate in force
transmission in both longitudinal and transverse directions
during muscle activation (Huijing, 2009; Snoeck et al., 2014;
Eng and Roberts, 2018). With their finite element model of
the upper leg where contacts between muscles were defined by
contact laws, Stelletta et al. (2016, 2017) showed that in order
to properly reproduce muscle activation in three dimensions,
these connections were not enough to replicate transverse
loadings. They therefore suggest that including connective
tissues and fascias in the model would improve its response.
To do so, mechanical behavior, and strain levels of fascias
for both passive and active movements are required to be
implemented in such models.

Fascias can be either loose or dense connective tissues. Deep
fascias are multi-layered dense fibrous connective tissues, mainly
made of collagen and elastin fibers (Stecco et al., 2011), and
surround muscles and groups of muscles. It has been shown that
they contribute to the pressure in the muscular compartments
(Garfin et al., 1981), and to muscle force transmission (Snoeck
et al., 2014), they transmit mechanical forces between muscles
(Huijing, 2009); they also participate in movement coordination
(Barker et al., 2004), limb stabilization (Stahl, 2010), and elastic
energy storage (Bennett et al., 1986).

Many studies have been carried out to characterize the
mechanical behavior of deep fascias in relationship with
their microstructure. These tissues are anisotropic, non-linear
viscoelastic materials (Findley et al., 2015). In vitro tests
and associated constitutive models have been proposed to
characterize these tissues (Eng et al., 2014; Ruiz-Alejos et al., 2016;
Otsuka et al., 2018). Presented results are obtained from animal
tissue (Eng et al., 2014; Ruiz-Alejos et al., 2016) or human tissue
(Stecco et al., 2014; Otsuka et al., 2018). They were obtained
from unidirectional (Pavan et al., 2015; Ruiz-Alejos et al., 2016;

Otsuka et al., 2018) or biaxial (Eng et al., 2014; Pancheri et al.,
2014) tensile tests performed until rupture or at high strain levels
(Stecco et al., 2014; Ruiz-Alejos et al., 2016). Pure shear loading
(Ruiz-Alejos et al., 2016) was also studied and used to identify a
constitutive law.

Biaxial testing aims at reproducing a more realistic loading
of deep fascias than uniaxial tension, and tests to failure help to
understand the mechanical behavior of the deep fascias under
large strains. However, the mechanical behavior (mechanism,
level of strain) of the deep fascias during movement is
relatively unknown.

In this study, we focus on the fascia lata, which overlies the
muscles of the outer thigh. It is involved in various pathologies,
such as iliotibial band syndrome (Fairclough et al., 2006; Huang
et al., 2013), compartment syndrome (Nau et al., 2000), varus-
valgus of the knee (Clarke et al., 2005; Nikolopoulos et al., 2015),
and traumatic injuries. As part of the fascia lata, the iliotibial
tract (ITT) shows complex interactions with muscles and skeletal
structure of the lower limb, and has a major role in the knee joint
stability (Fairclough et al., 2006; Vieira et al., 2007).

The aim of this study is to observe and quantify the strain
field of the external surface of the fascia lata, including the ITT,
during a passive movement of knee flexion-extension. Collected
data could then be useful to perform adequate sample testing
and develop constitutive laws of fascia to be implemented in
numerical models dedicated to clinical applications. This analysis
is based on in situ testing and involves movement analysis
and strain field measurement using stereovision and digital
image correlation.

MATERIALS AND METHODS

Specimen Preparation
Three fresh postmortem human subjects from the Department of
Anatomy of the University of Rockefeller (DAUR), Lyon, France,
were instrumented for motion analysis of the left leg and the
measurement of the strain field on fascia lata during knee flexion-
extension movement. Ethical approval was not required for this
study since it is not required by French law. The cadaver subjects
were obtained after the deceased gave their informed consent to
donate them to science during their lifetime (law article R2213-
13). The authors ensure that these experiments were performed
with respect for these remains, and in correct health and safety
conditions. These subjects were in average 92.3 years-old (±2.5),
measured 161 cm (±2.6 cm), weighted 45.5 kg (±12.3 kg) and
had a BMI of 13.6, 16.6, and 22.3 kg/m2, respectively. Subjects
were considered as fresh since no specific body preservation
was performed: no injection of any embalming solution, no
freezing. After death, bodies were kept at 4◦C until testing. The
duration between time of death and time of test was 6 days
(5 days postmortem and 1 additional day for body preparation)
for subject 2019_285, it was 5 days (4 + 1 days postmortem) for
subject 2019_300 and 3 days (2+ 1 days postmortem) for subject
2019_308. The average postmortem interval was 4.7 days.

For motion analysis, six rigid tripods with attached markers
(four reflective markers of 10 mm diameter fixed to a rod) were
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screwed in the right and left areas of the pelvis, in both femurs,
and in both tibias (Figure 1A). Particular attention was paid to
the position of the tripods in the femur. They were implanted
in the medial condyles in order to avoid any interference with
the lateral and anterior areas of the thigh where soft tissue
strains were measured.

In order to measure the superficial strain of the deep fascia
lata by using the digital image correlation, a random speckle
pattern was applied to the surface of the fascia lata after skin
and fat removal (Figure 1B). To do this, the fascia lata was
covered with a thin layer of white clown makeup to standardize
the background and obtain good contrast, speckles were then
created using a toothbrush and black ink to apply droplets
on the white surface (Podwojewski et al., 2014, 2013). The
washable white makeup layer could be easily removed without
damaging the tissue, and therefore it was possible to redo
the pattern until an appropriate speckle size or density for
digital image correlation was obtained. Initially, speckles were
created on the anterior area of the fascia lata, and after testing
with observation of this area, speckles were created on the
lateral side of the fascia for the new testing. This procedure
allowed for correct tissue hydration, keeping it in saline solution

when not being tested. It also reduced the risk of erasing the
speckle during testing.

During tests, the body was placed on a specific chair at ambient
temperature. This chair facilitated the installation of the subject
lying on its back with buttocks at the edge of the seat, and then
back rest support reproducing a seated posture, both legs were
suspended allowing full knee flexion.

Anatomical Frames Acquisition and
Motion Analysis
The acquisition was performed using an optical motion capture
system – Optitrack – with 8 cameras (1280 × 1024) recording
at 100 Hz. The 8 cameras were oriented in order to cover a
volume of interest (2 × 1.5 × 2 m3) where each tripod could be
seen by at least three cameras at the same time during the leg
movement from extension to flexion (Figure 1C). Considering
the volume of interest (Eichelberger et al., 2016) and the optical
motion capture system used (Carse et al., 2013), eight cameras
were sufficient to accurately measure leg kinematics. Each tripod
screwed into the lower limbs meant that a technical frame for
each body segment could be defined, to follow its position during

FIGURE 1 | Subject preparation and testing area: (A) tripods of markers for optical motion capture are screwed to the tibia, femur, and pelvis. These tripods allow for
the analysis of leg movement and knee angles. To avoid contact between tripods of the right leg and those of the left leg, the left knee is elevated supported by the
yellow box underneath it; (B) speckle pattern on fascia lata for stereo digital image correlation. White mask is applied to standardize the background and for good
contrast of the speckle pattern created with black ink. (C) Motion capture and digital image correlation camera positions. Eight cameras (C1 to C8) for motion
capture are placed around the chair where the subject is positioned. Camera positions are optimized so each tripod of markers can be seen by at least three
cameras. Acquisition volume is 2 × 1.5 × 2 m3. Two cameras (cam1, cam2) for digital image correlation are placed perpendicular to the left leg of the subject and
focused on it to acquire images of the speckle on lateral fascia and ITT during leg movement. These cameras can be moved to focus on the top of the leg to acquire
strain field on anterior fascia.
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movement. In order to define the anatomical frame relative to
these technical frames, anatomical markers were palpated with
an additional tripod when the body was lying on its back. Each
tripod consisted of four markers fixed to a rod.

The tip position of the additional tripod used for palpation
was previously calibrated. Calibration was performed by pointing
three points of known positions. As in the lying position the
posterior superior iliac spine was inaccessible, it was supposed
that the mid sacrum marker was positioned vertically relative
to the middle of the left and right anterior superior iliac spine
on the seat plane. All anatomical points are listed in Table 1.
Joint kinematics were then calculated using the anatomical
frame and Euler sequences recommended by the International
Society of Biomechanics (Wu et al., 2002) using MATLAB.
During acquisition, hip angle varied: for subject 2019_285 it was
24.84± 10.75◦, for subject 2019_300 it was 26.71± 9.45◦ and for
subject 2019_308 it was 20.38± 8.63◦.

Digital Image Correlation
In order to obtain the 3D surface strain field of the thigh fascia,
a digital image correlation set-up was required. A pair of low
noise cameras were rigidly mounted and fixed in place during
system calibration and subsequent data acquisition (Figure 1C).
The cameras used for these tests were GO-5000-USB from
JAI’s Go Series (maximum frame rate: 62 Hz) with objective
KOWA LM12HC with lenses of 12.5 mm and an f-stop range
of f/14 to f/16. Image size was 2560 × 2048 px. The frame
rate for the acquisition was set to 50 Hz, two times lower
than for the motion analysis recording. This chosen frame rate
allowed an easier synchronization and correspondence between
strain measurements and knee angles, while it resulted in
at least 300 data points for each flexion or extension knee
movement. The depth of field was optimized by closing the
diaphragms as much as possible: an aperture of f/16 was
kept consistent during and between acquisitions, permitting a
correct focus on the area of interest although slight changes
in the distance between the area of interest and the cameras.
The light was adjusted to optimize image quality and for a
sharp contrast. Owing to this configuration, strains in planes
closer or further from the cameras’ focal plane were captured
thanks to clear high-quality images. Care was taken to match
cameras center points. Calibration was carried out using a
calibration grid adapted to the size of the field of view with a
5 Hz frame rate.

TABLE 1 | List of anatomical points and associated anatomical frames.

Anatomical points

Left and right anterior superior iliac spine

Left and right greater trochanter

Left and right lateral epicondyle

Left and right medial epicondyle

Left and right fibula head

Left and right tibial tuberosity

Left and right lateral malleolus

Left and right medial malleolus

Data processing was carried out with VIC-3D software. For
the area of the ITT and lateral fascia, the size of pixels was
0.19 mm; for the anterior fascia, the size of pixels was 0.18 mm.
The subset was chosen equal to 31 and the step at 7.

For this strain analysis, a hip angle of 26.52 ± 3.85◦
(respectively 25.23◦, 30.41◦, and 23.91◦ for each subject) and knee
flexion of 47± 0.5◦ was considered as a reference image for strain
analysis. This angle for the knee was chosen due to the position
of the body with zero gravity (Mount et al., 2003).

For the lateral view, the area of interest was divided into “ITT
area” and “above ITT area” named “lateral fascia” (Figure 2).
The anterior view area of the fascia was entirely post processed
and named “anterior fascia.” Major principal (E1), minor
principal (E2) and maximum shear (maxExy) Green-Lagrange
strains were extracted.

Test Conductions
The knee extension-flexion range of motion was applied to
the left leg manually from 0◦ (full extension) to 120◦ (flexion)
(Figure 2). These movements were chosen in order to cover the
possible positions of the leg during daily life activities (walking,
step climbing, etc.) and stretching.

During the leg movement, care was taken to avoid subject
contact with the experimental setup, keeping the femur parallel to
the digital image correlation system and as motionless as possible
to stay in the field of view, and to maintain focus on the surface of
interest. Movements were recorded with the anterior area of the
fascia lata as region of interest for the digital image correlation.
The digital image correlation system was then moved to record
strains on the lateral side of the fascia. For each area of interest,
three tests consisting of five cycles of knee flexion-extension were
performed. Cycles were applied continuously. A waiting time of
10 min was observed between tests.

Motion analysis and digital image correlation acquisitions
were synchronized using a common trigger box sending a rising
edge square signal to both systems. All the data extracted from
motion analysis and digital image correlation were processed

FIGURE 2 | Lateral view of the thigh during the leg flexion-extension
movement with angles and areas of interest identification. Lateral fascia,
anterior fascia and ITT are the three areas of interest. The leg movement starts
from full extension of the knee until maximum reachable flexion. Knee angle of
47◦corresponds to the reference position used for digital image correlation.
Angles of 20◦, 60◦, and 90◦ are arbitrary chosen to look at strain fields.
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using a custom-made script in Python. Due to the stretching of
knee area during knee flexion and creation of folds during the full
extension, strain could not be computed on a sufficient number
of points in this area. Therefore, the knee area was excluded from
fascia strain computations.

RESULTS

Knee Angular Velocity
Figure 3 illustrates the knee angular velocity recorded during
movement for each subject and for each digital image correlation
configuration: observing the anterior fascia and observing
both the lateral fascia and ITT. Although leg movement was
applied manually, angular velocity was relatively reproducible
throughout the five cycles of each configuration and over the
three tests for each subject. Relative standard deviations (RSD)
ranged from 21 to 28% with a mean value of 24% for tests
on anterior fascia. For tests performed on lateral fascia and
ITT, they ranged from 18 to 25% with a mean value of 22.5%.
Maximum angular velocities in flexion (positive values) and in
extension (negative values) were close in absolute value, with
an average difference of 7 deg/sec considering the three subjects
and two configurations. For each subject, the angular velocities
were also similar between the two configurations, with an average
difference in maximum velocity during flexion of 8 deg/sec.

Strain Analysis
Average Strains
Shear strain fields obtained for three knee angles are given for all
areas of fascia and ITT and for each subject and for three knee
angles (20◦, 60◦, and 90◦), as shown in Figure 4.

Figures 5–7 illustrate the average strains computed along the
five cycles of the three tests performed on each subject, on the area
of the anterior fascia, the lateral fascia and the ITT, respectively.
For each subject, we can observe a good reproducibility of results
over the five cycles and the three tests, except on the lateral area
of the fascia for which we can see a larger dispersion of the minor
strain levels along the cycles. As for RSD, each area of the fascia
for both major and minor strains are presented in Table 2. For
tests on the anterior fascia, RSD were in average ranging from
20 to 53%. Similar results were obtained for the lateral fascia,
with RSD ranging from 20 to 39%. Results were less dispersed
for the ITT with RSD ranging in average from 15 to 25%. For all
curves, maximum RSD was obtained for knee angles around the
reference position of 47◦, which can be seen on Figures 5–7.

For the subject 2019_285, on both the lateral and anterior
areas of the fascia, we measured lower strains compared to the
other subjects. For a knee angle of 90◦ (flexion), the average
shear strain values on the fascia did not exceed 2%. Strains
of the ITT are also lower in full extension of the knee. The
specific behavior of this subject was associated to a subjective
observation of knee rigidity in rotation and varus-valgus during
the experiment compared to the other subjects. Moreover, full
extension of the knee was limited for this subject compared to
the others with a minimum knee angle of 0◦ while it was around
−15◦ for other subjects.

For each subject, average curves obtained for the different
areas of fascia and ITT are illustrated in Figure 8. A large
inter-subject variability of fascia and ITT behavior is observed.
This can be related to the variability of anthropometries
of the three subjects, specifically in terms of BMI or
to other physical conditions that could affect soft tissue
mechanical behavior.

Strain Mechanisms
Despite the apparent inter-subject variability, the evolutions
of major and minor strains along the knee flexion-extension
movement seem vertically mirrored in many cases. To analyze
the E1/E2 ratio, Figure 9 illustrates E1 against (−E2). On this
figure, two phases of the movement corresponding to postures
closer to knee flexion (i.e., knee angles > the reference knee
angle of 47◦) and the postures closer to knee extension (i.e., knee
angles < the reference knee angle of 47◦), are illustrated with two
different colors.

On the anterior fascia (Figure 9A), for subject 2019_285, for
which strain levels are lower, a tension mechanism is observed
with a maximum average tensile strain around 1.5% and a lower
absolute value of compressive strain around 0.5%. For subjects
2019_300 and 2019_308, absolute value of the compressive strain
is greater than the average tensile strain when the knee is more
flexed relative to the reference knee angle (red curves, knee
angle > reference angle).

On the lateral fascia (Figure 9B), for the subjects 2019_300
and 2019_308, the same analysis as for the anterior fascia can be
made, and compressive strain can reach up to 15% in absolute
value. For the subject 2019_285, for which strain levels are lower,
the strain mechanism of the fascia is pure shear with a ratio
E1/(−E2) equal to 1 when the knee is more flexed relative to the
reference knee angle (red curves, knee angle > reference angle).

On the ITT (Figure 9C), the two phases of knee movement
show different strain mechanisms for subjects 2019_285 and
2019_308. When the knee is more flexed relative to the reference
knee angle (red curves, knee angle > reference angle), even
if a tensile strain larger than the compressive strain may be
observed, we can observe pure shear with a curve gradient close
to 1. For subject 2019_300, the two phases of movement do
not differentiate between strain mechanisms so clearly, but we
can also observe some pure shear. Considering all tests, strain
measurements on ITT show maximum tensile strain between
2 and 15% and compressive strain between 4 and 13% in
absolute values.

Strain Rates
Strain rates measured on the various areas of the fascia
lata during movement are illustrated on Figure 10. As for
the strains, the strain rate measurements are very low on
the anterior and lateral fascia for the subject 2019_285.
Considering all the other tests, the maximum strain rates in
flexion (positive values) and in extension (negative values)
of the knee were close in absolute value, with an average
difference of 1%/sec for E1 strain rate and 1.5% for E2
strain rate. Concerning the anterior and lateral fascia, these
maximum strain rates can reach 6.3%/sec for E1 and 8.1%/sec

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 5 July 2020 | Volume 8 | Article 750177

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00750 August 25, 2021 Time: 17:25 # 6

Sednieva et al. Strain Assessment of Deep Fascia

FIGURE 3 | Averaged angular velocities and corresponding standard deviations (gray area) over the knee angles for all subjects: (A) anterior fascia; (B) lateral fascia
and ITT. Data were filtered using a forward-backward linear filter. Filter coefficients were obtained from a low-pass digital Butterworth filter (3rd order, cut off
frequency of 2Hz) that was first applied on data. Even though angular velocity was applied manually, results show good reproducibility for each subject. Inter-subject
variability can be observed because of subjects’ different knee mobility and associated range of motion.

for E2. As for the ITT, they can reach 10.5%/sec for E1
and 11.2%/sec for E2.

DISCUSSION

This in situ study is the first attempt to quantify the
superficial strain field of fascia lata during passive leg movement.
Motion analysis, stereovision and digital image correlation were
combined to measure major, minor and maximum shear Green-
Lagrange strains. These measurements were performed on three
different locations of fascia lata: anterior, lateral and ITT.

The strain measurement by 3D surface digital image
correlation in these conditions is challenging. Specific care was
taken to get good quality images. A large depth of field was needed
to limit the unfocussed area on the view of the anterior fascia area,
as this area could have a pronounced curved shape. Lighting and
exposure time were optimized to avoid, as much as possible, shiny
areas due to the water content in the tissue, and the fascia had
to be kept hydrated. In-depth hydration could not be controlled,
but to ensure good surface hydration of the fascia along the tests,
a sheet of saline-solution soaked paper systematically covered the
fascia between tests. This protocol was performed to avoid loss
of fluid that may affect fascia mechanical properties such as its
stiffness (Schleip et al., 2012).

White makeup, mainly made of talc, glycerin and water,
was also used to facilitate digital image correlation. This
specific water-based makeup was indeed chosen because of its
assumed lower effect on tissue hydration, however, its osmotic
effect on fascia tissue remains unknown to the best of the
authors’ knowledge. Connective tissue water content may affect
its mechanical properties, and thus strain measurements. For

instance, Chimich et al. (1992) showed that the viscoelastic
behavior of ligaments soaked in phosphate-buffered saline
solution was altered; Basser et al. (1998) used the osmotic stress
technique to evaluate the relationship between hydration and
the tensile stress in the collagen network. Thornton et al. (2001)
showed that ligaments creep behavior increased with increased
tissue hydration; and Masic et al. (2015) looked at changes in
tensile forces resulting from osmotic pressure in tendon collagen.
In the present study, we can consider that the water content
within the fascia before application of the white mask was close
to the natural one since cadaveric subjects were not frozen and
only stored at 4◦C before body preparation. However, water
content is difficult to assess in situ on the whole specimens’ leg
after application of makeup. Therefore, the osmotic effect of this
white makeup on fascia water content and mechanical properties
should be further investigated through tests on isolated samples,
following an experimental protocol as proposed by Hammer et al.
(2014) with the use of osmotic stress technique to assess the water
content in ITT samples.

Moreover, another difficulty was to apply the knee flexion-
extension without compromising the movement analysis or the
strain field analysis on the fascia. This movement was applied
manually by moving the ankle to avoid any constraint due to
attachment of the femur or the lower leg but did not prevent
from some variation of the angle between the pelvis and the
femur. As the fascia lata involves both hip and knee joints,
this hip angle variation could lead to the generation of strain
noise that may contribute to the lack of reproducibility of mean
strain during movement. To improve the set-up and increase
reproducibility, a controlled device could be developed in order
to guide the movement of the knee. With such system, it would
then be possible to do the analysis without the optical motion
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FIGURE 4 | Maximal shear strain distribution maxExy on the anterior fascia, lateral fascia, and ITT, at knee angles of 20 ± 0.5◦, 60 ± 0.5◦, and 90 ± 0.5◦ for all
subjects (Test 2). White arrows show the direction of the major E1 and minor E2 principal strains, which are perpendicular to each other. For instance, for the first line
knee angle is 20◦, the top images are anterior fascia, while lower images show lateral fascia and ITT.

capture system; only synchronization between stereovision and
the new device would be needed. The challenge would be to have
a device adaptable to different subjects’ anthropometries and that
will not affect knee kinematics. Nevertheless, despite the manual
application of movement, knee angular velocity was relatively
reproducible, and representative of the movement surgeons could
perform to test knee stability during surgery.

Cadaveric subjects were used in this study and hence the
effect of postmortem storage on tissue mechanical properties may
affect the presented results. The fascia lata is composed of highly
oriented collagen fibers in different layers connected to each
other with an extracellular matrix composed of proteoglycans
(Pancheri et al., 2014). Both components may have deteriorated
with death. Tuttle et al. (2014) investigated the effect of
postmortem time on rabbit skeletal muscle mechanical and
biochemical properties. As for collagen content, results indicate
that it remained unaffected over 7 days postmortem. Another
study by Nishimura et al. (1996) looked at the content of
proteoglycans sheathing collagen fibrils and fibers. They showed
that for beef stored at 4◦C, proteoglycans content decreased
by 40% within 7 days postmortem. In the present study, the
maximum duration between time of death and time of test
was 6 days, and during this period, subjects were kept at

4◦C. Therefore, based on existing literature, we can hypothesize
that for fascia lata the collagen content remained constant
but that the links or lubricant between collagen fibers were
degraded. This would probably imply that strain measurements
are underestimated compared to what would be experienced
in vivo on living tissue, since the viscosity properties provided
by proteoglycans and that allow fibers to glide, progressively
disappeared; but the impact on postmortem storage on fascia
properties should be further investigated.

This study was performed on only three subjects. These
subjects were geriatric people, presenting three different BMI
and knee mobility ranges. At this stage of the study, inclusion
criteria regarding for instance BMI, age or leg pathology were not
considered, since the aim of the study was to get a first overview
of the fascia strain field without preconditions. Nevertheless, the
physical condition of these subjects prior to death could affect
the results. Unfortunately, such information (regarding physical
conditions or medical records as well as cause of death) of donors
is unavailable, but we can still observe that two subjects had a
low BMI suggesting muscular atrophy due to aging also known
as sarcopenia, or due to a body weight loss related to cachexia.
Such pathologies affect muscle tissue and its ability to contract
(Muscaritoli et al., 2010; Tournadre et al., 2019). Moreover,
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FIGURE 5 | Mean strain distributions over the knee angles for the anterior fascia. In blue, mean major principal strain E1, in red, minor principal strain E2, and in
black, maximal shear strain maxExy. For each test, all cycles are plotted. Vertical dashed line represents the knee position chosen as reference: 47◦. Three other
vertical lines locate knee angles of 20◦, 60◦, and 90◦.

FIGURE 6 | Mean strain distributions over the knee angles for the lateral fascia. In blue, mean major principal strain E1, in red, minor principal strain E2, and in black
maximal shear strain maxExy. For each test, all cycles are plotted. Vertical dashed line represents the knee position chosen as reference: 47◦. Three other vertical
lines locate knee angles of 20◦, 60◦, and 90◦.
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FIGURE 7 | Mean strain distributions over the knee angles for the ITT. In blue, mean major principal strain E1, in red, minor principal strain E2, and in black maximal
shear strain maxExy. For each test, all cycles are plotted. Vertical dashed line represents the knee position chosen as reference: 47◦. Three other vertical lines locate
knee angles of 20◦, 60◦, and 90◦.

TABLE 2 | Mean, standard deviation (SD) and maximum relative standard deviations (RSD) for each area of fascia, for each subject, and for both major E1 and minor
E2 strains.

Fascia area Subject # mean RSD
for E1 (%)

SD RSD
for E1 (%)

max RSD
for E1 (%)

mean RSD
for E2 (%)

SD RSD
for E2 (%)

max RSD
for E2 (%)

Anterior 2019_285 43 26 81 53 71 100

2019_300 22 13 60 21 12 48

2019_308 20 13 55 21 13 62

mean 28.3 31.7

Lateral 2019_285 29 15 54 26 16 71

2019_300 31 20 71 25 15 57

2019_308 39 33 71 20 13 57

mean 33 23.7

ITT 2019_285 15 9 43 19 12 54

2019_300 21 13 56 25 20 85

2019_308 20 14 77 16 11 55

mean 18.7 20

RSD were calculated considering the five cycles and the three performed tests. Experimental results were overall less dispersed for ITT area. Italicized values are mean
values for the three subjects.

age, gender and body weight have also been reported to affect
collagen content within tissues and their mechanical properties.
For patellar tendon, Couppé et al. (2009) showed that collagen
content decreased with age while cross-linking increased, but that
mechanical properties were maintained. For ligaments (Osakabe
et al., 2001) and tendons (Guilbert et al., 2016), collagen was
also found to decrease with age, but gender differences were also
noticed with a higher decrease in the female group (Osakabe et al.,
2001). Specifically regarding fascia, Zwirner et al. (2019) showed

that for the iliotibial tract, tensile parameters did not depend
on age, except for strain at failure in the male group; but other
anthropometric parameters such as height should be considered
when looking at fascia mechanical properties. Nonetheless, Wilke
et al. (2019) used ultrasound measurements on young and older
volunteers to show that fascia thickness changes with aging,
depending on its location in the body and that fascia mechanical
properties were affected. These changes are supposed to affect
joint range of motion (decrease or enhance) but interactions
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FIGURE 8 | Average curves for mean major principal strain E1 and mean minor principal strain E2 over the knee angles and by area of interest: ITT: yellow curves;
lateral fascia (LF): blue curves; anterior fascia (AF): magenta curves.

FIGURE 9 | Average curves for mean major principal strain E1 against negative mean minor principal strain E2 for (A) anterior fascia, (B) lateral fascia, and (C) ITT.
Results are presented for each subject and for each test. Blue curves and light blue areas correspond respectively to average values and standard deviation
obtained for a knee angle lower than the reference position of 47◦: extended knee. Red curves and orange areas correspond respectively to average values and
standard deviation obtained for a knee angle greater than the reference position of 47◦: flexed knee. Dashed line represents the y = x curve; when points are along
this line, pure shear can be observed.
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FIGURE 10 | Averaged strain rates and corresponding standard deviation over the knee angles for all subjects: (A) anterior fascia; (B) lateral fascia; and (C) ITT. Blue
curves and light blue areas correspond respectively to average strain rate and standard deviation for major strain E1. Red curves and orange areas correspond
respectively to average strain rate and standard deviation for minor strain E2. Data were filtered using a forward-backward linear filter. Filter coefficients were obtained
from a low-pass digital Butterworth filter (3rd order, cut off frequency of 2Hz) that was first applied on data.

between fascial thickness, age, body mass and flexibility should be
further investigated. Therefore, even though physical condition
of donors is unknown, fascia thickness or collagen content were
not measured and the effect of age has been partially evaluated
in the literature, we should acknowledge that this might have
an influence on our results; especially for subject 2019_285 that
had a higher BMI and a lower knee range of motion than the
other two subjects, suggesting a stiffer fascia. However, regardless
of these limitations and variability between subjects, interesting
tendencies regarding measured strain levels and observed strain
mechanisms can still be highlighted.

In comparison with the existing data in the literature, we can
first consider the level of the fascia lata strains. The maximum
value of 10 and 12% for the average major principal strain
measured respectively on the lateral fascia and ITT are higher
than the 9% reported by Gratz (1931; human iliotibial tract), the
9.7–10.3% reported by Hammer et al. (2012, 2014, 2016; human
iliotibial tract) as tensile strain at failure, and the 8% reported by
Eng et al. (2014; goat fascia lata) as damage tensile strain. It is
still lower than the 15% reported by Zwirner et al. (2019; human
iliotibial tract) as tensile strain at failure. However, it is smaller
than the maximum tensile strain applied by Stecco et al. (2014)
who performed tensile tests up to 30% on human crural fascia.

It is also smaller than the 40.6% in the proximal-distal direction
and 53.6% in the cranial-caudal direction reported by Henderson
et al. (2015) on dog fascia lata, as tensile strain at failure. Butler
et al. (1984) compared strain measurements techniques on fascia
lata samples in tension, they reported 33% strain at failure for
grip to grip measurement while it was only 14.5% when measured
locally with an optical technique, which is closer to the values
observed in this study even though not at failure. Within all the
aforementioned results, high variability can be observed. One can
wonder, on which part of the stress/strain curves obtained by
ex vivo tensile testing, the strain states of the fascia lata measured
in situ, are located. This also depends on the initial strain state of
the samples tested ex vivo, probably also of fascia location in the
body, preservation technique, species and fascia microstructure.
These variations may also be related to strain rate and tissue
viscosity. Tensile tests by Eng et al. (2014) and Pancheri et al.
(2014) were performed at 0.15%/sec, those by Hammer et al.
(2012, 2014, 2016) and Zwirner et al. (2019) at around 0.5%/sec
while tests by Stecco et al. (2014) at 120%/sec. In the present
study, strain rates were depending on knee angle, but average
maximum values did not exceed 11.2%/sec, considering all tests
and both E1 and E2. If we consider that the applied knee angular
velocity was lower than physiological maximal velocity measured
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during gait, which can vary between 200 deg/sec to 400 deg/sec
for healthy people, depending on gait speed (Mentiplay et al.,
2018) the expected physiological strain rate of the fascia lata
should be greater than the maximal values that we measured.

If we consider the shear strain mechanisms and sometimes
the compressive strains larger than tensile strains, observed in
this study, we can hypothesize that it is linked to the fascia
microstructure. The fibers oriented in two different directions
may be reticulated and act as local frames deformed during
shear movements. This hypothesis lends itself less well to the
explanation of the shear strain mechanism of the iliotibial tract.
As it is made up of mostly collagen fibers in the longitudinal
direction, we would have expected a major principal strain
oriented in the longitudinal direction. But the observations from
Otsuka et al. (2018) showing two main directions of fibers on the
iliotibial tract (named lateral in Otsuka et al., 2018) seem in line
with a shear mechanism explained by the fibers’ arrangement.
This shear strain mechanism observed in situ may also explain
why higher tensile strains have been measured in this study
compared to the values measured by Eng et al. (2014) in the
main fiber directions. Moreover, in most cases on anterior and
lateral fascia lata, the minor strain measured on the fascia lata
is larger than the major one in absolute value. This behavior has
already been observed in an isolated sample of a hepatic capsule
submitted to uniaxial tension (Jayyosi et al., 2014).

As previously presented, literature reports mainly tensile tests
(Gratz, 1931; Butler et al., 1984; Hammer et al., 2012, 2014, 2016;
Steinke et al., 2012; Pancheri et al., 2014; Stecco et al., 2014;
Henderson et al., 2015; Ruiz-Alejos et al., 2016; Otsuka et al.,
2018; Zwirner et al., 2019) or biaxial tensile tests (Eng et al.,
2014; Pancheri et al., 2014) performed on fascia isolated samples
while here, tensile but also shear strain mechanisms, especially
on ITT, were highlighted during passive knee movement. Further
studies on isolated samples, including bias tests or picture frame
tests would allow the analysis of the in-plane shear mechanisms
of fascia lata as it is usually done for textile composites (Boisse
et al., 2017; Wang et al., 2020). Moreover, as it has been already
performed on various fibrous connective membranes (Jayyosi
et al., 2016; Lynch et al., 2017; Krasny et al., 2018), the detailed
analysis of fascia lata fiber kinematics during such loading would
also help in understanding the fiber links and tissue mechanical
response. Different strain rates may also be applied to analyze the
role of the microstructure in viscous phenomena.

The choice of the reference strain state is of great importance
for the data analysis as it conditions the strain levels reached
during the knee flexion-extension. But in many cases presented in
this study, various strain mechanisms have been observed for two
phases of the knee movement delimited by the reference posture
of the knee (zero-gravity posture of the knee), which is used as
the zero-strain state of fascia lata. This reference position of the
knee was chosen as the same for the three subjects, but it may
be subjected to inter-subject variability. Further analysis of the
strain mechanisms obtained using various reference strain states
could help in defining an optimum reference strain state of the
fascia lata for each subject and then to identify maximum strain
levels during knee movement in a more personalized manner. It
is therefore difficult at present to decide on a position of the knee

and hip that will result in a state of minimum strain of the fascia.
Further in situ studies with more subjects would help to check
if the changes in strain mechanisms correspond to a reference
posture of the leg regarding the fascia lata strain-state.

For future in situ studies, inclusion criteria such as age, gender
or body mass index could also be considered to perform an in-
depth analysis of strain field based on the proposed methodology.
Groups based on knee range of motion, or varus-valgus could also
be studied, and the focus on a specific leg pathology or surgical
practice could be considered. For instance, a surgical technique,
at the knee level, that could benefit this work is the “pie-crusting”
technique (Clarke et al., 2005; Nikolopoulos et al., 2015). Patients
with varus or valgus knee may need this technique that consists
of tissue release, and that can be done on ITT. Tissue release is
done by inducing damage in the tissue, usually by making holes
in it with a scalpel. The clinical question behind this technique is
when to stop releasing the tissue. Thanks to our strain maps and
optical motion capture system, strain release could be assessed
as well as corresponding knee mobility and varus-valgus angle.
Correlations observed experimentally could then be evaluated on
patients during surgery.

A further example can be taken from hip surgery; the fascia
is usually cut to get access to the joint. It is known that fascia
lata participates in hip stability (Eng et al., 2014), therefore
thanks to our proposed methodology and analysis, knowing the
strain map of fascia around the hip may help in defining a
hip position for minimal fascia strain, which could guide the
surgeon for positioning patients in order to close fascia lata
with minimal tension at the end of the procedure. For a defined
hip position, we could evaluate the effect of incision on fascia
strain release. Thanks to the obtained strain maps, insights on
how hip position can affect strain release could be gathered,
experiments could also be coupled with a numerical model of
the leg that could reproduce fascia pre-strain on muscular tissue
and reproduce both passive and active leg movement under
physiological loadings, this last aspect will be challenging and
require other experiments. To perform such tests related to
surgical technique, possible issues regarding reproducibility in
induced damage or incisions may occur. To limit this, these
induced tears would need to be standardized using references
to anatomical landmarks for the definition of scalpel incision
location and size, and would need to be performed using the same
technique carried out by the same operator for each subject. As
done in the present study during knee flexion, the tracking of
fascia lata strains before, during and after incisions using digital
image correlation, would need to ensure an adequate field of view
and good image quality along each step. Video recording could
be done continuously, and knee movement performed before
and after incision.

The methodology presented here is not an in vivo study; thus,
both the contribution of the muscle activation and the effect of
fat, superficial fascia and skin, on the deep fascia behavior are
ignored. In vivo mechanical properties of fascia lata obtained
using elastography have been reported (Otsuka et al., 2019) but
such observations are still limited to a transversal section and
small area of interest. Partial strain maps obtained in situ could
be used as first validation data of passive numerical simulations.
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To assess the effect of muscular activation on fascia strain
field, which could then be implemented in leg numerical models,
different approaches could be investigated. Firstly, using obtained
strain maps in situ, specific areas of interest could be then studied
in vivo using elastography measurements as proposed by Otsuka
et al. (2019) and other electromyography measurements. We can
also think of strain field acquisition on the skin, as proposed
here on fascia. Various orientations should be studied, volunteers
varying in gender, age groups and so on should be included,
and medical imaging of their leg should be acquired in order to
have an associated finite element model. Secondly, experiments
following the same experimental protocol with the addition of
muscular activation could be performed on animals. That kind
of data is useful to develop and validate finite element models,
but then the transition from animal data to application for
human beings could be problematic due to difference in species,
anatomy, or microstructures.

As a conclusion, this study presents some limitations but
provides a step in understanding the strain mechanism of the
fascia lata during knee movement. Further tests are planned to
carry out the same analysis for various hip angles. The strain field
measurement will also be applied to assess pre-strain and study
strain release on different locations within fascia lata for clinical
applications and for implementation in numerical models. More
generally, the knowledge of the most released strain state of deep
fascias could help surgeons when considering fascia closing after
surgery or fascia release for surgical rehabilitations.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

Ethics approval was not required for this study since it is not
required by French law. Mortal remains were obtained after the
deceased gave their informed consent to donate them to science
during their lifetime (law article R2213-13). The authors ensure
that these experiments were performed with respect for these
remains, and in proper health and safety conditions.

AUTHOR CONTRIBUTIONS

All authors contributed to the conception and design of the study,
manuscript revision, read, and approved the submitted version.
YS, AN, and KB-G performed the experiments and collected and
treated raw data (digital image correlation and motion analysis).
YS, AV, KB-G, and L-LG analyzed and discussed the data. YS,
KB-G, and L-LG wrote the first draft of the manuscript.

FUNDING

This work was funded by the French institute of science and
technology for transport, development and networks and the
University Claude Bernard, Lyon.

ACKNOWLEDGMENTS

The authors thank Leïla Ben Boubaker for her precious help
in carrying out the tests and Richard Roussillon and Stéphane
Ardizzone for their technical support. They also thank Julia
Greenfield for her careful proofreading of this manuscript.

REFERENCES
Barker, P. J., Briggs, C. A., and Bogeski, G. (2004). Tensile transmission across

the lumbar fasciae in unembalmed cadavers: effects of tension to various
muscular attachments. Spine 29, 129–138. doi: 10.1097/01.BRS.0000107005.62
513.32

Basser, P. J., Schneiderman, R., Bank, R. A., Wachtel, E., and Maroudas, A. (1998).
Mechanical properties of the collagen network in human articular cartilage as
measured by osmotic stress technique. Arch. Biochem. Biophys. 351, 207–219.
doi: 10.1006/abbi.1997.0507

Bennett, M. B., Ker, R. F., Imery, N. J., and Alexander, R. M. (1986). Mechanical
properties of various mammalian tendons. J. Zool. 209, 537–548. doi: 10.1111/j.
1469-7998.1986.tb03609.x

Boisse, P., Hamila, N., Guzman-Maldonado, E., Madeo, A., Hivet, G., and dell’isola,
F. (2017). The bias-extension test for the analysis of in-plane shear properties of
textile composite reinforcements and prepregs: a review. Int. J. Mater. Form 10,
473–492. doi: 10.1007/s12289-016-1294-7

Butler, D. L., Grood, E. S., Noyes, F. R., Zernicke, R. F., and Brackett, K.
(1984). Effects of structure and strain measurement technique on the material
properties of young human tendons and fascia. J. Biomech. 17, 579–596. doi:
10.1016/0021-9290(84)90090-3

Carse, B., Meadows, B., Bowers, R., and Rowe, P. (2013). Affordable clinical gait
analysis: an assessment of the marker tracking accuracy of a new low-cost
optical 3D motion analysis system. Physiotherapy 99, 347–351. doi: 10.1016/
j.physio.2013.03.001

Chèze, L., Moissenet, F., and Dumas, R. (2012). State of the art and current limits
of musculo-skeletal models for clinical applications. Edited by Floren Colloud.
Mov. Sport Sci. 90, 7–17. doi: 10.1051/sm/2012026

Chimich, D., Shrive, N., Frank, C., Marchuk, L., and Bray, R. (1992). Water
content alters viscoelastic behaviour of the normal adolescent rabbit medial
collateral ligament. J. Biomech. 25, 831–837. doi: 10.1016/0021-9290(92)
90223-N

Clarke, H. D., Fuchs, R., Scuderi, G. R., Scott, W. N., and Insall, J. N. (2005). Clinical
results in valgus total knee arthroplasty with the “pie crust” technique of lateral
soft t releases. J. Arthroplasty 20, 1010–1014. doi: 10.1016/j.arth.2005.03.036

Couppé, C., Hansen, P., Kongsgaard, M., Kovanen, V., Suetta, C., Aagaard, P., et al.
(2009). Mechanical properties and collagen cross-linking of the patellar tendon
in old and young men. J. Appl. Physiol. 107, 880–886. doi: 10.1152/japplphysiol.
00291.2009

Eichelberger, P., Ferraro, M., Minder, U., Denton, T., Blasimann, A., Krause, F.,
et al. (2016). Analysis of accuracy in optical motion capture – A protocol for
laboratory setup evaluation. J. Biomech. 49, 2085–2088. doi: 10.1016/j.jbiomech.
2016.05.007

Eng, C. M., Pancheri, F. Q., Lieberman, D. E., Biewener, A. A., and Dorfmann,
L. (2014). Directional differences in the biaxial material properties of fascia
lata and the implications for fascia function. Ann. Biomed. Eng. 42, 1224–1237.
doi: 10.1007/s10439-014-0999-993

Eng, C. M., and Roberts, T. J. (2018). Aponeurosis influences the relationship
between muscle gearing and force. J. Appl. Physiol. 125, 513–519. doi: 10.1152/
japplphysiol.00151.2018

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 13 July 2020 | Volume 8 | Article 750185

https://doi.org/10.1097/01.BRS.0000107005.62513.32
https://doi.org/10.1097/01.BRS.0000107005.62513.32
https://doi.org/10.1006/abbi.1997.0507
https://doi.org/10.1111/j.1469-7998.1986.tb03609.x
https://doi.org/10.1111/j.1469-7998.1986.tb03609.x
https://doi.org/10.1007/s12289-016-1294-7
https://doi.org/10.1016/0021-9290(84)90090-3
https://doi.org/10.1016/0021-9290(84)90090-3
https://doi.org/10.1016/j.physio.2013.03.001
https://doi.org/10.1016/j.physio.2013.03.001
https://doi.org/10.1051/sm/2012026
https://doi.org/10.1016/0021-9290(92)90223-N
https://doi.org/10.1016/0021-9290(92)90223-N
https://doi.org/10.1016/j.arth.2005.03.036
https://doi.org/10.1152/japplphysiol.00291.2009
https://doi.org/10.1152/japplphysiol.00291.2009
https://doi.org/10.1016/j.jbiomech.2016.05.007
https://doi.org/10.1016/j.jbiomech.2016.05.007
https://doi.org/10.1007/s10439-014-0999-993
https://doi.org/10.1152/japplphysiol.00151.2018
https://doi.org/10.1152/japplphysiol.00151.2018
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00750 August 25, 2021 Time: 17:25 # 14

Sednieva et al. Strain Assessment of Deep Fascia

Fairclough, J., Hayashi, K., Toumi, H., Lyons, K., Bydder, G., Phillips, N., et al.
(2006). The functional anatomy of the iliotibial band during flexion and
extension of the knee: implications for understanding iliotibial band syndrome.
J. Anat. 208, 309–316. doi: 10.1111/j.1469-7580.2006.00531.x

Findley, T., Chaudhry, H., and Dhar, S. (2015). Transmission of muscle force to
fascia during exercise. J. Bodywork Mov. Ther. 19, 119–123. doi: 10.1016/j.jbmt.
2014.08.010

Garfin, S. R., Tipton, C. M., Mubarak, S. J., Woo, S. L., Hargens, A. R., and Akeson,
W. H. (1981). Role of fascia in maintenance of muscle tension and pressure.
J. Appl. Physiol. 51, 317–320. doi: 10.1152/jappl.1981.51.2.317

Gratz, C. (1931). Tensile strength and elasticity tests on human fascia lata. J. Bone
Joint Surg. 13, 334–340.

Guilbert, M., Roig, B., Terryn, C., Garnotel, R., Jeannesson, P., Sockalingum,
G. D., et al. (2016). Highlighting the impact of aging on type I collagen: label-
free investigation using confocal reflectance microscopy and diffuse reflectance
spectroscopy in 3D matrix model. Oncotarget 7, 8546–8555. doi: 10.18632/
oncotarget.7385

Hammer, N., Huster, D., Boldt, A., Hädrich, C., Koch, H., Möbius, R., et al. (2016).
A preliminary technical study on sodium dodecyl sulfate-induced changes of
the nano-structural and macro-mechanical properties in human iliotibial tract
specimens. J. Mech. Behav. Biomed. Mater. 61, 164–173. doi: 10.1016/j.jmbbm.
2016.01.018

Hammer, N., Huster, D., Fritsch, S., Hadrich, C., Koch, H., Schmidt, P., et al. (2014).
Do cells contribute to tendon and ligament biomechanics? PLoS One 9:e105037.
doi: 10.1371/journal.pone.0105037

Hammer, N., Lingslebe, U., Aust, G., Milani, T., Ha¨drich, C., and Steinke, H.
(2012). Ultimate stress and age-dependent deformation characteristics of the
iliotibial tract. J. Mech. Behav. Biomed. Mater. 16, 81–86. doi: 10.1016/j.jmbbm.
2012.04.025

Henderson, E. R., Friend, E. J., Toscano, M. J., Parsons, K. J., and Tarlton, J. F.
(2015). Biomechanical comparison of canine fascia lata and thoracolumbar
fascia: an in vitro evaluation of replacement ts for body wall reconstruction.
Vet. Surg. 44, 126–134. doi: 10.1111/j.1532-950X.2014.12247.x

Huang, B. K., Campos, J. C., Peschka, P. G. M., Pretterklieber, M. L., Skaf, A. Y.,
Chung, C. B., et al. (2013). Injury of the gluteal aponeurotic fascia and proximal
iliotibial band: anatomy, pathologic conditions, and MR imaging. Radiographics
33, 1437–1452. doi: 10.1148/rg.335125171

Huijing, P. A. (2009). Epimuscular myofascial force transmission: a historical
review and implications for new research. International society of biomechanics
muybridge award lecture, Taipei, 2007. J. Biomech. 42, 9–21. doi: 10.1016/j.
jbiomech.2008.09.027

Jayyosi, C., Coret, M., and Bruyère-Garnier, K. (2016). Characterizing liver capsule
microstructure via in situ bulge test coupled with multiphoton imaging.
J. Mechan. Behav. Biomed. Mater. 54, 229–243. doi: 10.1016/j.jmbbm.2015.09.
031

Jayyosi, C., Fargier, G., Coret, M., and Bruyère-Garnier, K. (2014). Photobleaching
as a tool to measure the local strain field in fibrous membranes of connective ts.
Acta Biomater. 10, 2591–2601. doi: 10.1016/j.actbio.2014.02.031

Krasny, W., Magoariec, H., Morin, C., and Avril, S. (2018). Kinematics of collagen
fibers in carotid arteries under tension-inflation loading. J. Mechan. Behav.
Biomed. Mater. 77, 718–726. doi: 10.1016/j.jmbbm.2017.08.014

Lynch, B., Bonod-Bidaud, C., Ducourthial, G., Affagard, J.-S., Bancelin, S.,
Psilodimitrakopoulos, S., et al. (2017). How aging impacts skin biomechanics:
a multiscale study in mice. Sci. Rep. 7, 1–10. doi: 10.1038/s41598-017-13150-
13154

Masic, A., Bertinetti, L., Schuetz, R., Chang, S. W., Metzger, T. H., Buehler, M. J.,
et al. (2015). Osmotic pressure induced tensile forces in tendon collagen. Nat.
Commun. 6:5942. doi: 10.1038/ncomms6942

Mentiplay, B. F., Banky, M., Clark, R. A., Kahn, M. B., and Williams, G. (2018).
Lower limb angular velocity during walking at various speeds. Gait Posture 65,
190-96. doi: 10.1016/j.gaitpost.2018.06.162

Moissenet, F., Chèze, L., and Dmas, R. (2014). A 3D lower limb musculoskeletal
model for simultaneous estimation of musculo-tendon, joint contact, ligament
and bone forces during gait. J. Biomech. 47, 50–58. doi: 10.1016/j.jbiomech.
2013.10.015

Mount, F. E., Whitmore, M., and Stealey, S. L. (2003). Evaluation of Neutral Body
Posture on Shuttle Mission STS-57 (SPACEHAB-1). Available online at: https:
//ntrs.nasa.gov/search.jsp?R=20040200967 (accessed May 20, 2020).

Muscaritoli, M., Anker, S. D., Argilés, J., Aversa, Z., Bauer, J. M., Biolo, G., et al.
(2010). Consensus definition of sarcopenia, cachexia and pre-cachexia: joint
document elaborated by Special Interest Groups (SIG) “cachexia-anorexia in
chronic wasting diseases” and “nutrition in geriatrics”. Clin. Nutr. 29, 154–159.
doi: 10.1016/j.clnu.2009.12.004

Nau, T., Menth-Chiari, W. A., Seitz, H., and Vécsei, V. (2000). Acute compartment
syndrome of the thigh associated with exercise. Am. J. Sports Med. 28, 120–122.
doi: 10.1177/03635465000280010601

Nikolopoulos, D., Michos, I., Safos, G., and Safos, P. (2015). Current surgical
strategies for total arthroplasty in valgus knee. World J. Orthop. 6:469. doi:
10.5312/wjo.v6.i6.469

Nishimura, T., Hattori, A., and Takahashi, K. (1996). Relationship between
degradation of proteoglycans and weakening of the intramuscular connective
t during post-mortem ageing of beef. Meat Sci. 42, 251–260. doi: 10.1016/0309-
1740(95)00051-8

Osakabe, T., Hayashi, M., Hasegawa, K., Okuaki, T., Ritty, T. M., Mecham, R. P.,
et al. (2001). Age-and gender-related changes in ligament components. Ann.
Clin. Biochem. 38, 527–532. doi: 10.1177/000456320103800510

Otsuka, S., Shan, X., and Kawakami, Y. (2019). Dependence of muscle and deep
fascia stiffness on the contraction levels of the quadriceps: an in vivo supersonic
shear-imaging study. J. Electromyogr. Kinesiol. 45, 33–40. doi: 10.1016/j.jelekin.
2019.02.003

Otsuka, S., Yakura, T., Ohmichi, Y., Ohmichi, M., Naito, M., Nakano, T., et al.
(2018). Site specificity of mechanical and structural properties of human fascia
lata and their gender differences: a cadaveric study. J. Biomech. 77, 69–75.
doi: 10.1016/j.jbiomech.2018.06.018

Pancheri, F. Q., Eng, C. M., Lieberman, D. E., Biewener, A. A., and Dorfmann, L.
(2014). A constitutive description of the anisotropic response of the fascia lata.
J. Mechan. Behav. Biomed. Mater. 30, 306–323. doi: 10.1016/j.jmbbm.2013.12.
002

Pavan, P. G., Pachera, P., Stecco, C., and Natali, A. N. (2015). Biomechanical
behavior of human crural fascia in anterior and posterior regions of the lower
limb. Med. Biol. Eng. Comput. 53, 951–959. doi: 10.1007/s11517-015-1308-
1305

Podwojewski, F., Otténio, M., Beillas, P., Guérin, G., Turquier, F., and Mitton, D.
(2013). Mechanical response of animal abdominal walls in vitro: evaluation
of the influence of a hernia defect and a repair with a mesh implanted
intraperitoneally. J. Biomech. 46, 561–566. doi: 10.1016/j.jbiomech.2012.09.014

Podwojewski, F., Otténio, M., Beillas, P., Guérin, G., Turquier, F., and Mitton, D.
(2014). Mechanical response of human abdominal walls ex vivo: effect of an
incisional hernia and a mesh repair. J. Mech. Behav. Biomed.Mater. 38, 126–133.
doi: 10.1016/j.jmbbm.2014.07.002

Ruiz-Alejos, D., Peña, J. A., Pérez, M. M., and Peña, E. (2016). experiments and
constitutive model for deep and superficial fascia. Digital image correlation
and finite element validation: experiments and constitutive model for deep and
superficial fascia. Strain 52, 436–445. doi: 10.1111/str.12198

Schleip, R., Duerselen, L., Vleeming, A., Naylor, I. L., Lehmann-Horn, F., Zorn,
A., et al. (2012). Strain hardening of fascia: static stretching of dense fibrous
connective ts can induce a temporary stiffness increase accompanied by
enhanced matrix hydration. J. Bodywork Mov. Ther. 16, 94–100. doi: 10.1016/j.
jbmt.2011.09.003

Snoeck, O., Beyer, B., Feipel, V., Salvia, P., Sterckx, J.-L., Rooze, M., et al. (2014).
Tendon and fascial structure contributions to knee muscle excursions and knee
joint displacement. Clin. Biomech. 29, 1070–1076. doi: 10.1016/j.clinbiomech.
2014.08.003

Stahl, V. A. (2010). A Biomechanical Analysis of the Role of the Crural Fascia
in the Cat Hindlimb. Available online at: https://smartech.gatech.edu/handle/
1853/34701 (accessed May 20, 2020).

Stecco, C., Macchi, V., Porzionato, A., Duparc, F., and De Caro, R. (2011). The
fascia: the forgotten structure. Ital. J. Anat. Embryol. 116, 127–138. doi: 10.
13128/IJAE-10683

Stecco, C., Pavan, P., Pachera, P., De Caro, R., and Natali, A. (2014). Investigation of
the mechanical properties of the human crural fascia and their possible clinical
implications. Surg. Radiol. Anat. 36, 25–32. doi: 10.1007/s00276-013-1152-y

Steinke, H., Lingslebe, U., Böhme, J., Slowik, V., Shim, V., Hädrich, C., et al.
(2012). Deformation behavior of the iliotibial tract under different states
of fixation. Med. Eng. Phys. 34, 1221–1227. doi: 10.1016/j.medengphy.2011.
12.009

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 14 July 2020 | Volume 8 | Article 750186

https://doi.org/10.1111/j.1469-7580.2006.00531.x
https://doi.org/10.1016/j.jbmt.2014.08.010
https://doi.org/10.1016/j.jbmt.2014.08.010
https://doi.org/10.1152/jappl.1981.51.2.317
https://doi.org/10.18632/oncotarget.7385
https://doi.org/10.18632/oncotarget.7385
https://doi.org/10.1016/j.jmbbm.2016.01.018
https://doi.org/10.1016/j.jmbbm.2016.01.018
https://doi.org/10.1371/journal.pone.0105037
https://doi.org/10.1016/j.jmbbm.2012.04.025
https://doi.org/10.1016/j.jmbbm.2012.04.025
https://doi.org/10.1111/j.1532-950X.2014.12247.x
https://doi.org/10.1148/rg.335125171
https://doi.org/10.1016/j.jbiomech.2008.09.027
https://doi.org/10.1016/j.jbiomech.2008.09.027
https://doi.org/10.1016/j.jmbbm.2015.09.031
https://doi.org/10.1016/j.jmbbm.2015.09.031
https://doi.org/10.1016/j.actbio.2014.02.031
https://doi.org/10.1016/j.jmbbm.2017.08.014
https://doi.org/10.1038/s41598-017-13150-13154
https://doi.org/10.1038/s41598-017-13150-13154
https://doi.org/10.1038/ncomms6942
https://doi.org/10.1016/j.gaitpost.2018.06.162
https://doi.org/10.1016/j.jbiomech.2013.10.015
https://doi.org/10.1016/j.jbiomech.2013.10.015
https://ntrs.nasa.gov/search.jsp?R=20040200967
https://ntrs.nasa.gov/search.jsp?R=20040200967
https://doi.org/10.1016/j.clnu.2009.12.004
https://doi.org/10.1177/03635465000280010601
https://doi.org/10.5312/wjo.v6.i6.469
https://doi.org/10.5312/wjo.v6.i6.469
https://doi.org/10.1016/0309-1740(95)00051-8
https://doi.org/10.1016/0309-1740(95)00051-8
https://doi.org/10.1177/000456320103800510
https://doi.org/10.1016/j.jelekin.2019.02.003
https://doi.org/10.1016/j.jelekin.2019.02.003
https://doi.org/10.1016/j.jbiomech.2018.06.018
https://doi.org/10.1016/j.jmbbm.2013.12.002
https://doi.org/10.1016/j.jmbbm.2013.12.002
https://doi.org/10.1007/s11517-015-1308-1305
https://doi.org/10.1007/s11517-015-1308-1305
https://doi.org/10.1016/j.jbiomech.2012.09.014
https://doi.org/10.1016/j.jmbbm.2014.07.002
https://doi.org/10.1111/str.12198
https://doi.org/10.1016/j.jbmt.2011.09.003
https://doi.org/10.1016/j.jbmt.2011.09.003
https://doi.org/10.1016/j.clinbiomech.2014.08.003
https://doi.org/10.1016/j.clinbiomech.2014.08.003
https://smartech.gatech.edu/handle/1853/34701
https://smartech.gatech.edu/handle/1853/34701
https://doi.org/10.13128/IJAE-10683
https://doi.org/10.13128/IJAE-10683
https://doi.org/10.1007/s00276-013-1152-y
https://doi.org/10.1016/j.medengphy.2011.12.009
https://doi.org/10.1016/j.medengphy.2011.12.009
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fbioe-08-00750 August 25, 2021 Time: 17:25 # 15

Sednieva et al. Strain Assessment of Deep Fascia

Stelletta, J., Dumas, R., and Lafon, Y. (2016). “Muscle interactions influence the
muscular forces,” in Proceedings of the 22nd Congress of the European Society of
Biomechanics, Lyon.

Stelletta, J., Dumas, R., and Lafon, Y. (2017). “Chapter 23: modeling of the thigh:
a 3d deformable approach considering muscle interactions,” in Biomechanics
of Living Organs: Hyperelastic Constitutive Laws for Finite Element Modeling,
eds Y. Payan and J. Ohayon (Cambridge, MA: Academic Press). Available
online at: https://www.sciencedirect.com/book/9780128040096/biomechanics-
of-living-organs#book-description

Thornton, G. M., Shrive, N. G., and Frank, C. B. (2001). Altering
ligament water content affects ligament pre-stress and creep
behaviour. J. Orthop. Res. 19, 845–851. doi: 10.1016/S0736-0266(01)
00005-5

Tournadre, A., Vial, G., Capel, F., Soubrier, M., and Boirie, Y. (2019). Sarcopenia.
Joint Bone Spine 86, 309–314. doi: 10.1016/j.jbspin.2018.08.001

Tuttle, L. J., Alperin, M., and Lieber, R. L. (2014). Post-mortem timing of skeletal
muscle biochemical and mechanical degradation. J. Biomech. 47, 1506–1509.
doi: 10.1016/j.jbiomech.2014.02.019

Vieira, E. L., Vieira, E. A., da Silva, R. T., Berlfein, P. A., Abdalla, R. J., and Cohen,
M. (2007). An anatomic study of the iliotibial tract. Arthroscopy 23, 269–274.
doi: 10.1016/j.arthro.2006.11.019

Wang, C., Shankar, K., Morozov, E., Ramakrishnan, K. R., and Fien, A. (2020).
Characterization of shear behavior in stainless steel wire mesh using bias-
extension and picture frame tests. J. Eng. Mech. 146:2.

Westman, A. M., Dyer, S. E., Remer, J. D., Hu, X., Christ, G. J., and Blemker, S. S.
(2019). A coupled framework of in situ and in silico analysis reveals the role

of lateral force transmission in force production in tric muscle loss injuries.
J. Biomech. 85, 118–125. doi: 10.1016/j.jbiomech.2019.01.025

Wilke, J., Macchi, V., De Caro, R., and Stecco, C. (2019). Fascia thickness, aging
and flexibility: is there an association? J. Anat. 234, 43–49. doi: 10.1111/joa.
12902

Wu, G., Siegler, S., Allard, P., Kirtley, C., Leardini, A., Rosenbaum, D., et al.
(2002). ISB recommendation on definitions of joint coordinate system of
various joints for the reporting of human joint motion–part I: ankle,
hip, and spine. J. Biomech. 35, 543–548. doi: 10.1016/S0021-9290(01)002
22-226

Zwirner, J., Babian, C., Ondruschka, B., Schleifenbaum, S., Scholze, M., Waddell,
N. J., et al. (2019). Tensile properties of the human iliotibial tract depend on
height and weight. Med. Eng. Phys. 69, 85–91. doi: 10.1016/j.medengphy.2019.
05.001

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Sednieva, Viste, Naaim, Bruyère-Garnier and Gras. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 15 July 2020 | Volume 8 | Article 750187

https://www.sciencedirect.com/book/9780128040096/biomechanics-of-living-organs#book-description
https://www.sciencedirect.com/book/9780128040096/biomechanics-of-living-organs#book-description
https://doi.org/10.1016/S0736-0266(01)00005-5
https://doi.org/10.1016/S0736-0266(01)00005-5
https://doi.org/10.1016/j.jbspin.2018.08.001
https://doi.org/10.1016/j.jbiomech.2014.02.019
https://doi.org/10.1016/j.arthro.2006.11.019
https://doi.org/10.1016/j.jbiomech.2019.01.025
https://doi.org/10.1111/joa.12902
https://doi.org/10.1111/joa.12902
https://doi.org/10.1016/S0021-9290(01)00222-226
https://doi.org/10.1016/S0021-9290(01)00222-226
https://doi.org/10.1016/j.medengphy.2019.05.001
https://doi.org/10.1016/j.medengphy.2019.05.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


fphys-11-00945 August 5, 2020 Time: 17:53 # 1

ORIGINAL RESEARCH
published: 06 August 2020

doi: 10.3389/fphys.2020.00945

Edited by:
Eva Pontén,

Karolinska Institutet (KI), Sweden

Reviewed by:
Sudarshan Dayanidhi,

Shirley Ryan AbilityLab, United States
Ferdinand Von Walden,

Karolinska Institutet (KI), Sweden
Christer Malm,

Umeå University, Sweden

*Correspondence:
Domiziana Costamagna

domiziana.costamagna@kuleuven.be

†ORCID:
Domiziana Costamagna

orcid.org/0000-0001-7370-9385

Specialty section:
This article was submitted to
Striated Muscle Physiology,

a section of the journal
Frontiers in Physiology

Received: 12 March 2020
Accepted: 14 July 2020

Published: 06 August 2020

Citation:
Corvelyn M, De Beukelaer N,

Duelen R, Deschrevel J,
Van Campenhout A, Prinsen S,

Gayan-Ramirez G, Maes K, Weide G,
Desloovere K, Sampaolesi M and

Costamagna D (2020) Muscle
Microbiopsy to Delineate Stem Cell

Involvement in Young Patients:
A Novel Approach for Children With

Cerebral Palsy.
Front. Physiol. 11:945.

doi: 10.3389/fphys.2020.00945

Muscle Microbiopsy to Delineate
Stem Cell Involvement in Young
Patients: A Novel Approach for
Children With Cerebral Palsy
Marlies Corvelyn1, Nathalie De Beukelaer2, Robin Duelen1, Jorieke Deschrevel3,
Anja Van Campenhout4, Sandra Prinsen4, Ghislaine Gayan-Ramirez3, Karen Maes3,
Guido Weide2,3, Kaat Desloovere2, Maurilio Sampaolesi1 and Domiziana Costamagna1,2*†

1 Stem Cell Biology and Embryology, Department of Development and Regeneration, KU Leuven, Leuven, Belgium,
2 Neurorehabilitation Group, Department of Rehabilitation Sciences, KU Leuven, Leuven, Belgium, 3 Laboratory
of Respiratory Disease and Thoracic Surgery, Department of Chronic Diseases and Metabolism, KU Leuven, Leuven,
Belgium, 4 Pediatric Orthopedics, Department of Development and Regeneration, KU Leuven, Leuven, Belgium

Cerebral palsy (CP), the single largest cause of childhood physical disability, is
characterized firstly by a lesion in the immature brain, and secondly by musculoskeletal
problems that progress with age. Previous research reported altered muscle properties,
such as reduced volume and satellite cell (SC) numbers and hypertrophic extracellular
matrix compared to typically developing (TD) children (>10 years). Unfortunately, data on
younger CP patients are scarce and studies on SCs and other muscle stem cells in CP
are insufficient or lacking. Therefore, it remains difficult to understand the early onset and
trajectory of altered muscle properties in growing CP children. Because muscle stem
cells are responsible for postnatal growth, repair and remodeling, multiple adult stem cell
populations from young CP children could play a role in altered muscle development. To
this end, new methods for studying muscle samples of young children, valid to delineate
the features and to elucidate the regenerative potential of muscle tissue, are necessary.
Using minimal invasive muscle microbiopsy, which was applied in young subjects under
general anaesthesia for the first time, we aimed to isolate and characterize muscle stem
cell-derived progenitors of TD children and patients with CP. Data of 15 CP patients,
3–9 years old, and 5 aged-matched TD children were reported. The muscle microbiopsy
technique was tolerated well in all participants. Through the explant technique, we
provided muscle stem cell-derived progenitors from the Medial Gastrocnemius. Via
fluorescent activated cell sorting, using surface markers CD56, ALP, and PDGFRa, we
obtained SC-derived progenitors, mesoangioblasts and fibro-adipogenic progenitors,
respectively. Adipogenic, skeletal, and smooth muscle differentiation assays confirmed
the cell identity and ability to give rise to different cell types after appropriate stimuli.
Myogenic differentiation in CP SC-derived progenitors showed enhanced fusion index
and altered myotube formation based on MYOSIN HEAVY CHAIN expression, as well
as disorganization of nuclear spreading, which were not observed in TD myotubes.
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In conclusion, the microbiopsy technique allows more focused muscle research in
young CP patients. Current results show altered differentiation abilities of muscle stem
cell-derived progenitors and support the hypothesis of their involvement in CP-altered
muscle growth.

Keywords: cerebral palsy, young children, muscle microbiopsy, adult muscle stem cell-derived progenitors,
differentiation potential, myogenesis

INTRODUCTION

Cerebral palsy (CP) is the single largest lifelong condition leading
to childhood physical disability, affecting 1 in 500 newborns
(Christensen et al., 2014). It is characterized firstly by neural
deficits caused by a non-progressive lesion in the immature brain,
and secondly by musculoskeletal problems that progress with
age (Mathewson and Lieber, 2015). This condition manifests
itself through alterations in motor development and function
such as loss of selective motor control. Clinical symptoms of
the neural and muscular impairments mainly involve spasticity,
increased stiffness and contractures, muscle weakness and
decreased functional ability such as disturbed gait (Kurz et al.,
2012). Based on their functional capacities, patients with CP
are subdivided following Gross Motor Function Classification
System (GMFCS) levels (Palisano et al., 2008). Although the
initial problem is neural in origin, most treatments are directed
at muscle improvements such as physiotherapy, casting, orthoses
and botulinum toxin (BTX) injections (Williams et al., 2013;
Mathewson and Lieber, 2015). Not only heterogeneity in clinical
representation, but also in etiology, i.e., timing and cause of the
brain injury complicate research and no single animal model has
been sufficient to recapitulate all aspects of motor dysfunction in
children with CP (Cavarsan et al., 2019).

Muscle alterations have been observed in comparison to
typically developing (TD) children both at macroscopic (e.g.,
reduced muscle volume and longer tendons; Booth et al., 2001;
Foran et al., 2005) and microscopic levels (e.g., fibrotic tissue
accumulation, hypertrophic extracellular matrix and reduced
satellite cell (SC) numbers; Dayanidhi et al., 2015). These
alterations play an important role in the pathology and clinical
representation of CP. For example, higher collagen content
in the interstitium of the muscle has been associated with
higher stiffness (Smith et al., 2019). On the other hand, SC
ablation in a transgenic mouse model showed a reduced serial
sarcomere number and low recovery ability after immobilization.
These features could explain the difficulties that children with
CP experience in recovering from an immobilization-induced
contracture. Moreover, in these patients, the low addition of
serial sarcomere number could be due to a decreased number
of SCs (Dayanidhi et al., 2020). Unfortunately, the onset and
development of these muscle alterations are not well understood,
because data from young patients with CP, i.e., <10 years of age,
are still unavailable. Studies examining the microscopic muscle
features of children with CP are based on biopsy samples that
are mainly obtained during invasive surgery. Usually, surgical
correction is conducted in a subgroup of the patient population,
commonly at an age over 8–10 years. The timing of these

interventions is not appropriate to associate muscle biopsies
able to unravel the onset of muscle alterations in CP. Hence,
the use of less invasive techniques to collect muscle biopsies
earlier in the course of the disease is preferable and essential for
optimizing treatment (Booth et al., 2001; Marbini et al., 2002;
Domenighetti et al., 2018).

Skeletal muscle is a very dynamic tissue characterized, firstly,
by postnatal development and, secondly, by remodeling and
repair processes occurring during life, i.e., in response to growth,
exercise, injury and surgery (Dreyer et al., 2006; Fu et al.,
2015; Snijders et al., 2015). The most well-known muscle
progenitors are SCs that reside between the sarcolemma and
the basal lamina of the skeletal muscle. These cells play a
crucial role in postnatal muscle development as extensively
described, mostly in mice (White et al., 2010; Neal et al.,
2012). During postnatal development longitudinal and radial
muscle fiber growth has been reported in mice (Gokhin
et al., 2008). Fusion of the myoblasts from SCs into existing
myofibers induces a twofold increase in myofibrillar packing,
sevenfold enlargement in myofiber cross-sectional area, with
consequent fourfold growth of muscle mass (Gokhin et al.,
2008; Dayanidhi and Lieber, 2014). Myofiber longitudinal
length increases with addition of sarcomeres-in-series during
the first 4–6 postnatal weeks (Griffin et al., 1971). Moreover,
overload-induced hypertrophy depends on SC availability and
on maturational age, because the overall response to overload
differs in young versus mature mice (Murach et al., 2017).
These SCs respond to external triggers such as atrophic and
anabolic stimuli, hormones and cytokines, typically after acute
and chronic inflammation (Costamagna et al., 2015). These
adult stem cells are normally in a quiescent state but, due to
environmental cues, such as muscle injury, exercise, eccentric
strength as other triggers, they become activated (Dreyer et al.,
2006; Fu et al., 2015; Snijders et al., 2015). Once activated, SCs
start to proliferate and either self-renew for maintaining the
muscle stem cell pool or differentiate toward myoblasts and fuse
with existing myofibers to increase fiber mass and length (Tidball,
2011). During chronic inflammation conditions, SC number can
increase due to inflammatory stimuli, such as those in muscular
dystrophies, where the number of SCs is eventually exhausted,
or during cancer-induced muscle atrophy, where SCs accumulate
in the interstitium (He et al., 2013; Costamagna et al., 2020).
Despite their specific location, SCs can be identified by different
molecular markers such as PAX7, CD56, and CD82 (Illa et al.,
1992; Seale et al., 2000; Tedesco et al., 2017; Rotini et al., 2018;
Tey et al., 2019). Activation markers of SCs include NCAM
(CD56), MyoD, Dlk1, cMet, Myf5 etc. (Lindström et al., 2010;
Snijders et al., 2015).
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Previous studies on adolescents showed that the number of
SCs in contractured muscles of patients with CP is decreased in
comparison to TD controls (Smith et al., 2013; Dayanidhi et al.,
2015; Von Walden et al., 2018; Smith et al., 2019). As SCs are
considered to be the source of myonuclei, and the number of
nuclei was not found to be altered in CP adolescents, it has been
suggested that the reduction in SCs is unlikely to occur at a very
young age when different myoblasts fuse with multinucleated
fibers (Dayanidhi et al., 2015). However, this hypothesis still
needs to be tested. Additionally, recent in vitro studies showed
a decreased myogenic capacity for differentiation and fusion of
these SCs in CP adolescents (Domenighetti et al., 2018). The role
and the involvement for multiple muscle precursors at young ages
in patients with CP are currently unknown.

The current knowledge regarding muscle regeneration
potential in young CP muscle needs to be broadened by
determining whether other cell types that can play a role
in muscle regeneration are affected. As such mesoangioblasts
(MABs) and fibro-adipogenic progenitors (FAPs) in particular
have been recognized for their role in regeneration processes for
either direct fusion into myofibers (MABs) or a supportive role
(FAPs) toward other cell types, such as SCs (Bentzinger et al.,
2013; Ceafalan et al., 2014). MABs are multipotent progenitors
able to give rise to extravascular mesodermal cell types such as
smooth, cardiac and skeletal muscle, bone cells and adipocytes
in vitro (Tonlorenzi et al., 2007; Messina et al., 2009; Quattrocelli
et al., 2012). These cells withhold great therapeutic interest,
because they can migrate through the blood vessels (Klimczak
et al., 2018). Moreover, MABs have been shown to be able to
contribute to the SC pool in case the SCs are exhausted or
insufficient for muscle regeneration and repair as in case of
muscular dystrophies (Tedesco et al., 2017). In this respect,
promising results have been obtained in preclinical studies
applying MAB-based treatments for dystrophic experimental
conditions (Sampaolesi et al., 2003, 2006; Bosurgi et al., 2015).
A few years ago, safety of MAB systematic injections in patients
with Duchenne muscular dystrophy was successfully proved and
further studies are shortly expected to show MAB efficacy in
contributing to the contractile material of dystrophic patients
(Cossu et al., 2015).

In addition to MABs, FAPs have also been isolated from the
muscle interstitium and have been thoroughly described in mice
(Joe et al., 2010; Uezumi et al., 2010). Murine FAPs do not directly
fuse with damaged muscle fibers. However, upon injury, FAPs are
attracted by inflammatory cytokines, start to proliferate under
the impulse of IL-4/IL-13 secretion of eosinophils and support
myogenesis, enhancing the differentiation through signaling
molecules (Heredia et al., 2013). Under pathologic conditions,
FAPs can adopt an adipogenic cell fate for which the mechanisms
are still poorly understood (Judson et al., 2017). Although
FAPs still need to be carefully identified in young human
subjects, some groups, included ours, have tried to isolate them
from human samples through the expression of specific surface
markers such as CD15 and PDGFRa (Bentzinger et al., 2013;
Uezumi et al., 2014; Arrighi et al., 2015; Rotini et al., 2018).
However, the knowledge regarding their potential role in muscle
regeneration and repair processes in humans is still limited.

Due to their indirect effects on regeneration and involvement
in fibro-adipogenesis, these cells might be of great interest for
their role in multiple muscular pathologies (Heredia et al., 2013;
Tedesco et al., 2017). Further studies are needed to explore new
markers able to recognize the corresponding functional murine
population in human adult muscle.

Spurred by the importance of muscle stem cells and
the lack of information in altered CP muscles, the current
study investigates the feasibility of the muscle microbiopsy
technique for the systematic isolation of adult stem cell-derived
progenitors, as this technique already showed many advantages
in previous applications (Magistris et al., 1998; Hayot et al.,
2005; Pomiès et al., 2015; Townsend et al., 2016). Because this
technique is minimally invasive, well-tolerated and harmless,
it is considered ideal to be applied in young children. We
specifically focused on SC-derived progenitors, MABs and FAPs
in view of their potentially coordinated and supportive role
in muscle development and regeneration as described earlier,
especially in situations of insufficient SCs, as it is the case for
CP muscles. Multiple stem cell-derived progenitors were isolated
by fluorescent activated cell sorting (FACS), characterized and
assessed for their specific differentiation abilities in vitro (Marg
et al., 2014) (as shown in the additional Figure 1 in section
“Materials and Methods”). We reported higher fusion index
values of SC-derived progenitors from patients with CP after six
days of myogenic differentiation in comparison to those of TD
children. No differences were described for MABs and FAPs-
populations between TD children and patients with CP. Finally,
we highlighted important features as the focus for future CP
studies and pointed out myotube morphology alterations that
seemed to characterize CP SC-derived progenitors.

MATERIALS AND METHODS

Biopsy Collection
This study protocol was approved by the Ethical Committee
of the University Hospitals of Leuven, Belgium (S61110 and
S62645). Written informed consent was obtained from the
parents. Children with CP were recruited from the CP
Reference Centre, whereas TD children were recruited from
the Traumatology Unit of the University Hospitals Leuven
(Belgium). A group of 15 children with uni- or bilateral Cerebral
Palsy (CP; aged 6.3 ± 2.0; range 3.1–9.0 years) with Gross Motor
Function Classification System (GMFCS) (Palisano et al., 2008)
level I-III and 5 aged-matched TD children (aged 5.1 ± 1.4;
range: 3.4–7.2 years) were included in this study. In the CP
group, children with presence of dystonia or ataxia, BTX
injections within the last 6 months, orthopedic surgery less than
2 years before as well as any muscle surgery on the included
muscles were excluded. Additionally, TD children were further
excluded when they had a history of neurological problems
or when they were involved in a high-performance sporting
program. Demographic and anthropometric characteristics for
the recruited children are represented in Table 1. No significant
differences were found in age, body mass and height between the
CP and TD groups. All patients wore orthoses and underwent
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FIGURE 1 | Flowchart from muscle microbiopsy collection to cellular analyses. From left to right: the muscle microbiopsies were collected from the Medial
Gastrocnemius under ultrasound guidance from both TD children and patients with CP. Microbiopsies were either cut and histologically assessed or minced and
cultured on collagen-coated plates to isolate extruding cells able to proliferate further. After amplification of the cells, a first fluorescent activated cell sorting (FACS) at
passage 3–4 was performed based on CD56, a commonly accepted marker for satellite cell (SC)-derived progenitors. Subsequently, around passage 6–8, the
CD56− population underwent a second FACS based on markers from literature ALP and PDGFRa for isolation of mesoangioblasts (MABs) and fibro-adipogenic
progenitor cells (FAPs), respectively. Together with the CD56− ALP− PDGFRa− population (ICs), all obtained cell types were assessed for their differentiation
potential and harvested for immunofluorescence, RT-qPCR and western blot analysis (MyHC, MYOSIN HEAVY CHAIN; PLIN, PERILIPIN; aTUB, α TUBULIN).

TABLE 1 | Demographic and anthropometric data for the recruited subjects.

TD (n = 5) CP (n = 15)

GMFCS I (n = 5) GMFCS II (n = 7) GMFCS III (n = 3)

Age (year) Mean (SD) 5.1 (1.4) 6.3 (2.0) 5.2 (1.7) 6.1 (2.0) 8.5 (0.4)

Range 3.4–7.2 3.1–8.9 3.1–7.5 3.7–8.9 8.0–8.9

Sex (M – F) N 2–3 10–5

Body mass (KG) Mean (SD) 18.8 (3.7) 20.9 (6.1) 17.4 (2.8) 19.5 (4.6) 29.9 (4.9)

Height (CM) Mean (SD) 110.9 (9.3) 114.2 (15.6) 104.5 (10.4) 113.6 (15.5) 131.7 (9.1)

Involvement (unilat – bilat) N – 5–10 3–2 2–5 0–3

Number of previous btx injections (N) Mean (SD) – 1.7 (2.2) 1.4 (1.3) 2.3 (3.0) 1.0 (1.0)

Range – 0–7 0–3 0–7 0–2

Physiotherapy (min/week) Mean (SD) – 139.7 (60.1) 123.0 (60.4) 158.6 (56.7) 123.3 (77.7)

In this study, two subject groups were included: typically developing (TD) children and patients with Cerebral Palsy (CP). Both groups did not differ in age, body, mass and
height. Patients with CP are further subdivided based on Gross Motor Function Classification System (GMFCS) levels. Phenotype was described by unilateral or bilateral
involvement. Number of previous botulinum toxin (BTX) injections in the Medial Gastrocnemius is reported. Mean and standard deviation (SD) are shown. Unpaired T-tests
were performed to compare the two groups (TD and CP children).

regular physiotherapy as part of their standard of care. Muscle
microbiopsies were obtained from the muscle belly of the Medial
Gastrocnemius during interventions requiring general anesthesia
(BTX injections or orthopedic surgery) for patients with CP.
In TD children, microbiopsies were obtained while material
from upper limb trauma surgery was removed. The biopsy
collections were performed percutaneously, under ultrasound
guidance with a microbiopsy needle (16-gauge, Bard). The
acquired microbiopsies had a maximum length of 1.5 cm,

weighed on average 10± 2.2 mg for TD and 9.5± 2.4 mg for CP
and had a diameter of 1.3 mm. No significant differences were
present in the weight of the microbiopsies between the groups.
Immediately after isolation, muscle microbiopsies were divided
and disrupted in smaller pieces. These were cultured as explained
in the “Materials and Methods” section and shown in the reported
flowchart (Figure 1). After the biopsy collection, ice packs were
used to avoid hematoma. Clinical tolerance was good and the
parents were asked to evaluate the associated pain during the
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days following the biopsy procedure. Among all subjects, few
complained about discomfort, stiffness and minor pain during
the 2 days after biopsy collection. After 2 days no discomfort was
reported in any subjects.

Cell Culture
Muscle biopsies were cultured in multi-well dishes coated
with 0.1% bovine collagen (Sigma-Aldrich for all of the
compounds, as declared elsewhere) at 37◦C in a 5% CO2
and 5% O2 atmosphere according to the explant technique
(Cusella-De Angelis et al., 1994; Messina et al., 2004; Morosetti
et al., 2006; Tonlorenzi et al., 2007; Díaz-Manera et al., 2012;
Quattrocelli et al., 2012), as direct enzymatic digestion of the
microbiopsy resulted in too low yields for stem cell-derived
progenitor isolation, culture and further experiments. Growth
medium containing IMDM (Thermo Fisher Scientific) was
used with 20% fetal bovine serum (FBS; Thermo Fisher
Scientific), 1 mg/mL non-essential aminoacids (Thermo
Fisher Scientific), 1 mg/mL sodium-pyruvate (Thermo Fisher
Scientific), 1 U/mL penicillin/streptomycin (P/S; Thermo Fisher
Scientific), 1% chicken embryo extract (CEE; Bio Connect),
2 mM Glutamine (Thermo Fisher Scientific) and 100 nM
β-mercaptoethanol (Thermo Fisher Scientific). When 70–80%
of confluence was reached, cells were passaged, using TrypLETM

Express (Thermo Fisher Scientific). After cell sorting and
amplification, cells were seeded at different densities to test their
differentiation potential using specific differentiation media
to induce different cell fate programs, as specified in “In vitro
differentiation assays.”

Fluorescent Activated Cell Sorting
Cell populations were isolated by serial FACS with a BD
FACSAria II (BD biosciences) device. The first FACS was
performed on cells at passage 3-4 (P3-P4), the second at P6-
P8. Three to 10 × 106 cells, once detached, were serial sorted
first with a commonly accepted marker for satellite cells (SC-
derived progenitors; CD56) (Illa et al., 1992; Mackey et al.,
2007; Lecourt et al., 2010; Scott et al., 2013; Snijders et al.,
2015; Pomiès et al., 2015) and in a following sorting on
the CD56− population, with a mesoangioblast marker (MAB;
Alkaline Phosphatase, ALP) (Dellavalle et al., 2007; Crippa et al.,
2011; Díaz-Manera et al., 2012; Quattrocelli et al., 2012) and a
fibro-adipogenic progenitor cell marker (FAP; Platelet-Derived-
Growth Factor Receptor alpha; PDGFRa and CD15) (Uezumi
et al., 2014; Arrighi et al., 2015; Rotini et al., 2018) as specified
in Table 3. Cells were incubated with the primary antibodies at
room temperature (RT) for 30 min, protected from light. FACS
cell gating prior to the sorting was performed through forward
and side scatter plots to gate the main population of interest,
excluding non-viable cells based on dimension and granularity.
Further gates were selected for single cells. Finally, to assess
correct gating, bare cells and negative controls (fluorescent minus
one, FMO) were used. A fraction of the CD56− ALP− PDGFRa−
population was also isolated. After sorting, the cells were seeded
at densities of over 1 × 104 cells/cm2. Analyses were performed
using FACS DIVA software. Because six of the included patients
with CP were initially enrolled in a pilot study (S61110) for

optimization of this workflow, not all data from these patients
could be included in all analyses.

Flow Cytometry
Antibody titrations for FACS optimization and further flow
cytometry analyses were performed with a FACSCanto II AIG
(BD biosciences). For ALP and PDGFRa titrations, antibody
concentrations within the range of 15 ng/mL to 2 µg/mL were
used. To assess correct gating, 1 × 106 cells were used as bare
cells or negative controls (FMOs). Analyses were performed using
FlowJo v10.6.1 software.

In vitro Differentiation Assays
All differentiations were conducted in the same conditions as for
cultivation, namely at 37◦C in a 5% CO2 and 5% O2 atmosphere.
For both skeletal muscle and adipocyte differentiation, cells
were seeded at 6 × 104 cells/cm2 in multi-well dishes and
cultured with growth medium. For myogenic induction, when
cells were at 80% of their confluence, differentiation medium
was applied. Myogenic differentiation medium consisted of
DMEM High Glucose (Thermo Fisher Scientific), 2% horse
serum (Thermo Fisher Scientific), 1% CEE, 1 mg/mL sodium-
pyruvate and 1 U/mL P/S. Medium was replaced every other
day and myogenic differentiation was terminated after 3 and
6 days for all samples. For adipogenic differentiation, the StemPro
Adipogenesis Differentiation Medium was applied when the
seeded cells reached almost 100% confluence, following the
density and the conditions advised by the provider (Thermo
Fisher Scientific). Smooth muscle differentiation was performed
at a lower confluence of 3 × 103 cells/cm2, replacing the
medium the day after seeding by myogenic differentiation
medium supplemented with 50 ng/mL TGFb1 (Peprotech).
For all adipogenic and smooth muscle differentiations, the
medium was replaced every other day and the differentiation was
terminated after 10 days.

Quantitative RT-PCR Pursuing Myogenic
Fusion and Differentiation
RNA isolation was carried out using the PureLink R© RNA
Mini Kit (Thermo Fisher Scientific) according to the
provided protocol. Genomic DNA traces were removed
using Turbo DNase (Thermo Fisher Scientific), following the
manufacturer’s instructions. RNA concentration was quantified
by Spectrophotometer ND-1000 (Nanodrop) and integrity was
assessed by agarose gel electrophoresis. First strand cDNA
synthesis was carried out based on 200 ng of total RNA
(Vandesompele et al., 2002; Arning et al., 2004; Pomiès et al.,
2016; Von Walden et al., 2018) following the protocol provided
by the Superscript III First-Strand Synthesis SuperMix for
RT-qPCR kit (Thermo Fisher Scientific). RT-qPCR reaction
mix consisted of 1:5 diluted cDNA (in Milli-Q water, MQ), one
volume of SYBR green (Qiagen), 25 nM ROX (Thermo Fisher
Scientific) and 0.25 µM primers (Table 2). The analysis was
carried out in 384 well plates with the ViiATM 7 Real-Time PCR
system (Thermo Fisher Scientific). The run method consisted of
95◦C for 20 s, 40 cycles of 95◦C for 1 s and 60◦C cycles for 20 s
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TABLE 2 | Primer list for RT-qPCR.

Gene Forward primer Reverse primer

PAX7 GGGCCTCCTGCTTGTTTAT CCATCTGGCTGGACTTCAAT

MYOD CCGCCTGAGCAAAGTAAATG CGATATAGCGGATGGCGTT

MyHC GACATTGACCACACCCAGTATAA CAGCTTCTCATCTCGCATCTC

MYOMAKER TCATCATCGCGGCAAAGT AGCAGCAGAACAAAGGACATA

DESMIN GAAGCTGCTGGAGGGAGAG ATGGACCTCAGAACCCCTTT

KIF5b AGGAAGCAGTCAGGTCAAAG CACTTGGGTGAGTTGGAGAA

ITGB1 TGATCCTGTGTCCCATTGTAAG GCAGTAATGCAAGGCCAATAAG

β-ACTIN GGACCTGACTGACTACCTCAT CGTAGCACAGCTTCTCCTTAAT

TABLE 3 | List of antibodies for FACS, immunofluorescent staining and western blot analyses.

Antibody Relative dilution Brand Application

CD56-APC 0.5 µL/1 × 106 cells BioLegend FACS

Alkaline phospatase-PE 3.0 µL/1 × 106 cells R&D Systems FACS

PDGFRa-APC 2.5 µL/1 × 106 cells BioLegend FACS

CD15-FITC 10 µL/1 × 106 cells BD Pharmingen FACS

CD56 (1) 1:1000 (mouse) BD Pharmingen Immunofluorescence (muscle slide)

(2) 1:300 (mouse) Immunofluorescence (in vitro staining)

PERILIPIN A/B 1:200 (rabbit) Sigma-Aldrich Immunofluorescence

MF20 1:20 (mouse) Hybridoma Bank Immunofluorescence

MYOD 1:200 (rabbit) Cell Signaling Immunofluorescence

α Smooth muscle actin 1:300 (mouse) Sigma-Aldrich Immunofluorescence

CD90 1:100 (rabbit) Abcam Immunofluorescence

PAX7 1:2 (mouse) Hybridoma Bank Immunofluorescence

LAMININ 1:250 (rabbit) Abcam Immunofluorescence

MF20 1:4 (mouse) Hybridoma Bank Western blot

α TUBULIN 1:1000 (mouse) Sigma-Aldrich Western blot

followed by melting curve analysis. Gene expression levels were
normalized to housekeeping gene β-ACTIN. dCT was obtained
by subtracting the CT of the investigated gene from the CT of the
housekeeping gene.

Immunofluorescent Staining
Cells were cultured in 96 well dishes (Thermo Fisher Scientific)
and fixed with 4% paraformaldehyde. Samples were incubated
at RT in permeabilization medium (1% Bovine Serum Albumin,
0.2% TritonX-100 in Phosphate Buffer Solution, PBS), for
30 min, followed by blocking with 1:10 donkey serum (VWR)
in PBS, at RT for 30 min. Cells were incubated overnight
with primary antibody at 4◦C. A list of the used antibodies is
provided in Table 3. Before applying the appropriate secondary
antibody (1:500, Alexa Fluor R© donkey 488 or 594, Thermo Fisher
Scientific), the cells were washed twice with PBS. Hoechst (1:3000
in PBS, Thermo Fisher Scientific) was added for 1 min and the
cells were washed twice with PBS. For fusion index (ratio between
myonuclei and total number of nuclei in a field), we counted the
nuclei in MYOSIN HEAVY CHAIN (MyHC) positive myotubes
composed of at least 2 nuclei. This was assessed in 3 randomized
pictures for every well in pictures taken at 10x magnification.
Visualization occurred with an Eclipse Ti Microscope (Nikon)
and NIS-Elements AR 4.11 Software.

Oil Red O Staining to Assess Deposition
of Lipid Droplets
For adipogenic differentiation, Oil Red O staining was
performed. Cells were washed twice with MQ water and
incubated with Oil Red O solution (65% of 0.5% w/v Oil
Red O in isopropanol (Thermo Fisher Scientific) and MQ
water) for 50 min. Cells were washed extensively with MQ
water before carrying out the previously described standard
immunofluorescence protocol for visualization of the adipocyte
membrane with PERILIPIN (PLIN; Table 3). To quantify Oil Red
O staining, lipids were extracted with a petrol ether/isopropanol
mixture (3:2) and quantified for their absorbance at 490 nm for
0.1 s with Victor Spectrophotometer (PerkinElmer). Standard
curve was applied and quantification expressed as a percentage
of the absorbance observed in TD samples.

Western Blot to Quantify MyHC Levels in
Differentiated Satellite Cells
Cells were resuspended in 60 µL of RIPA buffer
supplemented with 10 mM sodium fluoride, 0.5 mM sodium
orthovanadate, 1:100 protease inhibitor cocktail and 1 mM
phenylmethanesulfonyl fluoride. The cells were disrupted using a
21-gauge needle, kept on ice for 30 min, sonicated and afterwards
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incubated on ice for 30 min. Samples were centrifuged at 10,000
g for 10 min at 4◦C. The supernatant was transferred into
a new tube and protein concentrations were measured by a
Spectrophotometer ND-1000 (Nanodrop). 40 µg of proteins
were heat-denatured in sample-loading buffer (50 mM tris-HCl,
pH 6.8, 100 mM DTT, 2% SDS, 0.1% bromophenol blue, 10%
glycerol) at 95◦C for 10 min. Proteins were separated by a
10% SDS-polyacrylamide gel electrophoresis and transferred
to nitrocellulose membranes. Blocking was performed using
5% non-fat dry milk dissolved in tris-buffered saline (TBS)
containing 0.05% Tween. Incubation with primary antibody
was performed overnight in TBS-Tween with 2.5% milk.
Secondary horseradish peroxidase (HRP)-conjugated antibody
(BioRad) was diluted 1:5000 in TBS-Tween with 2.5% milk.
Protein amounts were normalized using a mouse antibody
against α-TUBULIN. Western blot analysis was performed
with a GelDoc chemioluminescence detection system (Bio-
Rad). Quantitation was performed and relative densitometry
was calculated by normalizing the protein band against the
background and housekeeping proteins, using the QuantityOne
software (BioRad).

Histological Analyses
Muscle microbiopsies were frozen in isopentane cooled in
liquid nitrogen and stored at −80◦C for further analyses.
Five µm muscle sections were obtained using a CryoStarTM

NX70 Cryostat (Thermo Fisher Scientific), while kept at −20◦C.
Sections were brought to room temperature for 10 min in a
humid chamber then incubated in cold acetone for 10 min.
After washing with PBS, slides were incubated with 10% goat
serum (Invitrogen) for 1 h. Primary antibodies at different
dilutions were applied overnight at 4◦C as reported in Table 3.
After extensive washing with PBS, muscle slides were incubated
for 1 h at RT with appropriate secondary antibodies (1:500,
Alexa Fluor R© goat 488, 555 or 680, Thermo Fisher Scientific).
Dapi (1:50 in PBS, Thermo Fisher Scientific) was added for
1 min and the samples were extensively washed with PBS before
mounting with ProLong R© Gold antifade reagent (Molecular
Probes). Visualization was performed using an inverted DMi8
microscope (Leica) using LasX software.

Statistics
The patients in this study showed a normal distribution based
on age, length and body weight. Hence, results are expressed
as mean values with standard deviation (SD). Due to the
limited sample sizes, boxplots were used in the visualization
of the fusion index values and of Oil Red O quantifications.
The boxplots indicate the 25th to 75th percentiles, while the
whiskers indicate the minimum and maximum values. The center
of the boxplot indicates the median. Unpaired T-tests were
performed for comparison between the TD and CP groups (two-
tailed, p < 0.05). One-way ANOVA was performed to compare
the subgroups of children with CP characterized by the same
GMFCS levels or BTX treatment history. Comparison of multiple
subgroups and time points for RT-qPCR were assessed through
two-way ANOVA, followed by Tukey’s multiple comparison
tests. Significance of the differences was reported as ∗p < 0.05.

Statistical analysis was performed with GraphPad Prism 8
software. Regression analysis was performed with Excel (Office
2019). Power analysis was performed using G Power 3.1.9.7.

RESULTS

The procedure of collecting muscle biopsy through the muscle
microbiopsy technique was well-tolerated and provided enough
material to be plated and amplified on collagen coated dishes. The
complete workflow was performed starting from FACS analysis to
obtain stem cell-derived progenitors from first satellite cells (SCs)
and subsequently mesoangioblasts (MABs), fibro-adipogenic
progenitors (FAPs) and the CD56− ALP− PDGFRa− populations
(see Figure 1). The potential of these cells was evaluated based
on myogenic differentiation for SC-derived progenitors; skeletal
muscle, adipogenic and smooth muscle differentiation for MABs;
myogenic and adipogenic differentiation for FAPs and interstitial
cell (IC; CD56− ALP− PDGFRa−) populations. Because a
number of the subjects included was enrolled in a pilot study
(S61110) for optimization of this workflow, not all the analyses
could be performed in all CP samples. The numbers of subjects
are specified for each analysis.

Adult Stem Cell Histological
Identification and Isolation
In both typically developing (TD) children and patients with
cerebral palsy (CP), SCs were identified on muscle sections
through their co-expression of both PAX7 and CD56 markers
(Supplementary Figure 1). The proportion of SCs (recognized
as CD56+ population) was similar between TD children and
patients with CP (29.0± 22.6%; n = 5 TD samples; 36.5± 24.9%;
n = 15 CP samples; Figures 2A,B). After amplification of the
CD56− cells, reasonable amounts of MABs (based on ALP
expression: 7.1 ± 6.3%, n = 5 TD; 12.4 ± 13.8%, n = 8 CP) and
FAPs (based on PDGFRa expression: 8.3 ± 15.0%, n = 5 TD;
7.4± 5.7%, n = 8 CP) were isolated with no significant differences
between CP and TD for both MABs (CD56− PDGFRa− ALP+)
and FAPs (CD56− ALP− PDGFRa+; Figures 2C,D). Using the
CD15 marker, the isolation of FAPs resulted in insufficient
cell numbers for the experiments (Supplementary Figure 2B).
IC (CD56− ALP− PDGFRa−) fractions showed no differences
between groups (6.0 ± 3.8%, n = 5 TD; 9.2 ± 10.0%, n = 8
CP; Figure 2C). Isolated SC-derived populations underwent
purity control through FACS analyses resulting in a purity of
93.9 ± 4.3% for CD56+ cells (n = 10; TD and CP patients)
and 98.8 ± 0.5% for CD56− cells (n = 4; TD and CP patients)
(Supplementary Figure 2A).

Myogenic Features of Satellite
Cell-Derived Progenitors
Analysis by RT-qPCR of the main transcription factors of
adult myogenesis, such as PAX7 and MYOD, or a marker
of myogenic differentiation, such as MYOSIN HEAVY CHAIN
(MyHC), did not show any differences in expression levels during
myotube formation (day 0, 3 and 6) between TD children and
CP patients (n = 4; Figure 3A). The identity of these cells
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FIGURE 2 | Fluorescent Activated Cell Sorting of muscle stem cells. (A) Example of Fluorescent Activated Cell Sorting (FACS): based on the expression of CD56,
satellite cell-derived progenitors (SCs; green gate) were isolated from both TD children (n = 5) as well as patients with CP (n = 15). (B) Percentages of CD56+ cells
from each child are reported in the graph. (C) Example of FACS: after amplification, FACS on the CD56− population isolated mesoangioblasts (MABs; CD56−

PDGFRa− ALP+; purple gate), fibro-adipogenic progenitors (FAPs; CD56− ALP− PDGFRa+; orange gate) and interstitial cells (ICs; CD56− ALP− PDGFRa−; gray
gate) (TD: n = 5; CP: n = 8). (D) Percentages of CD56− PDGFRa− ALP+ (circles), of CD56− ALP− PDGFRa+ (triangles) and CD56− ALP− PDGFRa− (squares) cells
from each patient are reported in the graph. Statistics were performed by unpaired two-tailed T-test (p > 0.05) for isolation of the CD56+ population and one-way
ANOVA was performed to assess the MAB, FAP, and IC fractions. Means are indicated per group by a horizontal line.

was reconfirmed by immunofluorescence (IF) showing CD56
expression still at passage 7–8 in vitro, associated with the
nuclear expression of MYOD (Supplementary Figure 3A). The
expression of MYOD was shown during the entire differentiation
period, during a time course from day 0, 3 to 6 of skeletal
muscle induction (Supplementary Figure 3B). Accordingly, SC-
derived progenitors of both TD children and CP patients led to
varying levels of protein expression for MYOD (Figure 3B, day
0; arrows and arrowheads) and consequently for MyHC, upon
differentiation (Figure 3B, day 6). Fusion index (FI) based on
MyHC expression was significantly higher in CP (41.7 ± 17.0%,
n = 14) in comparison to FI in TD children (20.8 ± 11.4%,
n = 5; p < 0.05; Figure 3C). No link between the SC-derived
progenitor fusion index with GMFCS level, age or previous
botulinum toxin treatments was found (for BTX, see Table 1
for number of patients, dose and conditions). However, our
dataset based on these single conditions is probably too limited

to lead to robust conclusions (Supplementary Figures 4A–C).
Analogously, western blot analysis for MyHC confirmed this
heterogeneity, although no clear differences were detected
between the two groups, most likely due to the low sample size
(n = 2 TD; n = 3 CP; Supplementary Figures 4D,E).

Characterization of Mesoangioblasts
After amplification of the CD56− population, in a second cell
sorting, we extracted CD56− PDGFRa− ALP+ cells, hereby
referred to as MABs. They differentiated toward myotubes with
fusion index values of 3.1± 4.6% (n = 4 TD) and 4.7± 4.5% (n = 9
CP; Figures 4A,B). Myogenic potential based on fusion index
did not differ significantly between the two groups. Adipogenic
potential of this population was confirmed by Oil Red O staining
and PERILIPIN expression (PLIN; Figure 4C; Dellavalle et al.,
2007). Quantification of Oil Red O within CP adipocytes was
expressed as a percentage of TD samples (100 ± 38.2%, n = 4
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FIGURE 3 | Satellite cell-derived progenitor myogenic differentiation. (A) RT-qPCR analysis on SC-derived progenitors from TD children and patients with CP for the
expression of PAX7, MYOD and MyHC genes normalized to β-ACTIN gene, at days 0, 3, and 6 during myogenic differentiation. Mean and SD are reported (n = 4 for
each group). (B) Representative immunofluorescence (IF) from SC-derived progenitors of a TD child and a CP patient at days 0 and 6 of myogenic differentiation.
MYOD+ nuclei (green) are highlighted by arrows when included into myotubes and by arrowheads if not yet fused; MyHC (red) and nuclei are counterstained by
HOECHST (blue). Scale bar: 200 µm. (C) Fusion index (FI) values are represented by boxplots and dots represent individual subjects (TD: n = 5; CP: n = 14;
*p < 0.05). Statistics were performed by unpaired two-tailed T-test and two-way ANOVA (p > 0.05).

TD; 68.5 ± 24.0%, n = 9 CP) and did not show differences
(Figure 4D). To confirm the multipotent character of MABs,
smooth muscle differentiation assays were performed on a
representative fraction of samples (n = 3 per group). Based on IF
staining, higher levels of α SMOOTH MUSCLE ACTIN (a-SMA)
were expressed after 10 days of differentiation in comparison to
day 0 (Figure 4E).

Differentiation Potential of
Fibro-Adipogenic Progenitors
The CD56− ALP− PDGFRa+ population, also referred to
as FAPs, showed very limited myogenic capacity based on
IF staining for MYOD and MyHC, after a 6-day myotube
differentiation, for TD children and patients with CP
(Figure 5A). Fusion index values for TD children (0.0 ± 0.0%,
n = 4) as well as for children with CP (0.5 ± 0.9%, n = 9)
were very low and not significantly different between
both groups (Figure 5B). Adipogenic potential of this
population was tested and confirmed by Oil Red O and

PLIN staining (Figure 5C). Quantification of Oil Red O
within the adipocytes from CP samples (76.2 ± 18.1%,
n = 9), compared to the absorbance observed in TD
samples (100 ± 28.9%, n = 4), did not show any significant
differences (Figure 5D).

Characterization of Interstitial Cells
After isolation of the most well-known muscle stem cell-derived
progenitors, the remaining myogenic capacity in the ICs (CD56−
ALP− PDGFRa−) showed a low myogenic potential, based on
IF staining for MYOD and MyHC, as well as by fusion index
(Figures 5E,F), in both groups. IC-derived myotubes were totally
absent in TD children (0 ± 0.0%, n = 4), or sporadically present
in patients with CP resulting in a low and not significantly
different fusion index (2.1 ± 3.1%, n = 9). ICs also showed high
adipogenic differentiation potential based on Oil Red O staining
and expression of PLIN (Figure 5G), without any significant
differences for CP with respect to TD values. This cell population
was indeed characterized in cells from both origins by the
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FIGURE 4 | Differentiation assays to characterize the mesoangioblast population. (A) Representative IF images from MABs for a TD child and a patient with CP at
days 0 and 6 of myogenic differentiation. MyHC (red); nuclei are counterstained by HOECHST (blue). (B) FI for TD children (n = 4) and CP patients (n = 9) is shown in
boxplots, dots represent individual subjects. (C) Representative IF images of MABs from TD and CP children at days 0 and 10 of adipogenic differentiation. Oil Red
O (red); PERILIPIN (PLIN; green); nuclei are counterstained by HOECHST (blue). (D) Oil Red O quantification at day 10 of adipose differentiation was measured and
normalized to TD samples (TD: n = 4; CP: n = 9). Data are shown in boxplot graphs, individual subjects are represented by dots. Statistics were performed with
unpaired two-tailed Student’s T-test (p > 0.05). (E) Representative IF images at days 0 and 10 of smooth muscle differentiation of MABs from TD and CP children. α

SMOOTH MUSCLE ACTIN (a-SMA; green) and nuclei are counterstained by HOECHST (blue). Scale bars are 200 µm.

expression of CD90 (Figure 5H), a marker usually used for
fibroblasts (Kisselbach et al., 2009).

Qualitative Differences in Myotubes
From Satellite Cells Between TD
Children and Patients With CP
We observed SC-derived progenitor myogenic differentiation
alterations in mature myotubes based on IF staining for

MyHC. IF images of differentiated SC-derived progenitors from
three representative TD children showed rather long and thin
myotubes, while the ones from three representative patients
with CP seemed to be larger and less characterized by the
usual tubular shape (Figure 6A). Additionally, in myotubes from
CP patients, we noticed the nuclear tendency to co-localize in
big clusters, which was not observed in myotubes from TD
children. Transcript levels for multiple genes involved in fusion
and nuclear migration did not show any significant differences
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FIGURE 5 | Characterization fibro-adipogenic progenitors and interstitial cells. (A) Representative IF images of FAPs for a TD child and a patient with CP at days 0
and 6 of myogenic differentiation. MYOD (green); MyHC (red); nuclei are counterstained by HOECHST (blue). (B) Fusion Index (FI) for TD children (n = 4) and CP
patients (n = 9) is shown in boxplots, dots represent individual subjects. (C) Representative IF images of FAPs from TD and CP children at days 0 and 10 of
adipogenic differentiation. Oil Red O (red); PLIN (green); nuclei are counterstained by HOECHST (blue). (D) Oil Red O quantification at day 10 of adipose
differentiation was measured and normalized to TD samples (TD: n = 4; CP: n = 9). Data are shown in boxplot graphs, individual subjects are represented by dots.
(E) Representative IF images of ICs from TD children and patients with CP at days 0 and 6 of myogenic differentiation. MYOD (green); MyHC (red); nuclei are
counterstained by HOECHST (blue). (F) FI for TD children (n = 4) and CP patients (n = 9) is shown in boxplots, dots represent individual subjects. (G) Representative
IF images of ICs from TD and children with CP at days 0 and 10 of adipogenic differentiation. Oil Red O (red); PLIN (green); nuclei are counterstained by HOECHST
(blue). (H) Representative IF images of ICs from both TD children and patients with CP stained for CD90 (green); nuclei are counterstained by HOECHST (blue). Scale
bars are 200 µm. Statistics were performed using an unpaired two-tailed Student’s T-test (p > 0.05).
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between TD children and patients with CP (n = 4 per group;
Figure 6B).

DISCUSSION

For the first time, this study applied the muscle microbiopsy
technique for the successful isolation, culture, amplification
and examination of different adult muscle stem cell-derived
progenitors in young TDs and children with CP. The muscle
microbiopsy was very well tolerated and proved to be safe
in young children. Moreover, it delivered a sufficient amount
of material to investigate the muscle tissue of very young
subjects. An important advantage of the microbiopsy is that
this technique more easily allows including young children and
obtaining muscle material by a less invasive method, despite
the required in vitro passages for all the assessments. Other
groups have previously successfully explored the microbiopsy
technique in Vastus Lateralis of adult patients with chronic
obstructive pulmonary disease. These studies reported on the
feasibility and efficacy of this minimally invasive technique,
which appeared more comfortable compared with the commonly
applied Bergström technique (Magistris et al., 1998; Hayot
et al., 2005; Pomiès et al., 2015; Townsend et al., 2016). In
the current study, the optimal location for sample collection
was defined using ultrasonography. Moreover, to minimalize
heterogeneity, the standardized protocol relied on the same
experienced team of surgeons and researchers to collect and
handle muscle microbiopsies.

Based on the limited amount of material obtained from
the muscle microbiopsy, we and other groups confirmed
the impossibility to directly isolate sufficient numbers of
stem cells for further studies after direct enzymatic digestion
of microbiopsies (data not shown; Ceusters et al., 2017).
Furthermore, this technique avoids applying an aggressive
approach of tissue digestion that could damage the cell surface
receptors and which could interfere with cell integrity, identity
and function (Ceusters et al., 2017). Therefore, we opted for the
explant technique, which allows progenitor cell migration out
from the tissue and stimulates proliferation to reach adequate cell
numbers for isolation (Cusella-De Angelis et al., 1994; Messina
et al., 2004; Morosetti et al., 2006; Tonlorenzi et al., 2007). Cells
were amplified and different cell populations could be isolated
by FACS, based on the expression of specific markers used in
literature (Rotini et al., 2018; Tey et al., 2019). The co-localization
for CD56 and PAX7 was verified in muscle slides from TD and
CP patients. However, SC-derived progenitors, when amplified
in vitro, have been reported to lose the expression of PAX7.
Indeed, recent data report that SC-levels of PAX7, detectable at
24 h after extraction, dramatically decrease at passage 4 in vitro
(Romagnoli et al., 2020). Therefore, to confirm the identity of SC-
derived population, we showed the expression of CD56 marker
together with MYOD, the master-gene for muscle development.
Moreover, MYOD is continuously present in the cells during
the entire differentiation period (Yin et al., 2013). Although
the number of the cells obtained was sufficient to proceed
with the sorting, we applied a serial sorting, in order to pick

single positive cells and easily avoid double stained cells. After
amplification of the CD56− population, we successfully isolated
MABs and FAPs. However, the percentages of isolated fractions
were very variable between and within the sample groups. In
future analyses, immunohistochemistry assessments are planned
on additional muscle samples obtained from the same subject in
order to correlate these cell fractions to the in vivo condition of
the muscle (Townsend et al., 2016). These further assessments
would allow us to directly characterize these stem cells from
freshly digested samples, in order to compare the proportion of
amplified cells extracted with our procedure with the real cell
percentage in the muscle. Two additional challenges related to the
sample quality need to be assessed. Firstly, with this technique
the obtained muscle volume was small due to the young age of
the children. Secondly, altered muscle features in patients with
CP, such as higher collagen content, can decrease the amount of
muscle material able to give rise to cells (Booth et al., 2001; Tisha
et al., 2019).

Finally, other factors could alter the number of the cells
obtained, such as the mechanical load of muscle tissue shortly
before the microbiopsy session as shown in adult subjects
(Mackey et al., 2007). By contrast, the only study available in
young athletes reported no statistical differences in the number
of SCs after exercise (Metaxas et al., 2014), although the absence
of a control group precludes to run constructive comparisons. In
our subject database, no differences in duration of physiotherapy
were reported among the CP patient subgroups based on GMFCS
levels. A more precise survey regarding the physical activity level
prior to the biopsy may help to avoid variations due to exercise-
induced activation of SCs and possibly of inflammation-activated
cells. Nevertheless, our workflow was successful in providing
enough cells in all subjects irrespectively of the aforementioned
challenges and of the pathological involvement.

SC-derived progenitors from both TD children and patients
with CP children expressed PAX7, MYOD, and MyHC transcripts
during myogenic differentiation. Protein levels of CD56 and
MYOD confirmed the identity of these cells also after several
passages. After 6 days of myogenic differentiation, SC-derived
progenitor cultures showed the highest level of maturation, based
on myotube formation and MyHC staining. Unfortunately, after
this time point, the risk of detaching myotubes due to stress
and potential in vitro contractions increased in both CP and
TD. Therefore, we performed all the analyses at day 0, 3 and
6, in order to show that the cells from TD and CP children
maintain MYOD expression during all the differentiation period.
Fusion index showed that SC-derived progenitors are able to
engage in myogenic differentiation in vitro and those of patients
with CP differentiate to a higher extent compared to the one of
TD children. We found a strong effect size (1.45) when fusion
index values were compared between SC-derived progenitors
from TD children and patients with CP, indicating that our
sample size was sufficient to reveal a significantly different
fusion index. These results confirmed the only previous finding
on myogenic differentiation reported for children with CP
(Domenighetti et al., 2018). It is possible that inflammation
or other environmental cues in the CP muscle are favoring
their activation (Costamagna et al., 2015). However, possible
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FIGURE 6 | Altered differentiation of satellite cell-derived progenitors. (A) IF images of SC-derived progenitors from three representative TD children (top panels) and
three representative patients with CP (lower panels) after 6 days of myogenic differentiation. MyHC (red); nuclei are counterstained by HOECHST (blue). Dotted
circles indicate co-localization of the nuclei. Scale bar is 200 µm. (B) RT-qPCR analysis on SC-derived progenitors from TD children and CP patients for
MYOMAKER, DESMIN, KIF5b, and ITGB1 expression normalized to β-ACTIN expression during myogenic differentiation at days 0, 3, and 6 (n = 4 for each group).
Data are expressed as mean and SD. Two-way ANOVA was performed (p > 0.05).

associations between fusion index and GMFCS level, age or
previous BTX treatments were not found in the current study
groups. This might be related to the small sample size per
group. Another parameter that could influence the differentiation
potential of these stem cell-derived progenitors is the number of
passages. In our case, for all the included participants, passage
numbers were very stable and comparable per cell type, due to
the standardized protocol used. For one TD case, we isolated a
very small SC-derived progenitor fraction, resulting in a higher
passage number that consequently determined the lowest fusion
index reported in Figure 3. Our finding of higher SC-derived
progenitor fusion index in myotubes from CP compared to TD
children are in contrast to previous results, in which data from CP
patients showed fewer thin spindly myotubes with lower fusion
indexes (Domenighetti et al., 2018). Discrepancies between the
results of the current study and those of Domenighetti and
colleagues could be attributed to several differences in the

techniques used or in the conditions applied. These include the
heterogeneity of the patients with CP and the lack of age-matched
TD children. Domenighetti et al. (2018) included 8 children with
an average age of 9± 4 years, and 15 TD children with an average
age of 15 ± 3 years, while the current study focused mainly on
younger children with lower variances in age (6.3± 2.0 years old,
n = 15) compared to age-matched TD children (5.1 ± 1.4 years
old, n = 5). Furthermore, initial patient material (amount of
tissue, autograft or microbiopsy) and the specific target muscle
(hamstring muscles compared to Medial Gastrocnemius, distal
portion compared to mid-belly region) were different. The
conditions of culture and differentiation were also different
between the two studies, such as the growing media (enriched
with hFGF or not) and the differentiation media (enriched with
insulin or not), the time of myotube differentiation (42 h or
6 days) and the coating surface favoring cell adherence (0.5%
gelatin or 0.1% collagen). Nevertheless, the contrasting results
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highlight the complexity and the heterogeneity of CP. We do
not know whether the most prominent difference is related to
patient characteristics, such as age, GMFCS level, uni or bilateral
involvement, BTX history etc. or to differences in study design
or a synergic effect of both. Further research will be needed
to better understand the complexity and heterogeneous nature
of CP pathology.

Additionally, after 6 days of myogenic differentiation,
based on IF staining for MyHC, we report thicker and
less spindle shaped myotubes in the SC-derived progenitor
cultures from multiple patients with CP in comparison to
those from TD children. Further targeted western blot analysis
will better quantify these observational differences, as we
have already shown the feasibility of this technique on few
samples (Supplementary Figures 4D,E). We also observed
more pronounced grouped nuclei within the MyHC+ areas.
Interestingly, this phenomenon was mainly observed in CP
patients with GMFCS level II or III. Further analysis will
confirm whether this nuclear co-localization is a phenomenon
also occurring in longitudinal sections of muscle tissue from CP
and whether this can correlate with the degree of pathological
involvement. Along the same lines, the early phases of fusion
process in muscle regeneration are highly complex, involving
crosstalk of many signaling pathways and the coordination of
multiple transcription factors. We explored some indicators of
the observed alterations in SC-derived myotube morphology
based on gene expression. Because the process of myoblast
fusion has mainly been studied and understood in murine SCs,
we searched for human homologs or correspondent human
equivalents for the many genes involved, such as MYOMAKER,
DESMIN, KIF5b, and ITGB1 (Millay et al., 2013; Kim et al.,
2015; Quinn et al., 2017; Bi et al., 2018). Additionally, after
fusion, some of these genes are also implicated in nuclear
alignment, which is an important process during maturation
(Wang et al., 2013; Cadot et al., 2015; Gache et al., 2017;
Starr, 2017). Defects in nuclear positioning can lead to
centronuclear myopathies with clinical representations such as
muscle weakness and atrophy (Jungbluth et al., 2008; Romero,
2010). The fact that we did not see significant differences in
the preliminarily assessed genes does not exclude that other
regulators than the ones we examined could be altered. Further
analyses will be helpful to better shed light on CP SC-derived
progenitor alterations.

Currently, there is a lack of knowledge concerning other stem
cell types playing a role in postnatal development and remodeling
processes in CP. In accordance with the literature, the vessel-
associated MABs withhold myogenic potential, albeit lower than
the one of SCs (Dellavalle et al., 2007; Tey et al., 2019). Differently
from SCs, MABs maintain a higher migration potential, a
feature that makes them appealing for cell transplantation (Cossu
et al., 2015). Here, MABs and FAPs were characterized by their
myogenic and adipogenic potency in vitro and did not seem
to differ significantly between TD children and CP patients.
Moreover, reasonable numbers of FAPs were isolated based on
PDGFRa expression. However, these data should be taken with
care due to the explorative nature of the current analysis and
because other studies isolating FAPs from human young muscle

tissue are still missing. Nevertheless, two different markers, such
as PDGFRa and CD15, have been described as valid markers
for this population (Uezumi et al., 2010; Arrighi et al., 2015;
Madaro et al., 2018). In our conditions, CD15+ population
showed lower percentages than the PDGFRa+ population and
further studies are needed to better document which of these
markers better suits the population studied in adults or young
patients. Characterization of these cells was obtained through
differentiation potential. FAPs cells showed none to very limited
number of myotubes upon myogenic induction, which is
characteristic of this cell type (Joe et al., 2010; Uezumi et al.,
2010, 2014). Random purity checks showed high efficacy in our
conditions, excluding possible limitation of the FACS technique.
Further analyses will help to define whether MABs and FAPs can
play a role in the altered panorama of muscle stem cells, especially
referring to the aberrant fat deposition and to the secretion of
cytokines recruiting inflammatory cells and promoting migration
(Camps et al., 2019). The IC-derived-population was assessed
for both myogenic and adipogenic capacity and stained for the
presence of fibroblast marker CD90. Based on myogenic and
adipogenic potency from these cells, no differences were found
between data from TD children and patients with CP, suggesting
that this cell population is most probably not altered by the
pathology. Obviously, many other cells, such as macrophages
and fibroblasts could play a role in the CP pathology and
their implication should not be neglected. Those cells would
be interesting targets for future research (Peterson et al., 2012;
Lemos et al., 2015; Deyhle and Hyldahl, 2018; Von Walden et al.,
2018; Wang et al., 2019; Sorensen et al., 2019). Similarly, the
relevance of other muscle stem cell populations not investigated
in the current study needs to be considered in future studies. In
particular, possible interactions between these different cell types
need to be addressed in future research, with a larger sample size
and more exhaustive techniques.

CONCLUSION

In conclusion, this study confirmed the use of minimally invasive
and well-tolerated muscle microbiopsy as a feasible approach
to obtain muscle samples from very young children. This
allows performing extensive analyses at the microscopic level.
Furthermore, we showed that myogenic differentiation of SC-
derived progenitors, based on fusion index, is increased in young
patients with CP in comparison to TD children. Interestingly,
we reported alterations in myotube morphology and nuclear
localization with a still qualitative and descriptive approach.
Further studies are necessary to overcome unsolved questions
regarding the muscle pathology associated with CP, which were
partially unraveled by cell culture analyses. Overall, the current
results strengthen the hypothesis of muscle stem cell involvement
in CP pathology. Finally, by highlighting the relevance of the
muscle microbiopsy technique as a novel approach for collecting
muscle tissue in young patients with CP, we hope to pave the
way for research in very young children, which may lead to
a better understanding of the onset and development of CP
pathophysiology.
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Introduction: The passive mechanical behavior of skeletal muscle represents both 
important and generally underappreciated biomechanical properties with little attention 
paid to their trainability. These experiments were designed to gain insight into the trainability 
of muscle passive mechanical properties in both single fibers and fiber bundles.

Methods: Rats were trained in two groups: 4 weeks of either uphill (UH) or downhill (DH) 
treadmill running; with a third group as sedentary control. After sacrifice, the soleus (SOL), 
extensor digitorum longus (EDL), and vastus intermedius (VI) were harvested. One hundred 
seventy-nine bundles and 185 fibers were tested and analyzed using a cumulative stretch-
relaxation protocol to determine the passive stress and elastic modulus. Titin isoform 
expression was analyzed using sodium dodecyl sulfate vertical agarose gel electrophoresis 
(SDS-VAGE).

Results: Single fibers: passive modulus and stress were greater for the EDL at sarcomere 
lengths (SLs) ≥ 3.7 μm (modulus) and 4.0 μm (stress) with DH training compared to UH 
training and lesser for the SOL (SLs ≥ 3.3 μm) with DH training compared with control; 
there was no effect of UH training. Vastus intermedius was not affected by either training 
protocol. Fiber bundles: passive modulus and stress were greater for the EDL at 
SLs ≥ 2.5 μm (modulus) and 3.3 μm (stress) in the DH training group as compared with 
control, while no affects were observed in either the SOL or VI for either training group. 
No effects on titin isoform size were detected with training.

Conclusion: This study demonstrated that a trainability of passive muscle properties at 
both the single fiber and fiber bundle levels was not accompanied by any detectable 
changes to titin isoform size.

Keywords: passive mechanical properties, stiffness, passive stress, trainability, single fiber, titin, downhill running, 
sarcomere length

INTRODUCTION

The ability of skeletal muscle to produce passive forces independent of activation and cross-bridge 
cycling is important, as passive properties affect both the amount of elastic energy stored within 
the muscle and the stresses that are developed at longer muscle lengths. Passive muscle force 
assists in resisting joint motion, the passive deformation of muscle fibers can influence cells 
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responsible for muscle growth and repair, and excessive passive 
muscle loading can play a role in tendinopathies and contusion 
injuries (Herbert and Gandevia, 2018). The passive mechanical 
properties of individual fibers and bundles of fibers are known 
to vary between muscles (Prado et  al., 2005; Ward et  al., 2009; 
Regev et  al., 2011) as well as during development (Ottenheijm 
et  al., 2009), have been used to describe structural function 
(Shah et  al., 2004; Prado et  al., 2005; Ward et  al., 2009), and 
have been shown to be sensitive to tissue remodeling in response 
to joint related injury (Safran et  al., 2005; Brown et  al., 2011; 
Sato et  al., 2014; Gsell et  al., 2017) and disease (Friden and 
Lieber, 2003; Lieber et  al., 2003; Gsell et  al., 2017), yet these 
passive muscle properties are generally underappreciated.

At the whole muscle level, it is generally recognized that 
the extracellular matrix has a large role in dictating muscle 
passive properties (Prado et  al., 2005; Gillies and Lieber, 2011; 
Meyer and Lieber, 2018; Ward et  al., 2020); however others 
have argued that the intracellular protein titin is predominantly 
responsible for whole muscle passive stiffness at short 
(2.4–2.7  μm) sarcomere lengths (SLs; Brynnel et  al., 2019). At 
the single fiber level, it is generally thought that titin is primarily 
responsible for passive stiffness and tension (Wang et al., 1979; 
Horowits et  al., 1986; Trombitás et  al., 1995; Granzier et  al., 
1996, 2003; Linke et  al., 1996; Kontrogianni-Konstantopoulos 
et  al., 2009); however, the contribution of other intra/extra 
cellular proteins should not be  excluded (Ramsey and Street, 
1940; Rapoport, 1973; Tidball, 1986; Shah et al., 2004; Noonan 
et  al., 2020a). While these mechanistic studies have aimed to 
elucidate the relative roles of the intracellular and extracellular 
matrix proteins in dictating passive muscle properties, little 
attention has been paid to the trainability of skeletal muscle 
passive properties at both the single fiber and fiber bundle levels.

Several studies have examined the effect of both eccentric 
(ECC) (Nelson and Bandy, 2004; Kay et  al., 2016) and isometric 
(ISO; Klinge et al., 1997) muscle training on in vivo joint stiffness 
and range of motion in humans. While several ECC-based training 
protocols report an increased joint range of motion and stretch 
tolerance (Nelson and Bandy, 2004; Kay et  al., 2016), others 
have found a decrease in joint compliance (i.e., an increase in 
passive joint stiffness Klinge et al., 1997) with ISO-based training. 
Though these studies provided insight into training effects on 
joint range of motion, they were limited in their ability to isolate 
possible mechanisms at the level of individual muscles.

In animals, the effects of treadmill-specific training on whole 
muscle passive stiffness are unclear. While Kovanen et al. (1984) 
found that the passive stiffness of the predominantly slow 
twitch soleus (SOL) increased significantly with level-ground 
treadmill training, the predominantly fast twitch rectus femoris 
demonstrated no change in stiffness. In contrast, Reich et  al. 
(2000) demonstrated an increase in the passive lengthening 
force of the long head of the triceps brachii muscle (predominately 
fast twitch) with ECC-focused treadmill training; clearly, more 
work is needed to clarify possible muscle adaptations with 
these types of training.

Therefore, the purpose of these experiments was to gain 
additional insight into the trainability of muscle passive 
mechanical properties at both the single muscle fiber and fiber 

bundle levels. To do this we  employed a model of uphill (UH) 
and downhill (DH) treadmill running in rats to investigate 
changes in passive muscle properties in single fibers and fiber 
bundles across a wide range of SLs (1.7–4.0  μm).

MATERIALS AND METHODS

Animals
Thirty male CD® Sprague Dawley IGS rats (sacrificial age: 
18.8  ±  0.28  weeks and mass: 523.6  ±  11.0  g) were obtained 
(Charles River Laboratories, Senneville, QC, Canada). The study 
was performed with approval from the Animal Care Committee 
of the University of Guelph. Rats were housed in groups of three 
and free fed a Teklad global 18% protein rodent diet (Envigo, 
Huntingdon, Cambridgeshire, UK) and water. Each rat was 
acclimatized for 1  week to the new housing conditions, then 
familiarized with treadmill running, and assigned to one of the 
three experimental groups: UH running, DH running, and sedentary 
control (i.e., no running intervention). Following 20  days of 
exercise, rats recovered for 72 h before sacrifice via CO2 asphyxiation 
followed by cervical dislocation for experimental testing.

Training Protocol
One week prior to training, rats were familiarized with treadmill 
running (on a 0° grade). Rats in the exercise intervention 
groups (i.e., UH or DH running) were run 5  days/week on 
an EXER 3/6 animal treadmill (Columbus Instruments, 
Columbus, OH, USA) set to a 15° incline or decline for 20 
training days over a 4  week period. Training sessions lasted 
15  min on day 1 and the daily duration was increased by 
5  min/day to the target 35  min (by day 5) for the remainder 
of the training period. At the start of each training session, 
rats started at a walking speed of 10 m/min, which was gradually 
increased to 16  m/min, at a rate of 1  m/min. Each training 
session was delivered in a series of 5  min bouts (i.e., 3 on 
day 1 and 7 on days 5 to the end of the 4  week period) with 
2  min or rest between each bout (Chen et  al., 2020).

Experimental Procedure
After sacrifice, extensor digitorum longus (EDL), Soleus (SOL), 
and vastus intermedius (VI) muscles were dissected. Part of 
the muscle was immediately placed into physiological storage 
solution (Eastwood et  al., 1979) and stored at 4°C for 24  h 
and subsequently placed into fresh storage solution and stored 
at −20°C for at least 1  week (maximum 1  month) prior to 
mechanical testing. This was done to permeabilize the sarcolemma 
as well as to prevent breakdown of the sample (Shah and 
Lieber, 2003). Another part of the muscle was frozen at −80 
for titin protein analysis.

Mechanical testing was performed in a relaxing solution 
consisting of (in mM) 59.4 imidazole, 86 KMSA, 0.13 Ca (MSA)2, 
10.8  Mg (MSA)2, 5.5  K3 EGTA, 1 KH2PO4, 0.05 leupeptin, 
and 5.1 Na2ATP (Shah and Lieber, 2003). Typically, two single 
muscle fibers and two bundles of fibers (8–20 fibers ensheathed 
in their extracellular matrix) were dissected and tested from 
each muscle. Dissection was performed in a relaxing solution, 

207

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Noonan et al. Training and Passive Muscle Properties

Frontiers in Physiology | www.frontiersin.org 3 August 2020 | Volume 11 | Article 907

where fiber bundles were first separated and either tested or 
further dissected into single fibers. The single fiber or fiber 
bundle were then tied at either end to two separate pins: one 
attached to a micro-level force transducer (Model-405A, Aurora 
Scientific Inc., Aurora, Ontario, Canada) and the other to a 
high-speed motor (Model-322C, Aurora Scientific Inc., Aurora, 
Ontario, Canada). Samples were set to their slack length (length 
at which passive resistance to stretch was first detected), and 
measurements of the diameter were taken at three locations 
along the fiber or bundle length using a digital micromanipulator 
(precision 1  μm). The fiber or bundle was trans-illuminated by 
a 5-mW diode laser (Coherent, Wilsonview, Oregon, USA) and 
the resultant diffraction pattern was used to calculate SL (Lieber 
et  al., 1984, p. 146). Force and SL were recorded as fibers and 
bundles were rapidly stretched in progressive increments of 
~0.25  μm/sarcomere and allowed to relax for 2  min. The force 
at the end of each 2-min period was normalized to the 
cross-sectional area calculated from the average of the diameter 
measures (assuming a cylindrical shape) to give a value of stress 
(Ward et  al., 2009). For each test, a minimum of five sequential 
stretches was required for the test to be  considered successful. 
Here, the passive elastic modulus (M  =  derivative of the 
stress-sarcomere length relationship) was assumed to follow a 
logistic function (Zwambag et  al., 2019) of the form
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for all SLs ( )  greater than slack length (Figure  1). This 
conceptual model assumes that the initial modulus at slack 
length (MS) increases by DM. The coefficients k and t are rate 
and length constants, respectively, and they determine the smooth 
transition between initial and final moduli. The mechanical 
characteristics (MS, DM ,  k, and t) of each single muscle fiber 
were determined by fitting the integral of equation (1)
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to the stress-SL data using a non-linear least-squares optimizer 
(MATLAB 2014b) and a Trust-Region-Reflective algorithm. The 
coefficient C is an arbitrary integration constant. Equations 1 
and 2 were evaluated in 0.1  μm SL increments between 1.7 
and 4.0  μm for each muscle fiber or bundle to determine an 
effect of training and length on passive elastic modulus and 
passive stress.

Titin Analysis
Titin protein isoforms were analyzed in a subset of animals 
(n  =  4 per group) by SDS-VAGE (Warren et  al., 2003). Frozen 
samples (~30  mg) from the EDL and SOL were homogenized 
in solubilization buffer [61  mM Tris, 2.78% SDS, 5% 2-B 
mercaptoethanol, 11% glycerol, 0.02% (w/v), bromophenol blue, 
and 4  μg/ml leupeptin (pH 6.8)] at a ratio of approximately 
0.03 μg muscle mass/μl buffer. Titin standards from rat cardiac 
(~3,000 kDa) and rat gastrocnemius (~3,600 kDa; Li et al., 2012) 
were also homogenized and mixed to create a standard cocktail. 
Samples were incubated for 5  min on ice and then heated 

for 10  min at 60°C. Protein bands were visualized with a 
Coomassie G-250 stain. Gels were then digitized and analyzed 
(FluoraChem HD2 chemiluminescent, Alpha Inotech, Santa 
Clara, US) for their molecular mass, which was based on the 
mobility of the experimental bands relative to the rat cardiac 
and gastrocnemius titin standards. Molecular mass was compared 
among training groups from the same muscle.

Statistical Analysis
The mechanical testing dependent variables (passive elastic 
modulus and passive stress at SLs between 1.7 and 4.0  μm in 
increments of 0.1  μm) were compared using mixed model 
ANOVAs (SAS Institute, Cary NC, USA). The fixed effect was  
training group (Control vs. UH vs. DH) with a random effect 
of animal to account for repeated sampling. This type of analysis 
has been shown to best represent the biomechanical variability 
in a hierarchal dataset (Tirrell et  al., 2018). Titin molecular 
mass from each muscle homogenate was compared between 
groups from within the same muscle using a one-way ANOVA. 
All data are reported as means  ±  standard errors (SEM).

RESULTS

A total of 364 (179 bundles and 185 fibers) tests were performed 
and analyzed.

A

B

FIGURE 1 | A representative experimental test of a muscle fiber bundle is 
depicted in black. (A) Scatter points are experimental data and solid line is 
the predicted fit of the logistic integral. (B) The corresponding passive elastic 
modulus-sarcomere length (SL) relationship for the test.
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Single Muscle Fiber Passive Modulus
There was an effect of training group on the EDL and SOL 
but not the VI (Figure  2). Specifically, for the EDL, there was 
a significantly higher passive elastic modulus in the DH group 
compared to the UH group at SLs between 3.7 and 4.0  μm 
(value of p range across these SLs: p = 0.0169–0.0192; Figure 2) 
but no differences were found between the DH and control 
group. For the SOL, the passive elastic modulus was significantly 
lower in the DH compared to the UH group at SLs between 
3.3 and 4.0 μm (p  =  0.0172–0.0347), and in the DH compared 
to the control group at SLs between 3.4 and 4.0  μm 
(p  =  0.0043–0.0351; Figure  2).

Single Muscle Fiber Passive Stress
There was an effect of training group on the EDL and SOL 
but not the VI (Figure 2). Specifically, for the EDL, the passive 
stress was higher in the DH compared to the UH group at 
the longest SL tested (4.0  μm; p  =  0.0251; Figure  2), but no 
differences were found between the DH and control group. 
For the SOL, passive stress was lower in the DH group compared 
to the UH group at SLs between 3.4 and 4.0  μm (p  <  0.0001–
0.0348), and in the DH group compared to the control group 
at SLs between 3.7 and 4.0  μm (p  =  0.0002–0.0487; Figure  2).

Muscle Bundle Passive Modulus
There was an effect of training group for the EDL muscle; there 
were no group differences for either the SOL or the VI (Figure 3). 

For the EDL, the passive elastic modulus was higher in the 
DH group compared to both the UH group and control group 
between SLs of 2.5 and 4.0  μm [p  =  0.0040–0.0155 (DH vs. 
control (CTRL)) and p = 0.0032–0.0486 (DH vs. UH); Figure 3].

Muscle Bundle Passive Stress
There was an effect of training group for the EDL but not 
for the SOL or VI (Figure  3). Specifically, the EDL had 
significantly higher passive stresses in the DH group compared 
to the UH and control groups at SLs between 3.3 and 4.0  μm 
[p  <  0.0001–0.0296 (DH vs. CTRL) and p  <  0.0001–0.0385 
(DH vs. UH); Figure  3].

Titin Isoform Size
No measurable difference was observed in the titin isoform 
size between any of the groups (DH, UH, and sedentary control) 
for either the SOL (p = 0.3063) or EDL (p = 0.5330; Figure 4).

DISCUSSION

This study was designed to provide insight into the trainability 
of the passive mechanical properties of muscle. A model of 
UH and DH treadmill running was employed in rats to investigate 
changes in muscle passive mechanical properties at both the 
single fiber and fiber bundle levels across a wide range of SLs 
(1.7–4.0  μm). The novel findings from this study are that  

FIGURE 2 | Mean (solid lines) and SEM (shaded) single muscle fiber passive elastic modulus (top panel) and stress (bottom panel) for each muscle [extensor 
digitorum longus (EDL), soleus (SOL), and vastus intermedius (VI)] across the range of SLs. *indicates statistical difference between DH and UH groups. #indicates 
statistical difference between control (CTRL) and downhill (DH) groups. (n = 185; p < 0.05).
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(1) training via DH running caused differential changes (increased 
and decreased stiffness in EDL and SOL, respectively) in single 
fibers from predominantly slow (SOL) and fast (EDL) muscle, 
(2) training via DH running increased the stiffness of fiber 
bundles in the EDL, and (3) changes at both the single fiber 
and fiber bundle level were length dependent; specifically, all 
statistically significant changes occurred at SLs equal to or 
greater than 2.5  μm and most occurred at longer (≥3.3  μm) 
SLs. Finally, no detectable differences in the titin isoform size 
between training groups (DH, UH, and control) were found.

To provide context to these results, some knowledge of the 
mechanical action of the muscles studied during treadmill 
running is helpful. It is generally accepted that the anti-gravity 
plantarflexors (including SOL) and knee extensors (including 
VI) are loaded primarily eccentrically during DH running and 
concentrically during UH running (Margaria, 1968; Armstrong 
et al., 1983; Butterfield et al., 2005; Maeo et al., 2017). Separate 
work on the animals tested in the current study (Chen et  al., 
2020) demonstrated that the EDL had a greater number of 
sarcomeres in series in both DH and UH training groups 
compared to the sedentary control group, which may suggest 
that the EDL performed meaningful eccentric contractions 
during both DH and UH running.

Single Muscle Fiber Passive Elastic 
Modulus and Stress
To the authors’ knowledge, the current study is the first  
to demonstrate training induced changes to the passive 
mechanical properties of skeletal muscle at the single fiber level.  

FIGURE 3 | Mean (solid lines) and SEM (shaded) muscle fiber bundle passive elastic modulus (top panel) and stress (bottom panel) for each muscle (EDL, SOL, 
and VI) across the range of SLs. *indicates statistical difference between DH and uphill (UH) groups. #indicates statistical difference between CTRL and DH groups. 
(n = 179; p < 0.05).

FIGURE 4 | Top panel: example sodium dodecyl sulfate vertical agarose gel 
electrophoresis (SDS-VAGE) gel showing titin bands for SOL and EDL UH, 
CTRL and DH groups, and standard (STD) lane containing rat cardiac and 
gastrocnemius. Bottom panel: mean (+SEM) titin molecular mass (kDa) 
following 4 weeks of treadmill training and sedentary control. Solid bars (SOL) 
and striped lines [EDL; n = 4; p = 0.31 (SOL) and p = 0.53 (EDL)].
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Specifically, DH training induced a length dependent increase 
in the passive modulus and stress of the fast type EDL when 
compared to UH running, a length dependent decrease in the 
passive modulus and stress in the slow type SOL when compared 
to both UH and CTRL groups, and no change with either 
DH or UH training in the mixed type VI muscle; all differences 
were observed at SLs  ≥3.3  μm. Previous studies have shown 
that the passive mechanical properties of single muscle fibers 
are susceptible to change with age (Lim et  al., 2019; Noonan 
et  al., 2020b), in response to joint related injury (Safran et  al., 
2005; Brown et  al., 2011; Sato et  al., 2014; Gsell et  al., 2017), 
and disease (Friden and Lieber, 2003; Lieber et  al., 2003; Gsell 
et  al., 2017), so it is not surprising that these properties can 
also be  altered in response to treadmill training.

Titin is generally considered to be  the primary determinant 
of single fiber passive mechanical properties (Magid and Law, 
1985; Bartoo et  al., 1997; Prado et  al., 2005; Brynnel et  al., 
2019). However, in the current study, no measurable difference 
in titin isoform size between training groups was detected. 
While the number of animals used to measure titin size was 
limited (n  =  4 per group), any trends in size differences were 
actually opposite to what would be  expected to explain the 
passive mechanical property results. For example, in the DH 
group compared to control the passive elastic modulus and 
stress were greater and lesser in the EDL and SOL, respectively. 
For titin to explain these results, we  would expect smaller 
(stiffer) and larger (less stiff) titin isoforms in the EDL and 
SOL, respectively; however, any non-statistically significant trends 
in the titin data demonstrate the opposite. Therefore, we believe 
that differences in titin isoform size do not explain the observed 
training effects on passive mechanical properties. Previous studies 
that have examined titin isoform size after exercise have shown 
mixed results. In humans, no change in the relative titin isoform 
content and/or isoform expression (size) in human lower limb 
muscle has been reported following eccentric exercise training 
(Ochi et al., 2006), jump squat training (McGuigan et al., 2003), 
or plyometric training (Pellegrino et al., 2016). In partial contrast 
to these findings, Trappe et al. (2002) found titin to be significantly 
degraded 24  h after a single bout of high intensity eccentric 
training; however, it is unknown if titin isoform size or content 
returned to normal following a recovery period or if it was 
permanently changed. In rodents, Hidalgo et  al. (2014) 
demonstrated increases in skeletal muscle (diaphragm) titin 
size (with no concurrent functional measurements) with free 
wheel running (Hidalgo et al., 2014), while Muller et al. (2014) 
reported increased cardiomyocyte passive stiffness that was 
associated with varied parts of the titin protein undergoing 
phosphorylation in response to acute training on a wheel.

Thus, it seems that the response of titin to exercise training 
varies – possibly dependent on the duration of exercise, duration 
of training program, exercise type, and muscle types analyzed. 
The current study demonstrated no alterations to titin isoform 
size in response to chronic treadmill training despite changes in 
single fiber passive stress and stiffness at the cellular level. Most 
studies concerning titin’s role on passive muscle properties are 
performed at SLs on the ascending and plateau region of the 
active force-length curve (Muller et al., 2014; Brynnel et al., 2019). 

However, the changes in the passive elastic modulus and stress 
observed in the current work occurred at SLs  ≥  3.3  μm (SOL) 
and 3.7 μm (EDL). At these lengths, the collagen-based extracellular 
matrix (ECM) components surrounding the cell have also been 
implicated in determining single fiber passive mechanical 
properties (Ramsey and Street, 1940; Rapoport, 1973; Tidball, 
1986; Noonan et  al., 2020a); therefore, it is possible that the 
changes observed with training in the current study are owed 
to remodeling of the ECM network surrounding the muscle 
fiber. However, titin modifications are a complex biological 
process (Ottenheijm et  al., 2009) and as such further work is 
needed to define both its role and the ECM’s role in the 
functional adaptations to exercise.

Muscle Bundle Passive Modulus and 
Stress
Only limited studies have explored differences in passive mechanical 
properties with training at the whole muscle level (Kovanen 
et  al., 1984; Reich et  al., 2000). The current study revealed that 
differences in muscle fiber bundle passive properties were observed 
with DH training but not UH training compared to control 
and that these differences were limited to the fast type EDL 
muscle (no statistically significant changes were observed in the 
slow type SOL muscle or the mixed type VI muscle). The novelty 
of these findings demonstrate that training-induced differences 
in muscle fiber bundle passive properties are most apparent in 
DH training, fast type (EDL) muscles, and are only apparent 
at SLs at or above 2.5  μm (approximate active optimal length 
for rat muscle), when moduli and stresses become more substantial.

The current findings align with those of Reich et  al. (2000) 
who demonstrated an increase in the passive lengthening force 
of the long head of the triceps brachii muscle (a predominately 
fast type muscle Delp and Duan, 1996) with ECC training in 
rats. In contrast to our findings, Kovanen et  al. (1984) found 
that the passive stiffness of the slow muscle (SOL) increased 
significantly with level-ground treadmill training but found no 
changes in the predominantly fast rectus femoris. It should 
be  noted that Kovanen et  al. (1984) employed level-ground 
treadmill training (no incline or decline) and only measured 
stiffness in a small linear region of the force-deformation curve 
and were therefore unable to fully capture the entire passive 
stiffness/stress length curve. Further, the fast rectus femoris has 
a different functional role than the fast EDL; rectus femoris is 
part of the quadriceps group, and the quadriceps muscle examined 
in the current study also showed no affect with training. Therefore, 
it is quite possible that the functional role/action of the muscle 
group is a more important factor in determining its adaptation 
to training than its fiber type distribution.

In addition, similar findings to ours in rabbits (Ducomps 
et  al., 2003) and rats (Pousson et  al., 1991) suggest that jump 
training can increase muscle stiffness in fast type and mixed 
muscles (EDL and rectus femoris), whereas no change (Ducomps 
et  al., 2003) or a decrease (Pousson et  al., 1991) was found 
in slow type (SOL) muscles; these stiffness changes were 
correlated with increases and decreases, respectively, in collagen 
concentration with exercise training. At the whole muscle and 
muscle bundle level, the muscle is held together by the 
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collagen-based ECM, which is generally considered to be  the 
main determinant of passive mechanical properties at these 
levels (Prado et  al., 2005; Gillies and Lieber, 2011; Meyer and 
Lieber, 2018; Zwambag et  al., 2019). Therefore, the statistically 
significant changes in the passive elastic modulus, which were 
apparent at shorter lengths in the bundles but not the fibers 
(as bundles contain relatively more extracellular matrix than 
single fibers; Ward et al., 2020), suggest that collagen remodeling 
may be  one source of the training-induced changes observed 
in the current study. Future work will need to explore this further.

It is important to note that in the muscle fiber bundles, 
both EDL and soleus demonstrated similar magnitude mean 
increases in passive elastic modulus and stress in DH compared 
to UH and control; however, the variability was much larger 
in the SOL, and therefore, these increases were not statistically 
significant (values across the range of SLs of the modulus of 
p  =  0.1282–0.9020; stress values of p  =  0.1582–0.9558). It has 
been found that slow-twitch muscles of rats contain more 
collagen in the ECM than fast-twitch muscles (Zimmerman 
et  al., 1993; Ahtikoski et  al., 2003), which may be  related to 
the more variable response in the soleus fiber bundles observed 
here. It is not entirely clear why there were no effects of training 
observed in the mixed type VI muscle, although evidence 
suggest that not all regions of the VI are loaded equally during 
DH running (Maeo et  al., 2017). As such, it is possible that 
in the current study, the specific muscle fibers/bundles tested 
were from regions not particularly affected by DH or UH training.

Taken together, the results of both the muscle fiber bundle 
and single fiber analyses indicate that functional changes in the 
passive modulus and stress occur in a length dependent manner, 
which is most prominent at longer SLs (≥2.5 μm in fiber bundles 
and ≥3.3 μm in single fibers). Although the mechanisms behind 
these functional changes are not completely known, it is possible 
that changes at the bundle and single fiber level are both a 
physiological adaptation as well as a possible protective mechanism. 
While the exact interplay between different muscles and bundles 
and fibers is not fully understood, it is likely that the adaptation 
is based on a combination of factors, including muscle action, 
usage, and composition (fiber type distribution, collagen content, 

and baseline mechanical properties). Functionally, the increase 
(EDL) and decrease (SOL) in the passive modulus and stress 
in single fibers, and the increase (EDL) in passive modulus and 
stress at the bundle level would lead to altered loading and 
energy storage capabilities within the muscles. Whether or not 
these altered properties are beneficial or detrimental is currently 
not known. However, this study provides evidence that exercise 
training on a treadmill can alter muscle passive mechanical 
properties at both the fiber bundle and single fiber levels. This 
could have implications for treating detrimental changes to muscle 
properties that occur with aging (Lim et  al., 2019) and disease 
(Friden and Lieber, 2003; Lieber et  al., 2003; Gsell et  al., 2017).
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Investigating Passive Muscle
Mechanics With Biaxial Stretch
Benjamin B. Wheatley*

Department of Mechanical Engineering, Bucknell University, Lewisburg, PA, United States

Introduction: The passive stiffness of skeletal muscle can drastically affect muscle
function in vivo, such as the case for fibrotic tissue or patients with cerebral palsy. The
two constituents of skeletal muscle that dominate passive stiffness are the intracellular
protein titin and the collagenous extracellular matrix (ECM). However, efforts to correlate
stiffness and measurements of specific muscle constituents have been mixed, and
thus the complete mechanisms for changes to muscle stiffness remain unknown. We
hypothesize that biaxial stretch can provide an improved approach to evaluating passive
muscle stiffness.

Methods: We performed planar biaxial materials testing of passively stretched skeletal
muscle and identified three previously published datasets of uniaxial materials testing.
We developed and employed a constitutive model of passive skeletal muscle that
includes aligned muscle fibers and dispersed ECM collagen fibers with a bimodal von
Mises distribution. Parametric modeling studies and fits to experimental data (both
biaxial and previously published) were completed.

Results: Biaxial data exhibited differences in time dependent behavior based on
orientation (p < 0.0001), suggesting different mechanisms supporting load in the
direction of muscle fibers (longitudinal) and in the perpendicular (transverse) directions.
Model parametric studies and fits to experimental data exhibited the robustness of the
model (<20% error) and how differences in tissue stiffness may not be observed in
uniaxial longitudinal stretch, but are apparent in biaxial stretch.

Conclusion: This work presents novel materials testing data of passively stretched
skeletal muscle and use of constitutive modeling and finite element analysis to explore
the interaction between stiffness, constituent variability, and applied deformation in
passive skeletal muscle. The results highlight the importance of biaxial stretch in
evaluating muscle stiffness and in further considering the role of ECM collagen in
modulating passive muscle stiffness.

Keywords: muscle stiffness, extracellular matrix, modeling, finite element, non-linear, hyperelastic

INTRODUCTION

The human body is comprised of roughly 40% skeletal muscle – the tissue that drives locomotion,
enables fine movements, and provides the capability to breathe in humans and animals alike. This
is due to the innate ability of skeletal muscle to generate contractile force and thus drive movement
of our musculoskeletal system. While skeletal muscle is a highly adaptable and regenerative tissue
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(Lieber, 2010; Lieber et al., 2017), neuromuscular conditions
such as cerebral palsy, sarcopenia, and damage from acute injury
can severely limit the ability of skeletal muscle to function
properly (Lieber, 2010). Reductions in contractile capabilities can
greatly impair muscle, however more recent work has highlighted
the effects of passive muscle stiffness on form and function
(Lieber and Fridén, 2019).

Dramatic increases in passive muscle stiffness, for example,
can be detrimental for patients with cerebral palsy in comparison
to healthy persons (Chapman et al., 2016; Lieber and Fridén,
2019). It follows then that understanding what mechanism(s)
and/or constituent(s) in skeletal muscle dictate stiffness is
necessary to treat these conditions and prevent extreme
impairment. The two constituents that are recognized as the
major contributors to the tensile stiffness of passive skeletal
muscle are (1) muscle fibers (cells), and (2) the collagenous
extracellular matrix (ECM) that provides the hierarchical
organization of skeletal muscle (Huijing, 1999; Gillies and
Lieber, 2011; Brynnel et al., 2018; Meyer and Lieber, 2018).
Passive muscle stiffness has a non-linear and anisotropic nature
that has been shown to vary between species and different
muscles (Mohammadkhah et al., 2016). It should be noted here
that throughout the manuscript we use the term “stiffness”
to represent the intricate non-linear, anisotropic, and variable
tensile material properties of passive skeletal muscle, and not
the structural property k often used in Hooke’s Law that
characterizes the structural stiffness of a physical object with
specific dimensions and material properties.

Uniaxial tensile testing of longitudinal (along-fiber) muscle
samples are the most common approach for evaluating tensile
stiffness (Calvo et al., 2010; Sato et al., 2014; Lieber and Fridén,
2019). Other efforts to characterize the anisotropy of passive
muscle have employed uniaxial stretch in both the longitudinal
and transverse (cross-fiber) directions (Morrow et al., 2010;
Takaza et al., 2012; Mohammadkhah et al., 2016; Wheatley et al.,
2016b). However, during contraction and passive stretch, force
is transmitted laterally both within skeletal muscle and between
muscles (Huijing, 1999; Ramaswamy et al., 2011; Maas, 2019;
Csapo et al., 2020), suggesting that muscle tissue is subject to a
multi-axial stress state in vivo. This is further supported by the
structure of the ECM, which consists of collagen fibrils that are
dispersed around the transverse plane (Purslow, 1989; Purslow
and Trotter, 1994; Gillies and Lieber, 2011). These observations
raise the question as to whether uniaxial stretch is thus the
most appropriate in vitro experimental technique to evaluate the
stiffness of passively stretched muscle, or if multi-axial materials
testing may provide certain benefits.

We propose the use of a biaxial tensile deformation as a
method to elucidate the passive stiffness of skeletal muscle
and have developed and employed both experimental and
computational efforts to this end. This method tensions both
the longitudinal (along-fiber) and transverse (cross-fiber)
orientations simultaneously, which may enact mechanisms
that are not observable with uniaxial stretch. Finally, we
have previously shown the importance of stress relaxation
in modeling passive muscle stiffness (Wheatley et al.,
2016a,b), thus time dependence may also provide further

insight into muscle stiffness and load sharing between muscle
fibers and the ECM.

We also propose the use of computational modeling –
in particular finite element analysis (FEA) – to study the
passive response of skeletal muscle under both uniaxial and
biaxial stretch. We aim to use a continuum-level constitutive
model that accounts for stiffness of muscle fibers and the
ECM and can capture the variability of stress-stretch behavior
that has been observed experimentally (Mohammadkhah et al.,
2016). FEA provides a scalable, robust computational tool to
simulate skeletal muscle behavior (Jenkyn et al., 2002; Oomens
et al., 2003; Blemker et al., 2005; Böl and Reese, 2008).
Previous studies include models of muscle at the tissue level
(Takaza et al., 2013; Wheatley et al., 2017b), whole muscle
level (Blemker et al., 2005; Böl, 2010; Wheatley et al., 2018),
with idealized geometries (Jenkyn et al., 2002; Lemos et al.,
2008; Chi et al., 2010), and may incorporate the observed
anisotropic (Van Loocke et al., 2006; Böl et al., 2014; Pietsch
et al., 2014; Mohammadkhah et al., 2016; Wheatley et al.,
2016b), hyperelastic (Meyer and Lieber, 2011; Gras et al.,
2012; Simms et al., 2012; Wheatley et al., 2016a), and time
dependent (Van Loocke et al., 2008; Gras et al., 2013; Wheatley
et al., 2016a,c) characteristics of passive skeletal muscle. Thus,
FEA is well-suited as a method to explore the tissue-level
mechanics of muscle tissue across experimental data sets and
loading conditions.

Comprehensively, we aim to explore if experimental and
computational efforts to characterize passive muscle stiffness
may be enhanced by biaxial stretch by (1) performing
planar biaxial materials testing on passive skeletal muscle, (2)
developing and employing a robust continuum-level constitutive
model of muscle that captures uniaxial and biaxial stress-
stretch behavior, and (3) using such a model to explore the
similarities and differences between uniaxially and biaxially
stretched muscle.

MATERIALS AND METHODS

Experimental Planar Biaxial Testing
Porcine hind limbs were acquired from a local abattoir on the
day of sacrifice for testing. Tissue was cooled and stored at 0◦C
prior to testing. No live animal handling was performed by any
participants in this study. A total of four animals, seven muscles,
and n = 16 total samples were used for testing. The biceps femoris
muscle was harvested using standard dissection scalpels. Muscles
were sliced along the orientation of fibers with a custom tool that
provides 10 mm spacing between the dissection top and a high-
profile histology blade (Labus and Puttlitz, 2016). Each ∼10 mm
thick sample was then cut into a cruciform shape with a custom
cruciform press, aligning the muscle fibers with one cruciform
arm (Figure 1). Sample thickness was measured with a caliper
mounted on a test stand that was zeroed to the stand platform.
Thickness values were recorded in five locations on each sample –
in the center of the sample and toward each cruciform arm – and
averaged. Mean sample thickness was 8.90 mm with a standard
error of 0.29 mm across the five measurements.
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FIGURE 1 | Planar biaxial materials testing overview, with (A) cruciform geometry, (B) representative planar biaxial sample, where the white arrow denotes the
longitudinal direction and the white dashed square denotes approximate DIC region of interest (ROI), and (C) experimental stress-relaxation loading protocol
schematic (note that axes are not to scale).

All materials testing was performed on a planar biaxial
material testing system with 50 lb (∼220 N) load cells. Samples
were gripped with 25 mm pyramid grips with an initial spacing
of 30 mm between grips. Samples were subject to ten equibiaxial
preconditioning cycles of 10% grip-to-grip strain (3 mm) and
back to zero at 0.5 Hz prior to testing (Van Ee et al., 2000).
A 0.02 N equibiaxial pre-load was then applied immediately prior
to testing. The testing protocol included an equibiaxial ramp of
20% nominal (grip-to-grip) strain (6 mm) at 10%/s followed by
a hold until 400 s to allow for tissue stress relaxation. Samples
were then subject to equibiaxial constant rate stretch at 0.1%/s
nominal (grip-to-grip) strain (0.03 mm/s) until failure. Failure
was manually identified post hoc in stress-time curves where
significant (>∼10%) decreases in stress were observed.

Digital image correlation software (Correlated Solutions, Inc.)
was used to track strain during the constant rate ramp pull in
a ∼10 × 10 mm region of interest (ROI) in the center of the
sample. A solid in a reference configuration X that undergoes
a deformation under an external load is placed into a deformed
configuration x, which is described by the deformation gradient
F (Eq. 1). For a 2D problem such as a single camera digital
image correlation system, F is a 2× 2 matrix of the deformations
relative to orthogonal axes (Eq. 1). From F, 2D muscle ROI
stretch λ (Eq. 2) can be calculated for the longitudinal and
transverse orientations (Szczesny et al., 2012). Nominal (grip-
to-grip) stretch was measured directly from grip displacement.
Nominal stress S was determined by dividing load cell force by
the product of sample arm length (30 mm) and mean sample
thickness. A linearized modulus E = 1S

1λ
was calculated from

the initial and final points of the constant ramp pull data. For
comparative purposes between orientations, we used nominal
stress and implemented a finite element model to determine ROI
Cauchy (true) stress and material properties. All stress-stretch
data were averaged either over time (for stress-relaxation data)
or over stretch (for constant ramp pull data) for model fitting.

F =
∂x
∂X
=

[
F11 F12
F21 F22

]
(1)

λ1 =
|∂x1|

|∂X1|
(2)

Constitutive Modeling
For a 3D solid subject to an external load, the governing linear
momentum balance (Newton’s second law) can be written as
Eq. 3 and the governing angular momentum balance can be
written as Eq. 4, where σ is the Cauchy (true) stress, ρ is the
density of the solid, b is the body force vector, and a is the
acceleration vector. Assuming equilibrium with negligible body
force, Eq. 3 reduces to ∇ · σ = 0. For full derivations and further
reading, the reader is directed toward Holzapfel’s Non-linear Solid
Mechanics (Holzapfel, 2000).

∇ · σ+ ρb = ρa (3)

σji = σij (4)

The mechanical properties of musculoskeletal soft tissues such as
skeletal muscle are often modeled with a strain energy density
function, including any specified intricacies such as non-linearity,
anisotropy, and nearly incompressibility. To characterize the
variable nature of passive muscle anisotropy and non-linearity
(Mohammadkhah et al., 2016), we have employed a continuum
model 9tot that includes contributions of an isotropic ground
matrix 9̄iso, muscle fibers 9̄fibers, the collagenous ECM 9̄ECM,
and a volumetric response9vol (Eq. 5). As muscle exhibits nearly
incompressible behavior (Van Loocke et al., 2006; Takaza et al.,
2012), this formulation features a decoupled deviatoric response
9̄ = 9̄iso + 9̄fibers + 9̄ECM and a dilatational response 9vol.

Here deformation is characterized by the volume ratio J, the
deviatoric right Cauchy–Green deformation tensor C̄ = J−

2
3 FTF,

the first deviatoric invariant of C̄ denoted by Ī1, and the deviatoric
pseudo-invariant Ī4 = m · C̄ ·m that measures the square of
muscle fiber stretch whose direction is defined by the unit vector
m (Holzapfel, 2000). The Cauchy (true) stress σ can then be
defined as a function of the constitutive model (Eq. 6, where
dev(−) is the deviatoric operator, p is hydrostatic pressure and I
is the identity matrix) (Holzapfel, 2000; Maas et al., 2012). While
further detail is provided below regarding specific constitutive
relations, the general model employed here is an uncoupled,
fiber-reinforced material with two families of fibers – aligned
muscle fibers and bimodal, continually distributed ECM collagen
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FIGURE 2 | Schematic of passive muscle model for extracellular matrix and
muscle fibers. A representative 2D square of muscle tissue shows the
longitudinal or muscle fiber direction (red) and two families of collagen fiber
dispersion (green) offset from the muscle fiber direction by an angle γ.

TABLE 1 | All model material parameters and units, with fixed values provided and
omitted values for parameters that were varied in this study.

Model component Parameters

Isotropic matrix 9̄iso c1 = 0.1 (kPa)

Muscle fibers 9̄fibers ξ (kPa) β (−)

Muscle ECM 9̄ECM µ (kPa) γ (deg) d (−)

Volumetric response 9vol κ = 10,000 (kPa)

Viscoelasticity gi (−) τi = 0.05, 1, 20, 400 (sec)

fibers (Figure 2; Yousefi et al., 2018; Bleiler et al., 2019). This
formulation attributes muscle fibers and the ECM as the main
load-bearing constituents in passively stretched muscle (Smith
et al., 2019).

9tot
(
C̄, J

)
= 9̄iso

(
Ī1
)
+ 9̄fibers

(
Ī4
)
+ 9̄ECM

(
C̄
)
+9vol (J)

(5)

σ = dev
(

2J−1F̄
∂9̄

∂C̄
F̄T
)
+ pI (6)

The isotropic ground matrix model was modeled with an
uncoupled neo-Hookean strain energy density formulation, and
the volumetric term with a logarithmic function (Eqs 7 and
8, where c1 is a shear-like modulus and k is a bulk-like
modulus). Due to the highly anisotropic, non-symmetric, and
nearly incompressible nature of skeletal muscle (Van Loocke
et al., 2006; Takaza et al., 2012; Mohammadkhah et al., 2016), c1
was selected as a low (but non-zero) constant value for this study
and k was selected to ensure near-incompressibility, as provided
in Table 1.

9̄iso
(
Ī1
)
= c1

(
Ī1 − 3

)
(7)

9vol (J) =
k
2
(
ln J
)2 (8)

The muscle fiber contribution term was defined as a power law
to model non-linear stress-stretch behavior of passive muscle
when stretched in the direction of muscle fibers (Eq. 9, where
ξ is a modulus-like parameter and β is the power parameter)
(Takaza et al., 2012; Wheatley et al., 2016b). The ECM strain
energy density function defines the behavior of a continually
dispersed, 3D bimodal von Mises distribution of tension-only

fibers (Ateshian et al., 2009). The formulation presented here
is modified from an ellipsoidal bivariate von Mises distribution
to describe the anisotropic and inhomogeneous collagen fiber
distribution in articular cartilage (Zimmerman and Ateshian,
2019). Due to the continually dispersed nature of the fibers,
the strain energy density function is an integration over a unit
sphere of volume V of the product of the distribution R (n)
(where n is the orientation of the ECM collagen fibers) and
the fiber constitutive law 9̄n (Eq. 10). The distribution R (n) is
further broken into two functions using spherical angle functions
P (θ) (where θ is the azimuth angle) and Q (ϕ) (where ϕ is
the declination angle) (Eq. 11). If one assumes that the ECM
fibers have no directional preference in the transverse plane
(perpendicular to muscle fibers), then P (θ) decomposes to the
circle equation (Eq. 12). The remaining dispersion term, Q (ϕ)
describes the ECM collagen fiber dispersion in the along-fiber
plane (Figure 2) with a bimodal von Mises function that includes
the primary ECM collagen fiber orientation angle γ (the angle of
offset from muscle fibers to ECM collagen fibers) and a dispersion
term d that characterizes the degree of alignment of ECM
collagen fibers (Eq. 13). This equation also includes an integration
term q

(
d, γ

)
that enforces ∫ R (n) dV = 1. By varying the ECM

orientation angle γ and the dispersion term d, the relative density
of ECM collagen fibers can be continuously defined throughout
the solid. Finally, a neo-Hookean type fiber constitutive law was
used for the ECM collagen fibers (Eq. 14), with a modulus µ

that is a function of the square of the collagen fiber stretch Īn
(FEBio User Manual 2. 8, 2018). These formulations also assume
that fibers (both muscle fibers and ECM collagen fibers) can only
sustain tension, not compression (Weiss et al., 1996).

9̄fibers
(
Ī4
)
=
ξ

β

(
Ī4 − 1

)β (9)

9̄ECM (C) = ∫ R (n) 9̄n
(
Īn
)

dV (10)

∫ R (n) dV = 1 = ∫ P (θ) Q (φ) dV (11)

P (θ) =
[(

cos2 θ+ sin2 θ
)]−1/2 (12)

Q (φ) =
1

q
(
d, γ

) {exp
[
2d cos2 (φ+ γ)

]
+ exp

[
2d cos2 (φ− γ)

]}
(13)

9̄n
(
Īn
)
=

µ

4
(
Īn − 1

)2 (14)

A quasi-linear Prony series viscoelastic formulation was used
to model stress-relaxation of passively stretched skeletal muscle
(Wheatley et al., 2016a). Briefly, the deviatoric stress σ̄ can be
defined as a function of a convolution integral (Eq. 15, where
G(t) is the relaxation function, t is time, and ζ is an integration
variable). A Prony series relaxation function (Eq. 16) enables the
use of viscoelastic coefficients gi and associated time constants τi
that characterize the amount and rate of relaxation, respectively.
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FIGURE 3 | (A) Representative color contour plot of longitudinal (horizontal) stretch from digital image correlation. (B) Deformed symmetric cruciform finite element
model with model ROI (black dashed line) symmetric boundary conditions (note that Z-symm is on the bottom, hidden face), and color contour plot of longitudinal
stretch. (C) Deformed symmetric cruciform finite element model, showing initial cross-sectional area and reaction force at the model boundary (grip locations) used
to determine model nominal stress. (D) Undeformed and deformed single element finite element model. Model Cauchy stress was directly output from the single
element.

For this study, we fixed τi terms as spaced parameters to ensure
a broad range of relaxation rates (Table 1) and varied gi terms
(Vaidya and Wheatley, 2019).

σ̄ (t) =
t
∫
−∞

G (t − ζ)
dσ̄

dζ
dζ (15)

G (t) = 1+
4∑

i=1

giexp
(
−

t
τi

)
(16)

Finite Element Modeling
All finite element modeling results presented here were
conducted using the open source finite element package FEBio
(Maas et al., 2012). A custom plugin was written to apply the
bivariate von Mises distribution of the ECM collagen fibers R (n).
To model biaxial stretch, a symmetric, eighth cruciform finite
element model consisting of 2,184 linear hexahedral elements was
developed (Figure 3B). This model was chosen to represent a
cruciform 30 mm × 30 mm in width and height and a thickness
of 8.9 mm. In addition to symmetric boundary conditions
(Figure 3B), the face of each cruciform arm was fixed to a rigid
body and subject to displacements to mimic the experimental
protocol (Figure 3C). Reaction force divided by initial arm cross
sectional area was calculated as nominal stress and total model
length was divided by initial model length to determine nominal
stretch. By using the solid mixture capabilities in FEBio, separate
viscoelastic parameters were assigned to the stress contributions
from the muscle fibers and ECM.

Constitutive parameters were optimized to experimental data
by fitting model nominal stress to experimental nominal stress.

Model ROI stretch was calculated based on the position of
model ROI surface nodes similar to experimental stretch (Eqs
1 and 2), then used as a validation to experimental DIC stretch
(Figures 3A,B). Parameter optimization was completed in two
steps – first the viscoelastic Prony series parameters were fit
to normalized stress-relaxation data for both the longitudinal
and transverse directions, then hyperelastic parameters were fit
to the full set of longitudinal and transverse stress data. This
approach has the advantage of reducing the overall number
of parameters needed to be optimized at any given step in
the process by first determining stress relaxation behavior and
then hyperelastic stiffness (Vaidya and Wheatley, 2019). All
optimization was performed in MATLAB using constrained non-
linear optimization (lsqnonlin) by varying model parameters
and minimizing the sum of squared residuals between model
(σm) and experimental (σe) stresses as an objective function obj
across all experimental data points (total number npts) (Eq. 17).
Nominal stress was used for fitting of our cruciform finite
element model (Figure 3C) to planar biaxial experimental data
as Cauchy (true) stress cannot be estimated from experimental
planar biaxial tests without a correction factor, which is typically
determined from FEA.

obj =
npts∑
i=1

(
σe

i − σm
i
)2 (17)

For comparisons across previously published experimental
studies of uniaxial stretch of passive skeletal muscle, a simplified
approach of a single linear hexahedral finite element model
was implemented (Figure 3D). Three previously published
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TABLE 2 | Summary of data of passively stretched skeletal muscle
used in this study.

Study Species and muscle Direction tested

Biaxial data – this study Porcine biceps femoris Longitudinal and
transverse biaxial

Wheatley et al., 2016b Lapine tibialis anterior Longitudinal and
transverse

Mohammadkhah et al., 2016 Chicken pectoralis Longitudinal,
transverse, and 45◦

Takaza et al., 2012 Porcine longissimus dorsi Longitudinal,
transverse, and 45◦

studies of materials testing of skeletal muscle under uniaxial
tension were identified (Table 2). These studies provide a range
of data across species, muscles, and orientations for model
comparison and fitting. The finite element model was fit to
the experimental studies by comparing literature Cauchy (true)
stress to model Cauchy stress as a function of directional stretch.
Data from Wheatley et al. (2016b) were zeroed following an
initial stress-relaxation phase for consistency with other data.
Following all model fitting, optimized parameters for each data
set were used to simulate stress-stretch behavior under uniaxial
and equibiaxial stretch. Finally, a simple parameter study was
conducted to further highlight the differences in stress-stretch
behavior between uniaxial and biaxial stretch. Cauchy stress was
used for fitting to previously published uniaxial data and for
parametric studies as it requires fewer assumptions to estimate
than under biaxial conditions, Cauchy stress is reported in
the literature cited here, and the use of Cauchy stress allows
for a simplified single element finite element model. No stress
conversions were calculated directly from a push forward or pull
back operation in this work, as all planar biaxial model fitting
used nominal stress only, and all uniaxial and parametric studies
used Cauchy stress only.

To summarize, we fit the cruciform finite element model
to planar biaxial data, then used the optimized parameters
to simulate uniaxial stretch. Conversely, we fit the simplified
finite element model to uniaxial data from three different

previously published studies, then used the optimized parameters
to simulate biaxial stretch.

Statistics
Stress relaxation data were normalized to sample peak stress and
fit to a power law model (Eq. 18, where σn is normalized stress,
t is relaxation time, and a and b are power law coefficients)
to characterize the rate of relaxation between orientations. The
power law b coefficients (rate of relaxation), stress at three time
points – peak stress, end of relaxation, and end of ramp pull,
and linearized modulus from the pull phase were compared
between orientations using a paired t-test. A linear regression
was performed to investigate the potential effect of post-mortem
time on modulus for both directions. For all statistical tests,
significance was set at p< 0.05.

σn = atb (18)

Model fits to experimental data were evaluated with an average
percent error for each experimental data point, normalized root
mean square error (NRMSE, where 1 is a perfect fit and−∞ is the
worst possible fit), and root mean square error (RMSE, in kPa)
(Vaidya and Wheatley, 2019).

RESULTS

Experimental Planar Biaxial Data
Biaxial data showed that longitudinal direction nominal stress
was greater and decreased at a faster rate during stress
relaxation than transverse direction stress. This was supported
by both visual analysis of normalized relaxation (Figure 4A)
and statistical analysis (Figure 4B). Specifically, the paired
t-tests suggest that the power law b coefficient was greater
in the longitudinal orientation (p < 0.0001). Stress was
greater at the peak (p = 0.021), end of relaxation phase
(p = 0.037), and end of constant rate pull phase (p = 0.0063),
and the linearized modulus was greater in the longitudinal
direction versus the transverse direction (p = 0.028). The
power law fits provided excellent agreement to experimental

FIGURE 4 | (A) Normalized stress relaxation data (shown as dashed mean curves and standard error bars) and a power law fit to the mean data (shown as solid
curves). Note that power law fits and experimental data are visually overlapping and thus nearly indistinguishable. (B) Bar graphs for mean power law b coefficient,
stress data, and linearized modulus with standard error bars.
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FIGURE 5 | Experimental and model data of passive muscle subject to planar biaxial stretch. (A) Nominal stress relaxation step data (open circles with standard
error bars) and model fits (solid curves), with the first 10 s of these data for clarity shown at right, (B) longitudinal constant rate nominal stress-stretch curves for all
experimental samples (thin curves) and model (thick curve), (C) longitudinal constant rate ROI stretch-nominal stretch curves, (D) transverse constant rate nominal
stress-stretch curves, and (E) transverse constant rate ROI stretch-nominal stretch curves.

data visually (Figure 4A) and with mean R2 values of 0.985
and 0.974 for longitudinal and transverse data, respectively.
Linear regression results showed that modulus was not
correlated with post-mortem time (p > 0.6, R2 < 0.02 for
both directions).

Model Fitting
The use of constrained non-linear optimization produced a
strong fit of the biaxial finite element model to experimental
data, both for the stress relaxation phase as well as the constant
ramp pull phase. This is shown both visually (Figures 5A,B,D)
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TABLE 3 | Statistical fitting results between model and experimental stress-stretch
data.

Data Mean error (%) NRMSE (−) RMSE (kPa)

Biaxial data 0.960 0.959 1.35e-4

Biax stress relax 0.553 0.971 9.22e-5

Biax pull 2.09 0.910 3.91e-4

Wheatley 17.9 0.932 4.67

Takaza 10.7 0.852 4.73

Mohammadkhah 12.0 0.907 1.70

Data are given in mean percent error between model and experiment, normalized
root mean square error (NRMSE), and root mean square error (RMSE) for all data.
Biaxial data fits are provided for the overall data set as well as the stress relaxation
phase only and the constant rate pull phase only.

and through statistical analysis (NRMSE > 0.9, Table 3).
Measured experimental stretch in the sample ROI from digital
image correlation and predicted model ROI stretch are provided
for model validation (Figures 5C,D). The model showed
strong agreement to transverse stretch data, and overpredicted
longitudinal stretch somewhat.

The single element uniaxial model exhibited strong fitting
capabilities across all uniaxial stretch data sets as observed
visually (Figure 6) and by evaluating the statistical differences
between model outputs and experimental data (NRMSE > 0.85,
Table 3). Specifically, the model was able to match a wide
range of anisotropy and non-linearity between data sets,
including directions of greatest stiffness of the transverse
direction (Takaza et al., 2012; Wheatley et al., 2016b) and 45◦
(Mohammadkhah et al., 2016).

Optimized hyperelastic parameter values (Table 4)
demonstrate the variability of passive muscle material properties.
For the constitutive model used here, there was a particularly
wide range of muscle fiber stiffness ξ (4–110 kPa), ECM modulus
µ (28–1,700 kPa), and ECM orientation angles γ (32–90◦). It
should be noted here that the Mohammadkhah et al. (2016)
chicken data best fit produced a negligible muscle fiber modulus,
hence the reported value of 0 kPa. Finally, to ensure a unique
set of parameters for each optimal fit, the ECM fiber dispersion
parameter d was fixed for some of the optimizations, as shown
in Table 4. Optimized viscoelastic parameter values (Table 5)
further highlight the differences in viscoelastic behavior between
orientations, as muscle fiber gi terms were larger than those
applied to the ECM term. This shows greater relaxation for the
muscle fiber term in comparison to the ECM term.

Modeling Biaxial and Uniaxial Stretch
Simulating both uniaxial stretch and biaxial stretch with each
optimized parameter set showed different effects of biaxial stretch
on model response (Figure 7 and Table 6). Specifically, stress-
stretch curves from Wheatley et al. (2016b). Parameters were
largely unaffected by biaxial versus uniaxial stretch, while biaxial
stretch greatly increased stiffness for the Mohammadkhah et al.
(2016). Parameter set. A parametric study of uniaxial and biaxial
stretch for two different parameter sets – one with Aligned fibers
and one with Dispersed fibers – shows the models exhibit nearly
identical stiffness behavior under uniaxial stretch (Figure 8A)

FIGURE 6 | Modeling fits to uniaxial tensile experimental data from the
previously published works of (A) Wheatley et al. (2016b), (B) Takaza et al.
(2012), and (C) Mohammadkhah et al. (2016). Experimental data are shown
as open circles and model data are solid curves.

but distinctly different behavior under biaxial stretch (up to
119% difference, Figure 8B). This was observed for both the
longitudinal and transverse directions, highlighting the role of the
dispersed ECM fibers and assumptions of anisotropy in altering
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TABLE 4 | Optimized parameter values from fits to various experimental data sets.

Data ξ (kPa) β (−) µ (kPa) γ (deg) d (−)

Biaxial Data 4.20 2.35 28.0 51.1 4*

Wheatley 5.66 2.79 223 90 4*

Takaza 34.7 3.78 1,680 64.3 3.83

Mohammadkhah 0 – 1,400 53.2 8.32

Asterisk denotes a fixed value of d = 4 due to lack of 45◦ experimental data.

TABLE 5 | Optimized viscoelastic parameters gi and associated time constants τi

from fits to planar biaxial experimental data.

gfiber
i (−) gECM

i (−) τi (sec)

12.9, 2.20, 0.832, 0.979 1.54, 0.634, 0.235, 0.263 0.05, 1, 20, 400

model behavior. Parameter values used (Table 7) fall within those
optimized to experimental data (Table 4).

DISCUSSION

Planar Biaxial Testing
We have presented here, to the best of our knowledge, the first set
of experimental data of passive skeletal muscle subject to planar
biaxial stretch. From these data, we determined that the porcine
hind limb tissue tested exhibited the following characteristics:
(1) faster relaxation for longitudinal samples (Figures 4A,B) and
(2) greater stiffness for the longitudinal direction (Figure 4B).
For the viscoelastic response, we previously measured greater
relaxation rate with greater longitudinal stiffness of muscle tissue
(Wheatley et al., 2016b), which agrees with the results seen here.
The differences in relaxation rate between orientations suggest
two mechanisms that support load in passively stretched skeletal
muscle. This observation is supported by ongoing efforts that
have shown that passive muscle stiffness in mammals is dictated
by both the collagenous ECM (Meyer and Lieber, 2011, 2018) and
muscle fibers themselves (Brynnel et al., 2018). Here we suggest
that both constituents may contribute to longitudinal stiffness,
and that measuring the anisotropic viscoelastic response may
further elucidate load sharing between constituents.

It is known that muscle exhibits stress relaxation at both the
muscle fiber level (Meyer et al., 2011; Rehorn et al., 2014) and
the whole muscle or tissue level (Best et al., 1994; Gras et al.,
2013; Wheatley et al., 2016a). Meyer et al. (2011) measured∼95%
stress relaxation when stretching muscle fibers at 2,000%/s and
∼80% stress relaxation at 20%/s, which exceeds stress relaxation
observed in highly collagenous tissues such as tendon (Atkinson
et al., 1999). Based on these findings and the observation
of less relaxation in the transverse direction from our data,
the ECM may exhibit less stress-relaxation than muscle fibers.
This requires further experimental efforts to confirm or deny,
however. To the best of our knowledge, there have been no
studies that have compared viscoelastic behavior between single
fiber and tissue level samples or have tried to measure the
viscoelastic properties of the ECM directly or indirectly. Such
a study would help contextualize tissue-level measurements of

FIGURE 7 | Stress-stretch curves for simulated uniaxial stretch (dashed) and
biaxial stretch (solid) for optimized parameters from (A) biaxial data presented
in this study, (B) Wheatley et al. (2016b), and (C) Mohammadkhah et al.
(2016). The increase in stress-stretch curve stiffness with biaxial stretch versus
uniaxial stretch is denoted with arrows. Note that some models predict a
negligible increase in stiffness (Wheatley) and others a major increase in
stiffness (Mohammadkhah).

longitudinal and transverse viscoelastic behavior in regards to the
contribution of muscle fibers and the ECM to tissue stiffness.

In comparison to previously published data, most studies of
passively stretched muscle have observed a greater stiffness in
the transverse direction in comparison to the longitudinal
direction, albeit to varying degrees (Takaza et al., 2012;
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TABLE 6 | Differences in Cauchy stress at λ = 1.3 between uniaxial and biaxial
stretch conditions for all optimized parameter sets.

Output Biaxial data Wheatley Takaza Mohammadkhah

Longitudinal – 18.5% 32.2% 92.2% 135%

kPa 3.69 3.42 89.8 135

Transverse – 100% 2.47% 24.8% 105%

kPa 4.45 1.68 86.8 166

Data are reported at a percent increase and absolute increase in kPa.

Mohammadkhah et al., 2016; Wheatley et al., 2016b). One
previous study observed greater stiffness in the longitudinal
direction (Morrow et al., 2010). These comprehensively suggest
that anisotropy may be variable in skeletal muscle and may
depend on a range of physiological factors. Exploring the link
between anisotropy and in vivo function was outside the scope of
this work but would be appropriate for future studies. We have
previously hypothesized that a greater longitudinal stiffness was
the result of rigor mortis (Wheatley et al., 2016b), however in this
work all testing in this study was completed within seven hours to
reduce this risk (Van Ee et al., 2000; Van Loocke et al., 2006) and
tissue stiffness was not correlated with post-mortem testing time
(p > 0.1, R2 < 0.2). It is thus unlikely that our data are driven
by rigor mortis alone. Use of a relaxing agent (Meyer and Lieber,
2018) could be used to further prevent the effects of post-mortem
stiffening. Nonetheless, the data presented here should not be
viewed as a comprehensive set of muscle material properties, but
as a validation of an experimental and computational technique
to investigate muscle stiffness.

Constitutive Modeling of Experimental
Data
Fitting results show the capability of our constitutive model
to accurately simulate the range of experimentally observed
anisotropic and non-linear stress-stretch behavior. This is shown
both visually (Figures 5, 6) and through statistical evaluation
(Table 3). We also used the experimental biaxial ROI stretch data

for model validation (Figure 5). These results comprehensively
suggest that our model is well-suited for studying the tissue-
level mechanics of passively stretched skeletal muscle. To
encourage a unique solution for each data set, the ECM
fiber dispersion parameter d was fixed based on a qualitative
comparison to muscle ECM fiber dispersion (Purslow and
Trotter, 1994). Additionally, dataset characteristics such as
viscoelasticity (biaxial data), data at 45◦ (Mohammadkhah and
Takaza), and non-linear longitudinal data (Wheatley) enforced a
unique solution for each optimization.

The constitutive model used in this study includes a non-
linear muscle fiber term 9̄fibers

(
Ī4
)

which is a function of
Ī4, the square of muscle fiber stretch. We chose to employ a
power law function for this term as it models the non-linear
stress-stretch response of muscle in the longitudinal orientation
(Mohammadkhah et al., 2016; Wheatley et al., 2016a) with
only two parameters. The optimized values for the modulus-like
parameter ξ (0–108 kPa) and for the power coefficient β (2.35–
3.78) are reasonable, although ξ = 0 for the Mohammadkhah
data is questionable. However, Mohammadkhah et al., 2016 data
was obtained from chicken pectoralis muscle tissue, which as
they note has a higher collagen content (Nishimura, 2010). This
may partially explain why our model optimization approach
identified a negligible muscle fiber modulus for this data set if
collagen is dominating the stress-stretch response. Our remaining
muscle fiber modulus-like values of 4.2–108 kPa compare
reasonably to experimental observations of ∼40 kPa in mice
(Meyer and Lieber, 2018).

Our model of muscle ECM 9̄ECM
(
C̄
)

describes the collagen
fibers with a neo-Hookean hyperelastic model (with a shear
modulus µ) and a bimodal von Mises distribution (with angle
γ and dispersion d). Our use of a single modulus term is
a simplification of a highly complex combination of ECM
collagen amount, type, crosslinking, and crimp. While these each
have been studied in regards to tissue stiffness through either
experimentation (Smith and Barton, 2014; Chapman et al., 2015;
Mohammadkhah et al., 2018; Lieber and Fridén, 2019; Smith
et al., 2019) or modeling (Gindre et al., 2013; Bleiler et al., 2019;

FIGURE 8 | Parametric study stress-stretch curves for (A) uniaxial stretch and (B) biaxial stretch. Note that for both models (Aligned – solid curves and Dispersed –
dashed curves) they exhibit nearly identical uniaxial behavior for both longitudinal (back curves) and transverse (blue curves), but distinctly different behavior when
subject to biaxial stretch, with percentage differences between Aligned and Dispersed shown at λ = 1.3.
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TABLE 7 | Parameter values for the models shown in Figure 8.

Model ξ (kPa) β (−) µ (kPa) γ (deg) d (−)

Aligned 130 2.25 275 90 8

Dispersed 0 – 475 60 3

Spyrou et al., 2019; Valentin and Simms, 2020), developing a
unique set of parameters from healthy tissue-level data that
incorporates each of these was outside of the scope of
this work. This also does not address the different layers
of ECM structure such as perimysium and endomysium.
We instead chose to use the approach of minimizing the
number of model parameters while ensuring a strong fit to
experimental data.

Purslow and Trotter (1994) measured muscle ECM collagen
fiber orientations under a range of physiological conditions
and found that the primary fiber alignment angle was
dependent on stretch, but ranged from ∼20–80◦. Qualitatively,
recent mammalian ECM scanning electron microscopy by
Sleboda et al. (2020) found that multilayered, collagen-rich
ECM was common between a range of species but that
microstructure was less consistent. These studies suggest that
ECM fiber angle and dispersion may vary with a range
of mechanical, anatomical, and physiological factors such
as animal size and muscle fiber type distributions. The
optimized ECM fiber angles we determined (32–90◦) thus
seem reasonable.

In considering specific modeling studies relevant to this
work, Yucesoy et al. (2002) modeled the muscle fibers and
ECM as distinct but linked constituents. Gindre et al. (2013)
developed a microstructural model of a muscle fiber wrapped
with a single family of dispersed ECM fibers to explore
titin and ECM contributions. Yousefi et al. (2018) showed
how a similar model of the ECM as the only load bearing
mechanism with two perfectly reinforcing fiber directions
can describe the observed anisotropy in passively stretched
bovine, porcine, and chicken muscle. Bleiler et al. (2019)
designed and formulated a passive constitutive model with
dispersed collagen fibers surrounding muscle fibers that could
be integrated into a finite element simulation. Teklemariam
et al. (2019) used a similar micromechanical approach with
distinct muscle fiber and ECM domains. Spyrou et al. (2019)
developed a multiscale model that employed homogenization
from a microstructurally derived model to a continuum-
level response.

While each of these studies present advantages for modeling
the passive response of skeletal muscle, we have chosen to use
a similar approach to Yousefi et al. (2018) with the extension
of the model to include ECM collagen dispersion and muscle
fiber stiffness. After applying assumptions for the low-stiffness
isotropic ground matrix (Wheatley et al., 2017a) and near-
incompressibility (Takaza et al., 2012), this model required five
parameters to describe the hyperelastic response – two for
the muscle fibers (stiffness and non-linearity) and three for
the ECM (stiffness, direction, and dispersion). The advantage
of this approach is a relatively low number of parameters

while still enabling model robustness. The use of a Prony
series viscoelastic model may increase the overall number of
parameters of the model, but as we have shown in this and
previous works (Vaidya and Wheatley, 2019), those parameters
can be optimized with a two-step fitting procedure. Based
on stress-stretch data alone, it would be unclear how load
is shared between the ECM and muscle fibers. However, the
stress-relaxation data shows distinct time dependent differences
between longitudinal and transverse stress relaxation rate
(Figure 4). This suggests load may be supported by both muscle
fibers and ECM, and perhaps more so the muscle fibers in the
longitudinal direction.

It should be noted that the model chosen here enables a wide
range of stress-stretch behavior and is generally informed by
muscle physiology, but is not derived from microstructure and
does not account for effects of interaction between the ECM
and muscle fibers. The parameters (such as ECM fiber angle and
dispersion) may be generally related to tissue microstructure,
but are not direct analogs. One must be careful not to
conclude concrete microstructural findings based on the fitting
results presented here.

Modeling Uniaxial Versus Biaxial Stretch
Expanding our modeling from fitting to simulations of
uniaxial versus biaxial stretch showed variability between
data sets (Figure 7 and Table 7). Generally speaking,
materials exhibit greater stiffness when stretched biaxially
versus uniaxially. However, for highly anisotropic materials
with multiple families of fibers, the effect may not be as
dramatic as expected, as shown in the uniaxial versus biaxial
comparisons of the Wheatley et al. (2016b) parameter set
(Figure 7B and Table 6). In this case, the model ECM fibers
are aligned perpendicular to muscle fibers and have low
dispersion and during biaxial stretch each set of fibers are
recruited independently. Conversely, the Mohammadkhah
et al. (2016) parameter set increased in excess of 100% in
both the longitudinal and transverse directions (Figure 7C
and Table 6). Here the ECM fibers are oriented between
directions and highly dispersed, which recruits these fibers
during both longitudinal and transverse stretch. Thus,
the biaxial deformation will stretch the ECM fibers to
a greater amount.

The potential physiological relevance of a case where
biaxial stretch and uniaxial stretch exhibit similar stress-
stretch behavior can be seen in Figure 8 and Table 7.
Here we have identified two sets of parameters that fall
within the previously optimized values that have nearly
indistinguishable uniaxial stress-stretch behavior in both the
longitudinal and transverse orientations (Figure 8A). When
subject to biaxial stretch however, Dispersed shows drastic
changes in stiffness while Aligned is largely unaffected
(113% difference in the longitudinal direction between
models). This presents a simplified case where two muscles
that may seem to have the same mechanical properties
when stretched uniaxially would in fact have quite different
mechanics when subject to a more complex deformation.
In effect, these differences are “hidden” by uniaxial stretch.
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This could partially explain that differences in longitudinal
stiffness between cerebral palsy and healthy muscle cannot be
explained by collagen content, quantity, and cross-linking
alone (Chapman et al., 2015; Lieber and Fridén, 2019;
Smith et al., 2019).

Smith et al. (2019) discuss these collagen content-passive
stiffness correlations and a relatively minor contribution
of collagen crosslinking that this observation “. . . suggests
the intriguingly possibility that higher-order structures may
determine tissue stiffness to a greater extent than molecular
components.” We suggest that ECM collagen fiber orientation
and dispersion may be these “higher-order structures” and
show with our model how differences in tissue stiffness could
be hidden by uniaxial stretch (Figure 8A). As noted above,
the technique employed here is a continuum-level hyperelastic
constitutive model. We do not imply that this model is a
direct prediction of tissue microstructure, only that our model
has shown robust and accurate stress-stretch behavior and that
similar mechanisms may be present.

Another consideration for uniaxial versus biaxial stretch is the
observation of transverse load transmission in contracting
muscle as well as laterally between individual muscles
(Huijing, 1999; Yucesoy et al., 2008). If load generated
longitudinally by muscle fibers is transmitted transversally
through the ECM, then muscle tissue must be subject to
a multi-axial stress state in vivo. Our parametric study
suggests that biaxial stretch could enact a stiffening effect
to longitudinal stress-stretch response in comparison to
uniaxial only (Figures 8A,B). For tissues that exhibit higher
load sharing of the ECM, this effect could be exaggerated,
and biaxial stretch would in effect increase the perceived
tissue stiffness, and thus perhaps increase the efficiency of
load transfer in vivo during contraction. However, further
experimental research is needed to confirm if this is the case
for biaxially stretched skeletal muscle. Nonetheless, we have
highlighted the importance of a biaxial deformation in passively
stretched skeletal muscle, and hope that this consideration
can drive future work to better understand load transmission
in vitro and in vivo.

Limitations and Future Directions
This work is not without limitations. Firstly, the geometry
selection of a simplified, idealized cruciform or single element
cuboid is clearly not a representation of the geometric/structural
complexities of whole, in vivo skeletal muscle. However, the
experimental data used in this study are generated from
tissue samples isolated from whole muscle, and thus do not
represent a full in vivo environment either. This isolation is
necessary to accurately determine tensile material properties.
While a more detailed set of geometric finite element models
could be developed to match average specimen geometry
from each uniaxial experiment, this may not necessarily
yield improvements in fit or different study conclusions. The
advantage of our geometric approach is in computational
efficiency and simplicity – as the optimization protocol
that fit the model to experimental stress-stretch curves
does not require significant computation time and is highly

stable. Nonetheless, as experimental and finite element
models of in vivo muscle deformation have shown complex
strains (Blemker and Delp, 2005; Böl et al., 2015), use and
validation of this model in such cases would be a significant
benefit to the field.

While our constitutive model exhibits robustness in
simulating tensile stress-stretch behavior (Figure 6), it does
not model microstructural and physiological characteristics
such as collagen crosslinking, multiple collagen types, or
muscle fiber-ECM interactions. Including such components
would likely yield increased robustness and physiological
accuracy of such a model. However, our model has
exhibited efficacy in simulating a wide range of passive
muscle stretch. We have shown that this model can inform
future studies of ECM structure – such as collagen fiber
orientation and dispersion – while fitting tissue-level
data and maintaining experimental observations such as
near-incompressibility.

It should be noted that model validation across uniaxial
and biaxial stretch would strengthen future applications of this
model. Additionally, experiments such as biaxial materials testing
coupled with decellularization or muscle fiber isolation would
provide necessary insight into the extent to which this model
or future improved models can accurately characterize load
sharing between muscle fibers and the ECM. This would greatly
strengthen this work, and provide strong efficacy for application
of this model to in vivo conditions of muscle impairment
such as cerebral palsy. We have also not explored the model
response under compression or during active contraction as those
are outside the scope of this work. Thus, this model should
be viewed not as a comprehensive model of passive skeletal
muscle, but as an effective tool in better understanding passive
muscle stiffness.

CONCLUSION

Based on section “Results and Discussion” of this work, we
have made the following observations, recommendations, and
conclusions:

(1) We performed biaxial stress-relaxation testing on passive
skeletal muscle and suggest that this approach can be used
to effectively characterize passive muscle mechanics.

(2) Our model of a dispersed ECM contribution and aligned
muscle fibers was able to exhibit broad variability in
simulating and fitting tensile stiffness, non-linearity, and
anisotropy of passive skeletal muscle.

(3) This model, in conjunction with experimental data,
exhibited the role of biaxial stretch in measuring passive
muscle stiffness and suggesting future work to explore
inconsistent correlations between muscle ECM collagen
measurements and passive stiffness.

Future validation, development, and employment of modeling
and biaxial experimentation would elucidate the role of the
ECM in in vivo muscle function, and help explain how
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detrimental changes to muscle stiffness – such as those observed
in cerebral palsy – may be explained by ECM structure.
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During contraction the energy of muscle tissue increases due to energy from the

hydrolysis of ATP. This energy is distributed across the tissue as strain-energy potentials

in the contractile elements, strain-energy potential from the 3D deformation of the

base-material tissue (containing cellular and extracellular matrix effects), energy related

to changes in the muscle’s nearly incompressible volume and external work done

at the muscle surface. Thus, energy is redistributed through the muscle’s tissue as

it contracts, with only a component of this energy being used to do mechanical

work and develop forces in the muscle’s longitudinal direction. Understanding how the

strain-energy potentials are redistributed through the muscle tissue will help enlighten

why the mechanical performance of whole muscle in its longitudinal direction does not

match the performance that would be expected from the contractile elements alone.

Here we demonstrate these physical effects using a 3D muscle model based on the finite

element method. The tissue deformations within contracting muscle are large, and so the

mechanics of contraction were explained using the principles of continuum mechanics

for large deformations. We present simulations of a contracting medial gastrocnemius

muscle, showing tissue deformations that mirror observations from magnetic resonance

imaging. This paper tracks the redistribution of strain-energy potentials through the

muscle tissue during fixed-end contractions, and shows how fibre shortening, pennation

angle, transverse bulging and anisotropy in the stress and strain of the muscle tissue are

all related to the interaction between the material properties of the muscle and the action

of the contractile elements.

Keywords: muscle, energy, finite element model, MRI, contraction, tissue, deformation, 3D

INTRODUCTION

Most of our understanding of muscle function and performance comes from measurements at
small scales such as sarcomeres, single fibres and small muscles. Additionally, muscle contraction
data have typically been determined whenmuscle is fully active, changes length at constant velocity,
and considers forces and length changes in only the muscle’s longitudinal direction. By comparison,
we know much less about how whole, large muscles contract, particularly when they are not fully
active and contract with varying velocities. Yet, these are exactly the conditions that we may want
to understand in order to understand healthy muscle function, and the impairments that arise
from injury, disuse and disease. Understanding how the contractile elements interact with the
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tissue properties of the whole muscle, how deformations may
arise in all three dimensions during contraction, and how the
dynamics of muscle size influences whole muscle performance
may result in muscle behaviours that are not intuitive from the
understanding of single fibre function alone. The purpose of this
series of papers is to consider contractile mechanisms that are
relevant at the whole muscle level, and how these influence the
design and performance of skeletal muscle.

Muscles change shape and develop forces when they
contract. These effects are typically assumed to occur along the
longitudinal direction of the muscle, however, shape changes and
forces can occur in all three dimensions. For example, as a muscle
shortens then it must increase in girth, or cross-sectional area, in
order to maintain its volume (Zuurbier and Huijing, 1993; Böl
et al., 2013; Randhawa and Wakeling, 2015). Additionally, as a
muscle expands in cross-section it will tend to push outwards
as transverse forces develop. Indeed, transverse expansions have
been reported from early studies, where contracting muscle
bulged to fill glass tubes (Swammerdam, 1758, source: Cobb,
2002), to more recent studies where muscle bulging has been
reported in both animal (Brainerd and Azizi, 2005; Azizi et al.,
2008) and human studies (Randhawa et al., 2013; Dick and
Wakeling, 2017). Transverse forces and deformations have also
been recorded bymuscles lifting weights when they bulge (Siebert
et al., 2012, 2014; Ryan et al., 2019), which is akin to lifting your
body by tensing your glutes whilst you are seated.

The 3D shape changes of a muscle are important to its
function (Azizi et al., 2008). The forces that muscle fibres actively
develop decrease the faster they shorten (Hill, 1938), and thus
processes that affect fibre shortening velocity will also affect
their force. As the fibres shorten then they must expand in
girth to maintain their volume, making the fibres press on
each other in a transverse direction. In pennate muscle this
transverse expansion is accommodated by the fibres rotating
to greater pennation angles (Alexander, 1983; Maganaris et al.,
1998), or expanding in either of the two transverse directions
(Wakeling and Randhawa, 2014; Randhawa andWakeling, 2018).
The increases in pennation angle result in lower fibre shortening
velocity allowing the fibres to develop greater forces, in a process
known as muscle belly gearing (Wakeling et al., 2011). The forces
developed by whole muscle affect how it changes shape and
can cause gearing to vary (Dick and Wakeling, 2017), with this
variable gearing favouring velocity output at low loads and force
output against high loads (Azizi et al., 2008). Changes to the
3D shape of muscle therefore influence the deformations and
speeds at which the fibres shorten, and consequently affect whole
muscle forces.

Transverse forces acting at the surface of muscle are also
important to muscle function. When groups of muscles within
anatomical compartments contract together, their transverse
bulging causes the muscles to press on each other, and this
results in lower forces being generated by the collective group
of muscles than is possible by the sum of the muscle forces if
they are isolated (de Brito Fontana et al., 2018). In a similar
manner, when compressive forces are applied to the transverse
surfaces of contracting muscle, the muscle forces generated along
their longitudinal direction decreases (Siebert et al., 2012, 2014,

2016, 2018; Ryan et al., 2019), and the deformations of the
fibres, changes in pennation angle and belly gearing are also
affected (Wakeling et al., 2013; Ryan et al., 2019). Additionally,
the tendency for a muscle to bulge can cause the muscle to
experience internal work: generating a transverse force that can
lift a weight (Siebert et al., 2012, 2014). Contracting muscle thus
develops and reacts to transverse forces acting on its surface, and
when the surface deforms in the transverse directions, this will
additionally result in work being done.

This paper will consider the effect of work and energy on
muscle contractions. Mechanical work is the amount of energy
transferred by a force. For clarity in this paper, the term work will
be used to describe mechanical work at the surface of the muscle,
whereas the term energy will be used to describe the internal
energy within the muscle. This internal energy is a strain-energy,
which is energy stored by a system undergoing deformation. At
the whole muscle level, any process that redistributes energy
into a transverse direction will detract from the energy that
can be used to generate mechanical work. Currently, we know
relatively little about how energy redistributes within the whole
muscle structure, and how this redistribution of energy relates
to the work done. However, energy redistribution within muscle
may have important implications to both the mechanical and
metabolic function of a muscle (Williams et al., 2012; Roberts
et al., 2019). Surprisingly, these energetic considerations have
barely been incorporated into our current understanding of
whole muscle function.

This is the first of a series of papers in which we explore how
the redistribution of energy within muscle affects its mechanical
function during contraction, and we use these energetic
mechanisms to demonstrate how whole muscle function is not
simply due to the behaviour of individual contractile elements,
but rather emerges from the mechanics of the whole 3D
muscle structure. In this current paper we present a mechanistic
framework for quantifying the energy redistribution and describe
how strain-energy is related to the stretch and shortening of the
muscle fibres, to the 3D shape and deformations of the whole
muscle, and to the forces developed during muscle contraction.
We extend this analysis in two companion papers to identify
how transverse forces and compression affect the muscle force
in its longitudinal direction, and how the mechanical cost of
accelerating the inertial mass of the muscle tissue lessens the
mechanical performance during dynamic contractions.

APPROACH

Experimental and modelling studies have reported local
variations in tissue deformations within muscle (Pappas et al.,
2002; Higham et al., 2008; Hodson-Tole et al., 2016), and these
variations can be explained by the internal mechanics of the
muscle fibres and surrounding tissue (Blemker et al., 2005;
Rahemi et al., 2014). Thus, how a muscle’s tissue deforms during
contraction depends on the general structural and material
properties of the muscle, rather than on the particular features of
the muscle’s surface geometry. However, a wide range of muscle
sizes, shapes and architectures exist (Wickiewicz et al., 1983;
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Lieber and Fridén, 2000), so while the same physical principles
govern the internal mechanics and behaviour of muscle, the
actual tissue deformations and stresses that develop during
contraction also depend on muscle shape and architecture (Gans
and Bock, 1965; Lieber and Fridén, 2000). Hence, in this study
we compare deformations of muscle tissue for geometries that
span a range of pennation angles and cross-sectional areas to
distinguish general principles that do not rely on specific features
of muscle shape.

The premise in this study is that strain-energy redistributes
through the muscle tissue resulting in changes to the force and
external work of whole muscle. The maximum work from an
active sarcomere is given by the area under its force-length
curve when it shortens very slowly along its entire range of
motion so that its contractile forces are close to their maximum
isometric value at each instant (Weis-Fogh and Alexander,
1977), giving a maximum strain energy-density of ∼1.5 × 105

J m−3, where the strain-energy density is the strain-energy for
a given volume of muscle tissue. The maximum muscle work
possible would be approximately equal to the product of the
work from each sarcomere and the number of sarcomeres in
the muscle, or equivalently the product of the strain energy-
density from the sarcomere and the volume of the muscle tissue.
Here we additionally compare blocks of muscle with different
shapes and architectures, but the same initial volumes so that
we can evaluate how strain-energy is redistributed within them
independently from the effect of muscle size, or effectively the
number of sarcomeres.

The mechanics of whole muscle contraction depend on many
factors such as the geometry of the muscle and properties of
the tissue, and different models have been evaluated to explain
how individual factors influence contractile performance. Here
we present a general modelling approach, using the principle
of minimum total energy (Liu and Quek, 2014), to explain
many of these different effects in one framework. Previously,
muscle shape changes have been related to belly gearing and
shortening velocities using both 2D and 3D geometrical models
(e.g., Maganaris et al., 1998; Azizi et al., 2008; Randhawa
and Wakeling, 2015); transmission of forces and deformations
between the longitudinal direction and transverse directions have
been investigated with studies that used fluid and hydrostatic
models and experiments (Azizi et al., 2017; Sleboda and Roberts,
2017); and lumped parameter models have accounted for tissue
mass, accelerations and the mechanical cost of inactive tissue
(Günther et al., 2012; Ross and Wakeling, 2016; Ross et al.,
2018b). However, the physical principles that relate muscle
shape and force should emerge from the complex interactions
between the contractile elements, the material properties of the
tissue and the 3D structure of the muscle and not rely on
specific explanations for distinct examples. Modelling muscle as
a fibre-reinforced composite biomaterial allows the principles
of continuum mechanics and the finite element method (FEM)
to be applied to this problem (Johansson et al., 2000; Meier
and Blickhan, 2000; Yucesoy et al., 2002; Oomens et al., 2003;
Blemker et al., 2005; Röhrle and Pullan, 2007; Böl and Reese,
2008; Rahemi et al., 2014): in this approach tissue deformations

are associated with an energy function, usually called the
strain-energy function. The strain-energy function describes all
the active, passive and incompressibility behaviours of the muscle
tissue, allowing these models to track the redistribution of strain-
energy potentials within the tissue. Thus, such FEM models
are ideal for evaluating the redistribution of energy within a
contracting muscle.

In this paper we use a FEM model of muscle that we
previously developed (Rahemi et al., 2014, 2015; Ross et al.,
2018b), but with a number of numerical and computational
refinements. Both muscle and aponeurosis tissue are modelled
as fibre-reinforced composite biomaterials using the principles
of continuum mechanics. For the muscle tissue, the fibres
in the model represent the myofilaments that develop both
active and passive forces (from the actomyosin cross-bridges
and titin molecules, respectively). These model fibres are non-
linear actuators, with their forces being calculated using a
Hill-type modelling approach (e.g., Zajac, 1989). The fibres
develop active forces that increase with the activation level
and their orientations are specified at each point, allowing the
pennation angle to be calculated. The material properties of
the muscle are modelled as base material (combining both
intracellular and extracellular effects), and the whole muscle
tissue is considered as nearly-incompressible. The aponeurosis
tissue is also fibre-reinforced, but here the model fibres
represent collagen fibres within the aponeurosis. Similar to the
muscle, the aponeurosis has its own base material properties
and nearly incompressible constraints. Both the muscle and
aponeurosis tissues are thus transversely isotropic. In this
paper we quantify the energy state of the different elements
within the model (the contractile strain-energy potential from
the fibres, the base material strain-energy potential, and the
volumetric strain-energy potential that penalizes volume changes
at each element), and track the redistribution of energy between
these elements as the fixed-end contractions progress. Here we
evaluate the deformations of the medial gastrocnemius between
our modelled and magnetic resonance imaging (MRI) results,
and we quantify the redistribution of energy that occurred
within a block of muscle in the medial gastrocnemius, and
across a series of additional blocks with varying geometry
and architecture.

METHODS

In this paper we present a parallel modelling and experimental
study to evaluate the changes in internal energy during fixed-end
muscle contraction. We model blocks of muscle with different
sizes, shapes and pennation angles to determine how these
features affect the strain-energy, deformations and forces of
the muscles. To assess how valid these modelled effects are to
whole muscle contractions we compare the model outputs to the
outputs of a block of muscle within the experimentally-measured
geometry of the medial gastrocnemius muscle. Additionally,
we validate the deformations of the medial gastrocnemius
that are predicted by the model with experimentally measured
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A B

C D

FIGURE 1 | Constitutive relations. We fit curves for the active (grey) and passive (black) along-fibre properties of the muscle tissue to experimental data from Winters

et al. (2011) (A). The along-fibre properties of the aponeurosis were due to only passive forces, and we fit this curve to experimental data from Dick et al. (2016)

(B). (C,D) Show curves for the isotropic base material for muscle, fit to data from Mohammadkhah et al. (2016), and aponeurosis, fit to data from Azizi et al. (2009),

respectively.

deformations of the muscle surface geometry and the internal
fibre pennation angle.

Finite Element Model
Formulation

Wemodelled the muscle tissue as a three-dimensional and nearly
incompressible fibre-reinforced composite material. While the
model is transversely isotropic, the presence of fibres through the
material results in an overall anisotropic response of the tissue.
The formulation of our model is based on the balance of strain-
energy potentials proposed by Simo et al. (1985); see also Simo
and Taylor (1991), Weiss et al. (1996), and Blemker et al. (2005).
Our approach is to numerically approximate the displacements
u, internal pressures p, and dilations J of the tissues so that the
total strain-energy of the system Etot reaches a local optimum.
The total strain-energy of the system is given by:

Etot(u, p, J) = Uint(u, p, J)−Wext(u), (1)

where U int denotes the internal strain-energy potential of the
muscle and Wext denotes the external work on the system. In
other words, we seek a state (u, p, J) such that the first variation
of the total strain-energy DEtot is zero:

DEtot(u, p, J) = 0. (2)

To approximate the solutions (u, p, J) of Equation 2 we used
the finite element method, and to approximate the integrals that

are computed as a part of this method, we used the quadrature
rule which involves quadrature points and weights. Therefore,
u, p, and J are only known at the quadrature points. See section
Appendix I. Details ofModel Formulation for more details on the
formulation of our problem. The model was implemented in the
finite element library deal.II version 8.5 (Arndt et al., 2017).

Material Properties

The fibres in the fibre-reinforced composite material represent
the behaviour of the myofilaments in muscle that develop
both active (contractile element) and passive (parallel elastic)
forces, and the tissue surrounding the fibres that we refer to
as base material, represents the behaviour of the additional
intra- and extracellular components that include connective
tissue such as ECM, blood, and other materials within whole
muscle. We formulated the active and passive fibre curves
as trigonometric polynomial and second-order piecewise
polynomial fits of experimental data (Winters et al., 2011).
These curves (Figure 1A) are similar in shape to the Bézier
curves presented in (Ross et al., 2018a) but are not parametric.
To model the base material properties of the muscle, we
used a Yeoh model (Yeoh, 1993) fit to experimental data
for tensile loading of muscle in the across-fibre direction
(Mohammadkhah et al., 2016) (Figure 1C). Because the
properties of the fibres only act in the along-fibre direction,
the tensile across-fibre data from Mohammadkhah et al. (2016)
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likely only represents the properties of the base material
surrounding the fibres. We assumed that the base material is
isotropic and so contributes to the muscle tissue response in
all directions.

While the block geometries in this paper are composed of
only muscle and do not account for the effects of aponeuroses,
we included both a superficial and deep aponeurosis in the
MRI-derived geometries to better replicate the behaviour of the
in vivo medial gastrocnemius. As with the muscle tissue, we
modelled the aponeurosis tissue as fibre-reinforced composite
material. However, while the fibres in the muscle tissue produce
both active and passive forces, the fibres in the aponeurosis
tissue produce only passive forces and represent the behaviour
of the bundles of collagen fibres within the connective tissue.
Given that tendon is an extension of aponeurosis and likely has
similar composition and collagen properties, we fit the passive
fibre curve to experimental stress-stretch data for tendon (Dick
et al., 2016). This passive fibre curve is of the same form as the
piecewise polynomial that we used for the muscle fibre passive
curve and can be seen in Figure 1B. To model the base material
properties of the aponeurosis, we fit the model from Yeoh (1993)
to transverse tensile loading data for aponeurosis (Azizi et al.,
2009; Figure 1D).

We modelled both the muscle and aponeurosis tissue as
nearly incompressible, with a volumetric strain-energy potential
describing the energetic cost of the compression that does occur
in the muscle. These volumetric strain-energy potentials were
described by their bulk modulus κ, that took values of κ =106

Pa for the muscle and κ =108 Pa for the aponeurosis (Rahemi
et al., 2014, 2015; Ross et al., 2018b). Finally, we set the maximum
isometric stress of the tissues to 200 kPa.

Experimental Data Collection
We collected surface geometry and internal architecture data
for the medial gastrocnemius (MG) muscle using magnetic
resonance (MRI) and diffusion tensor (DTI) images of the lower
limb. These data were to provide initial geometries for model
simulations of muscle contraction (from the resting condition),
and to provide deformed geometries and architectures during
fixed-end contraction to validate the simulation outputs from the
finite element model of muscle contractions.

Four female participants (age 29± 4 years mean± S.D.) with
no recent history of musculoskeletal disease or injury took part
in this study. All procedures conformed to the Declaration of
Helsinki (2008) and were approved by University of New South
Wales’ Human Research Ethics Committee HREC (approval
HC17106). We obtained written informed consent from all
participants. Details of the MRI acquisition and data analysis
can be found in Appendix II. Experimental Measurements From
MRI and DTI. Briefly, we had participants lie supine in an
MRI scanner with their right knee slightly flexed, their right
foot strapped to a footplate and their ankle at 5◦ plantarflexion.
We instructed participants to generate plantarflexion torques
of 10% (twice) and 20% (once) of their maximum voluntary
plantarflexion torque while we imaged their right lower leg:
we provided visual feedback of the plantarflexion force to

help participants maintain constant plantarflexion torque during
the 2.5 min scans.

We calculated fibre orientations from DTI scans (primary
eigenvector of the diffusion tensor) and created 3D surface
models of the medial gastrocnemius from anatomical MRI scans
both while the muscle was relaxed and during contractions
(Figure 2).

Model Simulations
Simulations of Block Geometries

We constructed a series of 25 blocks of parallel-fibred and
unipennate muscle with cuboid geometries and no aponeurosis
(Figure 3). We defined the length of the blocks as the distance
between the positive and negative x-faces in the x-direction.
The muscle fibres were parallel to each other and the xz plane,
but oriented at an initial pennation angle β0 away from the
x-direction. We determined the cross-sectional area CSA of
each muscle block from its initial configuration V0 as the area
of the cross-section in the yz plane. The muscle blocks had
faces in the positive and negative x, y, and z sides (for V0)
that deformed during contraction. One purpose of this study
was to identify if the strain-energy is redistributed within the
muscle independently from the effect of muscle size or shape.
Hence, we varied the shape and pennation angle of the muscle
blocks to span a range of architectures. The standard dimensions
for the muscle blocks were 30 × 10 × 10mm, however, we
varied CSA and the block volumes Vol by 15%, and β0 from
0 to 37◦ Some blocks had the same CSA and Vol, but varied
in their β0; some blocks had the same β0 and Vol but differed
in their CSA; some blocks had the same CSA and β0 but differed
in their Vol. In this manner, the effects of β0, CSA, and Vol could
be independently tested.

We simulated contractions of the muscle blocks using the
FEM model. To fix the ends of the muscle blocks, we imposed
kinematic constraints on the positive and negative x end faces
in all three directions. We set the initial length of the fibres to
their optimal length (λiso = 1) and linearly ramped the activation
from 0 to 100% over 10 time steps. For these blocks containing
only muscle tissue, the simulations would only converge to an
activation of 100% when β0 was>5◦, so we increased the stiffness
of the base material using a scaling factor sbase of 1.5 to allow the
model to converge tomaximum activation when β0 was 5◦ or less.

Simulations of MRI-Derived Geometries

We created hexahedral meshes of the MG muscle at rest for all
four participants. To do this, we outlined the shape of the muscle
on all scan slices where themuscle was visible and then used these
outlines to create a surface model of the muscle with 100 nodes.
We converted the surface model to a volumetric tetrahedral mesh
and then to a hexahedral mesh in GMSH format using GIBBON
Toolbox and custom-built Matlab algorithms (MATLAB, 2018;
GIBBON Toolbox: Moerman, 2018).

Large parts of the MG surface are covered by aponeuroses, so
unlike the block simulations, we included superficial and deep
aponeuroses in these simulations to better mimic the behaviour
of the whole muscle during contraction. Aponeuroses are thin
and difficult to discern on MRI scans so we identified them
as regions where the muscle fibres intersect with the muscle
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FIGURE 2 | Example MRI scan of medial gastrocnemius and model geometry. (A) Example of an axial slice of the mDixon MRI scan of the calf approximately midway

between the ankle and the knee. The medial gastrocnemius is outlined in green. (B) Example of a three-dimensional surface model reconstruction of the medial

gastrocnemius. (C) Example of a hexahedral mesh of the same muscles with the muscle elements in red and the aponeurosis elements in white. (D) Example of a

coronal slice of the mDixon scan (left) and DTI-derived primary eigenvectors shown as a red-green-blue color maps (right) intersecting the medial gastrocnemius

mid-belly. These images were obtained with muscle at rest. The sphere in the inset can be used for interpretation of the directions of the primary eigenvectors (blue:

superior/inferior, red: left/right, green: anterior/posterior). (E) mDixon and primary eigenvector map obtained at the same location in the muscle during a contraction at

20% plantarflexion torque. The red rectangles in the images indicate the 30 × 10 × 10mm region of the muscle that was used to compare to simulations of a muscle

block of similar size.

surface: these fibres (4,039–7,745 per participant) were tracked
using tractography methods on the DTI data, described in
Bolsterlee et al. (2019). We added new hexahedral elements to
the outside of the muscle surface where the aponeuroses had
been identified. These elements tapered linearly in thickness
along the muscle’s length so that they were 2mm thick where
they merged with the external tendon and 1mm thick at
the other end (Figure 2). Aponeurosis elements were assigned
aponeurosis properties.

The DTI-derived muscle fibre orientations provided an
opportunity to populate the MG-based geometry with the actual
β0 at each point (Chen et al., 2016; Alipour et al., 2017). To
achieve this, we sampled local fibre orientations at 2mm intervals
along muscle fibres from DTI-derived fibre tracts, and then
assigned fibre orientations to quadrature points of all muscle

elements using nearest neighbor interpolation (or extrapolation
for the most proximal part of the muscle for which no DTI data
were available). We set the fibre orientations of quadrature points
inside the aponeurosis to be tangential to the muscle surface
with a zero y-component, i.e., parallel to the muscle’s surface
and nearly parallel to the muscle’s long axis. We additionally
evaluated simulations of the MG-based muscle using constant
pennation angle β0 through the muscle, to compare directly with
results from the isolated muscle blocks.

We simulated fixed-end contractions of the MRI-derived
geometries for the medial gastrocnemius, up to 100% muscle
activation in increments of 10%, by applying kinematic
constraints in all three orthogonal directions to the most
proximal faces of the superficial aponeurosis and the most distal
faces of the deep aponeurosis.
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FIGURE 3 | Geometries of muscle blocks. (A). Each block of muscle was defined by its initial cross-sectional area (CSA, blue face, parallel to the yz plane): the

physiological cross-sectional area (brown plane, normal to the fibre direction) was greater than the CSA for pennate blocks. We set fibre orientations at each

quadrature point (red vector, shown here only through centre of muscle). Modelled muscle had orientations defined at 128,000 quadrature points within each block.

(B–E) Some blocks had the same dimensions, but different fibre orientations. (F–I) Other blocks also varied in their CSA and volume. Vertical grey dash lines are

projected down from the diagonal corners of blocks (A,F) to highlight where the other blocks have changed dimensions.

Post-Processing and Data Analysis
The model geometries used for the FEM simulations were
each bounded by their surface. For the block simulations, we
characterised the faces of the blocks (–x, +x, –y, +y, –z and +z
faces) for the undeformed state V0, and then followed these for
each deformed state V. The length of the muscle block l is the

distance between the -x and+x faces and was normalized l̂ to the
length in the undeformed state. The strain ε between the faces
is the change in distance between opposite faces, normalized to

their initial separation in the undeformed state. The geometries
from the medial gastrocnemius muscles from the MRI scans had
no distinct faces and so we characterized the changes in width
and depth from the whole surface. We sampled cross-sections of
the surfaces at 10% intervals along the muscle length: the width
was the maximum width of the section, and the depth was given
by the cross-sectional area of that section divided by its width.

We defined muscle bulging as displacement of the muscle’s
surface in the direction perpendicular to the surface. We
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calculated bulging using distance maps. A distance map is a
3D regular grid of points in which the absolute value of each
grid point equals the distance to the nearest point on the
surface model. To determine muscle bulging during contraction,
a distance map of the muscle surface at rest V0 was created.
We aligned the surface for the current state V with that for the
undeformed state V0 using principal component analysis. The
distance map of the muscle at rest was then interpolated at the
nodes of the aligned current state. The value associated with
each node thus approximates the distance to the nearest point of
the muscle at rest, allowing for quantification of muscle bulging
patterns: the sign indicates whether a point is inside (negative)
or outside (positive) the muscle surface. Muscle bulging was
calculated using this same approach for both theMRI geometries,
and the FEM simulations of the medial gastrocnemius.

The FEM model calculates tissue properties across a set of
quadrature points within each model: 128,000 quadrature points
for the muscle blocks, and∼37,000 for the medial gastrocnemius
geometries. We defined an orientation and stretch (normalized
length) at each quadrature point. The pennation angle in the
undeformed β0 and current β states were calculated as the angle
between the fibre orientations and the x-axis: this is an angle in
3D space, similar to the 3D pennation angles defined by Rana
et al. (2013). The fibre stretch λtot gives the normalized length
of the tissue in the direction of the fibres at each quadrature
points. These pennation angles β and fibre stretches λtot are thus
calculated for local regions within the muscle tissue, and so we
sometimes reported them as their mean value across the whole
tissue or block.

We calculated forces F as the magnitude of force
perpendicular to a face or plane within the muscle, and the
stress σ as that force divided by the area of that face or plane in
the current state of the simulation.

The strain-energies are initially calculated as strain
energy-densities ψ, which are the strain-energy for a given
volume of tissue, in units J m−3. The FEM calculates ψ for
every quadrature point, and so we calculated the overall strain
energy-density from the weighted mean of ψ, where it is
weighted by the local dilation at each quadrature point. The
strain-energy potential U is the strain-energy in the tissue, in
units of Joules. We calculated U by integrating ψ across the
volume of muscle tissue.

We compared the simulation results for isolated blocks to the
results of the MRI-based model of the medial gastrocnemius.
Specifically, quadrature points inside a 30 × 10 × 10mm
region in the centre of the medial gastrocnemius (Figure 2) were
compared to the results for an isolated block of muscle tissue of
the same size. For both blocks we used β0 = 25◦, and sbase = 1.

Symbols used to reference the post-processing parameters are
shown in Table 1.

RESULTS

Simulations of Block Geometries
The parallel fibred (β0 = 0◦) blocks had their initial fibre
direction parallel to the longitudinal direction of the muscle
blocks (x-direction), and so their fibres showed no net shortening
for these fixed-end contractions. Instead, the volume of the

TABLE 1 | Symbols and definitions of variables in the main text.

Symbol Definition

u displacement vector

p internal pressure

J dilation

Etot total strain energy

U strain-energy potential

Uint internal strain-energy potential

Wext work done by external forces

DEtot first variation of Etot

ψ strain energy-density

V0 initial configuration

V current configuration

CSA cross-sectional area

β0 pennation angle in initial configuration V0

β pennation angle in current configuration V

β Mean pennation angle in current configuration V

Vol current volume

λiso isovolumetric stretch

λtot mean total stretch

sbase stiffness parameter for muscle base material

ε scalar strain

l length

l̂ normalized length

F force

Fx force in x-direction

σ scalar stress

κ bulk modulus

blocks showed a marginal increase during contraction, with the
fibre stretch λtot increasing minimally (Figure 4A). The mean
pennation angle for the parallel fibred block was β = 0 at full
activation. On the other hand, the fixed-end constraints were not
in the same direction as the fibre orientation for the pennate
(β0 > 0◦) blocks, and so their fibres underwent a net shortening
during contraction (Figure 4D). Indeed, at 100% activation the
β0 = 30◦ block shortened to λtot = 0.86, and its pennation angle
increased to 33.6◦ (Figures 4D,E).

Stresses normal to themean fibre direction, through the centre
of the muscle blocks, increased as activation increased and are
shown for the fully active conditions (Figure 5A). These stresses
had components due to the different strain-energy potentials.
The stresses due to the active-fibre and the volumetric strain-
energy potentials both acted to shorten the fibres, whilst the
stress from the base material acted to resist shortening. For the
parallel-fibred case (β0 = 0◦), the stress from the volumetric
component was a large proportion of the total stress, and there
was little resisting stress from the base material. These features
transitioned as the pennation angle increased, and the β0 =

30◦ block had the least stress from the active fibre strain-energy
potential, and the greatest resistive stress from the base material
strain-energy potential. As the pennation angle increased, the
normal stress to the fibres had a smaller component in the
longitudinal direction (x-direction) of the blocks. Indeed, the
parallel fibred block (β0 = 0◦) developed a force of Fx = 19.06N
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FIGURE 4 | Contractile features for parallel and pennate blocks of muscle during fixed-end contraction. Parallel fibred muscle (A–C) and pennate fibred muscle

blocks (D–F) shown as activation level increased to 100%. The stretch (A,D) and pennation angles (B,E) are shown as means calculated across the 128,000

quadrature points in each muscle block. The force Fx is in the line or action of the muscle acting on the x-face of the block (C,F). These two muscle blocks had the

same volume and the same cross-sectional area of 1× 10−4 m2.

in its longitudinal direction, whereas the pennate block (β0 =

30◦) developed a reduced force of 10.70N (Figures 4C,F).
The x-stress on the x-face increased as activation increased

(Figures 6A,D), but there was no x-strain due to these
contractions being fixed at their x-faces. By contrast, the y-stress
on the y-face and the z-stress on the z-face were minimal,
due to these faces being unconstrained. Nonetheless, stresses in
the y- and z-directions developed within the blocks of muscle
when the muscle activated. Within the blocks, stresses in the
y- and z-directions were transversely isotropic for the β0 = 0◦

block, but showed increasing asymmetry as the pennation angle
increased. In general, the y- stress was larger than the z-stress
and both acted to expand the muscle block, however, at larger
pennation angles (β0 > 25◦) the z-stress became minimal or
compressive. The muscle blocks deformed in 3D. For both the
parallel and pennate example, the x-faces remained fixed, and
so no x-strain was recorded. For the parallel-fibred block, the
small increase in volume resulted in a small, but isotropic, strain
in the y- and z-directions (Figure 6B). There was a transition
pennation angle at β0 = 15◦ below which the z-strain was
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A

B

FIGURE 5 | Components of stress and force during fixed-end muscle contraction. (A) Stress through the centre of the muscle blocks, normal to the mean fibre

direction. Stress is shown for the 100% activation condition, for muscle blocks with initial length λiso =1, but different initial pennation angle, β0. The total stress,

normal to the fibres has components from the volumetric, active-fibre and base material strain-energy potentials. Stress is positive if it acts to shorten the fibres, but

negative if it acts to length the fibres: the volumetric stress acts to shorten the fibres, but this is resisted by the base material that acts to lengthen the fibres. (B) Force

in the longitudinal direction of the muscle blocks, measured on the x-face. The muscle block had initial pennation β0 = 0◦, was stretched or shortened to a new length

using traction on the +x face, then held it at that length as we increased activation to 100%. Note how the base material and volumetric forces oppose shortening at

short lengths, and how the passive forces have been redistributed across passive-fibre, base material and volumetric components for longer lengths.

positive with the z-faces increasing in separation, and above
which the z-strain was negative with the z-faces becoming closer
during contraction (Figure 7). Small changes in the active-fibre
strain-energy potential in the parallel-fibred block were largely
balanced by increases in the volumetric strain-energy potential:
here the changes in passive-fibre and base material strain-energy
potentials were much smaller (Figure 8C). By contrast, the
active-fibre strain-energy potential showed a larger change in the
pennate block of muscle that, in this case, was largely balanced
by increases in the base material strain-energy potential: here the
changes in volumetric and passive-fibre strain-energy potentials
were much smaller (Figure 6D).

When the parallel-fibred muscle block (β0 = 0◦) was stretched
or shortened to different lengths before the contraction began,
the balance of the strain-energy potentials changed within
the muscle. When the muscle block was fully active, the
component of the stress due to the active-fibre strain-energy
potential acted to shorten the muscle at all muscle lengths
tested. The components of stress due to the volumetric and base
material strain-energy potentials both acted to resist shortening

at the short muscle lengths (l̂ < 0.9), and thus contributed
to a reduction to the force in the longitudinal direction Fx
(Figure 5B). At the longer muscle lengths, the components of
stress due to the volumetric, base material and passive-fibre

strain-energy potentials all acted to resist lengthening (l̂ < 1.1).
Interestingly, the contribution of the passive-fibre to the overall
resistive force was less than that for the base material and also the
volumetric components (Figure 5B).

The components of the strain energy-density showed little
change with cross-sectional area of the muscle blocks, but a
pronounced change with pennation angle (Figure 8). There were
very few points in the muscle blocks that showed an increase in
fibre stretch at full activation, and so the strain energy-density
for the passive-fibre component was small for these simulations
(Figure 8B). However, the strain energy-density for the base
material increased in an almost linear fashion with pennation
angle (r2 = 0.99: Figure 8D). The strain-energy potential from
the base material acted to resist the fibre shortening, and the
strain-energy potential from the volumetric and active-fibre
components acted to shorten the fibres (Figure 5A). The strain
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FIGURE 6 | Stress, strain and strain-energy potentials for parallel and pennate blocks of muscle during fixed-end contraction. Parallel fibred muscle (A–C) and

pennate fibred muscle blocks (D–F) shown as activation level increased to 100%. The y- and z-stresses on the y- and z- faces were minimal, but were higher within

the blocks (see text). The y-strain on the y-face was the same as the z-strain on the z-face for the parallel fibred block (B), however, the transverse anisotropy in the

stress caused a transverse anisotropy between y-strain on the y-face and the z-strain on the z-face for the pennate fibred block (E). The base material strain-energy

potential was much larger for the pennate block (F) than for the parallel fibred-block (C), and was largely balanced by the active-fibre strain-energy potential. These

two muscle blocks had the same initial volume (3× 10−6 m3) and same cross-sectional area (1× 10−4 m2 ).

energy-density for the active fibres increased in magnitude at
greater pennation angles (Figure 8A), whereas the volumetric
component of the strain energy-density decreased at higher
pennation angles (Figure 8C). The stress in the longitudinal
direction of the muscle blocks (x-stress on x-face) remained
high for pennation angles up to 15–20◦ (Figure 8E) and showed
substantial reduction for pennation angles >20◦ (Figure 8E).

The isolated block of muscle showed similar deformations
and strain-energy densities as to the block of similar size and
fibre orientation extracted from the simulation in the MRI-
derived MG geometry (with β0 = 25◦ for both; Figure 9B).
There was a greater spread of values in the isolated block,
due to the proximity of the fixed-end constraints on the faces,

however, the median fibre strain, dilation, and pennation angle
were different by <1% or 1◦ for these simulations. Additionally,
the strain energy densities had a close match for the two
conditions (Figure 9C).

Simulations of MRI-Derived Geometries
The simulations and the DTI data both showed increases in
pennation angle β during contractions (Figure 10). However, this
increase was larger for the DTI data (11◦ at 20% plantarflexion
torque) than the simulations (3◦). The simulations and the MRI
data both showed relatively small changes (<2%) in muscle
width and depth at 10% activation. At the most distal end, the
model decreased its depth slightly whilst the depth increased
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FIGURE 7 | Transverse strains between the y- and z-faces of the muscle blocks as a function of pennation angle. y-strain εy shown for the y-face and z-strain εz

shown for the z-face. Results shown for the 100% activation state for all blocks, covering a range of volumes, cross-sectional areas, and pennation angles.

in the most proximal regions (Figures 11A,B). Changes in
width and depth were larger and more heterogeneous along
the muscle’s length (Figures 11C,D) at 20% activation. The
proximal region increased in width and decreased in depth
while the distal part decreased in width and increased in
depth. On average, changes in width were similar between
simulations and MRI measurements. However, the simulation
with DTI-derived fibre orientations did not predict the decrease
in depth observed in MRI data for 20% activation. Adjusting
the initial pennation angle of the model to β0 = 25◦

resulted in a closer match between DTI-derived and simulated
fibre orientations at 20% activation (Figure 10), and a close
match in magnitude and pattern of muscle depth change
between MRI and simulations (Figures 11C,D). The adjusted
model also resulted in a close match of 3D muscle bulging
patterns predicted by the model and as measured from MRI
(Figure 12).

DISCUSSION

This study investigates the energetic mechanisms within muscle
tissue during fixed-end contractions. The pennate blocks of
muscle (β0 > 0◦) that we modelled showed general features of
contraction that have been typically reported in both animal
and human studies (Kawakami et al., 1998; Héroux et al.,
2016). The fibres shortened (λtot < 1) and rotated to greater
pennation angles during contraction, even though the ends of
the blocks were fixed (Figure 4). An asymmetry developed to the
stress in the transverse (yz) plane when the muscle was active.
Changes to the tissue shape were governed by the isotropic base
material properties and the volumetric strain energies: because
there was an asymmetry to the stress across the muscle, this
resulted in an asymmetry to the transverse tissue deformation
that was dependent on pennation angle (Figure 7). In particular,
differences in the direction of the z-direction strains during

contraction were similar to those reported by Chi et al. (2010).
These findings explain a mechanism that can result in transverse
anisotropy within a muscle, that we have previously reported
(Randhawa and Wakeling, 2018).

Interestingly, the volume of the muscle blocks increased
during contraction to a small extent (0.6–0.9% for the 20%
activation MG simulations; Figure 9B). The mechanism for
this increase is described in section Strain-Energy Distribution
Through Contracting Muscle. The extent of the increase in
volume is related to the choice of the bulk modulus κ of the tissue
that is used to calculate the volumetric strain-energy potential.
However, previous studies have shown that κ can be varied across
a wide range of magnitudes and still result in similar predictions
of tissue deformation (Gardiner and Weiss, 2000), and here
we used a value consistent with our previous studies (Rahemi
et al., 2014, 2015). Our finding that muscle volume can change
is consistent with a number of previous studies investigating
muscle at different scales (Neering et al., 1991; Smith et al.,
2011; Bolsterlee et al., 2017). Intriguingly, the volume of muscle
tissue will tend to increase with the muscle bulging transversely,
even for a fixed-end contraction of parallel-fibred blocks (zero
pennation angle). However, this is consistent with the finding
that regions of single fibres can increase in volume during fixed-
end contraction (Neering et al., 1991). Local increases in volume
had previously been explained due to cytoskeletal effects (Neering
et al., 1991); in our simulations the cytoskeleton is represented
as part of the base material, and we show that as energy is
redistributed to the base material and volumetric components,
there is a tendency for the volume to increase. The changes in
volume were not uniform through the blocks of muscle. Indeed,
variations in bulging along a muscle belly have also been reported
in both human and rabbit muscle (Böl et al., 2013; Raiteri et al.,
2016). It should be noted that increases in intramuscular pressure
during contraction may expel blood from the muscle (Barnes,
1986; Sjøgaard et al., 1988), acting to decrease the whole muscle
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A B

C D

E

FIGURE 8 | Strain energy-densities and stress in the longitudinal direction for muscle blocks across all geometries. Strain energy-densities ψ are shown for the

active-fibre (A), passive-fibre (B), volumetric (C), and base material (D) components. Note the different scales for the components of strain energy-density, showing

much lower strain energy-density for the passive-fibre and volumetric components. The strain energy-densities presented are relative to the undeformed state V0.

Stress σx in the x-direction on the x-face (E). Results are shown for the 100% activation state from the simulations.

volume; this may occlude local increases in volume of the muscle
tissue due to the volumetric strain-energy potential.

Evaluating the muscle model within the actual MRI-derived
geometry of the medial gastrocnemius allowed us to qualitatively
validate the outputs from the model. When muscle contracts it
develops force and changes length (ormore exactly changes shape
in 3D). Direct measures of muscle force are virtually impossible
to make in humans, and even in the few animal studies where
they are measured, the forces would typically only be measured
in one-dimension. Thus, complete force and deformation data
sets for validating 3Dmuscle models are sparse for animal studies

(Böl et al., 2013), and non-existent for human studies. However,
3D muscle models have previously been validated against
deformations of contracting muscle for both animal (Tang et al.,
2007) and human (Blemker et al., 2005; Böl et al., 2011) studies.
MRI allows 3D deformations of the whole muscle geometry to
be measured, allowing for validation of the surface deformations
that were generated by the muscle model. It should be noted
that the MRI images of the medial gastrocnemius were from
the intact leg, and thus subject to external forces and boundary
constraints (from surrounding tissues) that were not replicated
in the model here. Additionally, the MRI images were for muscle
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A

B

C

FIGURE 9 | Deformations and energies for a block of muscle within the medial gastrocnemius and an isolated block. Both simulations were evaluated for β0 = 25◦

and 20% activation (similar to the extreme conditions in Figures 10, 12). (A) Geometries of the muscle blocks. (B) Stretch, pennation angle, and volume shown for

each quadrature point, the median for these values (horizontal black bar), and the spread of the data (vertical black bar). (C) Strain energy-densities for these blocks.

The boxes show the 25 and 75% quantiles, with the median value indicated in the middle. The grey bars show the values for the undeformed state V0.
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contractions with fixed joint angles, however, due to stretch in
the tendons the muscle belly would undergo some shortening
(∼3mm during 20% plantarlexion torques as measured from
the MRI scans), and thus the model constraints should not be
considered as an exact match of the MRI experimental situation.
Nonetheless, there was a close match of the deformations
of the surface geometry between the MRI and FEM model
results (Figure 12). Additionally, a block of muscle identified
within the actual MRI-derived geometry showed similar patterns
of strain-energy densities as for an isolated block of muscle
(Figure 9C). These results give confidence that the mechanisms
of contraction identified for the blocks of muscle tissue
are realistic.

Novel results from this study are that regions of the muscle are
displaced inwards, particularly under the aponeuroses, whereas
other regions are displaced outwards, predominantly at the
ends and edges of the muscle, and this bulging is apparent
in both the MRI images and the FEM model results. Previous
ultrasound studies have suggested that tissue deformations and
volume changes predicted from imaging the middle region of
the muscle belly may not represent deformations along the entire
muscle if deformations and volume changes vary along its length
(Raiteri et al., 2016; Randhawa and Wakeling, 2018), and these
suggestions are now supported by the results from this study.

Strain-Energy Distribution Through
Contracting Muscle
When themuscle contracts it increases in its free energy, with this
energy being derived from the hydrolysis of ATP to ADP within
the muscle fibres (Woledge et al., 1985; Aidley, 1998). There is
only finite free energy available from hydrolysis of ATP within
the muscle, governed by the availability of nutrients and ATP,
therefore, there is a limit to the work that can be done during
a muscle contraction. The mechanical work that can be done
by a contracting sarcomere in its line-of-action is an intrinsic
property of the sarcomere, is given by the area under the active
force-length curve, and has an energy-density of ∼1.5 × 105 J
m−3 (Weis-Fogh and Alexander, 1977). Strain-energy potentials
develop in the fibres of our FEMmodel during contraction: these
fibres represent the contractile elements within the myofilaments
in muscle. Within the myofilaments, the cross-bridges contain
energy when they attach between the actin and myosin as part
of the cross-bridge cycle (Williams et al., 2010) like a set of
taught springs. This energy is partially redistributed to the thick
and thin myofilaments (Williams et al., 2012), with additional
energy being released during the power stroke of the cross-bridge
cycle. Strain-energy potentials are also redistributed to the titin
filaments that are large proteins that span from the M-line to the
Z-disc (Gregorio et al., 1999) and likely account for the majority
of the passive-fibre strain energy. Base material strain-energy
potential can develop in the bulk muscle tissue within the muscle
fibres (excluding the myofilament fraction), connective tissue
surrounding the muscle fibres such as the extracellular matrix,
and in sheets of connective tissue that form the aponeuroses,
internal and external tendons. Energy is also used to change
the muscle volume. Whilst muscle is often assumed to be

FIGURE 10 | Mean pennation angles (β) in a block of 30× 10× 10mm in the

middle of the medial gastrocnemius muscle belly. Data are shown for muscles

at rest and during 10% and 20% plantarflexion torques as predicted by the

simulations (black squares for β0 = 25◦ and black circles for actual β0) and as

measured from DTI scans (white circles). Circles and error bars are the means

and standard deviations of the data/models from four participants. Results are

shown for simulations with the DTI-derived initial fibre orientations (actual β0)

and for simulations in which β0 initial was set to 25◦ so that the simulated fibre

orientations at 20% activation were a closer match to the orientations

measured with DTI at 20% plantarflexion torque.

incompressible, small changes in volume can occur in fibres
(Neering et al., 1991), bundles of fibres called fascicles (Smith
et al., 2011) and in the whole muscle (Bolsterlee et al., 2017):
these changes in volume result in changes to the volumetric
strain-energy potential. Additionally, energy is required for the
acceleration of the tissue mass within the muscle to overcome
its inertia during rapid movements (Ross et al., 2018b). Finally,
energy is transduced to mechanical work at the surface of the
muscle where the muscle changes shape and exerts forces on
surrounding structures (Siebert et al., 2012, 2014).

Muscle force developed in the longitudinal direction is given
by the x-component of force on the positive and negative
x-faces from the blocks of muscle in this study. As the
strain-energy potentials within the muscle are redistributed
between the different components of energy (volumetric, base
material and active- and passive-fibre strain-energies), and
because the strain-energy potentials in both the base material
and volumetric components are distributed across all three
dimensions, the force that can be developed in the longitudinal
direction will be less than that could be generated by just the
contractile elements alone. This is a fundamental consequence of
encasing the model fibres (representing the muscles’ contractile
elements) within the bulk muscle tissue. In addition, the muscle
fibres develop non-uniform stretches throughout the muscle
(Figure 9B), and so the muscle is further unable to contract with
all its fibres at their optimal length, and thus the whole muscle
tissue will always contract at forces less than the theoretical
maximum isometric force. Heterogeneities in strain along the
muscle fibres are increasingly prominent when considering the
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A B

C D

FIGURE 11 | Change in muscle width (A,C) and depth (B,D) during fixed-end contractions of the medial gastrocnemius. Data are shown for 10% (A,B) and 20%

plantarflexion torques (C,D) as predicted by the simulations (black squares for β0 = 25◦ and black circles for actual β0) and as measured from anatomical MRI scans

(white circles). Circles and error bars are the means and standard deviations of the data/models from four participants. The two sets of white circles in the top panels

are repeated MRI measurements. The bottom panels show changes in depth and width for simulations where the initial fibre orientations (not activated) were derived

from DTI (black circles), and where the initial fibre orientations were set to 25◦ (black squares) so that the simulated fibre orientations at 20% activation were a closer

match to the orientations measured with DTI at 20% plantarflexion torque.

impact of surrounding tissue, and have been demonstrated
both experimentally (Pamuk et al., 2016; Karakuzu et al., 2017)
and predicted through modelling studies (Yucesoy and Huijing,
2012). While the model developed in this current study does
not have explicit shear properties between the muscle fibres, the
strain experienced by a single fibre will impact neighbouring
fibres resulting in similar heterogeneous strains on the adjacent
fibres. Therefore, the implicit shear properties in the model
will likely cause variations to the passive and base material
strain-energy potentials when considering muscle in vivo. Even
when the stresses and forces are considered relative to the fibre
orientation, we find that redistribution of strain-energy potentials
through the muscle tissues results in contractile stresses (normal
to the fibre direction: Figure 5A) being developed by both
volumetric and active-fibre components when the fibre stretch
λtot < 1, and additionally from passive-fibre and base material

components at longer muscle (l̂ > 1) and fibre lengths
(Figure 5B).

Our computational results suggest that parallel-fibred muscle
(β0 = 0◦) bulges slightly due to its base material properties, even
when its ends are fixed and there is no series elasticity such
as tendon that could allow the muscle belly to shorten. This
again can be explained in terms of the energy redistribution.

The free energy in the muscle increases during the contraction
process and will be redistributed across fibre, base material and
volumetric strain-energy potentials. The energetically favourable
state identified in our simulations occurred with a small
increase in tissue volume, due to transverse expansion of the
fibres (in the yz-plane). Thus, muscle bulging should not
only be considered to be a consequence of muscle shortening
leading to an increase in cross-section to maintain a constant
volume (e.g., Azizi et al., 2008, 2017; Siebert et al., 2012),
but may also occur due to the biological tissues showing
small changes in volume, even for fixed-end contractions. This
mechanism is consistent with the finding that even single
fibres can bulge during fixed-end contraction (Neering et al.,
1991).

The stresses in the tissues are defined as the first variation of
the strain energy-densities (Equation 2). We need to integrate
these stresses in order to obtain the strain-energy potentials
from known values of the stress. However, this would only
provide a change of the energy; the integral of the stress
equals the difference of the strain-energy potentials between
two different states. The strain-energy potentials presented in
this study are relative to the undeformed state V0 of the
whole muscle.
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A B C

D E F

FIGURE 12 | Muscle bulging in the medial gastrocnemius during fixed-end contraction. (A–C) show MRI data and (D–F) show data predicted by the FEM model for

the MRI-derived geometry for one subject where we set the initial muscle fibre orientation β0 to 25◦. Red and blue shades indicate outwards and inwards bulging [in

mm] at 20% activation, respectively. (A,D) show the superficial surface of the muscle whereas (B,E) show the deep surface. The proportions (frequency) of the points

on both surfaces that showed different magnitudes and directions of bulging are shown in (C,F).

This paper focusses on the internal energy within the muscle
during fixed-end contraction. However, it should be noted that
the whole energy balance will also include external work done
at the surface of the muscle (Equation 6 in section Appendix
I. Details of Model Formulation). For the case of the fixed-
end block simulations at the initial muscle length, this external
work is zero. However, we had to apply external work to the
x-faces of the system to lengthen of shorten the muscle blocks
for Figure 5B. It should be noted that external work could be
done at any point on the muscle surface, for instance transverse
compression of the muscle (in the yz-plane), and this is the
topic of our companion paper. Additionally, kinematic energy is
required to accelerate the tissue mass, and should be included to
the energy balance (Equation 5 in section Appendix I. Details of

Model Formulation) to understand the effect of muscle mass on
dynamic contractions of whole muscle: this is the topic of our
second companion paper.

Implications for Muscle Structure and
Function
Here we show that considerable strain-energy potential develops
in the base material during fixed-end muscle contractions,
with this strain-energy potential increasing as muscles become
more pennate (Figures 6F, 8D). The base material resists
the contractile force in the longitudinal direction, and so
the increasing involvement of the base material results in a
progressive suppression of the muscle force for more pennate
muscle. In this study we have implemented the base material

Frontiers in Physiology | www.frontiersin.org 17 August 2020 | Volume 11 | Article 813246

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Wakeling et al. Energy of Muscle Contractions

as an isotropic material. However, elements of the base material
do have anisotropy that is conferred by their structure such
as the network of connected tunnels forming the endomysium
that contain a feltwork of collagen fibres (Purslow and Trotter,
1994). Lumped constitutive models, such as used here and
by e.g., Blemker et al. (2005) and Rahemi et al. (2015), are
unlikely to capture the details of base material anisotropy and
the asymmetric response to compression and tension (Böl et al.,
2012; Gindre et al., 2013). Anisotropy in the base material
properties is most pronounced when the tissue is in tension and
may be reasonably disregarded for compressive tests with λtot <

1 (Böl et al., 2012), as is the case for all the block tests in Figures 4,
5A, 6, 8. Nevertheless, we suggest here that for all the fixed-
end tests in this study (regardless of the degree of anisotropy
in the base material), the base material would still act to resist
muscle deformation and the force in the longitudinal direction;
however, as seen by Hodgson et al. (2012), the extent to which
the base material interacts with the fibre direction, and thus
muscle pennation, depends on the extent of its anisotropy. We
additionally show that even though the changes in volumetric
strain-energy potential are small, relative to the base material
strain-energy potential, the contribution of the volumetric strain-
energy potential to the contractile stress and force can be
considerable (Figure 5). Thus, even though the contribution of
volumetric and base material strain-energy potentials has been
largely ignored to date in considerations of whole muscle force
and deformation, we suggest that they play an important role
in the 3D structure and function of whole-muscle contractions.
Subsequently, this finding and study highlight how little we
currently know about these processes, and how important it will
be to further characterise and implement the base material and
volumetric properties of muscle as we continue to learn about 3D
function of whole muscle contractions.

The muscle force and stress in the longitudinal direction were
reduced at the higher pennation angles (Figures 5A, 8E). This
may be partly due to a region of muscle tissue in the middle of
the blocks having fibres that did not connect directly to the x-
faces of the block. These “unsupported” fibres would still develop
strain-energy potentials as they deformed their base material
during shortening; however, it is possible that lateral transmission
of force across the base material was not fully accommodated
by the model parameters used, thus these fibres may not have
fully contributed to the Fx forces experienced by the x-faces
of the block. Nonetheless, our results show no evidence that
increased pennation angle β0 causes an increase in the force
in the longitudinal direction of the muscle. Instead, the results
from this study support the notion that the functional benefit
of pennation in muscle may be to reduce the metabolic cost of
contraction (Biewener, 2003), or allowing the fibres to reduce
their contractile velocity and thus be better geared for dynamic
force production (Azizi et al., 2008), rather than to increase the
muscle force for fixed-end contractions per se (Alexander, 1983;
Lieber and Fridén, 2000; Biewener, 2003).

We have previously shown how intramuscular fat decreases
the force and stress that can be produced by contracting
muscle (Rahemi et al., 2015), using a similar FEM approach to
this current paper. In the fat study (Rahemi et al., 2015) we
implemented the intramuscular fat into model simulations in a

number of ways and found that all the fatty models generated
lower fibre stress and muscle force than their lean counterparts.
This effect was due to the higher base material stiffness of the
tissue in the fatty models. This fat study highlighted how the
material properties of the base material may cause important
changes to muscle contractile performance, and this was due
to the same mechanisms of energy redistribution as we now
describe in this current study. There are a range of muscle
conditions and impairments that are associated with increases
in fibrotic tissue, changing muscle stiffness, and this energetic
framework now provides an approach for us to understand how
such conditions lead to loss of muscle function. For instance,
altered material properties of muscle tissue post stroke (Lee et al.,
2015) and with cerebral palsy (Lieber and Fridén, 2019) have been
linked to increases in collagenous connective tissue within the
muscle (Lieber and Ward, 2013). Whilst it is possible to measure
proxies of muscle tissue stiffness with shear wave ultrasound
elastography (Lee et al., 2015), it is difficult to partition these
changes between the passive stiffness of the fibres, or the stiffness
of the base material. Nonetheless, increased collagen content in
the extracellular matrix (that contributes to the base material
properties in this study) causes an increase in the passive stiffness
of the muscle in mice (Meyer and Lieber, 2011; Wood et al.,
2014). As such, we suggest that understanding how altered
tissue properties affect the energetic consequences of muscle
deformations will allow us to understand muscle impairments in
greater detail.

CONCLUSIONS

1. Strain-energy potentials develop within muscle tissue during
contraction, even for fixed-end contractions where there is no
external work.

2. Strain-energy potentials are distributed across different
components within the muscle: the contractile elements as
the active- and passive-fibre strain-energy potentials, the
cellular and extracellular components as the base material
strain-energy potentials and the volumetric component as
the volumetric strain-energy potential to enforce the nearly
isovolumetric constraints. The balance of this strain-energy
distributionmay seem counter intuitive, and it depends on the
length of the muscle and the orientation of its fibres.

3. The volumetric and base material strain-energy potentials
redistribute the energy into all three dimensions and affect
the 3D deformations of the muscle. Despite the changes in
volumetric strain-energy potential being small, relative to the
base material strain-energy potential, the contribution of the
volumetric strain-energy potential to the contractile stress and
force can be considerable. Even though the contributions of
volumetric and base material strain-energy potentials have
been largely ignored to date in considerations of whole
muscle force and deformation, we suggest that they play an
important role in the 3D structure and function of whole-
muscle contractions.

4. The muscle volume and girth can change, even for fixed-end
contractions, due to the volumetric strain energy potential.
This strain energy potential is part of the energy balance, and
accounts for the energetic cost of changes in muscle volume.
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5. Strain-energy potentials taken up by the volumetric (at shorter
muscle lengths) and base material (at short muscle lengths
and higher pennation angles) components result in forces that
resist the muscle contraction.

6. The active muscle force in the longitudinal direction is thus
less than could be predicted from the intrinsic properties
of the contractile elements alone. This loss in force gets
more pronounced for highly pennate muscle, particularly
where β0 > 20.

7. There are a range of muscle conditions and impairments
that are associated with increases in fibrotic tissue, changing
muscle stiffness. The energetic framework that we present in
this paper provides an approach for us to understand how
changes to the base-material or extracellular properties of a
muscle will lead to loss of muscle function.
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NOMENCLATURE

Activation specifically refers to the active state of the contractile
elements (muscle fibres), and is used to scale the active force that
they can develop.

Muscle contraction is the process of muscle developing
forces when its activation level is greater than zero. In muscle
physiology, contraction does not necessarily mean shortening
because tension can be developed without a change in length.

Isometric is a term commonly used in muscle physiology
to describe contractions where the length does not change,
but this can refer to length at a range of scales, including
the sarcomere, muscle belly, muscle-tendon unit or joint angle.
We use isometric here to refer to the common physiological
measure of maximum isometric force and stress, and also to
describe the MRI experiments when the subjects had fixed ankle
joint angles.

Fixed-end is used to refer to all the muscle block simulations
where the blocks had their +x and -x faces fixed, and the distance
between these faces did not change when the activation increased.
It is recognised that during these contractions the local fibre
stretch varied through the block, and was not always equal to one,
and therefore these fixed-end contractions were not isometric at
the level of the contractile fibres at each quadrature point.

The longitudinal direction is the major x-axis of each muscle
block. This can be considered the direction that would be
between the proximal and distal tendons in a fusiform muscle,
and so it is in the commonly phrased ‘line of action’. We
do not use ‘line-of-action’ (except when referencing sarcomere
properties), because forces and deformations occur in three
dimensions in this study and so there is no unique line-of-action.

Transverse direction is used to describe directions in the y-z
plane, and thus is perpendicular to the longitudinal direction of
the muscle block.
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APPENDICES

Appendix I. Details of Model Formulation
See section 3.1.1. for the general formulation of the finite element
model and Table A1 for the definitions and notation of the
variables that we used in this section.

The Cauchy stress in the tissues σ is defined as the first
variation of the internal strain energy-density ψint (see Equation
3). To obtain the strain-energy potentials, we integrate the
Cauchy stress. However, this provides a change of the energy;
the integral of the stress equals the difference of the strain-
energy potential between two different states (see Equation 7).
The strain-energy potentials reported in this study are relative to
the undeformed stateV0 of the wholemuscle. In our formulation,
the undeformed configuration has a zero strain-energy potential
as all internal stresses and external forces in the system are zero.

This paper focuses on the change of the internal strain-energy
potential U int within the muscle during fixed-end contraction.
However, it should be noted that the whole energy balance will
also include external work done at the surface of the muscle
(Equation 6). For the case of the fixed-end block simulations at
the initial muscle length, this external work is zero. However,
when the muscle block was initially stretched or shortened to a
new passive length, with traction being applied to the positive
x-face, external work is added to the system.

We assume that a muscle occupies an initial configuration
V0 and its surface is S0. Using the principles of continuum
mechanics, a point q0 in V0 can be tracked over time after the
muscle in V0 has seen some deformation. We consider V as the
current configuration, where themuscle inV0 has been deformed
at time t. We assume that there exists a unique point q in V such
that q= q(q0,t). This means that the point q is the representation
of the point q0 in the current configuration of the muscle. The
displacement vector at the point q0 in V0 is defined as the vector
formed by the points q and q0, that is

u
(

q0, t
)

:= q
(

q0, t
)

− q0.

The deformation of the tissues is defined as the gradient of
this displacement. This deformation is quantified as a tensor of
infinitesimal changes of points q0 inV0 at time t. Mathematically,
this is defined as:

F := I +∇0u,

where I is the 3-by-3 identity matrix and ∇0 is the gradient of a
vector with respect toV0. We denote the dilation of the tissues by
J, and the internal pressure in the tissues by p.

The deformation tensor F provides a change of variables for
integrals over V0 and V as well as over the surfaces S0 and S. The
following change of variables hold:

dV = I3 (F) dV0, n̂dS = I3 (F) F−tn̂0dS0,

where n̂ is the unit normal vector on S and n̂0 is the unit normal
vector on S0, and F−t is the transpose tensor of the inverse tensor

of the deformation tensor, F−1. These changes of variables are
used to compute volume and area of the deformed configurations
of the muscle. We compute these as follows:

Vol :=

∫

V0

I3 (F)dV0, A :=

∫

S0

I3 (F)

√

n̂t0 F
−1F−tn̂0 dS0.

The fourth invariant I4 of Biso:=I3(B)−1/3 B, where B is the
left Cauchy tensor defined as B := FtF, is used in our model to
represent the isovolumetric stretch of the fibres at the point q0 in
V0, denoted by λiso. Following the ideas in Simo et al. (1985), we
consider normalized vectors â0 = â0(q0) that are tangential to the
fibres at the point q0 inV0. We refer to â0 as the initial orientation
of the fibre at the point q0 in V0. The total stretch of the fibres at
q0 in V0 is denoted by λtot and is defined as:

λtot := I3 (F)
1/3

λiso, λiso = I4
(

â0,Biso
)

.

Important elasticity tensors can be obtained from the internal
strain energy-density ψint. The Kirchhoff tensor τ and the
Cauchy tensor σ are defined as:

τ := 2B
∂ψint

∂B
, σ := I3 (F)

−1
τ . (3)

The strain energy-density ψint is split into volumetric and
isovolumetric strain energy-densities ψvol and ψiso. Following
(Pelteret and McBride, 2012), the volumetric strain energy-
density ψvol is defined as:

ψvol
(

u, p, J
)

:=
κ

4

(

J2 − 2 log (J) − 1
)

+ p(J − I3 (F)),

where κ > 0 is the bulk modulus of the tissue. The value of the
bulk modulus is different for muscle and aponeurosis, κmus =

106 and κapo = 108 (see Rahemi et al., 2014). We add the pressure
p as a Lagrange multiplier in our system to ensure an accurate
computation of the dilation J.

The isovolumetric strain energy-density is the sum of the base
material and fibre strain energy-densities:

9iso (u) := 9base (I1 (Biso)) + 9fibre (λiso) .

We fit parameters from the models proposed by Yeoh (1993)
to data reported in Mohammadkhah et al. (2016) and Azizi et al.
(2009) to obtain the mechanical properties for the base material
in both muscle and aponeurosis, respectively (see section 3.1.2).
The strain energy-density ψbase and the scalar stress σbase satisfy
the following:

∂9base

∂I1
= σbase (I1 (Biso)) .

The muscle base material properties differ widely from those
of the aponeurosis. We use ψmus,base and σmus,base for muscle
tissues, and use ψapo,base and σapo,base for aponeurosis tissues.
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TABLE A1 | Variables only in appendix.

Symbol Definition Symbol Definition

S0 surface of V0 n̂0 normal unit vector on S

V current configuration â0 normalized fibre orientation in V0

S surface of V t applied traction

St region of S with applied traction κmus bulk modulus muscle

Sd region of S with applied displacement κapo bulk modulus aponeurosis

Vol current volume F deformation tensor

A area in V I identity tensor

t time B left Cauchy tensor

q0 point in V0 Biso isovolumetric left Cauchy tensor

q point in V σ Cauchy stress tensor

Uvol volumetric strain-energy potential τ Kirchhoff tensor

Uiso isovolumetric strain-energy potential I1 first invariant

Ubase base material strain-energy potential I3 third invariant

Ufibre fibre strain-energy potential I4 fourth invariant

Uapo,base aponeurosis base material strain-energy potential â activation level in muscle fibres

Uapo,fibre aponeurosis fibre strain-energy potential σ0 maximum isometric stress of contractile elements

Umus,base muscle base material strain-energy potential σbase base material stress

Umus,fibre muscle fibre strain-energy potential σmus,base muscle base material stress

Uact active muscle fibre strain-energy potential σapo,base aponeurosis base material stress

Upas passive muscle fibre strain-energy potential σfibre fibre stress

ψvol volumetric strain energy-density σmus,fibre muscle fibre stress

ψiso isovolumetric energy-density σapo,fibre aponeurosis fibre stress

ψbase base energy-density σ̂act active muscle fibre stress

ψfibre fibre energy-density σ̂pas passive muscle fibre stress

ψapo,base aponeurosis base material energy-density ∇0 gradient with respect to V0

ψapo,fibre aponeurosis fibre energy-density ∇ gradient with respect to V

ψmus,base muscle base material energy-density div tensorial divergence with respect to V

ψmus,fibre muscle fibre energy-density 0 zero vector

Following Blemker et al. (2005), the scalar stress in the fibres
σfibre is related to the strain energy-density ψfibre as follows:

λiso
∂ψfibre

∂λiso
= σfibre(λiso) (4)

For muscle tissues, passive and active properties are part of the
normalized fibre stress σ̂. We also consider the activation of the
tissues, denoted by â = â(q0, t), and assume it only affects the
active stresses. The stress due to fibre stretch in muscle fibres is
defined as

σ̂mus,fibre (λiso) := â
(

q0, t
)

σ̂act (λiso) + σ̂pas (λiso) ,

where σ̂act represents the stress in the tissues due to active stretch
of the muscle fibres and σ̂pas is the stress in the tissues due to
passive stretch of the muscle fibres. Altogether, we can relate the
stresses in the muscle fibres to the strain energy-densityψmus,fibre

by using Equation (4):

λiso
∂ψmus,fibre

∂λiso
= σ0σ̂mus,fibre(λiso),

where σ0 is the maximum isometric stress of the
contractile elements.

For aponeuroses, the stresses in the fibres are only due to
passive stretch of the fibres. The strain energy-density ψapo,fibre

and the scalar stress in the aponeurosis fibres σapo,fibre are defined
exactly as in Equation (4):

λiso
∂ψapo,fibre

∂λiso
= σapo,fibre(λiso).

Our approach seeks a displacement u, an internal pressure p
and a dilation J which minimize the total energy of the system.
Let Etot be the total strain energy in the muscle. Under the
assumption of a quasi-static regime, the total energy can be
considered as the sum of the internal strain-energy potential
and the work done on the system by external forces. Given an
applied traction t on a part of the surface S of V, denoted by
St, the total strain energy of a deformed muscle in V can be
defined as:

Etot
(

u, p, J
)

= Uint
(

u, p, J
)

−Wext (u) , (5)
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where

Uint
(

u, p, J
)

:=

∫

V
9int

(

u, p, J
)

dV . (6)

We utilize the finite element method to approximate states (u,
p, J) at which the first variation DEtot of the total strain energy is
zero. That is, we numerically solve the following equation for the
unknowns (u, p, J):

DEtot
(

u, p, J
)

= 0.

The first variation of the total strain energy gives the following
set of equations:

divσ (u) = 0, J − I3 (u) = 0, p−
κ

2

(

J −
1

J

)

= 0 in V ,

σ (u) n̂ = t on St, u = 0 on Sd,

where the vector n̂ denotes the unit normal vector on S, and Sd
stands for the part of S on which the displacement u is prescribed.
Note that in our model we clamp the displacement u on Sd.

The change in the internal strain-energy potential reported in
this paper is computed using the following definition:

Uint
(

u, p, J
)

:=

∫

V0

τ :∇u dV0 + Uint
(

u0, p0, J0
)

, (7)

where (u0,p0,J0) is a known state of the displacement, pressure
and dilation. We compute the volumetric, isovolumetric,
muscle base material, aponeurosis base material, muscle active-
fibre, muscle passive-fibre, and aponeurosis fibre strain-energy
potentialsUvol,U iso,Umus,base,Uapo,base, Uact,Upas, andUapo,fibre

respectively by using the formula given in Equation (7):

Uvol
(

u, p, J
)

:=

∫

V0

pJI :∇ u dV0 + Uvol
(

u0, p0, J0
)

,

Uiso (u) := 2

∫

V0

B
∂9iso

∂B
:∇ u dV0 + Uiso

(

u0, p0, J0
)

,

Umus,base (u) := 2

∫

V0

σmus,base (I1)B
∂I1

∂B
:∇ u dV0+

Umus,base
(

u0, p0, J0
)

,

Uapo,base (u) := 2

∫

V0

σapo,base (I1)B
∂I1

∂B
:∇ u dV0+

Uapo,base
(

u0, p0, J0
)

,

Uact (u) := σ0

∫

V0

σ̂act (λiso)

λiso
B

∂I1

∂B
:∇u dV0 + Uact

(

u0, p0, J0
)

,

Upas (u) := σ0

∫

V0

σ̂pas (λiso)

λiso
B

∂I1

∂B
:∇ u dV0+Upas

(

u0, p0, J0
)

,

Uapo,fibre (u) := σ0

∫

V0

σapo,fibre (λiso)

λiso
B

∂I1

∂B
:∇u dV0

+ Uapo,fibre
(

u0, p0, J0
)

.

We assume that u0, p0, and J0 are the displacement, pressure,
and dilation in V0. In our simulations we set the displacement u0
to be the zero vector 0, the pressure p0 to be zero, and the dilation
J0 to be 1. The definition of the intrinsic properties of the tissues
implies that all the strain-energy potentials in the equations above
at the state (u0, p0, J0) vanish.

Appendix II. Experimental Measurements
From MRI and DTI
This appendix describes experimental data collection and
analysis for measurement of the changes in three-dimensional
whole-muscle shape and muscle fibre orientation of the human
medial gastrocnemius during fixed-end (constant ankle angle)
plantarflexion contractions.

Data Acquisition

We obtained mDixon magnetic resonance imaging (MRI) and
diffusion tensor imaging (DTI) scans of the right lower legs
of four female participants (age 29 ± 4 years mean ± S.D.).
All procedures conformed to the Declaration of Helsinki (2008)
and were approved by University of New South Wales’ Human
Research Ethics Committee HREC (approval HC17106). Written
informed consent was obtained from all participants.

Participants lied supine with the knee slightly flexed in a 3T
MRI scanner (Philips Achieva TX, Best, the Netherlands). We
used a cardiac coil with 32 elements for receive. The anterior
part of the coil was placed on the tibia and the posterior
part of the coil was placed on the MRI table. The knee was
supported by a foam wedge to maintain a small gap between
the coil and the posterior calf. The right foot was strapped
tightly into a footplate, which was connected to a custom-
built MRI-compatible force transducer. The ankle was held in
5◦ plantarflexion relative to the neutral position with the foot
perpendicular to the tibia. MRI and DTI scans were obtained
while the participant’s muscles were relaxed (rest) and during
plantarflexion contractions at 10% (twice) and 20% (once) of
their maximum voluntary isometric plantarflexion torque, which
was previously determined with a dynamometer. We chose scan
sequences and fields of view to have a maximal scan duration
of 2.5min, because pilot testing showed that all participants
could maintain 20% plantarflexion torque for up to 2.5min while
staying sufficiently still to obtain high qualityMRI scans. mDixon
and DTI scans were obtained during separate contractions with
participants given at least two minutes rest in between scans. The
scans did not cover the most proximal part (∼5 cm) of the medial
gastrocnemius. Visual feedback was provided on a monitor next
to the MRI bed to help participants maintain the target force
during the scans.

Frontiers in Physiology | www.frontiersin.org 25 August 2020 | Volume 11 | Article 813254

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Wakeling et al. Energy of Muscle Contractions

The settings of the mDixon scan were: 2-point 3D mDixon
FFE, TR/TE1/TE2 6/3.5/4.6ms, field of view 180 × 180mm,
250 slices, slice thickness 1mm, acquisition matrix 180 × 180
(reconstructed to 192 × 192), reconstructed voxel size 0.94 ×

0.94 × 1mm, number of signal averages 1 and scan time 138 s.
The settings of the DTI scan were: DT-EPI with spectral pre-
saturation with inversion recovery (SPIR) fat suppression, TR/TE
3836/63ms, field of view 180× 180mm, 40 slices, slice thickness
5mm, 16 gradient directions on a hemisphere, number of signal
averages (NSA) = 1 for diffusion-weighted images and NSA
= 2 for the b0 image, b = 500 s/mm2 (b0 image with b = 0
s/mm2), diffusion gradient time 1/δ = 30.4/8.2 msec and scan
time 134 s.

Medial Gastrocnemius 3D Surface Models

We created 3D surface models of the medial gastrocnemius
muscle at rest by manually outlining the boundary of the
medial gastrocnemius on the water image of the mDixon
scan (Bolsterlee et al., 2017; Figure 2). We used non-rigid
registration algorithms (Elastix 4.7; Klein et al., 2010) to create
surface models of the deformed muscles during contractions
and visually inspected the results to determine that the

deformed outlines followed closely the boundaries of the
muscle on the scans obtained during contractions. The
surface models were rotated to a local coordinate system
using principal component analysis on the vertices (nodes)
of the surface model so that the x-axis aligns with the
long axis and the y- and z-axis with the width and depth
axes, respectively.

Fibre Orientation at Rest and During Contractions

We determined muscle fibre orientations from the DTI scans
(Bolsterlee et al., 2019), assuming that the primary eigenvector
of the diffusion tensor aligned with muscle fibre orientations
(Damon et al., 2002). First, DTI scans were filtered using a local
principal component analysis filter (Manjon et al., 2013), after
which the diffusion tensor was reconstructed using DSI Studio
(Yeh et al., 2013). The fibre orientation of a voxel was defined as
the angle in 3D between the primary eigenvector of the diffusion
tensor and the x-axis (longitudinal axis) of the muscle. We
calculated the fibre orientation of the muscle at rest and during
contractions as the average fibre orientation of voxels inside a
30 × 10 × 10mm region sampled in the middle of the muscle
(Figure 2).
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A forward head and rounded shoulder posture is a poor posture that is widely seen in

everyday life. It is known that sitting in such a poor posture with long hours will bring

health issues such as muscle pain. However, it is not known whether sitting in this poor

posture for a short period of time will affect human activities. This paper investigates the

effects of a short-duration poor posture before some typical physical activities such as

push-ups. The experiments are set up as follows. Fourteenmale subjects are asked to do

push-ups until fatigue with two surface electromyography (sEMG) at the upper limb. Two

days later, they are asked to sit in this poor posture for 15 min with eight sEMG sensors

located at given back muscles. Then they do the push-ups after the short-duration poor

posture. The observations from the median frequency of sEMG signals at the upper

limb indicate that the short-duration poor posture does affect the fatigue procedure of

push-ups. A significant decreasing trend of the performance of push-ups is obtained after

sitting in this poor posture. Such effects indicate that some parts of the back muscles

indeed get fatigued with only 15 min sitting in this poor posture. By further investigating

the time-frequency components of sEMG of back muscles, it is observed that the low

and middle frequencies of sEMG signals from the infraspinatus muscle of the dominant

side are demonstrated to be more prone to fatigue with the poor posture. Although this

study focuses only on push-ups, similar experiments can be arranged for other physical

exercises as well. This study provides new insights into the effect of a short-duration poor

posture before physical activities. These insights can be used to guide athletes to pay

attention to postures before physical activities to improve performance and reduce the

risk of injury.

Keywords: poor posture, surface electromyography, muscle fatigue, frequency spectrum, physical activity

1. INTRODUCTION

Poor posture is regarded as prolonged deviations from the neutral spine, and it usually can be
characterized by the forward head posture, rounded shoulders, and increased thoracic kyphosis
(Wong and Wong, 2008; Singla and Veqar, 2017). Due to bad habits, poor posture is commonly
observed in various scenarios in daily life. It is reported that poor posture presents emerging
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health risks (Jia and Nussbaum, 2018), especially, the prolonged
poor posture is usually associated with the use of smartphones
and other portable devices, which are reported having increasing
musculoskeletal problems (Jung et al., 2016).

It is reported that prolonged poor posture may result in body
discomfort and myofascial pain syndrome by placing stress and
excessive tension on the lumbar vertebrae (Swann, 2009). For
example, the forward head posture affected neck extensor muscle
thickness (Goodarzi et al., 2018), and the spinal misalignment
had bad influence on back muscle strength and shoulder range
of motion (Imagama et al., 2014). Meanwhile, some other studies
showed that poor posture had negative impact on the musculo-
skeletal system, caused localized muscle fatigue, and may affect
physical function and level of abilities (Ahmad and Kim, 2018).

In order to evaluate and measure the effect of poor postures,
advanced sensor technologies have been developed. Many
sensors with corresponding signal-processing techniques have
been used to investigate the fatigue process during physical
activities. Examples include the motion capture-based sensors
that can capture the kinematic features of humans (Bailey et al.,
2018), accelerators with dynamic movements and the related
metrics (Beato et al., 2019), surface electromyography (sEMG)
sensors to measure the muscle activities (Edouard et al., 2018),
etc. Among them, the sEMG signals are shown to have excellent
ability on revealing muscle activity at any time instant during
various movements and postures (Blanc and Dimanico, 2010).
The sEMG signal can provide information to characterize muscle
fatigue by means of changes in signal indicators (Marshall et al.,
2018; Toro et al., 2019), including themean absolute value (MAV)
(Toro et al., 2019), root mean square (RMS) (Girard et al.,
2018), mean frequency (MNF) and median frequency (MDF)
(Bowtell et al., 2014), and so on. As the sEMG signal is usually
noisy, other advanced signal processing techniques, such as the
wavelet transform, have been used to get better time-frequency
resolutions (Chowdhury et al., 2013).

With analyzing sEMG signal collected from back muscles,
it was shown that keeping the poor posture with long time
had impacts on the development of muscle fatigue (Jia and
Nussbaum, 2018). For example, with 1-h typing task, the neck,
and shoulder pain were observed significantly increased with
forward head and thoracic kyphotic posture (Kuo et al., 2019);
with 40 min poor posture sitting, the trunk flexion and metrics
of localized muscle fatigue were significantly increased (Jia and
Nussbaum, 2018).

However, it is not clear whether a short-duration of poor
posture will have some negative impact on humans. It is
known that the development of muscle fatigue is a time-varying
procedure, it is challenging to detect muscle fatigue from the
sEMG signal with a short-time duration of static poor posture, as
changes are invisible due to small signal-to-noise ratio in sEMG
signals. Although physiotherapists think that a short period of
poor posture will also have some negative impact on people, there
is a lack of systematic study to support this belief. As physical
activities can somehow speed up the muscle fatigue process,
this work tries to provide some evidence that sitting in poor
posture indeed affects the performance of subsequent physical
activities by carefully designed experiments. In this work, the

push-up is selected to represent a common physical activities due
to its simplicity.

The experiment consists of two steps. The first step measures
the baseline of push-ups with two sEMG sensors to detect the
fatigue of upper limb muscles. In the second step, 15-min of a
poor sitting posture is followed by the same push-up activities.
The duration of short-period poor posture is suggested by the
physiotherapist. In the second step, each participant wears sEMG
sensors on 8 back muscles. The location of each sEMG sensor is
suggested and verified by a physiotherapist.

The hypothesis is that sitting in poor posture for a short time
will affect the performance of the following physical activities.
If this hypothesis is true, this suggests that some parts of back
muscles are getting fatigued during the short period of poor
posture, then some advanced signal processing techniques can be
used to further investigate the measured sEMG signal from the
back muscles.

The experimental results from 14 healthy male subjects
support our hypothesis from the statistics of sEMG
measurements. Our results indicate that poor posture, even
a short-duration one, will have negative impact on human
activities. Therefore, people should be always careful of avoiding
poor postures.

2. MATERIALS AND METHODS

2.1. Participants
Fourteen healthymale subjects were recruited for the experiment,
the detailed information of the participants is shown in Table 1,
including age, height, weight, and body mass index (BMI).
All subjects were right-hand dominant. The participants were
informed about the purpose and content of the experiment, and
a written consent was obtained prior to the study. The project
was approved by the Human Research Ethics Committee of the
University of Melbourne (#1954575).

2.2. Experimental Setup
The procedures of experimental setup are illustrated in Figure 1.
As shown in Figure 1A, the physical exercise of push-up is
selected in our experiment as suggested by the physiotherapist.
It is believed that similar performance can be observed if other
physical activities are used.

As discussed in section 1, it is difficult to detect the small
changes during poor posture sitting with a short time, the
experiment consists of two sessions of push-ups (highlighted
in Figure 1E) to evaluate the influence of poor posture.

TABLE 1 | Characteristic information of the participants.

Maximum Minimum Median Mean ± SD p-value

Age (y) 29 20 23 23.71 ± 2.49 0.132

Height (cm) 191 168 179 178.79 ± 6.30 0.973

Weight (kg) 99 66 76.25 79.75 ± 11.91 0.056

BMI (kg/m2 ) 29.26 21.31 25.26 24.86 ± 2.62 0.353
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During the first session, the participants were instructed to finish
the exercise of push-up in their normal condition. In this session,
the participants are asked to do push-ups for 1 min or until the
participants could not continue when it is less than 1 min. The
sEMG sensors were calibrated before each experiment.

Before conducting the second experiment session, the
participants were asked to have at least 2 days rest for muscle
recovery, this was indicated from the literature that 97% of
force production capacity had returned within 48 h with a
strenuous heavy resistance exercise protocol (Lipshutz et al.,
1993). Moreover, the recruited subjects were elite athletes and
graduate students, they were young and quite active already, and
no one reported delayed onset of muscle soreness (DOMS) before
conducting the second phase exercise. During the second session,
the participants were first instructed to sit with the poor posture,
which was illustrated in Figure 1D: sitting with forward head,
increased thoracic kyphosis, and rounded shoulder posture. The
participants were advised to keep the poor posture for 15 min
withminimal posture adjustments or in-chair movement. During
the experiment, each subject was allowed to “free his hands,” for
example, the subject can operate a mobile phone. After sitting
with poor posture for 15 min, the participants were required to
finish the 1 min push-up protocol as described in the first session.

The DELSYS Trigno Biofeedback System (DELSYS Inc.,
Natick, MA, USA) was used to collect sEMG signals for analysis.
Two sources of sEMG signals were used during the experiment,
(1) the sEMG signals were collected from biceps brachii and
triceps brachii during push-up exercises in the two sessions. (2)
During the poor posture sitting, sEMG signals were collected
from eight upper back muscles, including the right upper fibers
of trapezius (#1, RUFT), left upper fibers of trapezius (#2, LUFT),
right middle fibers of trapezius (#3, RMFT), left middle fibers of

trapezius (#4, LMFT), right lower fibers of trapezius (#5, RLFT),
left lower fibers of trapezius (#6, LLFT), right infraspinatus (#7,
RI), and left infraspinatus (#8, LI). Locations of the eight sensors
was illustrated in Figure 1B. The location of each sEMG sensor
was adjusted for each participant according to the suggestion
of the physiotherapist. Meanwhile, three angles of the natural
sitting and poor sitting postures were measured, including the
forward head angle (FHA), the forward shoulder angle (FSA),
and the thoracic kyphosis angle (TKA) (Lewis and Valentine,
2010; Thigpen et al., 2010). Illustration of the three angles
were demonstrated in Figures 1F,G, and the measurements were
shown in Table 2. The normality tests of the absolute difference
of the angles were performed.

2.3. Statistical Analysis
Standard statistical analysis was performed on the collected data.
Prior to the statistical analysis, data normality was checked
with the Shapiro-Wilk test. Depending on whether the data
distribution is normal or not, paired t-test or Wilcoxon signed
rank test was performed to compare the frequency changes
of push-up exercise in the two experiment sessions. One-way
Analyses of Variance (ANOVA) with repeated measures or

TABLE 2 | Measurement of angles for the natural posture and the poor posture

(Mean ± SD).

Natural posture Poor posture Absolute difference p-value

FHA (◦) 39.81 ± 8.31 78.74 ± 5.07 38.93 ± 9.80 0.658

FSA (◦) 28.96 ± 2.66 15.70 ± 2.95 13.26 ± 1.89 0.140

TKA (◦) 36.90 ± 6.23 59.39 ± 1.51 22.49 ± 5.49 0.124

FIGURE 1 | The experimental setup, (A) the physical exercise of push-up, (B) locations for the eight sEMG sensors, (C) illustration of the natural posture, (D)

illustration of the poor posture, (E) the experimental procedure, (F) measurement of the FHA and FSA (Thigpen et al., 2010), (G) measurement of the TKA (Lewis and

Valentine, 2010). PU, Push-up.
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Kruskal-Wallis test was employed to measure frequency changes
among different levels (the 1st min, 5th min, 10th min, and 14th
min) during the poor posture sitting. The Tukey post hoc test was
used to investigate the significant difference between different
levels. The significance value was set at 0.05, and the data was
presented as mean value± standard deviation.

3. DATA ANALYSIS AND RESULTS

3.1. Poor Posture Affected Upper Limb
Muscle Fatigue
The signal processing procedures for the sEMG signal collected
from upper limb muscles during the push-up protocol are shown
as Figure 2. The raw sEMG signal recorded at triceps brachii
during the push-up protocol is shown as Figure 2A. The signal
is sampled with 2,148 Hz and some standard signal processing

techniques were applied to pre-process this signal. These include
outlier removal (three standard deviations from the mean value)
and filtering (the 4th order Butterworth band-pass filter with the
frequency range of 10–500 Hz). The filtered signal is then used
for envelope analysis and separating bursts of muscle activity
during each push-up. The procedures are as following, first, the
RMS is calculated to smooth the signal with time span of 100
ms; secondly, the envelope analysis is carried out to find the local
minimal value of the RMS signal, and the valid burst separation
points are obtained by comparing the identified local minimal
points with a threshold, which can be roughly estimated by the
time duration of burst, in the present study, the threshold value
is usually set as 1 s depending on each participant. The envelope
analysis and identified bursts of push-up are shown as Figure 2B,
it can be seen from the figure that bursts corresponding to a total
of 20 push-ups are efficiently identified.

FIGURE 2 | Procedures of the sEMG data analysis, (A) raw sEMG signal collected from the triceps brachii during push-up, (B) envelop analysis and push-up

detection, (C) sEMG signal for a single push-up, (D) the spectral analysis for the moving hamming window segment, (E) median frequency curve of each push-up, (F)

the mean median frequency and linear fitting of each push-up.
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The MDF and MNF are then calculated for each burst, the
Hamming window with length of 100 ms is used to obtain each
segment in sEMG signal, the envelope of the windowed signal
is illustrated as Figure 2C. Then the power spectral analysis for
the segment is calculated as Figure 2D, and the curve of MDF
for each burst can be obtained by moving the Hamming window,
which is illustrated as Figure 2E and themean value of each curve
is calculated for regression analysis. As shown in Figure 2F, the
linear regression is used to fit the calculated MDF values, and the
frequency information is used for statistical analysis, including
the slope of the linear curve, the difference between the start and
end frequencies, and the frequency difference percentage, which
is calculated as the difference divided by the start frequency.

The fatigue analysis with the mean MDF for push-up before
and after the poor posture protocol is demonstrated as Figure 3.
It can be seen from Figure 3A that the slopes of the linear
curves before and after poor posture are −2.506 and −1.3721,
respectively. This result indicates the muscle fatigue has a slower
decreasing trend after the poor posture. Statistical analysis of
the slope values with increasing push-up numbers is shown
in Figure 3B, it can be seen from the figure that the slopes
of the regression curves before poor posture are smaller than
that after poor posture, while with push-up numbers of 10, the

mean slopes of the regression curves before poor posture are
significantly (p = 0.025) smaller than those after poor posture.
The statistical analysis of the difference value between the start
and the end frequency is shown as Figure 3C, it can be seen from
the figure that the mean value of the frequency difference before
poor posture is larger than that after poor posture. Figure 3D
represents the statistical analysis for the percentage value of the
frequency difference with a significant value obtained with 12
push-ups (p = 0.002), which indicates that the muscle fatigue
process has a smaller decreasing percentage after poor posture.

Similar results were obtained by calculating the mean MNF
values of the triceps brachii. Figure 4 demonstrated the statistical
analysis of frequency information of the mean MNF values. As
shown in Figure 4A that the slope value of regression curve
obtained for push-up before poor posture and after posture
are −3.013 and −1.589. Figure 4B shows the comparison of
mean slope values obtained for the two groups, the slope
values obtained for 12 and 14 push-ups before poor posture
are significantly (p = 0.007; p = 0.020) smaller than those
obtained after poor posture. The similar comparison can be
found in Figure 4C. The comparison of statistical analysis for
the percentage value of the frequency differences is shown as
Figure 4D, this figure shows that the mean percentage values of

FIGURE 3 | Fatigue analysis of push-up with median frequency (MDF), (A) comparison of linear regression before and after the poor posture, (B) statistical analysis of

the slope values, (C) statistical analysis of the differences between the start frequency and the end frequency, (D) statistical analysis of the frequency difference

percentage (the data is presented as mean value ± standard deviation; *p < 0.05, **p < 0.01).
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FIGURE 4 | Fatigue analysis of push-up with mean frequency (MNF), (A) comparison of linear regression before and after the poor posture, (B) statistical analysis of

the slope values, (C) statistical analysis of the differences between the start frequency and the end frequency, (D) statistical analysis of the frequency difference

percentage (Presented as mean value ± standard deviation; *p < 0.05, **p < 0.01).

the frequency differences before poor posture are smaller than
those after the posture protocol.

3.2. Upper Back Muscle Fatigue Analysis
It can be seen from section 3.1 that significant differences
are observed for the push-up before and after the short-time
poor posture sitting in terms of the frequency change in mean
MDF and MNF, which indicates the poor posture has influence
on the performance of physical exercise of the group. In this
section, a detailed investigation of upper back muscles related
to the poor posture is presented to evaluate the changes and
sensitive frequencies of upper back muscles during the poor
posture sitting.

As described in the experiment setup, eight wireless sensors
are employed to collect sEMG signal from upper back muscles
during the poor posture sitting. An illustration of the raw sEMG
signals collected from the LLFT muscle during the 15 min poor
posture sitting is demonstrated in Figure 5A. The widely used
RMS andMDF features are calculated from the sEMG signal after
band-pass signal filtering, which are time and frequency domain
features respectively. It can be seen from Figure 5B that there

is heavy noise, and significant fluctuation in the two features,
therefore only limited information can be obtained from the
two features.

As indicated in previous studies (Chowdhury et al., 2013;
Varrecchia et al., 2020), the wavelet transform (WT) was a
powerful technique in detecting small changes in a noisy signal.
The WT technique can obtain high resolution in the analysis of
sEMG signal by decomposing the raw signal into a series of sub-
signals with different frequency bands. Similar to the WT, the
wavelet packet transform (WPT) is a generalization of the WT
and can obtain both low and high frequency information of the
sEMG signal (Hekmatmanesh et al., 2019).

The WPT analysis involves two parameters, the wavelet
function and the number of levels into which the signal will
be decomposed. In the present study, the widely used wavelet
families are employed for the sEMG signal analysis, including
the Daubechies (db) wavelets, the Symlets (sym) wavelets, the
Biorthogonal (bior) wavelets, and the Coiflets (coif) wavelets. The
decomposition level was set as 7 to obtain a fine resolution in
the frequency domain (Kilby and Hosseini, 2004; Chowdhury
et al., 2013). The previous 10 sub-signals of the original sEMG
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FIGURE 5 | sEMG signal collected during static sitting and wavelet analysis, (A) the raw sEMG signal, (B) the RMS and median frequency features of the sEMG

signal, (C) the sub-signal obtained from WPT decomposition, (D) the mean median frequency of each sub-signal.

signal obtained by the WPT method is shown in Figure 5C,
and the corresponding median frequency of each sub-signal is
demonstrated in Figure 5D. It can be seen that the median
frequency indicates a gradually increasing trend with increasing
the index number of the sub-signal.

Four segments of the raw sEMG signal in the 1st min, 5th min,
10th min, and 14th min were used for the comparison study,
which were denoted as level 1 to level 4. The WPT technique
is used to extract sub-signals from the raw sEMG signal, and a
moving window is applied to obtain the frequency spectrum for
each sub-signal with the length of 1 s and the overlap rate of 0.5.
The median frequency was calculated for each window frame and
the mean value of median frequencies (MMDF) was calculated
for all windows. Figure 6 demonstrates the calculatedMMDF for
all eight upper back muscles at the four time levels in different
wavelet functions and sub-signals.

It can be seen from Figure 6 that significant differences were
observed for the RI muscle between four time levels in all the
three sub-figures. Specifically, as demonstrated in Figure 6A,
with the coif4 wavelet, the MMDF value of level 3 in the 5th
sub-signal is observed smaller than the value of level 2, which
is around 64 Hz (p = 0.024). As demonstrated in Figure 6B, the
MMDF value of level 4 in the 7th sub-signal is smaller (p= 0.023)
than the value of level 2 around 37 Hz. The similar frequency
differences can be observed in Figure 6C, where theMMDF value
of level 4 in the 7th sub-signal obtained by the coif2 wavelet is
smaller than the value of level 2 around 36.5 Hz (p= 0.0095).

4. DISCUSSION

There are two major findings in this study, first, the short-
time poor posture indeed has an effect on the performance
of physical exercise. Comparing the subjects’ performance of

push-ups before and after poor posture, the median frequencies
of the two sessions have significant differences after 10 push-ups
in terms of the slope of the trend (p = 0.025), the frequency
differences between the start and the end of the push-up (p =

0.025), and the rate of the frequency differences (p = 0.017).
Second, it is confirmed from experiments and data analysis
from sEMG sensors, some parts of back muscles are affected
during the short time of poor posture with a clear indication of
fatigue, which has not been observed in literature. As indicated in
Figure 6, the median frequency of RI muscle is observed to have
significant differences between different time levels.

It is worthwhile to note that the obtained results using median
frequency of sEMG signal collected from upper back muscles
indicate that the wavelet transform especially the coif wavelet
function has excellent performance on identifying the small
frequency changes when signal-to-noise ratio is small. Moreover,
our analysis shows that sEMG signals of eachmuscle has an active
frequency range. As shown in Figure 6, the median frequencies
of the RI muscle around 36 and 64 Hz are more sensitive. This
finding is consistent with that in previous research (Chowdhury
et al., 2013), which indicated that the lower frequencies of the
sEMG signal are more sensitive to fatigue induced by dynamic
repetitive exertions.

The study aims to enhance the understanding of the effects of
poor posture on muscular mechanics. Previous studies indicated
that the poor posture may require larger muscle force to
counterbalance external moment, and even small elevations of
cervical extensor activities could result in cumulative effects
such as muscle fatigue and other neuromuscular alternations
(Ning et al., 2015). The extensor muscles and posterior ligaments
of the dorsal spine are stretched with the increased forward
head and kyphosis position (Sun et al., 2014; Singla and
Veqar, 2017). It should be noted that fascia has been described
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FIGURE 6 | Upper back muscle fatigue analysis during the poor posture, (A) muscle fatigue analysis in the 5th sub-signal with the coif4 wavelet, (B) muscle fatigue

analysis in the 7th sub-signal with the coif4 wavelet, (C) muscle fatigue analysis in the 7th sub-signal with the coif2 wavelet. *p < 0.05, **p < 0.01.

as a body-wide tensional network, it consists of all fibrous
collagenous soft connective tissues, the body-wide “fascial net”
allows for multi-articular tensional strain transmission (Findley
and Schleip, 2007; Schleip and Müller, 2013). Especially, Dr.
Yoshitake’s work presented a strong evidence to support the
presence of epimuscular myofascial force transmission (EMFT)
in upper extremity muscles, and indicates that the EMFT may
be facilitated at stretched muscle lengths [6]. With the existence
of myofascial chain, the strain in the overstretched back muscles
by the poor sitting posture may affect some parts interconnected
muscles of the upper limb (Wilke et al., 2017; Yoshitake et al.,
2018). They are forced to maintain such posture and would
affect the force production of those parts. There are effects
on circulation, and these factors should reflect adversely on
subsequent exercise.

The effects of myofascial force transmission on adjacent
synergistic muscles have been further studied by the finite

element modeling (Yucesoy et al., 2003a; Pamuk et al., 2020).
These studies suggest that the myofascial force transmission has
major effects on skeletal muscle mechanics. More importantly,
the changes of muscle relative position play an important role
in the change of production of muscle force, because they
affect the distributions of sarcomere lengths, which are the key
determinants of muscle active force production (Yucesoy et al.,
2003b, 2006). These available results would support to explain
our observations of the difference of muscle function before
and after the poor sitting posture in the present study, as the
poor sitting posture in the present study changes the muscle
relative position to the surroundings, which in return alters
the sarcomere length distributions and results in an altered
muscle function.

The study has important implications in both biomechanical
and clinical settings. First, the results indicate that though
the poor posture is defined as forward head posture, rounded
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shoulders, and increased thoracic kyphosis, the process of
maintaining such a posture may have effects on other regions
of muscles, the impact of poor posture should be evaluated
comprehensively; Second, the mentioned short-duration poor
posture is quite common in real life, for example, it might
correspond to a sports break between two consecutive games.
Another possible scenario is using one’s phone on the bus or train.
The finding in this paper indicates the possible impact on athletes
specifically during their preparation for optimal performance, as
well as to the general population on the effect of poor posture.
The results suggest that short-duration poor posture might lead
to muscle fatigue of some parts of the back muscles, and the
performance of physical activities will be degraded (immediately
and with latent effects) after the poor posture. People should be
mindful of their postures if they will undertake physical activities
in the near future.

The current study has some limitations. First, only male
subjects were recruited for the study, as the experiment requires
placing eight sensors on the back muscles, due to the privacy
issue and lack of female team members to collect data from
female volunteers. We will further investigate whether there has
gender difference for the results. Second, due to the limitation of
available data, the current study does not include the results from
natural posture. The next step research will recruit more subjects
to evaluate the effect of poor and natural postures, and investigate
the prevention to the immediate and latent effects of muscle
fatigue from the poor posture, which will provide know-how and
awareness to prevent during sports and most importantly the
activities of daily living (ADLs).

5. CONCLUSIONS

This study contributed to the understanding of a particular short-
duration poor sitting posture on the effect of the performance of
physical exercise and the fatigue of back muscles. From statistics
of 14 subjects, it was observed that the median frequencies of the
sEMG signal of the triceps brachii has significant differences after
poor sitting posture, and the median frequencies collected from

the RI muscle in the upper back have been shifted in different
time levels. The results suggest that the poor posture will lead to
a quicker fatigue procedure of the following physical exercise as
shown in the median frequency of the corresponding muscles.
The results also demonstrated that the proposed frequency
analysis techniques were able to identify the frequency range
of the individual muscle, which can be used to show a clear
shift of median frequencies of noisy sEMG signals in order to
represent fatigue.
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Aponeurotomy is a surgical intervention by which the aponeurosis is transsected 
perpendicularly to its longitudinal direction, halfway along its length. This surgical principle 
of aponeurotomy has been applied also to intramuscular lengthening and fibrotomia. In 
clinics, this intervention is performed in patients with cerebral palsy in order to lengthen 
or weaken spastic and/or short muscles. If the aponeurotomy is performed on the proximal 
aponeurosis, as is the case in the present study, muscle fibers located distally from the 
aponeurosis gap that develops lose their myotendinous connection to the origin. During 
recovery from this intervention, new connective (scar) tissue repairs the gap in the 
aponeurosis, as well as within the muscle belly. As a consequence, the aponeurosis is 
longer during and after recovery. In addition, the new connective tissue is more compliant 
than regular aponeurosis material. The aim of this study was to investigate changes in 
muscle geometry and adaptation of the number of sarcomeres in series after recovery 
from aponeurotomy of the proximal gastrocnemius medialis (GM) aponeurosis, as well as 
to relate these results to possible changes in the muscle length-force characteristics. 
Aponeurotomy was performed on the proximal aponeurosis of rat muscle GM and followed 
by 6 weeks of recovery. Results were compared to muscles of a control group and those 
of a sham-operated group. After recovery from aponeurotomy, proximal and distal muscle 
fiber lengths were similar to that of the control group. The mean sarcomere length from 
fibers located proximally relative to the aponeurosis gap remained unchanged. In contrast, 
fibers located distally showed 16–20% lower mean sarcomere lengths at different muscle 
lengths. The number of sarcomeres in series within the proximal as well as distal muscle 
fibers was unchanged. After recovery, muscle length-force characteristics were similar to 
those of the control group. A reversal of proximal-distal difference of fibers mean sarcomere 
lengths within muscles during recovery from aponeurotomy is hypothesized to 
be responsible for the lack of an effect. These results indicate that after recovery from 
aponeurotomy, geometrical adaptations preserved the muscle function. Moreover, it seems 
that the generally accepted rules of adaptation of serial sarcomere numbers are not 
applicable in this situation.

Keywords: adaptation, aponeurosis, force transmission, intramuscular aponeurotic recession, muscle release, 
muscle lengthening, sarcomeres in series
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INTRODUCTION

Aponeurotomy is a surgical intervention aimed at restoring 
the range of joint motion. This surgical principle is applied 
in technical modifications such as intramuscular lengthening 
and fibrotomia. This intervention is executed for the triceps 
surae muscle by one or more transections of the aponeurosis 
perpendicular to its length (Majestro et  al., 1971; Baumann 
and Koch, 1989) and is performed in patients with spastic 
cerebral paresis (Baddar et  al., 2002). The clinical aim is either 
lowering of muscle force and/or lengthening of the muscle(s), 
which are likely involved in limiting the range of joint motion 
(Nather et  al., 1984; Baddar et  al., 2002). Although this 
intervention has been shown to be  successful initially, in 
approximately 15–48% of the patients recurrence of the restricted 
range of foot dorsal flexion was reported (Olney et  al., 1988; 
Saraph et  al., 2000).

Experimental aponeurotomy, performed on rat gastrocnemius 
medialis (GM) and extensor digitorum longus muscles, has 
shown that excitation of the muscle and stretch acutely after 
aponeurotomy results in a spontaneous rupture of the 
intramuscular connective tissue below the location of 
aponeurotomy (Jaspers et  al., 1999, 2002). This feature is also 
known clinically in children with equines feet, at least by 
those surgeons performing aponeurotomies. As a consequence, 
lengths of muscle fascicles and fibers, being continuous with 
the origin or insertion at only one end, are substantially reduced 
(Jaspers et  al., 1999, 2002). Moreover, rupturing of the 
intramuscular connective tissue is accompanied by an acute 
reduction in muscle force of approximately 50%, as well as 
an increase of optimum muscle length (by 10%; Jaspers et  al., 
1999, 2002). Such effects of aponeurotomy are favorable in 
(partially) restoring acutely a previously restricted range of 
joint motion.

Histological analysis indicated that during recovery, new 
connective tissue is laid down reconnecting the two aponeurotic 
ends and filling the gap below (Brunner et  al., 2000; Jaspers 
et  al., 2005). As a consequence, also after recovery from 
aponeurotomy, the proximal aponeurosis of GM is longer and 
also more compliant than in untreated muscle (Jaspers et  al., 
2005). This implies that muscle fibers attaching to the proximal 
aponeurosis, but distally from the new tissue, will be  kept 
much shorter than before aponeurotomy, with possible 
consequences for the length-force characteristics (due to enhanced 
distribution of fiber mean sarcomere length within the muscle; 
e.g., Willems and Huijing, 1994) and number of sarcomeres 
in series within muscle fibers.

For parallel fibered muscle, it is generally acknowledged 
that in vivo the number of sarcomeres arranged in series 
within a muscle fiber adapts to the length at which a muscle 
is mostly active (Williams and Goldspink, 1978; Herring et al., 
1984; Heslinga and Huijing, 1993; Heslinga et  al., 1995). For 
parallel fibered muscle, adaptation of optimum muscle length 
is achieved primarily by changes in the serial number of 
sarcomeres. However, it should be noted that for highly pennate 
muscles (as GM), aspects of muscle fiber diameter may 
contribute to altered optimum length, possibly taking away or 

diminishing the signal for serial sarcomere adaptation (cf. 
Swatland, 1980; Heslinga and Huijing, 1993; Huijing and 
Jaspers, 2005). Post aponeurotomy, it is conceivable that distal 
muscle fibers will have a decreased number of sarcomeres 
in series with implications for the length-force characteristics. 
The question is raised whether pennate GM, after recovery 
from aponeurotomy, shows such adaptation and/or geometric 
remodeling and how these features relate to the possible 
muscle length-force properties. Therefore, the aim of the 
present study was to investigate muscle geometry and fiber 
mean sarcomere lengths and its distribution after a 6-week 
period of recovery from aponeurotomy in rat muscle (m.) 
GM and to relate these to possible changes in muscle  
length-force characteristics.

MATERIALS AND METHODS

Animals and Experimental Protocol
All surgical and experimental procedures were performed in 
strict agreement with Swiss law and regulations concerning 
animal welfare. Experiments were performed on the right m. 
GM of male Wistar rats. Three experimental treatment groups 
of animals are distinguished:

1. Aponeurotomy was performed on the proximal aponeurosis 
of GM of young adult Wistar rats [n = 6, mean age 9.1 weeks, 
body mass 373.3  ±  7.2  g (mean  ±  SEM)]. The proximal 
aponeurosis of the right limb was transsected at its middle 
perpendicular to its length direction (Figure  1) using a 
scalpel blade (number 23). Moreover, the proximal 
aponeuroses of all remaining parts of the right m. triceps 
surae were also transsected during the intervention. 

FIGURE 1 | Schematic figure illustrating the aponeurotomy intervention of 
the proximal gastrocnemius medialis (GM) aponeurosis. The proximal 
aponeurosis of the GM in the right limb was cut at its middle perpendicular to 
its length. The white markers indicate the locations where the 0000 silk 
sutures were placed. Note that the GM muscle is illustrated free from other 
muscles and structures. In vivo, during the intervention, surrounding muscles 
are present.
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The location of the transection of the aponeurosis was 
marked by silk 0000 sutures at each end of the aponeurotic 
parts at the side of the transection (Figure  2).
After the intervention, a walking cast was applied to the 

right hind limb to maintain maximal dorsiflexion. The walking 
cast was removed 4  days after the intervention. After 6  weeks 
of recovery, length-force data were collected for the maximally 
dissected in situ GM. For this, the muscle was freed of 
surrounding myofascial connective tissues, leaving only blood 
vessels, lymphatics, and its connection to only the distal end 
of its nerve with their connective tissue reinforcements intact. 
Particularly in the figures, this group of animals is referred 
to as “AT &recovery.”
2. A sham operation was performed on the right limb of 

young adult rats [n  =  6, mean age 9.1  weeks, body mass 
383.8  ±  8.4  g (mean  ±  SEM)]. This intervention implies 
opening of the skin and performing blunt dissection of the 
connective tissue surrounding the muscle, similar as done 
for the AT recovery group. The length of the aponeurosis 
of the GM was measured with the ankle flexed at a right 
angle and its center marked with a silk 0000 sutures. 
Subsequently, a lower-limb walking cast was applied to the 
right limb to maintain maximal dorsiflexion. After 6  weeks 
of recovery, length-force characteristics were determined of 
the maximally dissected in situ GM. This group of animals 
is referred to as “sham.”

3. Control group. The right limb of animals of this group 
[n  =  10, mean age 14.9  weeks, body mass 357.1  ±  3.6  g 
(mean  ±  SEM)] was not exposed to any surgery or casting. 

After 6  weeks, length-force data were collected of the intact 
but maximally dissected in situ GM. Operations, application, 
and removal of cast were performed under general anesthesia 
(halothane 0.5–2%, head mask). For a postoperative period 
of 3 days, the animals were kept under paracetamol (200 mg 
kg−1 per day) as analgesic. The animals were housed under 
standard conditions.

Physiological Experiments
Animals were anesthetized by intraperitoneal injection of sodium 
pentobarbital (initial dose 8 mg/100 g body mass) and ventilated 
mechanically. The medial head of GM of the right limb was 
dissected, leaving its origin intact. The blood supply was left 
undisturbed, whereas the sciatic nerve was cut as proximally 
as possible. The Achilles tendon with a piece of calcaneal bone 
still attached was connected by a metal wire to a force transducer 
(A&D Company LC-4101). Small copper markers were inserted 
into the muscle to mark the origin of the muscle, the distal 
end of the proximal aponeurosis, and the distal end of the 
distal fiber (Figure  2).

The animal was positioned in the experimental setup by 
rigidly clamping the femur. Ambient temperature was controlled 
at 27°C. The proximal end of the nerve was stimulated 
supramaximally (100  Hz, 0.15-ms square wave pulse) using 
silver electrodes connected to a constant current source. The 
necessary electrical voltage was determined individually per 
muscle. Muscles were lengthened at a muscle length at which 
1.9  V produced less than 0.05  N. Following this, the voltage 
was incremented by 0.05  V until maximum active force was 
produced (i.e., further increasing the voltage yielded lower 
active muscle forces). The necessary electrical voltage was 
between 1.75 and 5.00  V. Tetanic isometric contractions of 
600  ms were induced at a series of muscle lengths, beginning 
near active slack length and ending at the length at which 
force was approximately 90% of maximum force (1-mm 
increments). Each tetanic contraction was preceded by two 
twitches with a 1-s interval to allow adjustment of the muscle 
to that length. Three seconds after the last twitch, a tetanic 
contraction was evoked. The interval between two subsequent 
tetanic contractions was 2  min, during which the muscle was 
allowed to recover at short length. The muscle was photographed 
(Canon A1 camera, macro lens, exposure time 1/125  s, 400 
ASA slide film) in passive state (2  s before activation) and in 
fully active state (200  ms after evoking tetanic stimulation). 
A microcomputer was used to collect all force data, using an 
AD-converter (Validyne Engineering Corp. UPC601-G, sampling 
frequency of 1,000  Hz and resolution of force 0.0071  N).

Dimensions of Anatomical Structures
Postexperimentally, morphological parameters were estimated 
by determination of the marker positions on projected 
photographic images (magnification 15×) using a digitizer tablet 
(Microgrid III Summagrafics Co., mean error 0.017  mm) and 
a software program (AutoCAD 12.0). Muscle lengths were 
determined for all muscles, and the most proximal and distal 
muscle fiber lengths were determined in the mid longitudinal 
plane of GM for all muscles. Direct measurement of the 

FIGURE 2 | A control, acutely aponeurotomized and a recovered muscle 
after aponeurotomy. (A) Active muscle near optimum length of a control GM 
muscle. (B) The effects of acute aponeurotomy on the muscle. The fibers of 
the aponeurosis were transsected, creating a gap on the medial aponeurosis. 
(C) Active muscle near optimum length of a recovered GM muscle. Markers 
1, 2, and 3 represent the origin of the muscle, the distal end of the proximal 
aponeurosis, and the distal end of the distal muscle fiber, respectively. The 
white arrow indicates the space between the markers, which were placed at 
the location of the sutures. * indicates the newly formed connective tissue, 
closing the aponeurotic gap.
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distances between the markers provides estimates of muscle 
length, length of proximal aponeurosis, and length of distal 
fiber. The lengths of the proximal muscle fibers were determined 
as follows. Based on findings of Zuurbier and Huijing (1993) 
and our own pilot data, the length of the distal aponeurosis 
was assumed to be  1.11 times the length of the proximal 
aponeurosis. The distal end of distal aponeurosis was estimated 
0.5  mm below the distal end of distal fibers. Taking this point 
as the center, a circle of radius (length distal aponeurosis) 
was drawn. The longitudinal direction of the proximal part 
of distal aponeurosis was estimated in the image. The intersection 
between this direction and the circled length of the distal 
aponeurosis indicates the distal end of the most proximal fiber 
(for a detailed description, see Jaspers et  al., 1999). The length 
of the most proximal muscle fiber was determined by the 
distance of between the origin of the muscle and the proximal 
end of the distal aponeurosis.

Treatment of Data
Passive muscle force as a function of muscle lengths were 
least-squares fitted using an exponential function (Eq.  1)

  y e b
b0x b1= ++

2              (1)

where y represents passive force, x represents muscle lengths, 
b0, b1, and b2 are constants determined during the fitting 
procedure. Active muscle force was calculated by subtracting 
passive force (Eq. 1) from total muscle force for the appropriate 
muscle lengths. The relationship of active force with muscle 
length was fitted by a polynomial (Eq.  2)

 y b b x b x b x b x b xn
n= + + + + +0 1 2

2
3
3

4
4

    (2)

where b0 through bn are constants selected in a least-squares 
fitting procedure. The lowest polynomial order that described 
the length-force relationship most adequately (tested by one-way 
ANOVA) was selected. Muscle optimum length was defined 
as the muscle length at which the maximum of the polynomial 
was encountered, within the experimental muscle length range. 
Muscle active slack length was determined by fitting muscle 
force using Eq.  1, but only for the range of muscle lengths 
at which active muscle force ranged between zero and 30% 
of maximal muscle force. Muscle active slack length was defined 
at the intercept of the fitted curve and the x axis. The relationships 
between the muscle fiber length, fiber mean sarcomere length, 
and active muscle length were fitted with a third-order 
polynomial, as described by Eq.  2. Fitted curves were used 
to calculate mean data  ±  SE.

Number of Sarcomeres in Series
The numbers of sarcomeres in series in proximal and distal 
fibers were determined according to the method previously 
described by Jaspers et  al. (1999). For at least 2  weeks, the 
muscles were fixed (4% formaldehyde, 15% absolute alcohol, 
and 1.5  g l−1 thymol). Fiber bundles taken out of the muscle 
were exposed to a 17.5% KOH solution (modification to Huijing 
1985) for 4  h after which they were stored in a 50% glycerol 

solution for 2–4  days to soften connective tissue. Four fibers 
located proximally in the muscle, and four distally located 
fibers were teased out for their whole length. The number of 
sarcomeres in series was counted semiautomatically using a 
microscope (Zeiss, magnification 20β) connected to an image 
analyzer (low-pass filter of gray levels) counting number of 
A-bands every 120  μm along the fiber.

Statistics
Two-way mixed ANOVAs (with repeated measurements for 
muscle length) were performed to test for differences between 
the muscles force, muscle fiber length, and fiber mean sarcomere 
length as a function of muscle length changes, as well as to 
test for differences within groups as function of muscle 
length changes.

Two-way mixed ANOVA was also used to test differences 
in serial sarcomere number between treatments and within 
muscle location (proximally vs. distally located fibers). A 
three-way mixed ANOVA (with repeated measurements for 
muscle length and muscle location) was performed to test for 
differences in fiber mean sarcomere length distribution between 
treatments. Post hoc comparisons were performed using the 
Bonferroni procedure to locate significant differences. 
Assumptions of the two- and three-way mixed ANOVAs were 
met. Level of significance was selected at p  <  0.05.

RESULTS

Muscle Fiber Length as Function of 
Muscle Belly Length After Recovery From 
Aponeurotomy
Note that after aponeurotomy is performed on GM proximal 
aponeurosis, the two muscle fiber populations are exposed 
to different mechanical conditions: The proximal fiber 
population located proximally with the muscle remains 
connected via the aponeurosis and tendon to both muscle 
origin and insertion (acute situation). In contrast, acutely 
after aponeurotomy, the distal fibers lose their connection to 
the origin of the muscle because of the severed proximal 
aponeuroses. During recovery, such contact is reestablished, 
due to inserting new aponeurotic tissue, albeit at a greater 
length than previous aponeurosis length, as well as at a higher 
compliance of the tissue inserted and of the whole aponeurosis 
(AT & recovery situation).

Effects of Aponeurotomy and Recovery on 
Proximal Muscle Fibers
ANOVA showed that the proximal fiber length increased with 
increasing muscle length in all three treatments (p  <  0.001; 
Figure  3A). Neither a significant main effect of treatment nor 
an interaction effect between fiber length and treatment was 
found (Figure  3A). This indicates that, after recovery from 
aponeurotomy, the length of muscle fibers located proximally 
from the created gap increased as a function of increasing 
muscle length undistinguishable from control GM.
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Effects of Aponeurotomy and Recovery on Distal 
Muscle Fibers
ANOVA showed that the distal fiber length increased with 
increasing muscle length in all three treatments (p  <  0.001). 
Neither a significant main effect of treatment nor an interaction 

effect between fiber length and treatment was found (Figure 3B). 
However, note that the curve describing the recovery from 
aponeurotomy group is located well below those of the other 
groups; however, this could not be  shown to be  significant.

Effects on Serial Number of Sarcomeres 
After Recovery From Aponeurotomy
Effects on Serial Number of Sarcomeres Within 
Muscle Fibers Due to Different Treatments
ANOVA showed no significant main effect of treatment on 
the number of serial sarcomeres, which indicates that, after 
recovery, the (absolute) serial numbers of sarcomeres in the 
proximal and distal fibers were not changed with respect to 
the control group (Figure  4).

Serial Number of Sarcomeres Within Fibers at 
Different Locations Within Muscle
ANOVA showed a significant effect of muscle location (proximal 
vs. distal) on the number of serial sarcomeres. Within distal 

FIGURE 4 | Effects of aponeurotomy plus recovery from aponeurotomy on 
the number of serial sarcomeres within muscle fibers. (1) Treatment 
differences. In the aponeurotomized plus recovered GM, the number of 
sarcomeres in series was similar to that of the control group (straight lines 
above the bar graphs indicate that both proximally and distally located fibers, 
the serial sarcomere numbers were similar between treatments) (p = 0.179). 
This may indicate either a lack of adaptation number of serial sarcomeres 
within distal muscle fibers or two opposing effects approximately 
compensating for each other (i.e., local protein degradation at one end and 
synthesis at the other end of the same muscle fiber). (2) Differences in the 
number of sarcomeres in series within muscles (proximal vs. distal fibers 
differences). Within muscle differences are indicated with “$.” Distal muscle 
fibers of the aponeurotomy plus recovery group and control group had more 
serial sarcomeres compared to proximal fibers (p = 0.001 and p = 0.017, 
respectively). It is unknown why in the sham proximal and distal fibers, the 
number of sarcomeres in series is similar, as from literature it is known that in 
GM distal fibers have higher numbers of sarcomeres in series. A two-way 
mixed ANOVA was used to check for differences in serial sarcomere number 
between treatments and within muscle location (proximally vs. distally located 
fibers). All values are presented as mean and plus SEM; control n = 10, sham 
n = 6, AT & recovery n = 6.

A

B

FIGURE 3 | The combined effects of aponeurotomy plus recovery from 
aponeurotomy on length of muscle fibers. Muscle fiber lengths as function of 
muscle length are plotted in continuous lines, while extrapolated fiber lengths, 
ranging from the lowest measured muscle lengths to the estimated muscle 
active slack length, are plotted as dashed lines. (A) The length of proximal 
muscle fibers (lfa proximal) as function of active muscle length (lma). Proximal 
muscle fibers from the aponeurotomized and recovered GM show similar 
lengths as function of muscle length compared to the control muscle fibers 
(p = 0.73), indicating that the intervention had no effect on the proximal 
muscle fibers. (B) The length of distal muscle fibers (lfa distal) as function of 
active muscle length. Distal muscle fibers from the aponeurotomized and 
recovered GM show similar lengths as function of muscle length compared to 
the control muscle fibers (p = 0.07), indicating that the intervention had no 
effect on the distal muscle fibers. Two-way mixed ANOVA (with repeated 
measurements for muscle length) was used to investigate if lfa of the 
aponeurotomized group was different to that of the control and sham 
operated. All values are presented as mean and either plus or minus SEM; 
control n = 10, sham n = 6, AT & recovery n = 6.
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muscle fibers, the number of serial sarcomeres was higher 
than within proximal fibers (p < 0.001). Moreover, an interaction 
effect between the fiber location (proximal vs. distal) and 
treatment was present for a series of sarcomere number 
(p  <  0.05). Post hoc analysis showed in recovery and control 
groups that distal fibers contained 20 and 8% more sarcomeres 
in series, respectively, than proximal fibers (p  <  0.001 and 
p  <  0.02, respectively; Figure  4). In the sham-operated group, 
distal muscle fibers had similar numbers of sarcomeres in series 
as proximal fibers.

Effects After Recovery From 
Aponeurotomy on Fiber Mean Sarcomere 
Length at Different Locations Within the 
Muscle
Effects Within Proximal Muscle Fibers
ANOVA showed that the proximal fiber mean sarcomere length 
increased with increasing muscle length in all three groups 
(p  <  0.001). After recovery from aponeurotomy, for proximal 
muscle fibers, the curve relating muscle length and fiber mean 
sarcomere lengths was located well above those of sham and 
control group (Figure 5A). However, ANOVA did yield neither 
significant main effects nor an interaction.

Effects Within Distal Muscle Fibers
For distal muscle fibers, ANOVA showed a significant main 
effect of muscle length on fiber mean sarcomere lengths 
(p < 0.001), as well as a significant interaction between muscle 
length and treatment (p  <  0.05).

Post hoc analysis showed that over a muscle length range 
of 28–34  mm, the fiber mean sarcomere lengths after recovery 
from aponeurotomy were about 20% smaller than that of the 
sham-operated group (p  <  0.05). Post hoc analysis also showed 
that over a muscle length range of 30–34  mm, the fiber mean 
sarcomere lengths after recovery from aponeurotomy were 
16–20% smaller than that of the control group (p  <  0.05; 
Figure  5B).

It should be  noted that even after 6  weeks of recovery 
from aponeurotomy, distal fibers still operate at quite low fiber 
mean sarcomere lengths. If this should have been the sole 
effect after recovery, one would expect effects on the length-
force characteristics due to enhanced fiber mean sarcomere 
length distribution.

Effects After Recovery From 
Aponeurotomy on Changes in Distribution 
of Fiber Mean Sarcomere Length
ANOVA showed a main effect of treatment on proximodistal 
differences of fiber mean sarcomere lengths (p  <  0.001). After 
recovery from aponeurotomy, the sign of this proximodistal 
difference was reversed compared to the control as well as to the 
sham-operated groups (p < 0.001; Figure 5C). However, the absolute 
value of the range of fiber mean sarcomere length as a function 
of muscle length was similar between the groups, despite the 
fact that the locations of high and low lengths are reversed.

A

B

C

FIGURE 5 | Effects of aponeurotomy plus recovery on fiber mean sarcomere 
lengths. (A) Proximal muscle fiber mean sarcomere length (l sa  proximal) 
plotted as function of active muscle length. The aponeurotomy plus recovery 
had no significant effect on the active sarcomere lengths (p < 0.126). This 
indicates that the contribution of the proximal muscle fibers to muscle active 
force was not affected by the intervention. (B) Distal muscle fiber mean 
sarcomere length (l

sa
 distal) as function of active muscle length. Differences 

between the aponeurotomy recovery and control group and sham group are 

(Continued)
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ANOVA showed a main effect of muscle length on proximodistal 
differences of fiber mean sarcomere lengths (p  <  0.001), as well 
as an interaction effect between treatment and muscle length 
(p  <  0.005). Post hoc analysis located the differences in 
proximodistal fiber mean sarcomere length differences between 
treatments: The control groups showed a significant decrease 
in distribution as muscle length was higher (p < 0.05). Therefore, 
these proximodistal differences should be considered as a primary 
(i.e., always present distribution). For the sham-operated group, 
the range proximodistal differences in fiber mean sarcomere 
length remained similar at higher muscle length. However, it 
should be  noted that, after recovery from aponeurotomy, that 
situation was quite different: at low muscle lengths, the 
proximodistal difference of fiber mean sarcomere length was 
low or absent. However, at high muscle lengths, enhanced 
proximodistal differences of this variable developed (i.e., enhanced 
distributions of fiber mean sarcomere lengths; p  <  0.05). This 
distribution, secondary to increased muscle length, attained levels 
similar in absolute value, but opposite in sign compared to 
those of the control sham-operated group (Figure  5C).

ANOVA showed that there was significant interaction on 
fiber mean sarcomere length between factors muscle fiber 
location and treatment. For proximal fibers, the fiber mean 
sarcomere length after recovery was not found to be significantly 
different than that of the control group. In contrast, for distal 
fibers after recovery, the fiber mean sarcomere length was lower 
than that of the control group (p  <  0.01; Figure  6).

ANOVA also showed significant interactions of muscle fiber 
location, muscle length, and treatment on fiber mean 
sarcomere length. After recovery from aponeurotomy, values 
for fiber mean sarcomere length of proximally located fibers 
were higher than in distally located fibers (p  <  0.01), however, 
significance could only be  shown at a high muscle length (i.e., 
at 34  mm). In contrast, in the control group, distally located 

fiber mean sarcomere length was higher than that of proximally 
located fibers at all lengths (p  <  0.05; Figure  6).

These results indicate that the primary distribution of fiber 
mean sarcomere length, as found in the control group, is 
present in similar quantity at all muscle lengths, whereas after 
recovery the secondary distribution of fiber mean sarcomere 
length increases with increasing muscle length, yielding a 
proximodistal difference of this variable of opposite sign.

Muscle Length-Force Characteristics
Figure  7 shows muscle active and passive length-force 
characteristics for controls, sham-operated ones, and after 
recovery from aponeurotomy. Length-active force curves were 
similar for these groups. Active slack and optimum muscle 
lengths, as well as optimal force, could not be  shown to differ 
significantly between treatments.

Also, muscle length-passive force characteristics were 
similar for the control, sham, and recovery from aponeurotomy 
groups (Figure 7). These results indicate that neither the active 
nor the passive length-force relationship was changed after 
recovery from aponeurotomy, despite altered fiber mean 
sarcomere lengths distributions.

DISCUSSION

The present results, describing effects of a period of recovery 
(6 weeks) from proximal aponeurotomy, show that GM muscles 

FIGURE 6 | Fiber mean sarcomere length comparison between proximal and 
distal muscle fibers for the control versus the aponeurotomy plus recovery 
group. Note that in control muscle, proximal fibers have lower mean sarcomere 
length than proximal fibers; these differences are indicated with black “$” 
(p = 0.015), whereas in aponeurotomy plus recovery group the lines are reversed 
(proximal fibers have higher mean sarcomere lengths than distal fibers), and 
differences are indicated with blue “$” (p = 0.015). All values are presented as 
mean and either plus or minus SEM; Two-way mixed ANOVA (with repeated 
measurements for muscle length) was used to check if the mean fiber sarcomere 
lengths were different between groups. Control n = 10, AT & recovery n = 6.

FIGURE 5 | noted with “*” (p = 0.026 and p = 0.018, respectively). Results 
show that because of the intervention, in distal fibers, the functioning fiber 
mean sarcomere length was decreased. This indicates that the contribution of 
these distal fibers to muscle force was also decreased. All values are 
presented as mean and either plus or minus SEM. Fiber mean sarcomere 
lengths as function of muscle length are plotted as continuous lines, whereas 
dashed lines indicate extrapolated parts of that curve to the estimated muscle 
active slack length. For reference, dotted horizontal lines indicate slack and 
optimum sarcomere length for untreated GM (Zuurbier et al., 1995). (C) 
Comparison of proximodistal differences in fiber mean sarcomere length 
between aponeurotomy plus recovery group and control group. Delta 
proximodistal fiber mean sarcomeres lengths of the aponeurotomy plus 
recovery group, sham, and control group are compared at different muscle 
lengths. The aponeurotomy plus recovery group shows a reversed distribution 
(i.e., negative distribution with respect to the control and sham group) 
(p = 0.001 for both post hoc comparisons), which increases with increasing 
muscle length (i.e., becomes more negative) within 28–30 mm (p = 0.015). In 
the aponeurotomy plus recovery group, the distribution is reversed compared 
to the control and sham group; however, total distribution is similar. Reversed 
distribution is noted with “*” and within effects (i.e., different distribution as 
function of muscle length) in the aponeurotomy plus recovery are noted with 
“#.” Two-way mixed ANOVA (with repeated measurements for muscle length) 
was used to check if the l sa  (of proximal and distal muscle fibers, A and B) 
were different between groups. Control n = 10, sham n = 6, AT & recovery 
n = 6.
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have in situ length-force characteristics similar to controls. 
Furthermore, fibers located distally from the aponeurosis gap 
showed reduced fiber mean sarcomere lengths. For fibers located 
proximally from the aponeurosis gap, no significant effect on 
mean sarcomere length could be  shown. For fibers located 
proximally, as well as distally from the aponeurotomy gap, the 
number of sarcomeres in series was not different from that of 
the control GM (see Figures 8A-C for schematic summary). 
Within, the control group, distal fibers had higher mean sarcomere 
lengths. In contrast, after recovery from aponeurotomy, proximal 
fibers contained the highest mean sarcomere lengths, indicating 
a reversal of the proximodistal difference of this distribution.

Aponeurotomy Acutely Alters Muscle 
Geometry and Related Functional 
Characteristics
For adaptation aspects of recovery from aponeurotomy, we need 
to consider the acute effects imposed on the muscle due to 
the aponeurotomy, as they form the initial condition from 
which the initial adaptations in recovery occur.

Effects of acute intramuscular tearing due to proximal 
aponeurotomy were described by Jaspers et al. (1999). Muscle fibers 

attaching distally from the created aponeurosis gap lose their 
myotendinous connections to the muscle’s origin. Fibers of the 
acutely aponeurotomized GM located proximally from that gap 
had similar mean sarcomere lengths as those from intact GM 
for increasing muscle length. However, acutely after aponeurotomy, 
lengths of fibers located distally from the aponeurosis gap showed 
only minimally increasing mean sarcomere lengths with increasing 
muscle lengths. The unchanged proximal fibers mean sarcomere 
length combined with the minimal increase of the distally located 
fibers resulted in temporarily reduced muscle force and small 
increments of slack and optimum lengths (Jaspers et  al., 1999).

In finite element modeling (FEM) of acute effects of 
aponeurotomy, serial sarcomeres from fibers that lost their 
myotendinous connection with the origin of the muscle were 
shown to attain extreme low length. This latter was mostly 
the case in the most distal part of the most distal muscle 
fibers (i.e., part of the fiber, which is close to the Achilles 
tendon; Yucesoy et  al., 2007, 2013). The FEM results also 
indicate that the local fiber direction strain, within fibers located 
distally from the aponeurotomy gap, was lower than that in 
proximal fibers. Most sarcomeres within the modeled distal 
fiber population shortened to their active slack length. However, 
even the most distal sarcomeres within the distal muscle fibers 
could still contribute to muscle force. This was possible as 
their force was transmitted via myofascial connections to fibers 
with intact myotendinous connections at both ends 
(within the proximal population). This model indicates that 
serial sarcomeres length distribution (within muscle fibers) was 
increased by the intervention, which should lead to an increase 
in length range of active force exertion. Note that the FEM 
studies referred to show some noticeable differences with our 
present data (i.e., acute effects are modeled vs. our recovery 
effects, as well as extra muscular myofascial connections present 
in the model vs. their absence in our situ muscles). Therefore, 
some different results (e.g., a shift of active muscle force to 
higher muscle length in combination with lower force) are 
likely to be  explained. However, the model provides a valuable 
help for understanding how parallel and serial distribution of 
sarcomere length affects the muscle and its morphological and 
physiological characteristics acutely after aponeurotomy.

Effects of Recovery
During subsequent recovery, new collagenous (scar) tissue fills 
the gap in the aponeurosis and within the muscle 
(Jaspers et  al., 1999, 2002). As a consequence of such effects 
on the aponeurosis, fibers located distally from the previous 
gap in the aponeurosis operate at lower lengths due to (1) a 
longer aponeurosis, and (2) the new collagenous material filling 
up the gap of the aponeurosis is more compliant than that 
of the unaffected part of the aponeurosis (Jaspers et  al., 2005).

In contrast to the acute effects of aponeurotomy 
(Jaspers et  al., 1999, 2002), our present results show that after 
a period of recovery from aponeurotomy, muscle length-force 
characteristics were similar to those of control muscles. It is obvious 
that this result may need clinical attention. In fibers distally 
from the aponeurotomy gap, because of enhanced compliance 
of the aponeurosis, the distal fiber mean sarcomere length decreased.

FIGURE 7 | The combined effects of aponeurotomy plus recovery from 
aponeurotomy on the muscle active and passive length-force characteristics. 
Normalized active and passive muscle forces (Fma and Fmp, respectively) as a 
function of muscle length (lm) are plotted in continuous lines. Extrapolated 
forces, ranging from the lowest measured muscle lengths to the estimated 
muscle active slack length, are plotted as dashed lines. After aponeurotomy 
plus recovery, active muscle force and length-force characteristics were 
similar to those of control GM. The passive length-force curve of the 
aponeurotomy plus recovery group was also similar to that of the control 
group. This indicates that after 6 weeks of recovery, the intervention had no 
effect on the muscle length range of active or passive force exertion, neither 
had the aponeurotomy plus recovery an effect on the force generating 
capacity. Two-way mixed ANOVA (with repeated measurements for muscle 
length) was used to check if (normalized) muscle force was similar between 
groups. Additionally, a one-way ANOVA was used to check for differences 
between the optimum muscle force, optimum muscle length, and slack 
length. All values are presented as mean and either plus or minus SEM; 
control n = 10, sham n = 6, AT & recovery n = 6.
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In principle, the presence of the parallel distribution of 
fiber mean sarcomere lengths increases the muscle length range 
of active force exertion; however, this happens at the expense 
of a lower optimum force (e.g., Willems and Huijing, 1994).

However, effects of such changes were not present in GM 
muscle length-force characteristics after recovery from 
aponeurotomy (present results). The explanation is likely to 
be  a reversed proximodistal difference of mean sarcomere 
lengths. Our present results show that at low muscle lengths, 
distal muscle fiber mean sarcomere length distribution was 
absent or low. However, a secondary distribution of mean fiber 
sarcomere length develops at higher muscle lengths. Apparently 
the changes in mean sarcomere lengths are of similar size but 
opposite in nature. Because of this, changes of active slack 
and optimum length were very small or absent, causing the 
muscle length range of active force exertion to be  similar to 
that of the intact GM.

Adaptation of the Muscle to the New 
Conditions After Aponeurotomy
The rules of adaptation of the serial number of sarcomeres 
according to Herring et  al. (1984) seem to be  widely accepted. 

This rule yields the view that adaptation is such that muscle 
optimum length is adapted for it to occur at the length at 
which the muscle operates most frequently or joint angle at 
which the muscle is most frequently active (or experimentally 
has been immobilized). For muscles with a low degree of 
pennation, it has been accepted generally (Tabary et  al., 1972; 
Williams and Goldspink, 1973; Herring et  al., 1984; Heslinga 
et  al., 1995; Koh and Herzog, 1998) that adaptation of the 
serial number of sarcomeres causes that effect. Because most 
sarcomeres of the distal fiber population are kept at low lengths 
after aponeurotomy and even after recovery (present results), 
one would expect the number of sarcomeres in series of such 
distal fibers to decrease. However, our present results show 
this not to be  the case.

In contrast, in highly pennate muscles, changes of optimum 
muscle length are achieved also by the effects of hypertrophy 
or atrophy (i.e., changes in the physiological cross-sectional 
area; Swatland, 1980; Heslinga et  al., 1992, 1995; Heslinga and 
Huijing, 1993; Weide et  al., 2015). However, after recovery 
from aponeurotomy there are no indications that this effect 
of altered physiological cross-sectional area plays a role, as 
optimal force cannot be  distinguished between the groups.

A

B

C

FIGURE 8 | Schematic figure illustrating the effects of aponeurotomy acutely and in long term, as was expected, and as was found in current study. (A)  Pre-
aponeurotomy: Distally located muscle fibers have higher number of serial sarcomeres than proximally located fibers. (B) Acute: Acutely after the aponeurotomy, 
distal muscle fibers mean sarcomere length decreased, while the length of proximal fibers was unchanged (Jaspers et al., 1999). (C)  AT & Recovery: Adaptation 
after aponeurotomy and recovery was not as expected from the general rules of adaptation. In distally located muscle fibers, numbers of sarcomeres in series were 
similar to that of fibers from the control group. However, distal muscle fibers mean sarcomere length remained low.
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Two plausible explanations for the lack of changes in serial 
sarcomere number within muscle fibers after recovery from 
aponeurotomy are described below:

(1) In ex vivo culture of single muscle fibers, overall (positive 
or negative) strains did not induce changes in the serial of 
sarcomere number of Xenopus (Jaspers et al., 2004). The discrepancy 
between these ex vivo results and in vivo as well as in situ 
results may be  explained by the serial sarcomere length 
heterogeneity within muscle fibers (Pappas et  al., 2002; Ahn 
et al., 2003). Interaction of muscle fibers with neighboring fibers 
are most likely to be  responsible for the unequal force exertion 
on the proximal and distal tendon (Huijing and Baan, 2001; 
Maas et  al., 2001; for a review of results see Huijing, 2009) 
and heterogeneity of sarcomere strain within the single muscle 
fiber (Yucesoy et  al., 2003). In ex vivo conditions, the target 
single muscle fiber can only interact with (the remainder of) 
its endomysium. Therefore, applied strain on single muscle fibers 
is more likely to cause global values for end-to-end fiber strains.

In contrast, by applying strain on a whole muscle, local 
fiber strains at one end of a muscle fiber may be  low, whereas 
at the other end, or even at other parts of the same fiber, it 
may be  high. This may create signals causing local protein 
degradation at one end and synthesis at the other end of the 
same muscle fiber, with possibly no net change of serial 
sarcomere number of that whole muscle fiber. The presence 
of shear forces (i.e., parallel forces but of opposite direction 
applied onto muscle fibers) is likely to play an important role: 
such forces applied onto the most distal parts of fibers located 
distally from the aponeurotomy gap prevent these fibers from 
fully shortening to their active slack length. Such features are 
also apparent from the fact that such distal parts of distally 
located fibers are subject to lengthening with increasing muscle 
length. Moreover, fluid shear stress applied to myotubes in 
vitro has been shown to enhance the production of nitric 
oxide (NO; Juffer et al., 2014). NO is involved in the activation 
of signaling pathways for muscle hypertrophy (Ito et al., 2013), 
as well as for adaptation of the number of sarcomere in series 
(Koh and Herzog, 1998). These results lead to the hypothesis 
that after aponeurotomy enhanced shear loading of the 
extracellular endomysium in the distal part could have induced 
a signal for protein synthesis, which may have counterbalanced 
signals for protein degradation.

(2) In vivo, because of intact extramuscular connections 
with surrounding structures, fibers located distally from the 
aponeurotomy gap are prevented from shortening as much as 
occurs in situ. This indicates that muscle force, muscle geometry, 
and other functional characteristics are dependent on 
extramuscular or intermuscular myofascial connections and 
that dissection of surrounding structures will remove the changes 
caused by interaction with a higher level of organization.

The lack of adaptation after aponeurotomy and recovery, 
as seen in this study, may be  explained by either effect or a 
combination of effects described above.

Limitations of This Study
This study has some obvious limitations that should be  taken 
into account interpreting the results. Rats used in this current 

study did not suffer from spasticity. Therefore, the current 
results reflect adaptive processes in unaffected muscle, whereas 
children with spastic paresis are known to develop differently 
from typically developing children (e.g., review of Gough 
and Shortland, 2012). Consequently, extrapolation of our 
present results to this human condition should be  handled 
with care.

After in situ measurements, muscles and some of its fibers 
were isolated in order to allow counting of sarcomeres in 
series. However, we  lack estimates of muscle volume and 
physiological cross-sectional area. Tibia length was not measured 
either, so that effects of bone growth could not be  taken into 
account, and normalization of lengths for this variable could 
not be  performed. As a consequence, we  only present the 
length-force curves normalized for optimum muscle force of 
GM muscles of the control group.

Clinical Applications
Knee and ankle flexors, considered overly short, are often 
treated using aponeurotomy during multilevel surgery in children 
or adolescents with cerebral palsy. Moreover, this procedure 
is also used in adults with such problems, clinically referred 
to as muscle contracture (e.g., in plantar fasciitis, Achilles 
tendinopathy, metatarsalgia, and forefoot ulceration). The muscle-
tendon complex is lengthened in several different procedures 
by extramuscular aponeurotic lengthening (Vulpius and Stoffel, 
1924; Strayer, 1950, 1958; Baker, 1954) or intramuscular variant 
of it (Baumann and Koch, 1989). The surgical principle of 
aponeurotomy has also been applied to other muscles and 
used in modified techniques (intramuscular lengthening, 
fibrotomia). As effects of extramuscular and intramuscular 
aponeurotomy are quite different, the results of the present 
study should only be  used as an idea-generating feature for 
the latter.

Results of animal studies (Brunner et al., 2000; Jaspers et al., 2005) 
regarding intramuscular aponeurotomy have shown that the created 
gap in the aponeurosis is filled with new compliant connective 
tissue, and the gap in the muscle is filled by new muscle fibers. 
In vivo, the effects of such adaptation on muscle geometry and 
functional characteristics are unknown. Moreover, apart from 
possible performance of multiple aponeurotomies, in vivo the 
intervention and dissection of surrounding connective tissue is 
minimized compared to rodent studies. The possible effects on 
muscle geometry and related functional characteristics of these 
differences are also unknown.

Acute effects of aponeurotomy (Jaspers et  al., 1999) and 
present results after longer-term periods of recovery show that 
for distally located muscle fibers, the fiber mean sarcomere 
length is and remains reduced. It is reasonable to hypothesize 
that these distal fibers and their spindles attain similar levels 
of stretch than before the aponeurotomy, but at a higher muscle 
length (e.g., Hagbarth et  al., 1975; Wilson et  al., 1997). It has 
been hypothesized that reducing stretch on muscle spindles 
at low muscle length may reduce the velocity-dependent 
overactive stretch reflex and allow the spastic muscle to attain 
a greater muscle length range (Gracies, 2005). On the other 
hand, effects of increased sarcomere length in proximal muscle 
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fibers may diminish or negate such effects. It is conceivable 
that these features may play a role in the relatively high 
incidence of recurrent contracture after surgical interventions.

Taking into account the limitations of the present study 
described above, one feature requires most clinical attention: 
in contrast to the acute effects of aponeurotomy (Jaspers et  al., 
1999), our present results show that after a period of recovery 
from aponeurotomy, the GM has similar muscle length-force 
characteristics to those of control muscles. This indicates that 
the surgical aim of the intervention, namely, increasing the 
length range of active force exertion of the target muscle, may 
not be  accomplished at the longer term.

CONCLUSION

This study shows that after recovery from aponeurotomy, fibers 
that were kept at low fiber mean sarcomere lengths did not 
adapt their serial sarcomere number. A reversed proximodistal 
difference of fiber mean sarcomere length was found after 
recovery due to altered mechanical conditions originating from 
altered aponeurosis properties. It should be  noted that the 
altered mechanical conditions affect not only the distal fiber 
population, but also the proximal fiber population within GM. 
It is hypothesized that because of the effects of this reversal, 
the net effect of the intervention on the muscle length range 
of active force exertion is zero. It seems that the rules of 
adaptation as far as we  know them are not applicable to the 
conditions imposed in this study and may be in need of review. 
Further research is necessary in order to understand how the 
intervention can be  optimized, with the purpose of reducing 
the number of recurrent cases in children with spasticity.
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In this study we examined how the strain energies within a muscle are related to
changes in longitudinal force when the muscle is exposed to an external transverse
load. We implemented a three-dimensional (3D) finite element model of contracting
muscle using the principle of minimum total energy and allowing the redistribution
of energy through different strain energy-densities. This allowed us to determine the
importance of the strain energy-densities to the transverse forces developed by the
muscle. We ran a series of in silica experiments on muscle blocks varying in initial
pennation angle, muscle length, and external transverse load. As muscle contracts
it maintains a near constant volume. As such, any changes in muscle length are
balanced by deformations in the transverse directions such as muscle thickness or
muscle width. Muscle develops transverse forces as it expands. In many situations
external forces act to counteract these transverse forces and the muscle responds to
external transverse loads while both passive and active. The muscle blocks used in our
simulations decreased in thickness and pennation angle when passively compressed
and pushed back on the load when they were activated. Activation of the compressed
muscle blocks led either to an increase or decrease in muscle thickness depending
on whether the initial pennation angle was less than or greater than 15◦, respectively.
Furthermore, the strain energy increased and redistributed across the different strain-
energy potentials during contraction. The volumetric strain energy-density varied with
muscle length and pennation angle and was reduced with greater transverse load for
most initial muscle lengths and pennation angles. External transverse load reduced the
longitudinal muscle force for initial pennation angles of β0 = 0◦. Whereas for pennate
muscle (β0 > 0◦) longitudinal force changed (increase or decrease) depending on the
muscle length, pennation angle and the direction of the external load relative to the
muscle fibres. For muscle blocks with initial pennation angles β0 ≤ 20◦ the reduction in
longitudinal muscle force coincided with a reduction in volumetric strain energy-density.

Keywords: muscle, energy, finite element model, compression, transverse, tissue, deformation, 3D

INTRODUCTION

Muscles can change in length and develop longitudinal force when they contract, and these result
in external work done by the muscle. Muscles additionally expand and develop forces in transverse
directions, resulting from internal work done within the muscle. However, the transverse action
of muscle is rarely studied. In this paper we show how longitudinal and transverse forces and
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deformations of the muscle are coupled via the internal energy of
the muscle, and in particular through the redistribution of energy
across different forms of strain-energy potentials.

Shape changes and muscle forces occur in all three dimensions
when muscles contract. As a muscle shortens, it must increase
in girth or cross-sectional area in order to maintain its volume
(Zuurbier and Huijing, 1993; Böl et al., 2013; Randhawa and
Wakeling, 2015). Transverse expansions of contracting muscle
have been reported in both animal (Brainerd and Azizi, 2005;
Azizi et al., 2008) and human studies (Maganaris et al., 1998;
Randhawa et al., 2013; Dick and Wakeling, 2017), and transverse
forces generated internally in the muscle can “lift” weights
during contraction (Siebert et al., 2014). Conversely, transverse
loads that compress the muscle in its cross-section should be
transferred to forces and changes in length in the longitudinal
direction of the muscle.

The force that a muscle develops in its longitudinal direction
is affected by the pressure and external loads applied in the
transverse direction. Various researchers have used models of
fibre-wound helical tubes (mimicking the endomysium and
perimysium of the extracellular matrix) to explain the transfer of
transverse to longitudinal forces and deformations in the muscle
(Azizi et al., 2017; Sleboda and Roberts, 2017, 2019). Loading the
extracellular matrix and changing its collagen fibre orientation,
by increasing the volume of the semimembranosus muscle of
the bullfrog using osmotic pressure, coincides with increases in
the passive force in the longitudinal direction of the muscle
(Sleboda and Roberts, 2017, 2019). Limiting transverse expansion
of muscle by more circumferentially oriented fibres in the helix
reduces the extent to which muscle can shorten, and placing a
stiff tube around contracting frog plantaris muscle reduces both
how much the muscle shortens and work done in the longitudinal
direction (Azizi et al., 2017).

Transverse external loads act to compress passive muscle as
they do mechanical work on the tissue. Compression of passive
muscle has been described for isolated medial gastrocnemius in
rats (Siebert et al., 2014, 2016) and for gluteus maximus (Linder-
Ganz et al., 2007) and medial gastrocnemius (Ryan et al., 2019;
Stutzig et al., 2019) muscles in humans. Bulging muscles oppose
the transverse load when they activate and work is generated
from forces that develop in the transverse direction. The work
generated from these transverse forces can be thought of as
“lifting work,” if it is working against gravity (see the “Materials
and Methods” for the formal definition). The muscle volume-
specific energy involved in this “lifting work” from the medial
gastrocnemius has been approximately 1.1−1.2 × 103 J m−3

(Siebert et al., 2014) in the rat, and 1.1 × 103 J m−3 in humans
(Stutzig et al., 2019): it should be noted that in these experiments
the plungers that applied the transverse load covered only about
20% of the surface area of the muscle, and that this “lifting
work” is about 2 orders of magnitude less than the work that
could be done by the longitudinal muscle force (Weis-Fogh and
Alexander, 1977). The force in the longitudinal direction during
muscle contraction is reduced when the muscle does work to
resist the transverse loads (Siebert et al., 2014, 2018; Ryan et al.,
2019; Stutzig et al., 2019), and the extent of this force reduction
depended on the magnitude of the transverse force rather than

the pressure that was applied externally to the muscle (Siebert
et al., 2016). Siebert et al. (2012) explained transverse muscle
forces and bulging from previous data using a hydraulically
driven model that transfers load between the transverse to
longitudinal directions. They used an ellipsoidal geometry with
constraints that governed anisotropy in the deformations: their
model indicated that anisotropy in the connective tissue was
important for the transfer of loads between the transverse and
longitudinal directions.

Muscles are additionally packaged together in anatomical
compartments, and they squeeze on each other as they bulge
during contraction. This caused a decrease in the force from the
combined quadriceps in the rabbit when compared to the sum
of the individual muscle forces if they were stimulated separately
(de Brito Fontana et al., 2018, 2020), although the reasons for
this were not clear. Not all muscles increase in thickness during
fixed-end contractions, and thus we should not expect that
every muscle will squeeze into neighbouring muscles when they
activate. Muscles with lower pennation angles (<15◦) tend to
bulge, whereas more pennate muscle may thin as they activate
(Randhawa et al., 2013; Wakeling et al., 2020).

The changes in a muscle’s longitudinal force with external
loads are length-dependent. For example, the force in bullfrog
semimembranosus was decreased at short lengths and increased
at long lengths, when compared to the resting length, when a
pressure cuff was applied around the muscle to apply transverse
force (Sleboda and Roberts, 2019). Sleboda and Roberts (2019)
explained these findings using a helically wound model in which
the muscle acts to return to a length at which the angle of the
helical fibres returns to their ideal pitch of 55◦ (Wainwright
et al., 1976), and this pitch was assumed to occur at the muscle’s
resting length. In contrast, greater reductions in muscle force
have been detected in human plantarflexor muscles when they
are compressed while at longer lengths (knee extended; Siebert
et al., 2018) than at a shorter length (knee flexed: Ryan and
Siebert observations).

When muscles contract, they increase in their pennation
angle both for shortening (Kawakami et al., 1998; Héroux et al.,
2016) and for fixed-end contractions (Wakeling et al., 2020).
Internal deformations additionally occur within muscle when
it is compressed: external transverse loads cause a reduction in
the mean fibre pennation angle (Wakeling et al., 2013), and a
reduction to the extent the pennation angle increases when the
muscle contracts (Ryan et al., 2019). Strain-energy is the energy
stored by a system undergoing deformation. We previously
showed that the redistribution of strain-energy potentials within
contracting muscle (Wakeling et al., 2020) changes with the
pennation angle, and it is likely that work done on and by the
muscle generated by forces in the transverse direction would also
affect the strain-energy potentials within the muscle (Wakeling
et al., 2020). Thus, we would expect that the external transverse
loads affect the strain-energy potentials within the muscle, that
in turn could explain the changes in force in the longitudinal
direction. The redistribution between the forms of energy also
depends on the muscle length (Wakeling et al., 2020), and may
drive an interaction between the muscle length and the force
reduction that occurs with external load. However, the relation
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between the strain energy potentials and a possible compression-
related reduction in longitudinal force has not previously been
examined. It is also likely that the strain-energy potentials and
the transfer of external loads on the muscles will depend on the
direction of the external load relative to the fibre pennation (for
example, is the muscle compressed from its top or from its side
within the transverse plane).

These recent studies have shown that muscle force changes
when external transverse loads are applied to the muscle, and
that this effect is length dependent. Theories have proposed how
transverse forces are transferred to longitudinal forces through
the properties of the connective tissue in the muscle (Smith
et al., 2011; Sleboda and Roberts, 2019). However, these studies
have not explained how the deformation of muscle tissues due
to external transverse loads is affected by the internal geometry
or by the direction of the applied load relative to the muscle
fibres. Our previous description of muscle (Wakeling et al., 2020),
that quantifies how strain-energy potentials in the contractile
elements are redistributed throughout the muscle volume and
the contractile force is redirected across all three dimensions of
the muscle tissue, provides a framework that is well suited to
understand these mechanics of muscle compression. The purpose
of this study was to identify whether the altered muscle forces
that occur with compression can be explained in terms of the
strain-energy potentials within the muscle, and in particular to
account for the role of muscle length, pennation angle and the
direction of the external load on the changes to muscle force.
Here we consider purely the mechanics of muscle tissue that can
be thought of as a block of muscle abstracted from a muscle belly,
and that is free from influences of aponeurosis or tendon.

MATERIALS AND METHODS

In this paper we present simulations to compare the changes in
the internal energy and internal pressure of muscle tissue during
an external compression. We modelled the muscle as a 3D and
nearly incompressible fibre-reinforced composite biomaterial.
The presence of 1D fibres through the base-material, representing
contractile elements, results in an overall anisotropic response
of the muscle tissue. The formulation of our model used in all
simulations is based on the balance of strain-energy potentials as
presented in Wakeling et al., 2020, and was solved using the finite
element method (FEM). The main change is that here we study
the influence of external loading on muscle force output.

The internal pressure is related to the dilation in the tissue and
the volumetric strain energy-density ψvol in the muscle:

ψvol
(
u, p, J

)
=

κ

4
(
J2
− 2 log (J)− 1

)
+ p(J − I3 (F)), (1)

and can be calculated from the first variation in the volumetric
strain energy-density with respect to J:

p−
κ

2

(
J −

1
J

)
= 0,

where u is the displacement vector, p the internal pressure, J the
dilation, κ the bulk modulus of the tissue, and I3 (F) the third

invariant of the deformation tensor F (Wakeling et al., 2020).
Note that we use strain-energy potentials to compare between
blocks for the most of the discussion because the muscle blocks in
this study all had the same initial volume. Muscle can show small
changes in volume when it contracts (Neering et al., 1991; Smith
et al., 2011; Bolsterlee et al., 2017), and so we have modelled the
muscle as a nearly incompressible tissue (Wakeling et al., 2020).

Muscle Geometries and Simulations
We constructed a series of blocks of parallel-fibred and
unipennate muscle with cuboid geometries (30 × 10 × 10 mm)
and no aponeurosis (Figure 1). The origin of the coordinate
system was centred within the blocks for their initial
configuration V0. The muscle blocks had faces in the positive
and negative x, y, and z sides. We defined the length of the
blocks as the distance between the positive and negative
x-faces in the x-direction, the width as the distance between
the positive and negative y-faces in the y-direction, and the
thickness as the distance between the positive and negative
z-faces in the z-direction. The muscle fibres were parallel to
each other and the xz plane in V0, but oriented at an initial
pennation angle β0 (0–40◦) away from the x-direction. Note
that during the muscle deformation the fibres may re-orientate
to have a component in the y-direction. During each step of
the simulations, the current pennation angle is given by the
angle of the fibres relative to the longitudinal x-axis. We set
the initial length of the fibres to their optimal length (λiso = 1),
and the normalised muscle length l̂x to 1 for the undeformed
blocks in their initial configuration V0. The fibre-reinforced
composite material represents fibres with active- and passive-
properties (emulating the myofilaments in the muscle) and
base material (that represents additional intra- and extracellular
properties). We formulated the active and passive fibre curves
as trigonometric polynomial and second-order piecewise
polynomial fits of experimental data (Winters et al., 2011). For
the base material we used a Yeoh model (Yeoh, 1993) fit to
experimental data (Mohammadkhah et al., 2016). Further details
are given in our previous study (Wakeling et al., 2020). We
continued to use a scaling factor sbase of 1.5 for the base-material
stiffness to ensure the convergence of the algorithm for muscle
geometries with the lowest pennation at maximum activation
(Wakeling et al., 2020). Fixing a face in a certain direction
means that the displacement u on that face was fixed in the
direction we mention.

In silico simulations were conducted in a series of stages as
shown in Figure 2. The different steps in our compression tests
can be listed as follows:

(A) We initially fixed the−x face in all directions. For the “top”
load we fixed the−z face in the z axis only and for the “side”
load we fixed the +y face in the y-axis only. We applied
a traction to the +x face to either stretch or shorten the
passive muscle. This traction was applied in the direction
normal to the +x face in the initial configuration V0.
This stage allowed the muscle blocks to be set to different
lengths. Previous experimental work studied transverse
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FIGURE 1 | Muscle blocks used for the simulations. Muscle blocks are shown from their side view, and illustrate the different length of the blocks (the resting length
of 1 is shown with the dashed line), and different fibre orientations (shown by the direction of the red line in the centre of each block).

loading effects on muscle force at different muscle lengths,
therefore this step in the experiments was added.

(B) Next, we changed the constraints on the −x face to fix
it only in the x-direction, and we compressed the passive
muscle by applying a transverse load (traction) of 0, 5,
15 or 30 kPa, consistent with previous experimental loads
(Ryan et al., 2019; Stutzig et al., 2019). For the “top” load
this traction was on the +z face and the −z face was fixed
in all directions. For the “side” load this traction was on
the −y face and the +y face was fixed in all directions.
This stage is equivalent to placing an external load on the
muscle, as would be the case in a physical experiment.
This step was taken to determine the effects of passive
muscle compression, as well as to compress the muscle
before activation.

(C) Finally, we fixed both x-faces in all directions while
maintaining the y and z-constraints and the transverse
traction to compress the muscle as for step B. During this
stage we ramped the activation â from 0 to 100% over
a series of 10 time-steps. This stage is the main part of
the study, where we could track the muscle forces that
develop while the muscle is activated in its compressed
state: the procedure to calculate the muscle forces has
been documented in Wakeling et al. (2020). The results
from the study were extracted from the simulations during
this stage.

Mechanical and Lifting Work
The work done by the muscle tissues during deformation is given
in terms of the force developed by the muscle, denoted by F, and
the displacement u. The total work is then defined as

Wint =

∫
V

F · u dV,

where V is the current configuration of the muscle tissue, and
the dot between the vectors denote the dot product. The external
work done by the prescribed transverse loads on parts of the
surface of the muscle geometries, which we denote by S, are
computed as

Wext =

∫
S

p0n̂ · u dS,

where p0 n̂ is the transverse force and n̂ is the normal unit vector
on the surface S. During contraction of the muscle fibres the
internal force may be greater than the force on the system from
transverse external loads on the surface S. In such cases, one can
see that the muscle surface pushes back as the transverse external
load can no longer compress the tissues. The non-zero force that
pushes back on the surface of the muscle, denoted by Flift, defines
a non-zero work which is done by the tissues. We refer to this
work as the “lifting work” of the muscle following Siebert et al.
(2014). The “lifting work” is a form of mechanical work and is
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FIGURE 2 | Boundary conditions for the three stages of the model. (A) Initially the −x face of the muscle block was fixed in all directions (red); for the “top” load the
−z face was fixed in the z axis (yellow) and for the “side” load the +y face was fixed in the y axis (yellow); the +x face had traction applied (blue) to shorten or
lengthen the muscle. (B) For compression of the muscle the −x face was fixed in the x axis (orange); for the “top” load the −z face was fixed in all directions (red),
and a transverse load (traction) was applied to the “top” +z face (blue); for the “side” load the +y face was fixed in all directions (red), and a transverse load (traction)
was applied to the “side” −y face (blue). (C) During activation the x faces were fixed in all directions (red), and the y and z-faces were constrained as for stage (B).
(D) Block geometries for a typical simulation. Scale bars show the height of the initial configuration, and coloration shows the deformation in the z-direction.

defined as
Wlift =

∫
S

Flift · u dS. (2)

Post-processing and Data Analysis
The FEM model calculates tissue deformations across a set of
128,000 quadrature points within each muscle block. We defined
an orientation for the fibres at each quadrature point. The
pennation angle β0 in the undeformed and current β states were
calculated as the angle between the fibre orientations and the
x-axis: this is an angle in 3D space, similar to the 3D pennation
angles defined by Rana et al. (2013). We calculated forces F as the
magnitude of force perpendicular to a face on the muscle. The
muscle force in the longitudinal direction is denoted by F̂x.

The internal pressure is calculated at each of the 128,000
quadrature points in the current state of the geometry through
the use of Eq. 1. We compute the weighted mean pressure of the
muscle block, where the weights are defined as the volume at each
quadrature point divided by the total volume of the geometry
in its current state. This mean internal pressure is reported in
units of Pascal.

The strain-energies are initially calculated as strain energy-
densities ψ, which are the strain-energy for a given volume of
tissue, in units J m−3. We computed the total strain-energy of the
tissue. The strain-energy potential U is the strain-energy in the
tissue, in units of Joules. We calculated U at each given state by
integrating ψ across the volume of muscle tissue at that state. We
computed volumetric, muscle base-material, muscle active-fibre,
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FIGURE 3 | Compression and internal pressure in passive muscle blocks when transversely loaded. Transverse loads were applied in the −z direction to the +z
face. Compression is shown as a strain between the z-faces relative to their uncompressed state (A). Internal pressure is shown relative to the uncompressed state
(B). Transverse loads are distinguished by color (green: 5 kPa, blue: 15 kPa, red: 30 kPa). For each transverse load, different blocks were compressed with initial
pennation angles β0 from 0 to 40◦. Results are shown for blocks that were compressed at a muscle length relative to optimal length of l̂x = 1.0.

and muscle passive-fibre strain-energy potentials: Uvol, Ubase,
Uact, Upas, respectively (see Appendix I in Wakeling et al., 2020).

RESULTS

When the external transverse load was applied to the passive
muscle blocks on the z-face (“top” loading), the blocks decreased
in their thickness in the z-direction (Figure 3A), and also
in their pennation angle (Figure 4). The extent of this
compression increased with the external load. The increases in
tissue compression with increases in external transverse load
are consistent with experimental measures using compression
bandages (Wakeling et al., 2013) or weighted plungers on the
medial gastrocnemius (Stutzig et al., 2019), and due to sitting on
the gluteus maximus in humans (Linder-Ganz et al., 2007). Note
that the internal pressure in the passive muscle block decreased
with increasing external transverse load (Figure 3B): whilst this
may seem counter-intuitive this internal pressure is only one of
the multiple factors that were balanced through the optimization
of energy in these simulations (with others being the passive
fibre-force, tissue volume and shape).

The internal pressure increased as the muscle activated.
The internal pressure for the maximum activation state of
â = 1 was 31 ± 21 kPa (mean ± S.D., N = 120) across all

geometries and transverse loads, which is within the range
of intramuscular pressures measured for muscle contractions:
13–40 kPa in the frog gastrocnemius (Hill, 1948), 27 kPa for
the human soleus (Aratow et al., 1993) and 30 kPa for the
human tibialis anterior (Ateş et al., 2018). However, the external
transverse load was not directly proportional to the increase in
the internal pressure in the muscle blocks (Figures 3B, 5). Indeed,
the coefficient of determination between external transverse
load and the internal pressure was r2 = 0.062 for all states
(N = 1260), and r2 = 0.046 for the fully active state (N = 120)
in these simulations.

The volumetric strain energy-density varies with both muscle
length and pennation angles (Figure 6) and cannot be predicted
just from the activation state of the muscle (Wakeling et al.,
2020). Across the range of pennation angles, activations, and
muscle lengths used for the compression simulations in this
study the muscle volume changed by 2% on average, and the
coefficient of variation for the volume of the muscle blocks was
0.02. By contrast, the range of the volumetric strain energy-
densities of the muscle blocks was much larger with a coefficient
of variation of 0.97. It is this greater range of volumetric strain
energy-densities that drove the changes in internal pressure of
the muscle (Figure 5). Strain energy-density develops in the
active fibres within the muscle (that represent the contractile
elements) when the activation state increases, and is subsequently
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FIGURE 4 | Muscle thickness and pennation angle during contractions with external loads. The transverse external loads were applied from the “top” z -direction
and are distinguished by color (orange, 0 kPa; green: 5 kPa, blue: 15 kPa, red: 30 kPa). The thickness (A) is the distance between the –z and +z faces of the muscle
blocks, and the pennation (B) is the mean pennation angle of the muscle fibres, with both these parameters being plotted against activation state for contractions
against the transverse external loads. The results are shown for the muscle blocks at an initial length relative to optimal length of l̂x = 1.0.

redistributed across the volumetric, base-material and passive-
fibre strain energy-densities (Wakeling et al., 2020). We have
also found that the volumetric strain energy-density varies with
muscle length and pennation angle, and so too the internal
pressure varies with length and pennation angle. This is a result
of the nearly incompressibility nature of our model. As muscle
tissues are allowed to change volume during contraction, the
dilation J changes, causing the volumetric strain energy-density
to change (see Eq. 1 in “Materials and Methods” section for
the formal definition of this strain energy-density in terms of
the dilation). Changes in both muscle length and pennation
cause changes in the volume and therefore local changes in
the dilation. With the definition of the internal pressure, we
see that it also varies with muscle length and pennation angle.
However, we noted that internal pressure does not possess a
direct relation with the external transverse load: this is illustrated
in Figure 5 where each given transverse load can cause a
range of different internal pressures depending on the length or

pennation angle of the muscle block being compressed. Note
that this highlights important considerations for interpreting
experimental data (Wakeling et al., 2013; Siebert et al., 2016; de
Brito Fontana et al., 2018; Sleboda and Roberts, 2019) where
muscle is compressed using transverse external loads, because the
internal pressure in the muscle may not be directly related to the
extent of the external load.

The compressed muscle blocks changed in thickness when
they were activated (Figure 4A). The least pennate muscle
blocks (β0 ≤ 10◦) increased in thickness (bulged) when they
were activated, and the more pennate blocks (β0 ≥ 20◦)
decreased in thickness. This difference in the direction of
bulging was consistent with previous experimental (Randhawa
and Wakeling, 2013, 2018; Randhawa et al., 2013; Raiteri et al.,
2016; Wakeling et al., 2020) and modeling results (Wakeling
et al., 2020). The parallel fibred block of muscle (β0 = 0◦) bulged
during contraction in a manner also described and discussed in
Wakeling et al. (2020), however there was minimal effect of the
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FIGURE 5 | Internal pressure as a function of volume and strain
energy-density. Points are shown for the maximum activation state for all
muscle lengths and pennation angles. Transverse loads are distinguished by
color (orange: unloaded, green: 5 kPa, blue: 15 kPa, red: 30 kPa).

transverse load on this bulging. By contrast, contracting against
greater transverse loads increased the bulging and the changes
in pennation angle of the pennate muscle blocks (Figure 4B).
During contraction, all the pennate blocks “lifted” the external
load when it was applied from the “top,” or in other words,
they resulted in a greater distance between the z-faces than
for the case with no transverse load. The “lifting work” done
by the muscle against this external load was greatest at higher
pennation angles, and reached 0.7 × 103 J m−3 for β0 = 40◦
when measured in comparison to the unloaded state. This
“lifting work” is of similar magnitude to the values recorded
in experimental studies: 1.1−1.2 × 103 J m−3 (Siebert et al.,
2014) in rats, and 1.1 × 103 J m−3 in humans (Stutzig et al.,
2019), where this work is expressed as a muscle volume-specific
energy density. Changes in the transverse dimensions of the
muscle blocks depended on the extent of the external transverse
load, the direction of that load and the pennation angle. When
loaded from the “top” (z-) direction the contracting blocks were
thinner (z-direction) but wider (y-direction) than the conditions
where the external transverse load was from the “side” (y-
) direction.

The strain-energy increased in the muscle during contraction
(Figure 6). The strain-energy redistributed across different
strain-energy potentials (volumetric, base-material, active-fibre
and passive-fibre) in a complex manner that depended on the
muscle length, activation and pennation angle, similar to our
previous study (Wakeling et al., 2020), and also the magnitude
and the direction of the transverse external load relative to the
muscle fibres. Muscles with greater initial pennation angle β0
developed much larger base-material strain-energy potentials
(Figure 6), due to the greater shortening of the muscle fibres,
in a manner also seen in our previous study (Wakeling et al.,
2020). The volumetric strain-energy potential was larger at longer
muscle lengths l̂x for β0 ≤ 20◦ as also shown in our previous study
(Wakeling et al., 2020), but the relation was more complex at
β0 ≥ 30◦ (Figure 6). The volumetric strain-energy potential was
reduced with greater transverse external loads for most muscle

lengths and pennation angles β0, apart from at β0 of 30–40◦ and
l̂x = 0.9 (Figure 6).

The longitudinal muscle force F̂x varied with muscle length,
pennation angle and the magnitude and direction of the
transverse external load (Figure 7). For comparative purposes,
longitudinal force F̂x is expressed relative to the maximum
uncompressed longitudinal force for that muscle at its resting
length l̂x = 1.0 and pennation angle β0. We also compared here
the results for transverse loading from the “top” (z-) and the
“side” (y-) direction (Figure 2). The longitudinal force F̂x was
reduced with transverse load at all muscle lengths for the β0 = 0◦
block, with greater reductions occurring at higher transverse
loads. For blocks with β0 ≥ 20◦ there was a length-dependency
to the effect of transverse load, with the force F̂x being reduced
at short lengths, and enhanced at long lengths for the “top”
loaded condition. Applying the external load from the “side”
resulted in reductions in longitudinal force F̂x for all muscle
lengths and pennation angles, with these reductions getting more
pronounced as the initial pennation angle increased. Thus, the
results show that a muscle’s longitudinal force changes with
transverse external load in a complex manner that depends on the
length, pennation angle and direction of the transverse load. This
effect being due to the way in which the strain-energy potentials
are redistributed across the muscle during these transversely
loaded contractions (Figure 6).

The contributions of the different strain-energy potentials to
the longitudinal force F̂x are shown in Figure 8. For muscle
with low to moderate initial pennation β0 ≤ 20◦, the largest
reduction in force that occurred with external transverse load
was from a reduced contribution from the volumetric strain-
energy potential. At the highest pennation angles the strain
energy potentials were similar between the “top” loaded and
“side” loaded conditions (Figure 6); however, the contribution
of the volumetric and base material strain-energy potentials to
the longitudinal force was markedly different (Figure 8). The
pronounced difference in the longitudinal force between the
“top” loaded and “side” loaded conditions stemmed from the
large and positive volumetric and base material strain-energy
potentials for the “top” load at the longer lengths, and the
large but negative volumetric and base material strain-energy
potentials for the “side” load at the shorter length.

DISCUSSION

The longitudinal force developed by a muscle depends on a
range of factors. The myofilaments of the contractile elements
within the muscle fibres develop forces from elastic proteins
such as titin when they are stretched, and additionally from
cross-bridges between the actin and myosin filaments that form
when the muscle is active (Rode et al., 2009; Herzog et al.,
2012; Nishikawa et al., 2012). The myofilaments are typically
considered as one-dimensional actuators (Zajac, 1989), with
their forces being directed along the length of the muscle fibre;
however, more recent models have considered radial forces that
develop from both cross-bridges (Williams et al., 2010) and from
titin (Nishikawa et al., 2012). The myofilaments are embedded
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FIGURE 6 | Strain-energy potentials during muscle contraction with transverse external load. The muscle blocks were initially stretched or shortened to a new length
using traction on the +x face, then loaded in a transverse direction and activated to 100%. Strain-energy potentials are distinguished by color: base-material, brown;
volumetric, red; active-fibre, green and passive-fibre, purple.

within the sarcoplasm of the muscle fibres, and the muscle
fibres are part of the muscle belly held connected through the
extensive extracellular matrix. These cellular and extracellular
materials confer volume and shape regulating properties on
the muscle tissue, they have been represented as homogeneous
(Rahemi et al., 2015; Spyrou et al., 2017) or fibre-reinforced
(Sharafi and Blemker, 2010; Gindre et al., 2013; Azizi et al.,
2017; Sleboda and Roberts, 2019) materials and they affect the
3D properties of the muscle tissue deformation. In this study we

include the effect of external transverse loads on the muscle: these
loads apply forces on the cellular and extracellular components
through their volumetric and base material properties, which
in turn transfer the forces to the contractile elements. While
muscle experiments traditionally considered muscles contracting
in isolation, more recently studies have examined the influence
of surrounding tissues (de Brito Fontana et al., 2018, 2020) and
transverse external loads (Siebert et al., 2014, 2018; Ryan et al.,
2019; Sleboda and Roberts, 2019; Stutzig et al., 2019) on the
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FIGURE 7 | Longitudinal muscle force during contraction with transverse load. Transverse loads are distinguished by load direction (top: red and side: blue), and
transverse load (color intensity and dashing). For each transverse load, different blocks were compressed with initial pennation angles β0 from 0 to 40◦. The
longitudinal force F̂x is normalised to the maximum force achieved for the unloaded muscle at normalised length l̂x = 1.0, for each initial pennation β0.

longitudinal muscle forces. Here we show how the mechanics of
these external transverse loads affects the energy distribution and
longitudinal forces developed by the muscle.

In this study we used the FEM to evaluate a 3D model of
skeletal muscle, based on the principles of continuum mechanics,
to probe the relation between external transverse load on the
muscle and the force that it can develop in its longitudinal
direction as well as the work done by the muscle. The FEM model
contained a series of constitutive relations that are based on
phenomenological descriptions of contractile elements and tissue
properties (see details of the model in Wakeling et al., 2020): none
of these relations were specifically derived from or optimised
to the transverse response of muscle contractions, in contrast
to previous models (Siebert et al., 2012, 2014, 2018; Randhawa
and Wakeling, 2015). Nonetheless, the model predicted many of
the general features of the compression response that have been
previously reported, and so these general features emerge from
the physical principles that govern 3D deformations in muscle
tissue. We chose the main direction of the transverse load to be
from the “top” which is an external load acting parallel to the
plane of the muscle fibres and is the direction that was tested
in previous uniaxial loading in both animal (Siebert et al., 2014,
2016) and human experiments (Ryan et al., 2019; Stutzig et al.,
2019). With this compression from the top, our model predicted

that passive muscle tissue would decrease in thickness (Figure 3),
and the fibres would decrease in pennation angle, supporting
experimental results (Ryan et al., 2019). When the compressed
muscle was activated, the model predicted that it would increase
in thickness to “lift” the external load.

The model in this study highlights the dependency of muscle
length and pennation angle on the changes in longitudinal muscle
force with applied transverse loads. We found that muscle blocks
with shorter muscle lengths and low pennation angles showed
a force reduction with transverse load (Figure 7), however,
longer muscles and higher pennation angles resulted in increased
longitudinal force. The length dependency derives from both
the fibre and the base properties of the muscle model. The
fibres are encoded as contractile elements that have length-
dependent force properties for both the active-fibre and passive-
fibre components, and the base properties are governed by both
the volumetric and base-material relations (Rahemi et al., 2014;
Wakeling et al., 2020). The combination of the volumetric and
base-material properties results in a tissue that tends to return
to its initial state (volume and shape) after it has been deformed,
and this is a similar property to the helical-wound representation
of connective tissue modelled by Sleboda and Roberts (2019).
Indeed, our general finding of force increase at longer lengths and
force reduction at shorter lengths, due to applied transverse load,
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FIGURE 8 | Components of force from the strain-energy potentials during muscle contraction with transverse external load. Longitudinal force for the muscle blocks,
measured on the x face. The muscle blocks were initially stretched or shortened to a new length using traction on the +x face, then loaded in a transverse direction
and activated to 100%. The force F̂x is normalised to the maximum force achieved for the unloaded muscle at length l̂x = 1.0, for each initial pennation β0.
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matches these previous findings (Sleboda and Roberts, 2019),
although our models shows that an isotropic base-material is
sufficient to explain these properties. It should be noted that
the initial undeformed state that these models return to is a
discretionary choice between studies, and so it should not be
expected that the exact same length-dependency of the force
reduction due to external transverse load would occur across the
different models. Indeed, this is the case where the helical model
predicts force increase at longer lengths (Sleboda and Roberts,
2019), whereas our model predicts these increases at the largest
pennation angles (Figure 7).

The simulations presented in this paper show that the
pennation angle of the muscle had a pronounced effect on the
muscle response to compression in terms of tissue deformation
(Figure 4), strain-energy potentials (Figure 6), and the changes
in muscle force (Figure 7). When pennate muscle contracts,
the fibres rotate to greater pennation angles as they shorten
(Fukunaga et al., 1997; Maganaris et al., 1998). Muscle fibres
act to draw the aponeuroses together (or for these simulations,
the z-faces) as they shorten, which tends to decrease the muscle
thickness. However, the fibres increase in girth during shortening
in order to maintain their volume (Rahemi et al., 2014, 2015). The
increase in girth may be in either the width or thickness direction,
and indeed the relative deformations may vary between muscles
(Randhawa and Wakeling, 2015, 2018) due to stress asymmetries
through the muscle (Wakeling et al., 2020). However, a general
effect is for the muscle to increase in pennation angle to allow
their fibres to fit within the enclosed volume of the muscle
tissue (Zuurbier and Huijing, 1993; Fukunaga et al., 1997). This
increase in pennation angle tends to increase the muscle thickness
(Randhawa and Wakeling, 2018), which in turn resists muscle
compression acting from the “top” direction and contributes
to the “lifting work” of the muscle. We additionally show how
the strain-energy potentials redistribute within the muscle in a
pennation-dependent manner (Figure 6; Wakeling et al., 2020).
Thus, the response to the compression and the work done by
the muscle will also be pennation dependent, due to the altered
balance of strain-energy potentials within the muscle. We show
here that the changes in longitudinal force that occur with
transverse loading of the muscle seem particularly dependent
on the volumetric and base-material strain-energy potentials
(Figure 8), that in turn vary with pennation angle and the
direction of the external load relative to the fibres (“side” or “top”:
Figure 6).

Strain-energy potentials develop during contraction and are
distributed through the muscle (Wakeling et al., 2020). When
the muscle contracts it increases in its free energy, with this
energy being derived from the hydrolysis of ATP to ADP within
the muscle fibres (Woledge et al., 1985; Aidley, 1998). The
active-fibre strain-energy potentials are redistributed to passive-
fibre strain-energy potentials and then to the base material
strain-energy potential that develops in the bulk muscle tissue
within the muscle fibres (excluding the myofilament fraction),
connective tissue surrounding the muscle fibres such as the
extracellular matrix, and in sheets of connective tissue that
form the aponeuroses and internal and external tendons. Energy
is also used to change the muscle volume. Whilst muscle is

often assumed to be incompressible, small changes in volume
can occur in fibres (Neering et al., 1991), bundles of fibres
called fascicles (Smith et al., 2011), and in whole muscle
(Bolsterlee et al., 2017). The volumetric strain-energy potential,
which accounts for an energetic penalty to any changes in
volume that occur, builds up as the muscle is activated and
shows slight increases in volume (Wakeling et al., 2020). The
transverse external loads in this study act to compress the
volume of the muscle (Figure 3A). These changes in volume
relate to changes to the volumetric strain-energy potential as the
muscle is compressed. The volumetric strain-energy potential
associates with the contractile force Fx in the longitudinal
direction (for a description of the relation between strain-energy
potentials and force, see Wakeling et al., 2020) for all except
the highest pennation angles and shortest muscle lengths. Thus,
the compression-induced reductions in volumetric strain-energy
potential result in the reductions to force in the longitudinal
direction during the muscle contractions (Figure 8).

The volumetric strain-energy potential is arguably the least-
well characterised component of the internal energy in the muscle
in our simulations. The extent of the change in volume and
the volumetric strain-energy potential is related to the choice
of the bulk modulus κ of the tissue. A constitutive equation
to calculate the volumetric strain-energy potential has not been
defined for muscle tissue, and so we used a general form (Eq. 1)
that is used for compressible neo-Hookean materials (see, e.g.,
Pelteret and McBride, 2012). Here we used a value of κ = 106 Pa
that was consistent with previous studies (Rahemi et al., 2014,
2015, Wakeling et al., 2020). We previously showed that this κ

resulted in volume changes of 2–4% during contraction of fully
active parallel muscle fibres, and in this study resulted in a mean
volume change of 2%. Nonetheless, a previous study showed
that κ can be varied across a wide range of magnitudes and still
result in similar predictions of tissue deformation (Gardiner and
Weiss, 2001). Given the apparent importance of the volumetric
strain-energy potential to the modulation of contractile force
in response to muscle compression, establishing muscle-specific
constitutive equations for the volumetric strain energy-density
and values for the bulk modulus will be an important area of
future investigation.

CONCLUSION

(1) We used a 3D model of muscle, represented as a fibre-
reinforced composite biomaterial, to quantify the strain-
energy potentials within the muscle whilst it contracted
under the influence of an external transverse load. The
external transverse load affects the balance of the energy
between the volumetric, base material and fibre strain-
energy potentials.

(2) When a block of muscle fibres with a zero pennation angle
contracts, while an external transverse load is applied, its
longitudinal force decreases when compared to conditions
with no transverse load. The decrease in longitudinal force
is dependent on the magnitude of the transverse load and
the muscle fibre length. The transverse load resists
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the natural tendency of the muscle to bulge (expand
in the transverse plane), and the ensuing decrease in
its volumetric strain-energy potential contributes to the
reduced longitudinal force.

(3) When pennate muscle contracts with external transverse
loads then the length-dependency on the longitudinal force
becomes more pronounced than for the parallel-fibred case
(zero pennation angle). When the external load is from
the “top” (which is a transverse direction parallel to the
initial plane of the muscle fibres) then the longitudinal
force increases at muscle lengths longer than the resting
length, and decreases for shorter lengths.

(4) When pennate muscle contracts with a transverse external
load from the “side” direction then the longitudinal force
decreases, when compared to conditions with no transverse
load, for all muscle lengths and pennation angles tested.
The differences in the response to “top” and “side”
loading occurred despite similar strain-energy potentials
for these conditions but because they had different effects
on the longitudinal force. These differences in the response
to “top” and “side” loading were likely caused by the
differences in the deformations in thickness and width that
occurred with these loading directions.

NOMENCLATURE

Activation specifically refers to the active state of the contractile
elements (muscle fibres), and is used to scale the active force that
they can develop.

Muscle contraction is the process of muscle developing
forces when its activation level is greater than zero. In muscle
physiology, contraction does not necessarily mean shortening
because tension can be developed without a change in length.

Fixed-end is used to refer to all the muscle block simulations
where the blocks had their +x and −x faces fixed, and the
distance between these faces did not change when the activation
increased. It is recognised that during these contractions the
local fibre stretch varied through the block, and was not always
equal to one, and therefore these fixed-end contractions were
not isometric at the level of the contractile fibres at each
quadrature point.

The longitudinal direction is the major x-axis of each muscle
block. This can be considered the direction that would be between
the proximal and distal tendons in a fusiform muscle, and so it is
in the commonly phrased “line of action.” We do not use “line-of-
action” (except when referencing sarcomere properties), because
forces and deformations occur in 3D in this study and so there is
no unique line-of-action.

Transverse direction is used to describe directions in the y-
z plane, and thus is perpendicular to the longitudinal direction
of the muscle block. This is sometimes called the radial direction
in other studies.

Muscle bulging is a term used to describe the muscle
increasing in its girth, which is in the transverse yz-plane. Bulging
can occur with expansions in either the y-direction (width) or
z-direction (thickness).

Force and load. In this paper we use the term force for the
forces developed in the longitudinal x-direction. The term load
is used for the external transverse forces that are applied to the
muscle in the y-z plane.

Compression is used to describe the process of applying the
transverse load to the muscle.

Top and side. In the undeformed state the muscle fibres are
aligned in the xz-plane. Top loading refers to conditions when
the compression is applied in the -z-direction, and side loading
refers to conditions when the compression is applied in the
+y-direction.

Lifting force and work. Assume a weight is used to apply
a transverse load on the muscle. Muscle fibres are capable of
producing large non-zero internal forces when they contract that
can lift the weight. This non-zero force is referred to as “lifting
force.” The “lifting work” is defined as the work done by this
lifting force (see Eq. 2).

Internal and hydrostatic pressure. Internal pressure is
defined as the change in the volumetric strain energy-density
with respect to the dilation J. This has a different definition
from the hydrostatic pressure on an object, that is commonly
measured experimentally, which is defined as the as total
gravitational force per unit of area caused by the amount of fluid
mass on such object.

Fixed face. A face being fixed in some direction refers to the
displacement u of the tissues on that face being fixed in that
particular direction.
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Ateş, F., Davies, B. L., Chopra, S., Coleman-Wood, K., Litchy, W. J., and
Kaufman, K. R., (2018). Intramuscular pressure of tibialis anterior reflects ankle
torque but does not follow joint angle-torque relationship. Front. Physiol. 9, 1–9.
doi: 10.3389/fphys.2018.00022

Azizi, E., Brainerd, E., and Roberts, T. (2008). Variable gearing in pennate muscles.
PNAS 105, 1745–1750. doi: 10.1073/pnas.0709212105

Azizi, E., Deslauriers, A. R., Holt, N. C., and Eaton, C. E. (2017). Resistance to
radial expansion limits muscle strain and work. Biomech. Model. Mechanobiol.
16, 1633–1643. doi: 10.1007/s10237-017-0909-3

Böl, M., Leichsenring, K., Weichert, C., Sturmat, M., Schenk, P., Blickhan, R.,
et al. (2013). Three-dimensional surface geometries of the rabbit soleus muscle
during contraction: input for biomechanical modelling and its validation.
Biomech. Model. Mechanobiol. 12, 1205–1220. doi:10.1007/s10237-013-0
476-1

Bolsterlee, B., D’Souza, A., Gandevia, S. C., and Herbert, R. D. (2017). How does
passive lengthening change the architecture of the human medial gastrocnemius
muscle? J. Appl. Physiol. 122, 727–738. doi: 10.1152/japplphysiol.00976.
2016

Brainerd, E. L., and Azizi, E. (2005). Muscle fiber angle, segment bulging and
architectural gear ratio in segmented musculature. J. Exp. Biol. 208, 3249–3261.
doi: 10.1242/jeb.01770

de Brito Fontana, H., de Campos, D., Sawatsky, A., Han, S.-W., and Herzog,
W. (2020). Why do muscles lose torque potential when activated within their
agonistic group? J. Exp. Biol. 223:jeb213843. doi: 10.1242/jeb.213843

de Brito Fontana, H., Han, S. W., Sawatsky, A., and Herzog, W. (2018). The
mechanics of agonistic muscles. J. Biomech. 79, 15–20. doi: 10.1016/j.jbiomech.
2018.07.007

Dick, T. J. M., and Wakeling, J. M. (2017). Shifting gears: dynamic muscle shape
changes and force-velocity behavior in the medial gastrocnemius. J. Appl.
Physiol. 123, 1433–1442. doi: 10.1152/japplphysiol.01050.2016

Fukunaga, T., Ichinose, Y., Ito, M., Kawakami, Y., and Fukashiro, S. (1997).
Determination of fascicle length and pennation in a contracting human
muscle in vivo. J. Appl. Physiol. 82, 354–358. doi: 10.1152/jappl.1997.82.
1.354

Gardiner, J. C., and Weiss, J. A. (2001). Simple shear testing of parallel-fibered
planar soft tissues. J. Biomech. Eng. 123, 170–175. doi: 10.1115/1.1351891

Gindre, J., Takaza, M., Moerman, K. M., and Simms, C. K. (2013). A structural
model of passive skeletal muscle shows two reinforcement processes in resisting
deformation. J. Mech. Behav. Biomed. Mater. 22, 84–94. doi: 10.1016/j.jmbbm.
2013.02.007

Héroux, M. E., Stubbs, P. W., and Herbert, R. D. (2016). Behavior of
human gastrocnemius muscle fascicles during ramped submaximal isometric
contractions. Physiol. Rep. 4:e12947. doi: 10.14814/phy2.12947

Herzog, W., Leonard, T., Joumaa, V., DuVall, M., and Panchangam, A. (2012). The
three filament model of skeletal muscle stability and force production. Mol. Cell.
Biomech. MCB 9, 175–191.

Hill, A. V. (1948). The pressure developed in muscle during contraction. J. Physiol.
107, 518–526. doi: 10.1113/jphysiol.1948.sp004296

Kawakami, Y., Ichinose, Y., and Fukunaga, T. (1998). Architectural and functional
features of human triceps surae muscles during contraction. J. Appl. Physiol. 85,
398–404. doi: 10.1152/jappl.1998.85.2.398

Linder-Ganz, E., Shabshin, N., Itzchak, Y., and Gefen, A. (2007). Assessment
of mechanical conditions in sub-dermal tissues during sitting: a combined
experimental-MRI and finite element approach. J. Biomech. 40, 1443–1454.
doi: 10.1016/j.jbiomech.2006.06.020

Maganaris, C., Baltzopoulos, V., and Sargeant, A. (1998). In vivo measurements of
the triceps surae complex architecture in man: implications for muscle function.
J. Physiol. 512, 603–614. doi: 10.1111/j.1469-7793.1998.603be.x

Mohammadkhah, M., Murphy, P., and Simms, C. K. (2016). The in vitro passive
elastic response of chicken pectoralis muscle to applied tensile and compressive

deformation. J. Mech. Behav. Biomed. Mater. 62, 468–480. doi: 10.1016/j.
jmbbm.2016.05.021

Neering, I. R., Quesenberry, L. A., Morris, V. A., and Taylor, S. R. (1991).
Nonuniform volume changes during muscle contraction. Biophys. J. 59, 926–
933. doi: 10.1016/S0006-3495(91)82306-2

Nishikawa, K., Monroy, J., Uyeno, T., Yeo, S., Pai, D., and Lindstedt, S. (2012). Is
titin a “winding filament?” A new twist on muscle contraction. Proc. R. Soc. B
Biol. Sci. 279, 981–990. doi: 10.1098/rspb.2011.1304

Pelteret, J. P., and McBride, A. (2012). The Deal. II Tutorial Step-44: Three-Field
Formulation For Non-Linear Solid Mechanics. Geneva: Zenodo.

Rahemi, H., Nigam, N., and Wakeling, J. M. (2014). Regionalizing muscle activity
causes changes to the magnitude and direction of the force from whole
muscles – a modeling study. Front. Physiol. 5:298. doi: 10.3389/fphys.2014.
00298

Rahemi, H., Nigam, N., and Wakeling, J. M. (2015). The effect of intramuscular fat
on skeletal muscle mechanics: implications for the elderly and obese. J. R. Soc.
Interface 12:20150364.

Raiteri, B. J., Cresswell, A. G., and Lichtwark, G. A. (2016). Three-dimensional
geometrical changes of the human tibialis anterior muscle and its central
aponeurosis measured with three-dimensional ultrasound during isometric
contractions. PeerJ 4:e2260. doi: 10.7717/peerj.2260

Rana, M., Hamarneh, G., and Wakeling, J. (2013). 3D fascicle orientations in triceps
surae. J. Appl. Physiol. 115, 116–125. doi: 10.1152/japplphysiol.01090.2012

Randhawa, A., Jackman, M. E., and Wakeling, J. M. (2013). Muscle gearing during
isotonic and isokinetic movements in the ankle plantarflexors. Eur. J. Appl.
Physiol. 113, 437–447. doi: 10.1007/s00421-012-2448-z

Randhawa, A., and Wakeling, J. M. (2013). Associations between muscle structure
and contractile performance in seniors. Clin. Biomech. 28, 705–711. doi: 10.
1016/j.clinbiomech.2013.04.010

Randhawa, A., and Wakeling, J. M. (2015). Multidimensional models for predicting
muscle structure and fascicle pennation. J. Theor. Biol. 382, 57–63. doi: 10.1016/
j.jtbi.2015.06.001

Randhawa, A., and Wakeling, J. M. (2018). Transverse anisotropy in the
deformation of the muscle during dynamic contractions. J. Exp. Biol.
221:jeb175794. doi: 10.1242/jeb.175794

Rode, C., Siebert, T., and Blickhan, R. (2009). Titin-induced force enhancement
and force depression: a “sticky-spring” mechanism in muscle contractions?
J. Theor. Biol. 259, 350–360. doi: 10.1016/j.jtbi.2009.03.015

Ryan, D. S., Stutzig, N., Siebert, T., and Wakeling, J. M. (2019). Passive and dynamic
muscle architecture during transverse loading for gastrocnemius medialis in
man. J. Biomech. 86, 160–166. doi: 10.1016/j.jbiomech.2019.01.054

Sharafi, B., and Blemker, S. S. (2010). A micromechanical model of skeletal muscle
to explore the effects of fiber and fascicle geometry. J. Biomech. 43, 3207–3213.
doi: 10.1016/j.jbiomech.2010.07.020

Siebert, T., Günther, M., and Blickhan, R. (2012). A 3D-geometric model for the
deformation of a transversally loaded muscle. J. Theor. Biol. 298, 116–121.
doi: 10.1016/j.jtbi.2012.01.009

Siebert, T., Rode, C., Till, O., Stutzig, N., and Blickhan, R. (2016). Force reduction
induced by unidirectional transversal muscle loading is independent of local
pressure. J. Biomech. 49, 1156–1161. doi: 10.1016/j.jbiomech.2016.02.053

Siebert, T., Stutzig, N., and Rode, C. (2018). A hill-type muscle model expansion
accounting for effects of varying transverse muscle load. J. Biomech. 66, 57–62.
doi: 10.1016/j.jbiomech.2017.10.043

Siebert, T., Till, O., and Blickhan, R. (2014). Work partitioning of transversally
loaded muscle: experimentation and simulation. Comp. Meth. Biomech.
Biomedi. Eng. 17, 217–229. doi: 10.1080/10255842.2012.675056

Sleboda, D. A., and Roberts, T. J. (2017). Incompressible fluid plays a mechanical
role in the development of passive muscle tension. Biol. Lett. 13:20160630.
doi: 10.1098/rsbl.2016.0630

Sleboda, D. A., and Roberts, T. J. (2019). Internal fluid pressure influences
muscle contractile force. PNAS 5, 201914433–201911778. doi: 10.1073/pnas.
1914433117

Smith, L. R., Gerace-Fowler, L., and Lieber, R. L. (2011). Muscle extracellular matrix
applies a transverse stress on fibers with axial strain. J. Biomech. 44, 1618–1620.
doi: 10.1016/j.jbiomech.2011.03.009

Spyrou, L. A., Agoras, M., and Danas, K. (2017). A homogenization model of the
Voigt type for skeletal muscle. J. Theor. Biol. 414, 50–61. doi: 10.1016/j.jtbi.2016.
11.018

Frontiers in Physiology | www.frontiersin.org 14 November 2020 | Volume 11 | Article 538522291

https://doi.org/10.1152/jappl.1993.74.6.2634
https://doi.org/10.1152/jappl.1993.74.6.2634
https://doi.org/10.3389/fphys.2018.00022
https://doi.org/10.1073/pnas.0709212105
https://doi.org/10.1007/s10237-017-0909-3
https://doi.org/10.1007/s10237-013-0476-1
https://doi.org/10.1007/s10237-013-0476-1
https://doi.org/10.1152/japplphysiol.00976.2016
https://doi.org/10.1152/japplphysiol.00976.2016
https://doi.org/10.1242/jeb.01770
https://doi.org/10.1242/jeb.213843
https://doi.org/10.1016/j.jbiomech.2018.07.007
https://doi.org/10.1016/j.jbiomech.2018.07.007
https://doi.org/10.1152/japplphysiol.01050.2016
https://doi.org/10.1152/jappl.1997.82.1.354
https://doi.org/10.1152/jappl.1997.82.1.354
https://doi.org/10.1115/1.1351891
https://doi.org/10.1016/j.jmbbm.2013.02.007
https://doi.org/10.1016/j.jmbbm.2013.02.007
https://doi.org/10.14814/phy2.12947
https://doi.org/10.1113/jphysiol.1948.sp004296
https://doi.org/10.1152/jappl.1998.85.2.398
https://doi.org/10.1016/j.jbiomech.2006.06.020
https://doi.org/10.1111/j.1469-7793.1998.603be.x
https://doi.org/10.1016/j.jmbbm.2016.05.021
https://doi.org/10.1016/j.jmbbm.2016.05.021
https://doi.org/10.1016/S0006-3495(91)82306-2
https://doi.org/10.1098/rspb.2011.1304
https://doi.org/10.3389/fphys.2014.00298
https://doi.org/10.3389/fphys.2014.00298
https://doi.org/10.7717/peerj.2260
https://doi.org/10.1152/japplphysiol.01090.2012
https://doi.org/10.1007/s00421-012-2448-z
https://doi.org/10.1016/j.clinbiomech.2013.04.010
https://doi.org/10.1016/j.clinbiomech.2013.04.010
https://doi.org/10.1016/j.jtbi.2015.06.001
https://doi.org/10.1016/j.jtbi.2015.06.001
https://doi.org/10.1242/jeb.175794
https://doi.org/10.1016/j.jtbi.2009.03.015
https://doi.org/10.1016/j.jbiomech.2019.01.054
https://doi.org/10.1016/j.jbiomech.2010.07.020
https://doi.org/10.1016/j.jtbi.2012.01.009
https://doi.org/10.1016/j.jbiomech.2016.02.053
https://doi.org/10.1016/j.jbiomech.2017.10.043
https://doi.org/10.1080/10255842.2012.675056
https://doi.org/10.1098/rsbl.2016.0630
https://doi.org/10.1073/pnas.1914433117
https://doi.org/10.1073/pnas.1914433117
https://doi.org/10.1016/j.jbiomech.2011.03.009
https://doi.org/10.1016/j.jtbi.2016.11.018
https://doi.org/10.1016/j.jtbi.2016.11.018
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-538522 November 7, 2020 Time: 19:27 # 15

Ryan et al. The energy of muscle contraction. II.

Stutzig, N., Ryan, D., Wakeling, J. M., and Siebert, T. (2019). Impact of transversal
calf muscle loading on plantarflexion. J. Biomech. 85, 37–42. doi: 10.1016/j.
jbiomech.2019.01.011

Wainwright, S. A., Biggs, W. D., Currey, J. D., and Gosline, J. M. (1976). Mechanical
Design in Organisms. Hoboken, NJ: John Wiley & Sons Inc.

Wakeling, J. M., Jackman, M., and Namburete, A. I. (2013). The effect of external
compression on the mechanics of muscle contraction. J. Appl. Biomech. 29,
360–364. doi: 10.1123/jab.29.3.360

Wakeling, J. M., Ross, S. A., Ryan, D. S., Bolsterlee, B., Konno, R., Domínguez, S.,
et al. (2020). The energy of muscle contraction. I. Tissue force and deformation
during isometric contractions. Front. Physiol. 11: 813. doi: 10.3389/fphys.2020.
00813

Weis-Fogh, T., and Alexander, R. M. (1977). “The sustained power output from
straited muscle,” in Scale Effects in Animal Locomotion, ed. T. J. Pedley
(New York: Academic Press), 511–525.

Williams, C. D., Regnier, M., and Daniel, T. L. (2010). Axial and radial forces
of cross-bridges depend on lattice spacing. PLoS Comput. Biol. 6:e1001018.
doi: 10.1371/journal.pcbi.1001018

Winters, T. M., Takahashi, M., Lieber, R. L., and Ward, S. R. (2011). Whole muscle
length- tension relationships are accurately modeled as scaled sarcomeres in
rabbit hindlimb muscles. J. Biomech. 44, 109–115. doi: 10.1016/j.jbiomech.2010.
08.033

Woledge, R. C., Curtin, N., and Homsher, E. (1985). Energetic aspects of muscle
contraction. Monogr. Physiol. Soc. 41, 1–357.

Yeoh, O. H. (1993). Some forms of the strain energy function for rubber. Rubber
Chem. Tech. 66, 754–771. doi: 10.5254/1.3538343

Zajac, F. (1989). Muscle and tendon: properties, models, scaling, and
application to biomechanics and motor control. Crit. Rev. Biomed. Eng. 17,
359–410.

Zuurbier, C. J., and Huijing, P. A. (1993). Changes in muscle geometry of actively
shortening unipennate rat gastrocnemius muscle. J. Morphol. 218, 167–180.
doi: 10.1002/jmor.1052180206

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Ryan, Domínguez, Ross, Nigam and Wakeling. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org 15 November 2020 | Volume 11 | Article 538522292

https://doi.org/10.1016/j.jbiomech.2019.01.011
https://doi.org/10.1016/j.jbiomech.2019.01.011
https://doi.org/10.1123/jab.29.3.360
https://doi.org/10.3389/fphys.2020.00813
https://doi.org/10.3389/fphys.2020.00813
https://doi.org/10.1371/journal.pcbi.1001018
https://doi.org/10.1016/j.jbiomech.2010.08.033
https://doi.org/10.1016/j.jbiomech.2010.08.033
https://doi.org/10.5254/1.3538343
https://doi.org/10.1002/jmor.1052180206
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-11-528522 November 17, 2020 Time: 18:35 # 1

ORIGINAL RESEARCH
published: 23 November 2020

doi: 10.3389/fphys.2020.528522

Edited by:
Eva Pontén,

Karolinska Institutet (KI), Sweden

Reviewed by:
Glen Lichtwark,

The University of Queensland,
Australia

James M. Wakeling,
Simon Fraser University, Canada

*Correspondence:
Richard T. Jaspers

r.t.jaspers@vu.nl

Specialty section:
This article was submitted to
Striated Muscle Physiology,

a section of the journal
Frontiers in Physiology

Received: 20 January 2020
Accepted: 27 October 2020

Published: 23 November 2020

Citation:
Weide G, Huijing PA, Bar-On L,
Sloot L, Buizer AI, Becher JG,

Harlaar J and Jaspers RT (2020)
Gastrocnemius Medialis Muscle

Geometry and Extensibility in Typically
Developing Children and Children
With Spastic Paresis Aged 6–13

Years. Front. Physiol. 11:528522.
doi: 10.3389/fphys.2020.528522

Gastrocnemius Medialis Muscle
Geometry and Extensibility in
Typically Developing Children and
Children With Spastic Paresis Aged
6–13 Years
Guido Weide1,2,3, Peter A. Huijing1, Lynn Bar-On2,3, Lizeth Sloot2, Annemieke I. Buizer2,4,
Jules G. Becher2, Jaap Harlaar2,5 and Richard T. Jaspers1*

1 Laboratory for Myology, Department of Human Movement Sciences, Faculty of Behavioral and Movement Sciences,
Amsterdam Movement Sciences, Vrije Universiteit Amsterdam, Amsterdam, Netherlands, 2 Department of Rehabilitation
Medicine, Amsterdam UMC, Vrije Universiteit Amsterdam, Amsterdam Movement Sciences, Amsterdam, Netherlands,
3 Department of Rehabilitation Sciences, Katholieke Universiteit Leuven, Leuven, Belgium, 4 Emma Children’s Hospital,
Amsterdam UMC, University of Amsterdam, Amsterdam, Netherlands, 5 Department of Biomechanical Engineering, Delft
University of Technology, Delft, Netherlands

Gait of children with spastic paresis (SP) is frequently characterized by a reduced ankle
range of motion, presumably due to reduced extensibility of the triceps surae (TS)
muscle. Little is known about how morphological muscle characteristics in SP children
are affected. The aim of this study was to compare gastrocnemius medialis (GM) muscle
geometry and extensibility in children with SP with those of typically developing (TD)
children and assess how GM morphology is related to its extensibility. Thirteen children
with SP, of which 10 with a diagnosis of spastic cerebral palsy and three with SP of
unknown etiology (mean age 9.7 ± 2.1 years; GMFCS: I–III), and 14 TD children (mean
age 9.3 ± 1.7 years) took part in this study. GM geometry was assessed using 3D
ultrasound imaging at 0 and 4 Nm externally imposed dorsal flexion ankle moments. GM
extensibility was defined as its absolute length change between the externally applied
0 and 4 Nm moments. Anthropometric variables and GM extensibility did not differ
between the SP and TD groups. While in both groups, GM muscle volume correlated
with body mass, the slope of the regression line in TD was substantially higher than that
in SP (TD = 3.3 ml/kg; SP = 1.3 ml/kg, p < 0.01). In TD, GM fascicle length increased
with age, lower leg length and body mass, whereas in SP children, fascicle length did
not correlate with any of these variables. However, the increase in GM physiological
cross-sectional area as a function of body mass did not differ between SP and TD
children. Increases in lengths of tendinous structures in children with SP exceeded those
observed in TD children (TD = 0.85 cm/cm; SP = 1.16 cm/cm, p < 0.01) and even
exceeded lower-leg length increases. In addition, only for children with SP, body mass
(r =−0.61), height (r =−0.66), muscle volume (r = − 0.66), physiological cross-sectional
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area (r = − 0.59), and tendon length (r =−0.68) showed a negative association with GM
extensibility. Such negative associations were not found for TD children. In conclusion,
physiological cross-sectional area and length of the tendinous structures are positively
associated with age and negatively associated with extensibility in children with SP.

Keywords: cerebral palsy, muscle morphology, muscle architecture, spasticity, ultrasound

INTRODUCTION

Childhood spastic paresis (SP) is characterized by an upper motor
neuron impairment, which is associated with gait abnormalities
and limitations in mobility. Most children with SP are diagnosed
with spastic cerebral palsy, which is an umbrella term for a
clinically heterogeneous syndrome caused by congenital brain
malformation or an acquired dysfunction of the immature brain
during pregnancy, around birth, or during early development
(Rosenbaum et al., 2007). Brain lesions in cerebral palsy are
visible on magnetic resonance imaging (MRI). However, some
children show similar clinical features of SP without brain
abnormalities. Several genetic abnormalities have been identified
as a cause for Hereditary Spastic Paresis (HSP) (Parodi et al.,
2018). However, presently not all genetic or metabolic defects
have been discovered. We label a non-progressive upper motor
neuron syndrome, without MRI abnormalities or a known
genetic cause, a SP of unknown etiology.

Children with spastic involvement of the lower leg often
develop equinus gait, which is characterized by ankle plantar
flexion in the mid-stance phase and limited push-off power
in walking (Voorman et al., 2007; Gage, 2009; Ballaz et al.,
2010; Dallmeijer et al., 2011). Without treatment, walking
ability and ankle range of motion (ROM) impairments
worsen with age (Beckung et al., 2007; Nordmark et al.,
2009). Clinical interventions often involve a combination of
physiotherapy, orthoses, serial casting, spasticity treatment
like Botulinum Toxin-A (BoNT-A) intramuscular injections
(intrathecal), baclofen administration, selective dorsal rhizotomy
and orthopedic surgery (Koman et al., 2004). Although the above
interventions improve passive ankle ROM in the short-term
(Nieuwenhuys et al., 2016), recurrence in the long-term has
frequently been reported (Fry et al., 2007; Spijker et al., 2009;
Tedroff et al., 2009).

Increased resistance to ankle dorsal flexion in passive stretch
(ankle joint hyper resistance) is an often encountered problem
in children with spastic cerebral palsy. This problem has also
been reported in children with HSP (Marsden et al., 2012). Ankle
joint hyper-resistance to dorsal flexion is predominantly reported
to be related to increased triceps surae (TS) hyper-resistance
(van den Noort et al., 2017). This muscular hyper-resistance
primarily relates to disturbances in muscle excitation in SP, such
as hyperreflexia and involuntary background excitation (van
den Noort et al., 2017). Secondary to these disturbances related
to muscle excitation, muscle hyper-resistance is influenced by
changes in morphological characteristics. In animal experiments,
muscle geometric characteristics have been shown to be major
determinants of active and passive length-force characteristics
(Woittiez et al., 1983). Geometrical characteristics of the

gastrocnemius medialis muscle (GM) have been investigated
extensively in animal and human studies (Huijing, 1985;
Zuurbier and Huijing, 1993; Mathewson and Lieber, 2015).
Studies in children with SP have shown that GM volume
normalized for body mass is on average around 22% smaller
than in TD children (Barber et al., 2011a, 2016). Such reduced
GM volumes may be related to relatively shorter fascicles
(Mohagheghi et al., 2008; Barber et al., 2011b), and/or smaller
physiological cross-sectional areas (Afasc) (Lieber et al., 2003;
Malaiya et al., 2007; Barber et al., 2011b). In turn, a lower
optimum fascicle length, due to fewer serial sarcomeres and a
smaller physiological cross-sectional area due to fewer myofibrils
arranged parallel will probably affect active and passive ranges of
force exertion of the muscle. In particular, lower optimum fascicle
lengths will reduce both the length range of active force exertion
and extensibility. A smaller Afasc reduces optimum force and
theoretically improves muscle extensibility because of a reduction
of parallel arranged tissue.

To date, most studies examining the anatomy of the GM
have focused on the muscle belly (see for review: Barrett and
Lichtwark, 2010). The tendinous structures, and their relation to
muscle belly characteristics, have not been studied extensively.
Therefore, it is not well understood how altered GM geometry
in children with SP affects ankle dorsal flexion hyper-resistance.
Most comparisons of morphological determinants of limited
ankle-hyper resistance in children with SP have been based on
group differences, concealing age-related individual variations
within groups. Thus, more insight in the development of GM
geometry in typically developing (TD) children and in children
with SP is needed.

In TD children, GM growth is related to uniform increases
in physiological cross-sectional area, fascicle and tendon
length (Bénard et al., 2011). To understand the underlying
mechanisms of ankle joint hyper-resistance in children with
SP, estimates of such GM morphological variables in children
with SP, and their relation to age, body dimensions and GM
extensibility are required.

The aim of this study was to compare GM geometry and
GM extensibility between children with SP and TD children. In
addition, we aimed to evaluate if and how alterations in GM
geometry relate to GM extensibility.

MATERIALS AND METHODS

Participants
Thirteen children between the age of 6 and 13 years with uni-
or bilateral SP (GMFCS I-III), due to spastic cerebral palsy or
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SP of unknown etiology (no abnormalities on brain MRI, and
no abnormalities on genetic testing) were selected from the
patient population at the outpatient clinic of the department
of rehabilitation medicine at the Amsterdam UMC (location
VUmc), Amsterdam, Netherlands. Children were excluded if
they had undergone any neurosurgery or orthopedic surgery
in the past, or chemical denervation of the lower limb less
than six months prior to the measurements. Children had
to be physically capable to participate in the measurements.
A convenience sample of 14 typically developing children (TD)
in the same age range as the children with SP participated
as controls. For both groups, we excluded children if they
had any other disorders affecting the musculoskeletal system.
Before taking part, written informed consent from both
parents and verbal consent from participants was received.
The study was approved by the medical ethics committee of
the Amsterdam University Medical Centers, location VUmc.
For all subjects, measurements were performed by the same
assessor (GW). In the SP group, measurements were performed
on the leg with the most resistance against ankle dorsal
flexion, as assessed during a clinical physical examination.
In the TD group, we selected the right leg. Individual
participant characteristics and patient diagnoses are shown
in Table 1.

Anthropometry
Body mass and height were measured. Lower leg length was
approximated as the mean of distances measured medially
and laterally from the most prominent point on each femur
epicondyle to the most prominent point of the corresponding
malleolus. Patient characteristics are shown individually and
summarized in Tables 1, 2, respectively.

Electromyography
During morphology measurements, surface electromyographies
(EMG) of m. gastrocnemius lateralis (GL), because of the
inaccessibility of GM, and m. tibialis anterior (TA) were assessed
to detect and quantify muscle excitation bursts of agonistic
and antagonistic muscles around the ankle. Preparation of
the skin and placements of EMG electrodes were performed
according to SENIAM guidelines (Hermens et al., 2000), and
by determining the outline of the muscles using ultrasound
(Hermens et al., 1999). A multichannel system (MOBI,
TMS-International, Netherlands) was used to sample EMG
signals at 1,024 Hz.

Prior to the measurements, participants were asked to perform
a 5-s isometric maximal voluntary contraction (MVC) against
resistance (applied by the assessor), toward both dorsal and
plantar flexion. During the assessment of ankle moment-angle
relation and GM geometry, peaks in the normalized EMG of GL
and TA were on average quite low in both TD (GL: 2.6 ± 1.8
%MVC± SD, TA: 0.8± 0.4 %MVC± SD) and SP (GL: 3.2± 1.9
%MVC± SD, TA: 1.6± 1.2 %MVC± SD) children. Therefore, it
is assumed that assessed GM geometry, observed individually, is
mainly related to factors other than muscle excitations.

Foot Plate Angles Corresponding to
Externally Exerted Moments
Subjects were asked to lie prone on the examination table with
both feet hanging over the edge of the table. Foot plate angles
were set by externally applying net moments corresponding to 0
and 4 Nm dorsal flexion. These moments were quantified at the
interface between the foot plate and the torque wrench (Bénard
et al., 2010). The reproducibility of application of the ankle angle
was high (r > 0.97). Subsequently, during US scanning the foot
plate was fixed to the table at the same angle as during moment
application using an extendable rod. Similar to the stabilization
procedure of the foot during physical examination, and during
the fitting of ankle-foot orthoses, this custom foot plate allows
adjustments targeted to stabilize the subtalar joint as much as
possible during foot sole rotations (Huijing et al., 2013). In short,
the procedure consisted of the following steps: (1) Positioning of
the calcaneus in a neutral position under the tibia; (2) Adduction
of the forefoot until the midline of the calcaneus points between
2nd and 3rd ray of the forefoot; (3) Applying additional fore and
mid-foot supination until no movement within the subtalar joint
can be detected by palpation (Huijing et al., 2013).

GM Morphometry
Comparisons of GM geometry should ideally be made at similar
sarcomere lengths. No in-vivo approach is available to make
such comparisons. GM geometry comparison was made at
similar external conditions condition corresponding or relative
to a “neutral” foot sole angle. Assuming that fascicles within
antagonist muscles are at the same relative length with respect
to their optimum length. Ultrasound images were collected
at the specific foot plate angles set with the extendable rod
corresponding to the standardized externally applied moments
(i.e., 0 and 4 Nm, measured before taking the scan). During
the 3D ultrasound examination, a 5 cm linear probe (Technos
MPX, ESAOTE S.p.A. Italy) was moved (swept) longitudinally in
a somewhat transverse orientation with respect to the leg over the
skin, superficial to the GM. For most subjects multiple sweeps
were required to capture the entire GM (Weide et al., 2017).
Location and orientation of the probe were registered by a motion
capture system (Optotrak 3020, NDI, Waterloo, Canada), and
were synchronized with ultrasound images to construct a three-
dimensional voxel array, i.e., 3D ultrasound image, using custom
software (Matlab, Mathworks Co, Natick, MA, United States)
(Weide et al., 2017).

Analysis of 3D ultrasound images was performed using newly
adapted methods (Weide et al., 2017), yielding an improvement
compared to those used previously by our group (Bénard et al.,
2011). Coordinates of the GM insertion on the calcaneus,
the most distal end of GM muscle belly, and the estimated
coordinates of the GM origin on the medial femur condyle
(for anatomical details see Bénard et al., 2010) were assessed
from the 3D ultrasound images using the freeware medical
imaging interaction toolkit (MITK)1. Based on the distances
between these coordinates, muscle belly length (`m), tendon

1www.mitk.org
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TABLE 1 | Individual participant characteristics; age, anthropometrics, patient diagnosis, and gastrocnemius medialis muscle geometry (at 0 Nm).

Variables

Subject Age
(years)

Body mass
(Kg)

Body height
(cm)

Lower leg
length (cm)

Body mass
index (-)

Sex (m/f) GMFCS Etiology
(CP/SP-ue)

Distribution
(Uni-

/Bilateral)

BoNT-A
history (0,

1, > 1)

VGM

(ml)§
Afasc

(cm2)
`fasc

(cm)
α fasc

(deg)
`m+t

(cm)
`a+t

(cm)
`m (cm) `t (cm) `a (cm)

CP01 6.0 21.0 120.0 25.7 14.6 f 2 SP-ue Bi 3 32.6 7.8 4.2 10.9 26.9 22.8 13.7 13.2 9.6

CP02 8.3 23.0 125.0 27.9 14.7 f 2 CP Bi 1 42.0 8.7 4.8 9.6 29.0 24.3 17.4 11.6 12.7

CP03 11.1 55.7 159.3 37.9 21.9 m 2 CP Bi 1 83.9 30.7 2.7 23.9 40.1 37.6 19.5 20.6 17.0

CP04 10.1 31.5 142.0 32.4 15.6 f 1 CP Bi 0 53.5 13.5 4.0 14.6 34.4 30.6 21.0 13.5 17.2

CP05 11.9 40.8 154.4 38.9 17.1 m 2 SP-ue Bi 1 63.8 16.9 3.8 15.1 41.3 37.6 22.5 18.8 18.8

CP06 9.2 28.8 135.0 31.1 15.8 f 2 SP-ue Bi 0 58.8 12.3 4.8 14.2 31.9 27.3 19.9 11.9 15.4

CP07 11.6 41.3 146.7 31.7 19.2 m 2 CP Bi 1 52.6 13.2 4.0 16.1 33.3 29.5 17.6 15.7 13.8

CP08 12.1 30.2 129.3 29.0 18.1 m 3 CP Bi 5 48.0 14.8 3.2 13.4 31.2 28.1 15.2 16.0 12.0

CP09 7.5 23.6 118.2 26.2 16.9 m 2 CP Bi 1 31.7 8.5 3.7 12.5 26.5 22.9 15.5 11.0 11.9

CP10 10.8 42.0 140.0 33.4 21.4 m 2 CP Bi 0 5.3 13.2 36.5 31.4 17.8 18.7 12.7

CP11 8.1 32.4 138.6 32.0 16.9 f 1 CP Uni 0 60.1 15.5 3.9 12.2 33.3 29.6 17.0 16.3 13.3

CP12 7.3 32.1 129.3 28.8 19.2 f 1 CP Uni 1 56.7 14.3 4.0 13.6 31.1 27.3 16.3 14.8 12.5

CP13 11.7 28.5 140.7 30.7 14.4 m 2 CP Bi 1 43.7 9.6 4.6 12.0 33.0 28.6 14.0 19.0 9.6

TD01 11.7 47.1 156.0 38.2 19.4 f 135.9 22.3 6.1 15.9 41.0 35.3 23.7 17.3 17.9

TD02 11.8 42.9 158.4 36.6 17.1 m 130.8 18.4 7.1 10.8 39.6 32.6 24.9 14.7 18.0

TD03 8.0 28.4 127.7 30.2 17.4 f 64.7 14.0 4.6 13.3 31.7 27.3 19.3 12.4 14.9

TD04 9.7 43.6 153.6 37.6 18.5 f 127.1 21.4 5.9 11.8 39.3 33.5 23.3 16.0 17.5

TD05 10.2 34.8 141.5 32.8 17.4 f 89.3 18.2 4.9 14.0 35.7 30.9 20.0 15.6 15.3

TD06 11.7 41.1 159.0 37.8 16.3 m 107.4 18.0 6.0 12.6 39.3 33.5 20.8 18.5 15.0

TD07 8.6 42.3 154.5 38.7 17.7 m 130.0 24.4 5.3 12.9 39.2 34.0 22.4 16.8 17.2

TD08 10.4 33.0 142.4 32.6 16.3 f 79.5 14.7 5.4 11.2 34.9 29.6 19.9 15.0 14.6

TD09 8.7 29.3 134.7 29.6 16.1 f 91.9 17.4 5.3 14.8 31.5 26.4 19.3 12.2 14.3

TD10 7.2 20.0 120.0 26.3 13.9 m 47.7 11.4 4.2 15.5 28.4 24.5 15.9 12.6 11.9

TD11 9.1 28.1 142.0 32.8 13.9 f 82.5 16.8 4.9 14.3 34.0 29.3 19.4 14.5 14.7

TD12 6.8 23.9 121.8 27.4 16.1 f 55.1 11.9 4.6 13.2 29.4 24.9 17.8 11.6 13.3

TD13 7.5 23.0 123.0 28.3 15.2 f 64.1 13.2 4.8 14.7 29.8 25.2 17.5 12.4 12.8

TD14 8.4 27.2 132.1 30.3 15.6 m 79.9 15.4 5.2 14.1 32.3 27.3 20.1 12.2 15.1

TD, Typically Developing; CP, Cerebral Palsy; SP-ue, Spastic Paresis of unknown etiology; BoNT-A, Botulinum Neurotoxin A; VGM, muscle volume; Afasc, physiological cross-sectional area; `fasc, fascicle length; αfasc,
pennation angle; `m+ t, muscle-tendon complex length; `a+ t, tendinous structure length; `m, muscle belly length; `t, tendon length; `a, aponeurosis length. § VGM and Afasc could not be measured in one SP child.
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TABLE 2 | Variables of age, subject characteristics and gastrocnemius medialis muscle geometry (at 0 Nm), group comparisons and their correlation with age.

Group comparison Coefficient of correlation r with age

Variables TD SP df t Sig 2-tailed (p) Cohen’s d TD SP

Age (years) 9.3 ± 0.5 9.7 ± 0.6 23.4 0.6 0.58 0.22 N.A N.A.

Body mass (kg) 33.2 ± 2.4 33.2 ± 2.7 24.4 0.0 0.99 −0.005 0.83# 0.6#

Body height (cm) 140.5 ± 3.8 136.8 ± 3.5 49.9 −0.7 0.48 −0.27 0.88# 0.72#

Lower leg length (cm) 32.8 ± 1.2 31.2 ± 1.1 25.0 −1.0 0.33 −0.38 0.79# 0.66#

Body mass index (-) 16.5 ± 0.4 17.4 ± 0.7 19.9 1.1 0.29 0.43 0.5 0.34

Sex (# Males/#Females) 5/9 7/6

# GMFCS per category I = 3, II = 9, III = 1

Etiology (CP/SP-ue) CP = 10, SP-ue = 3

Distribution (Uni-/Bilateral) Uni = 2, Bi = 11

BoNT-A history (naive, 1, > 1) naive = 4, 1 = 7, > 1 = 2

VGM (ml)§ 91.8 ± 8.0 52.3 ± 4.1* 19.3 −4.4 <0.01 −1.65 0.75# 0.45

Afasc (cm2)§ 17.0 ± 1.0 13.8 ± 1.8 18.0 −1.5 0.14 −0.63 0.59# 0.48

`fasc (cm) 5.3 ± 0.2 4.1 ± 0.2* 25.0 −4.5 <0.01 −1.71 0.84#
−0.17

αfasc (deg) 13.5 ± 0.4 13.9 ± 1.0 16.4 0.4 0.67 0.17 −0.37 0.45

`m+ t (cm) 34.7 ± 1.2 33.0 ± 1.2 24.7 −1.0 0.31 −0.40 0.86# 0.69#

`a+ t (cm) 29.6 ± 1.0 29.0 ± 1.3 23.0 −0.3 0.74 −0.13 0.82# 0.69#

`m (cm) 20.3 ± 0.7 17.5 ± 0.7* 24.6 −2.8 <0.01 −1.09 0.77# 0.37

`t (cm) 14.4 ± 0.6 15.5 ± 0.9 21.6 1.0 0.33 0.39 0.79# 0.67#

`a (cm) 15.2 ± 0.5 13.6 ± 0.8 20.7 −1.7 0.10 −0.68 0.70# 0.40

*Indicates a significant difference between groups of Spastic Paresis (SP) and Typically Developing (TD) children (p < 0.05). # Indicates a significant correlation with age
(p < 0.05). These symbols indicate the following CP, Cerebral Palsy; SP-ue, Spastic Paresis of unknown etiology; BoNT-A, Botulinum Neurotoxin A; VGM, muscle volume;
Afasc, physiological cross-sectional area; `fasc, fascicle length; αfasc, pennation angle; `m+ t, muscle-tendon complex length; `a+ t, tendinous structure length; `m, muscle
belly length; `t, tendon length; `a, aponeurosis length. § VGM and Afasc could not be measured in one SP child.

length (`t), and muscle-tendon complex length (`m+t) were
calculated as straight line distances (Figure 1). GM muscle
volume (VGM) was measured between the origin and distal end
of the muscle belly using manual segmentation of the anatomical
cross-sections and interpolation in MITK. Based on cadaveric
experiments (Huijing, 1985), average fascicle length (`fasc)
and pennation angles (αfasc) were estimated within the mid-
longitudinal fascicle plane at a position 2/3rd along the muscle
belly (from origin) (Figure 1) which are judged representative
for a large fraction of a fascicle of the mid-longitudinal
plane. The mid-longitudinal fascicle plane was defined by three
points: (1) origin, (2) distal end of the muscle belly, and
(3) a point perpendicular to the distal aponeurosis within an
anatomical plane at a 2/3rd position along a line segment
from point 1 toward point 2 (Weide et al., 2017). Physiological
cross-sectional area (Afasc) was calculated by dividing muscle
volume by `fasc corresponding to 0 Nm. Aponeurosis length
(`a) was estimated according to the law of cosines of the
right triangle constructed by the variables `fasc, `m, and αfasc
(Eq. 1, Figure 1).

`a
2
= `fasc

2
+ `m

2
− 2∗`∗fasc`

∗
mCOS(αfasc) (1)

Together, the tendon and aponeurosis represent the
tendinous structure or the major part of the-series elastic
component of GM muscle-tendon complex. We used the
summed lengths of these structures (`a+t) as a variable
representing the length of the tendinous structure. The

extensibility of the total muscle-tendon complex was
defined as the absolute change in `m+t between 0 and
4 Nm conditions.

Statistical Analysis
Two types of statistics were used:

I. TD-SP group comparisons using means and standard
errors. Student’s t-tests were used to test for significance
of differences between mean values of SP and TD
groups regarding age, body mass, body height, lower-leg
length and GM geometrical characteristics measured at
0 Nm. Cohen’s D effect size was used to quantitatively
represent the difference between the groups. To
test for differences in (normalized) morphological
characteristics between groups, a two-way mixed
ANOVA with between-subject factor (group) and
within-subject factors (externally applied moments: 0
and 4 Nm) was used to test for main and interaction
effects between groups.

II. Regression analysis was performed using individual
data of subjects for each group separately. Pearson’s
product-moment coefficients of correlations and
linear regressions were used to assess relations
between age, and geometrical and anthropometric
characteristics, using individual data. Differences in
slopes were tested using Sigma Plot (Version 12.0, Systat
Software, San Jose, CA).
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FIGURE 1 | Examples of lower leg 3D ultrasound images from TD (top) and SP (bottom) children. (A) left panels show the mid-longitudinal fascicle plane of the
gastrocnemius medialis muscle from which fascicle parameters are assessed. Assessments of morphological characteristics are shown as a colored overlay on top
of the mid-longitudinal 3D ultrasound image. `m = muscle belly length, `t = tendon length, αfasc = pennation angle, `fasc = fascicle length and `a = aponeurosis
length. (B) Right panels show 3D ultrasound images of transverse cross-sections of the GM, hallway along the longitudinal axis of the muscle belly. Red area
indicates segmented anatomical cross-section area of the GM from which multiple segmentation along the longitudinal axis of the muscle belly are drawn to estimate
muscle volume.

For Student’s t-tests, ANOVA and Pearson’s correlations we
used SPSS (version 25.0, SPSS Inc., 2018), with the level of
significance set at p < 0.05. Strength of relationships were
interpreted as weak (r = 0–0.3), moderate (r = 0.3–0.7) and strong
(r = 0.7–1).

RESULTS

Participant Characteristics
Individual participant characteristics and results are shown in
Table 1. There were no differences in age or anthropometric
variables between the SP and TD group (Table 2). Body mass
increased with increasing lower-leg lengths in both SP and
TD (by 2.1 kg cm−1 and 2.0 kg cm−1 increase in lower-
length, respectively).

Comparisons of GM Geometry of SP and
TD Groups Using Mean Data
Since one child with SP moved during the 3DUS imaging
procedure, muscle volume could not be measured reliably, and
thus VGM and Afasc could not be determined for this child.

Absolute GM Geometry (at 0 Nm): SP–TD
Comparison
Measured at 0 Nm, muscle volume (VGM) was on average
47% smaller (−39.6 ml) in children with SP compared to TD
children (Table 2). Absolute muscle belly length (`m) and fascicle
length (`fasc) in the SP group were smaller (by −2.8 cm or
−14%, and −1.2 cm or −23%, respectively) compared to the
TD group. However, no significant differences could be shown

for absolute values of muscle-tendon complex length (`m+t),
physiological cross-sectional area (Afasc), fascicle pennation angle
(`fasc), tendinous structures (`a+t), aponeurosis length (`a), and
tendon length (`t) measured at 0 Nm (Table 2).

Normalized GM Geometry (0–4 Nm):
SP–TD Comparison
After normalization for lower leg length, ANOVA of length
variables measured at 0 and 4 Nm showed that normalized
muscle-tendon complex length (`m+t/`lowerleg) and normalized
aponeurosis length (`a/`lowerleg) were not different between
groups. However, in SP normalized muscle belly length
(`m/`lowerleg) was 9.4% shorter and normalized tendon length
(`t/`lowerleg) 13.3% longer compared to those in the TD
group (Figure 2, lines with # indicate the main effects for
group differences). In addition, normalized fascicle length
(`fasc/`lowerleg) was 18.8% shorter in SP compared to TD.
Compared to TD, these results showed that after the adjustment
for lower leg length differences, muscle-tendon complexes in
children with SP seemed to be comprised of a shorter muscle
belly, with shorter fascicles, and a longer tendon.

Effects of Increased Applied Ankle
Dorsal Flexion Moments on GM
Geometry
In both groups, `m+t/`lowerleg increased upon exerting 4 Nm
dorsal flexion by 2.8% and `m/`lowerleg increased by 3.2%
(Figure 2). In addition, in both groups `fasc/`lowerleg increased
by 2.5%, and αfasc decreased by 1.4◦, similarly. However, in
neither of the groups, changes of `t/`lowerleg and `a/`lowerleg
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FIGURE 2 | TD-SP comparison of normalized values of elements of GM muscle belly and tendon geometry corresponding to 0 and 4 Nm externally applied dorsal
flexion moments. (A) `m+ t/`lowerleg: summed lengths of muscle belly and tendon normalized for lower leg length. (B) `m/`lowerleg: muscle belly length normalized for
lower leg length. (C) `t/`lowerleg: tendon length normalized for lower leg length. (D) `a/`lowerleg: aponeurosis length normalized for lower leg length. (E) `fasc/`lowerleg:
fascicle length normalized for lower leg length. (F) αfasc: pennation angle in degrees between fascicle and longitudinal axis of the muscle belly. Significance is
indicated; *p < 0.05 for a main effect of condition (externally applied dorsal flexion moments), #p < 0.05 for a main effect of group (TD-SP).

were found. There were no interaction effects identified of
group and conditions (i.e., between 0 and 4 Nm conditions).
These findings showed that changes in GM geometry in
response to externally applied ankle dorsal flexion were not
different between groups.

Absolute GM Extensibility (0–4 Nm):
SP–TD Comparison
Between groups, no difference was shown for extensibility
of GM muscle-tendon complex (1`m+t = 0.86 cm in TD,
1`m+t = 0.90 cm in SP). However, a somewhat increased
variation in extensibility in the SP compared to the TD group
(coefficient of variation of 37% in SP and 33% in TD) may have
been caused by enhanced heterogeneity within the SP group, but
other possibilities should be considered as well.

To avoid making group comparisons of length variables
corresponding to different conditions, ideally, we should have
made comparisons at similar lengths relative to optimum muscle
tendon-complex length. However, as measuring optimum length
was not feasible, we chose to assess muscle morphology at
similar external moments (relative to 0 Nm). We assumed
that in this condition the muscle was at the same relative
(non-slack) length with respect to optimum length. However,

Figure 3 shows large individual variation in normalized
muscle and tendon lengths measured at 0 and 4 Nm,
yielding overlap for similar lengths conditions only for
a limited number of subjects. This, by itself, makes the
intended identification of underlying mechanisms of limited
extensibility between groups impractical. It also means we should
interpret the results of the above group comparisons with
the utmost care.

Comparison of GM Geometrical
Variables Using Individual Children’s
Data
GM Muscle-Tendon Complex Length and Its
Constituents (at 0 Nm)
Regression analyses of muscle-tendon complex length (`m+t)
with `fasc, and `a+t showed that in TD children, `fasc
significantly and positively correlated with `m+t . However, no
such correlation was found for children with SP. In both TD and
SP, `a+t correlated positively with `m+t . These results showed
that at 0 Nm for children with SP, longer muscle-tendon complex
lengths were accompanied by longer tendons, but not by longer
muscle fascicles, as was shown for TD children.
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FIGURE 3 | Changes in normalized muscle and tendon lengths as functions
of normalized muscle-tendon complex lengths corresponding to externally
applied 0–4 Nm dorsal flexion moments. (A) Plot relating `m/`lowerleg : (muscle
belly length normalized for lower leg length) with `m+ t/`lowerleg (summed
lengths of muscle belly and tendon, normalized for lower leg length) measured
at 0 and 4 Nm dorsal flexion moment. (B) Plot relating `t/`lowerleg : (tendon
length normalized for lower leg length) with `m+ t/`lowerleg, measured at 0 and
4 Nm dorsal flexion moment. Solid line and dashed lines links individual data
between 0 and 4 Nm for TD and SP individuals, respectively.

FIGURE 4 | Regression analysis of morphological GM belly characteristics as
functions of GM (at 0 Nm). (A) Plot relating individual `fasc (fascicle length) and
VGM (muscle volume) data. Note that exclusively for TD children, a significant
and positive correlation was shown. (B) Plot relating individual Afasc

(physiological cross-sectional area) and VGM data. Note the positive
correlation, indicating that in both the TD and SP group, children with a big
VGM also have a larger Afasc. The shaded area represents the 95% confidence
interval for the TD group. No regression line is drawn and no coefficient of
correlation is indicated for data not showing a significant coefficient of
correlation.

GM Muscle Volume and Its Constituents (at 0 Nm)
Regression analyses of GM muscle volume with its constituents
`fasc and Afasc showed that in TD, `fasc was significantly and
positively correlated with VGM (Figure 4A). However, no such
correlation was found for children with SP. In both TD and
SP, Afasc was positively correlated with VGM (Figure 4B). One
outlying data point may have contributed considerably to these
correlations for children with SP, however correlation analysis
without this data point was still significant for children with
SP (r = 0.89).

FIGURE 5 | Regression analysis of individual geometrical characteristics of
GM muscle and age data. (A) Plot relating individual VGM (muscle volume at
0 Nm) to age. (B) Plot relating individual Afasc (physiological cross-sectional
area at 0 Nm) to age. (C) Plot relating individual `fasc (fascicle length at 0 Nm)
to age. (D) Plot relating individual `a+ t (tendinous structure length at 0 Nm) to
age. The shaded area represents the 95% confidence intervals for the TD
children. No regression line is drawn, and no coefficient of correlation is
indicated for data not showing a significant coefficient of correlation.

Relations Between Structures Constituting the GM
Geometry: SP–TD Comparison
In both TD and SP children, age affected GM geometry (Table 2).
In TD children, VGM increased with age by 13.3 ml year1, Afasc
by 134 mm2 year−1 and `fasc by 3.8 mm year−1. However, no
significant increases of VGM , Afasc, and `fasc with age were found
for children with SP (Figure 5 and Table 1). Muscle-tendon
complex length correlated with age in both TD and SP in a
similar way (by 2.2 cm year−1 in TD and 1.5 cm year−1 and SP,
respectively). Tendon length [`t increased with age in both TD
and SP similarly (by 1.0 cm year−1 in TD and 1.0 cm year−1

in SP]. Although muscle belly length and aponeurosis length
increased in TD with age (increase by 1.2 cm year−1, and by
0.78 cm year−1, respectively), no such correlations were found in
children with SP. Thus, muscle-tendon complex characteristics
in TD children were explained by age-related changes of both `m
and `t , whereas in children with SP, these characteristics could
only be explained by age-related changes in `t . The length of
the tendinous structures (`a+t) increased with age in both TD
and SP similarly (by 1.8 cm year−1 in TD and 1.6 cm year−1 in
SP) (Figure 5D).

To assess whether GM geometry and its constituents
correlated with lower leg length and body mass, we plotted
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FIGURE 6 | Regression analysis of individual geometrical characteristics of
GM muscle and body mass or lower leg length. (A) Plot relating individual
VGM (muscle volume at 0 Nm) to body mass data. (B) Plot relating individual
Afasc (physiological cross-sectional area at 0 Nm) to body mass data. (C) Plot
relating individual `fasc (fascicle length at 0 Nm) to lower leg length data.
(D) Plot relating individual `a+ t (i.e., tendinous structure length at 0 Nm) to
lower leg length data. The inset bar graph illustrates the significant difference
in slope (`a+ t/`lowerleg) between children with SP and TD children. The shaded
area represents the 95% confidence interval for the TD group. No regression
line is drawn, and no coefficient of correlation is indicated for data not
showing a significant coefficient of correlation.

these morphological characteristics as a function of lower leg
length and body mass (Figure 6). In TD children and children
with SP, muscle volume increased with body mass differently
(Figure 6A; increases by 3.3 ml kg−1 in TD and 1.3 ml kg−1

in SP). In both TD and SP, Afasc increased similarly as a
function of body mass (by 38.9 mm2 kg−1 in TD and by 58.7
mm2 kg−1 in SP). For TD children, `fasc increased as a function
of lower-leg length by 0.14 cm cm−1. However, no correlation
was found for children with SP (Figure 6C). In TD and SP,
`a+t as a function of lower leg length increased differently
(by 0.85 cm cm−1 in TD and 1.16 cm cm−1 in SP). Thus,
length increases of tendinous structures in children with SP
exceeded those of TD children. In addition, length increases of
the tendinous structures exceeded increases in lower leg length,
only in children with SP.

Relations of Anthropometric and GM Geometric
Variables to GM Extensibility
For both groups, we found no significant correlations
between muscle-tendon complex extensibility with age
(see Table 3). This indicated that absolute muscle-tendon

TABLE 3 | Coefficients of correlation of anthropometric variables and muscle
geometrical variables at 0 Nm with muscle-tendon extensibility.

Variables Coefficient of correlation r with extensibility

TD SP

Age 0.25 −0.35

Body mass 0.36 −0.61#

Body height 0.50 −0.66#

Lower leg length 0.51 −0.52

VGM 0.51 −0.66#

Afasc 0.59#
−0.59#

`fasc 0.33 0.44

αfasc −0.19 −0.55

`m+ t 0.43 −0.54

`a+ t 0.43 −0.59#

`m 0.41 −0.10

`t 0.36 −0.68#

`a 0.42 −0.22

Significance is indicated; #p < 0.05. These symbols indicate the following VGM,
muscle volume; Afasc, physiological cross-sectional area; `fasc, fascicle length;
αfasc, pennation angle; `m+ t, muscle-tendon complex length; `a+ t, tendinous
structure length; `m, muscle belly length; `t, tendon length; `a, aponeurosis
length. Muscle-tendon complex extensibility is defined as the absolute change in
muscle-tendon complex length from 0 to 4 Nm dorsal flexion.

complex extensibility did not change with age. However,
we did find negative correlations between anthropometric
variables and muscle-tendon complex extensibility, except
for lower leg length. However, no such correlations between
anthropometric values and muscle-tendon complex extensibility
were found in TD children (Table 3). These findings
indicated that only in children with SP increases in body
size were associated with decreases in absolute muscle-tendon
complex extensibility.

Analysis of individual data showed that, in children with SP, a
hypothetical 1 mm decrease in GM extensibility was correlated
with the net effect of increases in GM muscle volume (by
27.98 ml), Afasc (by 1189.38 mm2), and length of tendinous
structures (by 8.3 cm). In contrast, GM extensibility in TD
children was positively correlated to Afasc. Besides Afasc, no other
GM geometric variable showed a significant correlation with GM
extensibility in TD children. These results showed that growth-
related increases of GM geometry in children with SP were
associated with a decrease in GM extensibility.

DISCUSSION

Our cross-sectional study shows that the GM geometry of
children with SP is mainly characterized by smaller muscle
bellies, related to a limited or absent longitudinal fascicle growth.
In addition, we found that exclusively in children with SP,
growth-related length increases of tendinous structures exceed
those of lower leg length. Only in children with SP, we found
a negative coefficient of correlation of both the physiological
cross-sectional area and length of tendinous structures with
muscle-tendon complex extensibility. These results show how
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at least part of the triceps-surae muscle hyper-resistance to
extension in children with SP can be explained by growth-related
adaptations of the GM.

Limitations of the Present Study
Given the design of the present study, we cannot distinguish
between mechanisms responsible for acute GM geometry
changes or any other structures surrounding the ankle joint in
children. It is conceivable that at the exertion of the standardized
applied foot plate moments, other structures may be strained,
resulting in no changes in GM geometry. Such a mechanism may
prevent attainment of higher fascicle lengths or tendon lengths at
0 Nm than those presently found.

Limitations concerning the 3D-ultrasound and inclino-
dynamometer technique were described and discussed previously
(Bénard et al., 2009, 2010, 2011; Weide et al., 2015, 2017). A major
limitation of 3D-ultrasound imaging is that the subjects should
not move during the acquisition. Movements result in erroneous
displacements of US images in the reconstruction of the 3D voxel
array. In addition, during the acquisition, probe pressure results
in tissue deformation. To overcome excessive probe pressure,
ample ultrasound gel should be applied on the skin. Finally, 3D-
ultrasound imaging requires anatomical knowledge to be able
to correctly interpret 3D ultrasound image reconstruction. By
measuring GM morphology at 0 Nm we assumed that agonistic
and antagonistic muscles were not in a slack condition because
this would require contraction to pull the series-elastic structure
out of the in-toe region, which is very unfavorable.

Group Comparisons
Studies using ankle-dynamometry measurements and gait
analysis show more plantar flexed feet in children with SP
compared to TD children, suggesting short muscle-tendon
complexes (Tardieu et al., 1982; Harlaar et al., 2000; Singer et al.,
2002). In contrast to such studies, we refer to foot sole angles
rather than to ankle joint angles, as we have clear indications
that foot flexibility confounds the comparison of GM geometry
between groups at similar foot sole angles (Huijing et al., 2013;
Weide et al., 2020). Ideally, comparisons of GM geometry should
be made at comparable sarcomere lengths. Since no in-vivo
approach is available to make such comparisons, comparisons of
GM geometry were standardized to similar external conditions,
e.g., “neutral” foot sole angle or externally applied moment.
Differences in standardization approach most likely underlie the
ambiguity concerning fascicle length in children with SP, since
both shorter (Wren et al., 2010) and similar (Schless et al.,
2018) muscle-tendon complex lengths have been reported for SP
groups. In the present study, there was no difference in muscle-
tendon complex length between SP and TD groups. However,
it is conceivable that difference in ankle joint range of motion
are not exclusively related to GM structures, but also to other
structures surrounding the ankle joint. Such interactions between
tissues may have prevented the attainment of higher muscle-
tendon complex lengths, fascicle lengths, or tendon lengths at
0 Nm than those presently found.

In accordance with other studies that quantified GM geometry
at “resting” ankle joint angles or 0 Nm conditions, we did find

morphological characteristics such as muscle volume (Barber
et al., 2011a; Noble et al., 2014; Pitcher et al., 2018; Schless et al.,
2018), fascicle length (Mohagheghi et al., 2008; Gao et al., 2011;
Matthiasdottir et al., 2014), and physiological cross-sectional
area (Barber et al., 2011a,b) to be smaller, and tendon length
(Barber et al., 2012) to be larger in the SP compared to the
TD group. However, also in the literature, several studies found
similar fascicle lengths at this so-called “resting” joint angle in
the SP compared to the TD group (Shortland et al., 2002, 2004;
Malaiya et al., 2007; Wren et al., 2010; Barber et al., 2011a,b).
Conclusions regarding growth based on group differences may
deviate from conclusions based on regression analysis that
considers individual variations. This can be exemplified by the
study of Malaiya et al. (2007), who studied muscle growth
in children with SP and allowed further interpretation due to
the transparent and extensive description of their methods and
results. Based on group comparison, Malaiya et al. (2007) argued
that reduced muscle growth in children with SP is only related
to reduced physiological cross-sectional area growth, and not to
reduced longitudinal fascicle growth. However, other parts of that
same study may lead to different conclusions (see below).

SP–TD Comparison Based on Individual
Data
Similar Growth of Body Dimensions in SP and TD
Children
Differences in body dimensions between children have been
reported (e.g., Grammatikopoulou et al., 2009; Tomoum et al.,
2010; Walker et al., 2015; Herskind et al., 2016). In contrast,
both body mass and lower leg length and increases thereof over
age did not differ between our samples of SP and TD children.
This may be due to cross-sectional design and the limited group
size. Another explanation may be that the children with SP were
relatively mildly affected, as GMFCS levels in SP correlate with
smaller body dimensions (Walker et al., 2015; Wang et al., 2016).

Less Muscle Volume Growth in Children With SP
Compared to TD
In line with the previous studies (Noble et al., 2014; Herskind
et al., 2016; Willerslev-Olsen et al., 2018), our results show that
GM muscle volume increases with body mass in children with
SP, albeit at a reduced rate compared to TD children. It should
be noted, however, that at larger body masses, children with
SP attain considerably smaller GM muscle volumes than TD
children, as the slopes of the regression lines of SP and TD
children are very different. In agreement with previous results of
Herskind et al. (2016), at similar body mass (˜20 kg), GM muscle
volumes of children with CP are smaller compared to those of TD
children, but the differences seem relatively small. In addition,
Herskind et al. (2016) reported that from the age of 15.5 months
which is the age at which children typically start to walk, GM
muscle volume in children with SP deviates substantially from
TD children. This substantial deviation in GM muscle volume
is surprising, considering the relatively minor difference in GM
muscle volume at ∼20 kg (∼5 years of age). This suggests that,
during development, children with SP can catch up with TD
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children on the aspect of GM muscle volume growth. Further
research on how muscles and their mechanical properties develop
from birth to adolescence, as well as the mechanisms underlying
the attenuated muscle growth in young and older children with
SP is indicated.

Increases of GM Tendinous Structures in SP and TD
Children
Particularly at older ages, or larger lower leg lengths, the
tendinous structure in children with SP is relatively longer than
in TD children. This is emphasized by the observation that
exclusively in children with SP increases in tendinous structure
lengths exceeded increases in lower leg length. A similar effect,
namely increases in tendinous lengths being larger than bone
growth, was also seen following an experimental transfer of the
flexor m. carpi-ulnaris distal tendon to the extensor site in healthy
animals (Maas and Huijing, 2012). Thus, our present results
confirm indications of other studies (Tardieu et al., 1977; Wren
et al., 2010), that in children with SP, factors other than lower leg
length must be involved in regulating tendon growth.

Mechanisms responsible for the adaptation of tendinous
structures potentially change with maturation. In young animals,
it has been shown that the muscle-tendon complex adapts its
length to immobilization by tendon length changes, without
changes in the number of sarcomeres in series (Tardieu et al.,
1977; Blanchard et al., 1985). However, in adult animals, the
muscle-tendon complex adapts solely by changes in the number
of sarcomeres in series (Tardieu et al., 1977; Blanchard et al.,
1985; Wren, 2003). It has been suggested that at a younger
age, lengths of tendons adapt to minimize strain (Wren, 2003).
Increasing the length of tendinous structures to reduce strain
in children with SP may be beneficial to allow more ankle joint
movement in the short term. However, the capacity of tendon
structures to adapt in such a way seems to diminish in adult age
for unknown reasons (Blanchard et al., 1985). One explanation
may be a decreasing expression of growth factors responsible for
tendon growth in young children (Okamoto et al., 2005; Gumucio
et al., 2015). Especially in children with SP, higher concentrations
of transforming growth factor beta (TGF-β1) have been shown
within the muscle and in the serum compared to TD children
and adults (Grether et al., 1999; Lin et al., 2010; Von Walden
et al., 2018; Pingel et al., 2019). Such age dependent tendon
plasticity and elevated expression of TGF-β1 in SP compared to
TD children may result in altered morphological and mechanical
tendon properties in young children with SP.

If the material properties of the tendinous structures and the
cross-sectional area remain similar, it is expected that the overall
structure compliance increases with an increase in slack length.
However, our results show that tendon length in children with SP
correlates negatively with muscle-tendon complex extensibility.
This finding indicates that during growth, tendon material
properties change, and/or the length of tendinous structures
increases. When stretching the muscle in both SP and TD
children by applying an externally applied moment (4 Nm),
we did not find [acute] increases in the summed length of
tendinous structures, nor for tendon or aponeurosis separately.
Even when exerting 0 Nm externally, non-zero stresses on the

Achilles tendon, its aponeuroses, and on tendinous structures of
antagonistic muscles are expected (Wu et al., 2012), so that at 0
and 4 Nm these structures are on the stiff part of their length-
force curves. Fast release experiments on maximally dissected
animal muscles have shown that tendinous structures (rather
than intra-fiber components) lengthen only by 4% from zero
force to optimum muscle force (Morgan et al., 1978). Some
simple and rough calculations may guide our expectations on this
(see next paragraph).

Analysis of Effects on Tendinous Extensibility in TD
Children
In a TD child with a tendinous structure length (`a+t) of ˜30 cm
and an optimum active force of 510 N (17 cm2 of Afasc and
a specific tension of around 30 N/cm2; Erskine et al., 2011;
van der Zwaard et al., 2018), we would expect to find 1.2 cm
(4% of 30 cm) of tendon stretch. If dorsal flexion resistance
to an external moment of 4 Nm should originate solely from
GM, with an estimated moment arm ˜5 cm (Kalkman et al.,
2017), it would cause a force pulling on the tendon with 80 N
(F = 4/0.05 N). Assuming a linear stress-strain curve, 80 N of
force pulling on the tendon would result in 0.2 cm (80/510

∗1.2)
stretch of the tendinous structure. However, in reality, other
parallel arranged structures provide additional force transmission
pathways, such as other plantar flexor muscles, joint capsules
and ligaments, reducing the above estimated stress and strain
of the GM tendinous structures. Thus, our finding of negligible
acute increases length of tendinous structures in response to the
small and low range of externally applied moment meets our
expectations. Unfortunately, we could not capture these 2 mm
acute increases in tendon length because of the limited sensitivity
of the 3D US setup.

Lower Fascicle Lengths Attained in SP Compared to
TD Children
In our sample of children with SP, age range 6–13 years, fascicle
length expressed as functions of either age, lower leg length or
muscle volume, deviates from those in TD children. However,
differences in fascicle length between children with SP and TD
children were small at a lower age, shorter lower legs, and
smaller muscle volumes. This is in agreement with the results
of Herskind et al. (2016), who reported fascicle length of SP
and TD children up to five years old to increase indifferently.
However, after this age, differences in fascicle length between
SP and TD increase with increases in age and lower leg length.
Such a deviation is also reported in the study by Malaiya et al.
(2007) showing that in TD children, but not in children with
SP, individual fascicle length at “resting” foot angle correlates
with fibula length. However, the finding that fascicle length only
increases in TD seems underappreciated in their conclusion
regarding GM muscle growth in children with SP, stating that
reduced GM growth is related to a reduced physiological cross-
sectional area growth.

Reduced longitudinal fascicle growth in children with SP
may be related to reduced addition of sarcomeres in series,
resulting in a smaller number of sarcomeres in series (Mathewson
et al., 2015) and/or longer sarcomeres (Smith et al., 2011;
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Mathewson et al., 2015). Several mechanisms may be responsible
for the comparatively reduced addition of sarcomeres in series
in children with SP (Dayanidhi and Lieber, 2014; Von Walden
et al., 2018). Possibly in children with SP, this may be due to the
effects of spasticity hindering typical muscle use and proliferation
and differentiation of satellite cells (Dayanidhi and Lieber, 2014).
Alternatively, enhanced longitudinal tendon growth in children
with SP may attenuate the stimulus for longitudinal fascicle
growth, resulting in a reduced number of sarcomeres arranged
in series. A reduced number of sarcomeres arranged in series
negatively corresponds to the extensibility of the muscle fascicle.

Physiological Cross-Sectional Area Growth in SP and
TD Children
In children with SP and TD, the physiological cross-sectional area
of GM increases similarly with body mass. Such conclusions are
also supported by Malaiya et al. (2007) after the reinterpretation
of their data showing that in children with SP, GM muscle
volumes increase without increases in fascicle length. Therefore,
it can be concluded that in children with SP, at least in the
age range of 6–13 years, increases in muscle volume are mainly
caused by increases in physiological cross-sectional area.

One may predict that increases in GM physiological cross-
sectional area would negatively affect extensibility of the muscle-
tendon complex, as more parallel arranged muscular material
needs to be strained and may affect ankle range of motion
(Weide et al., 2015). Understanding how different underlying
mechanisms contribute to the measured net extensibility is
complex. For example, in our TD children, we found a
positive coefficient of correlation between the physiological cross-
sectional area and the muscle-tendon complex extensibility.
In TD children, the negative effects of the increase of the
physiological cross-sectional area on the extensibility may be
compensated by simultaneous increases of fascicle length, which
is not the case in children with SP.

CONCLUSION

In conclusion, this cross-sectional study indicates that age-
related GM growth in children with SP is characterized by
increases in physiological cross-sectional area and in lengths
of tendinous structures, without an increase in fascicle length.

Our results show that in children with SP, increases in
GM muscle volume, physiological cross-sectional and lengths
of tendinous structures are associated with a reduced GM
extensibility, while such relations were not shown in TD. The
findings of this study suggest that clinical interventions treating
hyper ankle dorsiflexion resistance should aim to increase both
muscle physiological cross-sectional area and fascicle lengths.
Longitudinal 3D ultrasound studies of the morphology and
extensibility of the TS muscle are required to verify the present
results and to obtain insight in the mechanisms underlying the
impeded growth in children with SP.
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While abnormal muscle tone has been observed in people with stroke, how these changes 
in muscle tension affect sarcomere morphology remains unclear. The purpose of this 
study was to examine time-course changes in passive muscle fiber tension and sarcomeric 
adaptation to these changes post-ischemic stroke in a mouse model by using a novel 
in-vivo force microscope. Twenty-one mice were evenly divided into three groups based 
on the time point of testing: 3 days (D3), 10 days (D10), and 20 days (D20) following right 
middle cerebral artery ligation. At each testing time, the muscle length, width, and 
estimated volume of the isolated soleus muscle were recorded, subsequently followed 
by in-vivo muscle tension and sarcomere length measurement. The mass of the soleus 
muscle was measured at the end of testing to calculate muscle density. Two-way ANOVA 
with repeated measures was used to examine the differences in each of the dependent 
variable among the three time-point groups and between the two legs. The passive muscle 
stress of the impaired limbs in the D3 group (27.65 ± 8.37 kPa) was significantly lower 
than the less involved limbs (42.03 ± 18.61 kPa; p = 0.05) and the impaired limbs of the 
D10 (48.92 ± 14.73; p = 0.03) and D20 (53.28 ± 20.54 kPa; p = 0.01) groups. The soleus 
muscle density of the impaired limbs in the D3 group (0.69 ± 0.12 g/cm3) was significantly 
lower than the less involved limbs (0.80 ± 0.09 g/cm3; p = 0.04) and the impaired limbs 
of the D10 (0.87 ± 0.12 g/cm3; p = 0.02) and D20 (1.00 ± 0.14 g/cm3; p < 0.01) groups. 
The D3 group had a shorter sarcomere length (2.55 ± 0.26 μm) than the D10 (2.83 ± 0.20 μm; 
p = 0.03) and D20 group (2.81 ± 0.15 μm; p = 0.04). These results suggest that, while 
ischemic stroke may cause considerable changes in muscle tension and stress, sarcomere 
additions under increased mechanical loadings may be absent or disrupted post-stroke, 
which may contribute to muscle spasticity and/or joint contracture commonly observed 
in patients following stroke.

Keywords: force microscope, soleus, muscle, in-vivo muscle tension, mouse stroke, sarcomerogenesis
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INTRODUCTION

Alteration in muscle properties due to motor dysfunction 
negatively impacts stroke survivors’ mobility and self-care and 
thus has been a major clinical concern when treating stroke 
patients. Patients post-stroke often show substantial changes 
in muscle tone/tension, including the initial flaccid phase (i.e., 
reduced muscle tension) starting shortly after a stroke and 
the subsequent development of muscle spasticity that increases 
muscle tension in the affected limbs (Dietz and Berger, 1983; 
Hufschmidt and Mauritz, 1985; Lee et  al., 1987; Feit et  al., 
1989; Sinkjaer et  al., 1993, 1996; Sinkjaer and Magnussen, 
1994; Booth et  al., 2001). Although altered muscle tension 
following stroke, such as spasticity, has been associated with 
changes in the muscle fiber and sarcomere properties (Lieber 
and Friden, 2002), the role of the altered muscle tension 
following stroke in sarcomeric adaptation remains unclear. 
Changes of passive muscle properties after stroke have been 
studied at the joint level (Chung et  al., 2004, 2008), and 
ultrasound studies have demonstrated the muscle contractility 
and tendon characteristics post-stroke (Gao and Zhang, 2008; 
Zhao et al., 2008). Aforementioned research investigated muscle 
functions from a system level at a particular time (i.e., a cross-
sectional study design); a better understanding through in vivo 
investigations of the changes in sarcomere morphology and 
muscle tension at several consequential time points may help 
advance clinical guidance (Smeulders and Kreulen, 2006).

Muscle cell adaptation (sarcomerogenesis) has been thought 
to be  a process responsible for the maintenance of the optimal 
length and force-length relationship by adjusting the number 
of sarcomeres in series, so that the muscle could be  used 
efficiently (Herring et  al., 1984). The process of muscle cell 
adaptation is activated in response to the demand of workload 
as observed in previous studies involving immobilization and 
lengthening (Goldspink et  al., 1974; Williams and Goldspink, 
1978; Williams et  al., 1999; Gajdosik, 2001; Caiozzo et  al., 
2002; Lindsey et  al., 2002; Coutinho et  al., 2004), hind-limb 
unloading (Kasper and Xun, 2000; Wang et  al., 2006), and 
tenotomy (Baker and Hall-Craggs, 1978). However, little is 
known regarding changes in the intrinsic properties of muscle 
cells following stroke.

It has been suggested that an intact innervation, both 
descending and ascending pathways, is critical for proper 
adjustment/adaptation of sarcomere length, and sarcomerogenesis 
might occur at a slower rate if innervation is compromised 
(McLachlan and Chua, 1983; Huijing and Jaspers, 2005; Swaroop 
et  al., 2009). For example, in a rat leg lengthening study with 
the groups of lengthening only, lengthening with Botox, 
lengthening with neurectomy, and sham surgery, the number 
of serial sarcomeres in the soleus muscle fibers of the lengthening 
only group had a significantly more addition of sarcomeres 
in series when compared to the other three groups (Swaroop 
et  al., 2009). In children with cerebral palsy (CP), impaired 
sarcomeric adaptation to the stretching of the muscle during 
growth/development has been thought to be  the cause of the 
observed increased sarcomere length in this neurological patient 
population (Dayanidhi and Lieber, 2014; Matthiasdottir et al., 2014; 

Mathewson and Lieber, 2015; Kinney et  al., 2017). In ischemic 
stroke, however, it remains poorly understood whether and how 
the muscle cells can adapt in response to changes in muscle 
mechanical environment throughout pathology progression.

Quantitative investigations to evaluate muscle fiber tension 
in vivo and its influence on sarcomeric adaptation post-stroke 
are limited because of the difficulties in human subject testing. 
Pre-clinical rodent models allow researchers to study neurological 
disease and motor system dysfunction (Farr and Whishaw, 
2002; Farr et  al., 2006; Granziera et  al., 2007). Mice with 
induced stroke demonstrated similar functional and motor 
deficits to what have been observed in stroke patients, such 
as locomotor activity, gait, and limb tone (Hunter et  al., 2000; 
Li et al., 2004). Thus, the objective of this study was to investigate 
the sarcomeric adaptation and the changes in muscle tension 
following stroke using a mouse ischemic stroke model. 
We  hypothesized that changes in muscle tension due to a 
neural injury would not lead to sarcomeric adaptation due to 
impaired innervation in mice following ischemic stroke.

MATERIALS AND METHODS

The animal use in this study was approved by the Institutional 
Animal Care and Use Committee at Northwestern University. 
All animals were handled based on the guidelines by the 
National Institutes of Health. All animals were provided with 
food and water ad libitum and were maintained on a 12-h 
light-dark cycle. Twenty-one C57L/6 male mice (The Jackson 
Laboratory, Bar Harbor, Maine, United States), weighing between 
20 and 30  g, received a brain surgery to induce ischemic 
stroke in the right hemisphere by the right middle cerebral 
artery (MCA) occlusion. The MCA occlusion is a common 
and validated model to study ischemic stroke in mice and 
rats (Durukan and Tatlisumak, 2009) with functional deficits 
observed beyond 30  days following surgery (Liu et  al., 2013). 
The detailed procedure is elucidated in the section below. Stroke 
mice were then randomly divided into three groups evenly 
(N  =  7 per group) according to the time point of testing 
including 3  days (D3), 10  days (D10), and 20  days (D20) 
after the MCA occlusion.

Brain Surgery to Induce Stoke in Mice
Before surgery to induce ischemic stroke, all mice were 
anesthetized through intraperitoneal injection of Xylazine 
(10  mg/kg of body weight) and Ketamine (100  mg/kg) and 
Cefazolin (11–12  mg/kg) was given subcutaneously. Under 
anesthesia, a 3-mm perpendicular incision was made to bisect 
a line between the right external auditory canal and the right 
eye. When the skull was exposed, a 2-mm hole was drilled 
at a location near the fusion of the zygomatic arch with the 
squamosal bone. The right MCA was identified and then 
occluded permanently using suture ligation while bilateral 
common carotid arteries were only ligated for 1  h (i.e., suture 
ligation removed after 1 h; Liu et  al., 2013). Following surgery, 
mice were moved back to the animal housing facility with 
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free water and food access. Mice with stroke were anesthetized 
for biomechanical testing of the soleus muscles either on the 
3rd, 10th, or 20th day according to the group assignment 
following the brain surgery. After testing, the mice were 
euthanized and the isolated soleus muscles were removed for 
muscle mass measurement. Muscle density (mass divided by 
estimated volume; g/cm3) was then calculated. Estimated volume 
was derived from the width, length, and thickness of the 
isolated muscle by assuming the isolated muscle to be  similar 
to a cylinder. Both the impaired (left) and the less involved 
(right) limb were tested in a random order.

In vivo Quantification of Sarcomere Length 
and Sarcomere Number in the Soleus 
Muscle
A force microscope (Figure 1; Wu et al., 2016) that can estimate 
in vivo muscle tension (via its position and force sensors) and 
obtain sarcomere images was used to quantify the sarcomere 
length and tension of the soleus muscle in mice at varying 
times post-stroke. Plantar-flexors are commonly affected following 
stroke. When compared to the large gastrocnemius muscles 
in mice, the entire soleus muscle is small and thin enough 
to be  easily isolated and placed on the top of the prism to 
view sarcomere images in vivo while minimizing muscle damage 
during dissection and/or muscle sample/bundle preparation.

At the assigned time/day post-stroke, the mouse was 
anesthetized through intraperitoneal injection of xylazine (10 mg/
kg) and ketamine (100  mg/kg). The mouse was laid on its 
stomach with the tested hindlimb secured/positioned at 0° of 
knee flexion and ankle dorsiflexion. The soleus muscle was 
then exposed and fixed at both ends close to the muscle-
tendon junctions (Figure  2). Before testing, the initial muscle 
length, width, and thickness of the soleus muscle were measured.

Before testing, a stage micrometer (MA 285, Meiji Techno 
America, Santa Clara, CA, United States) was used to calibrate 
the pixel length of the subsequent captured images using this 
in vivo force microscope. The stage micrometer was placed 

right above the 0.5-mm prism contained in the tip of the 
metal tube, which also houses optical fiber transmitting the 
light from the light source and the objective was adjusted for 
focusing (Figure  1). A picture of the stage micrometer was 
then captured to be  used for subsequent calibration when 
estimating the sarcomere length. Following image calibration, 
a 0.5-mm prism of the testing device was placed at the midpoint 
and under the isolated soleus muscle bundle. The initial vertical 
position of the prism was aligned with the soleus muscle to 
ensure no stretch in the muscle (i.e., determined based on 
whether an increase in force on the tube was detected) after 
the prism inserted in place. Images of the sarcomeres at the 
initial testing position were then obtained.

The sarcomere length of the soleus muscle at the initial 
testing position (i.e., 0° of knee flexion and 0° of ankle 
dorsiflexion) was measured from the obtained optic images. 
Specifically, ImageJ (National Institutes of Health, Bethesda, 
MD, United  States; Schneider et  al., 2012) was first used to 
measure the pixels of known distance of the gradation in the 
micrometer image. This calibration factor was then applied 
when the length of the sarcomere was measured from the 
recorded sarcomere images using ImageJ. At least 20 continuous 
sarcomeres were identified in each image to calculate the 
sarcomere length, and the average value from three images 
was used to represent the sarcomere length at the initial testing 
position. The entire muscle length was also measured. The 
sarcomere number in series was then estimated by dividing 
the muscle length by the average sarcomere length.

In vivo Muscle Tension Estimation of the 
Soleus Muscle
Starting from the initial position, stepwise vertical lifting of 
the metal tube (i.e., right underneath the isolated soleus muscle) 
was conducted until the soleus muscle bundle was stretched 
to approximately 150% of the initial muscle bundle length (a 
total of 6–10 steps; approximately 0.3  mm/step; 1-min interval 
of each step). The vertical lifting force, vertical lifting distance, 

FIGURE 1 | A schematic of the force microscope. Before testing, the stage micrometer was placed right above the prism to capture calibration images. During 
testing, the metal tube containing the prism was placed at the midpoint and underneath the muscle fibers. Starting from the initial position (i.e., no increase in the 
force on the tube due to muscle stretching), the tube was lifted up vertically step by step until the muscle fibers were stretched to 150% of the initial length.
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and images of the sarcomeres were simultaneously recorded 
in vivo at every lifting step. The recorded lifting force was 
used to estimate the axial tension of the muscle bundle at 
each lifting step. The lifting force was recorded continuously 
for the entire 1-min interval after each lifting step. However, 
the force signal fluctuated when a lifting step was first completed. 
Thus, to obtain a more stabilized force signal, only the forces 
recorded during the last 3-s window (i.e., 58th, 59th, and 
60th  s) were averaged and used for subsequent axial tension 
estimation at each lifting step.

The passive tension of the muscle at each lifting step was 
estimated using the recorded lifting force and vertical lifting 
distance based on trigonometry and force equilibrium calculations 
(Wu et al., 2016). Briefly, the passive muscle tension was estimated 
to be  the lifting force divided by 2sin(θ), where θ is the angle 
formed by the horizontal line and the muscle bundle. Due to 
the limitation of this equation on estimating passive muscle 
tension at the initial length/step (i.e., when θ  =  0, 1/sinθ  =  ∞), 
an exponential curve was fitted to the other data points to 
predict the passive tension of the muscle at the initial length 
(Figure  3). The predicted passive tension at the initial testing 
condition was normalized to the cross-sectional area of the 
muscle bundle to calculate the passive muscle stress (kPa).

Data Analysis
The dependent variables included the initial sarcomere length, 
initial passive muscle stress (kPa), and the muscle density of 
the soleus muscle (g/cm3) in both the impaired limbs and less 
involved limbs. Two-way ANOVA (group-by-limb) with repeated 
measures was then used to examine the differences in each of 
the dependent variable among the three time-point groups and 
between the two legs with a significance level of p  ≤  0.05. If 
a significant interaction was detected, simple main effects analyses 
were conducted to examine each pair-wise comparison. If a 
significant group main effect was detected without a significant 
group-by-limb interaction, post-hoc between-group pairwise 
comparisons would be  examined using Tukey’s HSD tests.

RESULTS

Two-away ANOVA revealed a significant group-by-limb 
interaction for the initial passive muscle stress (p  =  0.03; 
Figure 4A) and muscle density (p = 0.04; Figure 4B). Post-hoc 
simple main effects analyses indicated that the initial muscle 
stress of the impaired limbs in the D3 group (27.65 ± 8.37 kPa) 
was significantly smaller than muscle stress of the impaired 
limbs in the D10 group (48.92  ±  14.73; p  =  0.03) and in the 
D20 group (53.28  ±  20.54  kPa; p  =  0.01). No significant 
differences in the initial muscle stress among the three groups 
were observed in the less involved limbs (all p  >  0.37). The 
muscle stress of the impaired limb was significant smaller than 
the muscle stress of the less involved limb in the D3 group 
(27.65  ±  8.37 vs. 42.03  ±  18.61  kPa; p  =  0.05) but not in the 
D10 and D20 groups (p  =  0.10 and 0.21, respectively).

Results of the post-hoc simple main effects analyses also 
indicated that the soleus muscle density of the impaired limbs 
in the D3 group (0.69  ±  0.12  g/cm3) was significantly smaller 
than the D10 (0.87  ±  0.12  g/cm3; p  =  0.02) and D20 
(1.00 ± 0.14 g/cm3; p < 0.01) groups. No significant differences 
in the muscle density among the three groups were observed 
for the less involved limbs (all p  >  0.11). The muscle density 
of the impaired limb was significant smaller than the muscle 
density of the less involved limb in the D3 group (0.69  ±  0.12 
vs. 0.80  ±  0.09  g/cm3; p  =  0.04) but not in the D10 and D20 
groups (p  =  0.44 and 0.14, respectively).

For sarcomere length, two-way ANOVA only revealed a 
significant group main effect (p  =  0.018; Figure  4C) without 
a significant group-by-limb interaction (p  =  0.131). Post-hoc 
Tukey’s HSD tests indicated that the overall sarcomere length 
of the D3 group (2.55  ±  0.26  μm) was shorter than the 
sarcomere length of the D10 (2.83  ±  0.20  μm; p  =  0.03) and 
D20 group (2.81  ±  0.15  μm; p  =  0.04). While overall the D10 
and 20 groups had less sarcomere number than the D3 group, 

FIGURE 2 | Illustration of the prism with light source underneath the isolated 
soleus bundle, where the isolated soleus muscle was held down during the 
biomechanical testing. Line 1 and line 2 are the position, where a suture holds 
down the isolated soleus muscle. Line 3 is the midpoint location, where 
another suture holds down the leg.

FIGURE 3 | Representative samples showing the curve fitting procedures 
used to estimate the initial muscle stress.
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results of the two-way ANOVA revealed no significant difference 
in the sarcomere number between limbs and among the three 
groups (p  =  0.72 and 0.14, respectively; Figure  4D).

DISCUSSION

The overall objective of this study was to examine changes in 
sarcomere properties and muscle tension in mice following stroke. 
Using a force microscope, we  were able to evaluate the in vivo 
morphology of the sarcomeres and muscle tension simultaneously 
at multiple time points following the brain surgery that induced 
ischemic stroke in mice. To our knowledge, limited information 
is currently available regarding the muscle fiber tension in vivo 
and the corresponding sarcomere morphology following neurological 
pathologies. The use of the established force microscope (Wu 
et  al., 2016) thus demonstrates the potential to advance our 
understanding of the interaction between mechanical loads and 
morphological adaptation in skeletal muscles. It should be  noted 
that the present study investigated the changes in muscles post-
stroke under a passive condition, and thus future work that involves 
neural component (e.g., via electrical stimulation) as well as 
measures examining physiological and molecular mechanism is 
warranted to further understand the underlying mechanisms 
regarding the interactions between altered muscle tension and 
muscle morphological adaptation following neurological pathologies.

Alterations in the mechanical properties and sarcomere 
length of the skeletal muscle after a neurological disorder have 
been observed in children with CP (Smith et al., 2011; Dayanidhi 
and Lieber, 2014; Matthiasdottir et  al., 2014; Mathewson and 
Lieber, 2015; Kinney et  al., 2017). However, the time history 
of in vivo fiber tension and sarcomeric adaption after stroke 
has not been fully investigated. Our findings revealed marked 
changes in the passive muscle stress in mice following ischemic 
stroke, which are thought to trigger subsequent sarcomeric 
adaptation. Specifically, the observed passive muscle stress 
matched with the general pathology progression from the initial 
flaccid phase (i.e., decreased stress in D3) followed by increased 
tension due to the subsequent muscle hypertonia development 
(i.e., increased stress in D10 and D20) in the affected limb.

It has been proposed that sarcomerogenesis (sarcomere assembly) 
is achieved through ordered pathways (Ehler and Gautel, 2008) 
and may respond dynamically to mechanical stimulus to regulate 
the optimal operation range/length of the sarcomere (Herring 
et  al., 1984). For example, animal studies have revealed that the 
sarcomere number increased in a lengthened position and decreased 
in a shortened position, and such adaptation is thought to be  a 
response to the passive tension experienced by the muscle (Goldspink 
et  al., 1974; Williams and Goldspink, 1978). Taken together, it 
was anticipated that the sarcomere number would start to decrease 
in response to a decrease in passive stress observed in D3 if 
sarcomeric adaptation occurred in mice following stroke. Thus, 
when the impaired soleus muscles were stretched to the initial 
testing position at 0° of ankle dorsiflexion, a longer sarcomere 
length as well as an elevated passive tension due to stretched 
sarcomeres would be  expected. This premise was supported by 
the significant increase in the passive stress and sarcomere length 
in the D10 group when compared to the D3 group. While less 
sarcomeres were also observed in the D10 than the D3, this 
difference was not statistically significant.

However, no differences in passive stress, sarcomere length, 
and sarcomere number were observed between the D10 and D20 

A

B

C

D

FIGURE 4 | Muscle stress (A), muscle density (B), sarcomere length (C), 
and sarcomere number (D) of the soleus muscle in mice at 3 days (D3), 
10 days (D10), or 20 days (D20) following ischemic stroke. * Denotes a 
significant difference (p < 0.05) when compared to the impaired limb of the 
D3 group. ǂDenotes a significant difference (p < 0.05) when compared to the 
D3 group (i.e., both limbs combined).

311

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Tsai et al. Sarcomere Adaptation Post Stroke

Frontiers in Physiology | www.frontiersin.org 6 December 2020 | Volume 11 | Article 581846

groups, suggesting that sarcomeric adaptation might be  absent 
in mice at this stage of stroke. The elevated stress/tension of the 
soleus muscles when the ankle was held in a neutral position at 
D10 might lead to altered movement patterns and ankle joint 
positions (e.g., excessive plantar-flexion) adapted by the stroke 
mice in order to reduce the elevated muscle stress. This hypothesis 
may explain the absence of sarcomeric adaptation and thus the 
similarity between the D10 and D20 groups in all dependent 
variables. Future research that quantifies or controls the ankle 
joint kinematics/positions in mice following stroke is needed to 
determine whether sarcomeric adaptation in mice is disrupted 
during this stage of stroke. Regardless, the observed increased 
passive tension is expected to contribute to the limited joint 
motion and functions commonly observed following stroke.

A better understanding of the presence and mechanisms 
of sarcomeric adaptation is essential to assist in the decision-
making and enhancing patient outcomes following clinical 
interventions in patients with neurological disorders. The 
impaired sarcomeric adaptation following CP has been associated 
with a reduction in the muscle satellite cells (Dayanidhi and 
Lieber, 2014; Mathewson and Lieber, 2015; Kinney et al., 2017). 
Future studies quantifying muscle satellite cells following stroke 
is warranted to examine whether the same underlying 
mechanism(s) are responsible for impaired sarcomeric adaptation 
across different neurological pathologies.

In addition to the changes in sarcomere length, the changes 
in the observed passive muscle stress in mice at different times 
post-stroke may also be associated with potential changes in muscle 
composition during the early stage of stroke in mice (Springer 
et  al., 2014). This premise was supported by the differences in 
muscle density among the tested groups in our current study. The 
non-invasive ultrasonography method used in the patients with 
stroke also demonstrated the similar findings on the passive 
mechanical property changes after the neurological insults 
(Jakubowski et al., 2017; Leng et al., 2019). However, future research 
involving histological analyses of myofilament and cytoskeleton 
proteins will be needed to better understand how changes in muscle 
compositions post-stroke may potentially alter muscle stress/tension.

Several experimental limitations should be acknowledged. First, 
we  estimated the volume of the muscle bundle using its length, 
width, and thickness based on the assumption of a cylinder. The 
estimation of the in vivo muscle axial tension/stress level using 
the force microscope also relied on the assumption of a constant 
initial length of the muscle bundle and achieving the force 
equilibrium status at every lifting step. The initial axial tension 
was predicted based on an exponential curve fitting procedure. 
Therefore, any violation of the above assumptions, such as poor 
fixation of the muscle and inaccurate curve fitting on the 
experimental data, would lead to measurement/prediction errors. 
However, we  have carefully prepared the sample muscle with 
firm fixation on the two ends to prevent the potential errors. 
Muscle belly length was measured to calculate/estimate the sarcomere 
number of the soleus muscle. The muscle fiber length of rodents’ 
soleus muscles has been shown to be  shorter than the muscle 
belly length (Burkholder et  al., 1994; Tijs et  al., 2015), and thus 
use of the muscle belly length, rather than the fiber length, would 
lead to an overestimation of the sarcomere number for all mice. 

The muscle testing involved the preparation of the soleus muscle 
bundle followed by multiple steps of vertical lifting might have 
also caused micro damages to the muscles, thereby potentially 
resulting in a lower stress value.

Additionally, the testing days of 3, 10, and 20 days post-stroke 
were selected simply based on our preliminary observations of 
stroke mice that demonstrated behavior changes representing the 
acute and subacute stages post-stroke (Liu et  al., 2013). Thus, 
we  might not be  able to fully capture the changes in muscle 
tension and sarcomere morphology that occurred in other more 
critical time points post-stroke. We also did not include a control 
group to better minimize the potential impact of time on our 
data. The contralateral less involved limb can also be  impacted 
by the stroke and thus may not serve as adequate controls (Heslinga 
and Huijing, 1992; Huijing and Maas, 2016). This may explain 
why we did not observe statistically significant differences between 
limbs beyond the acute stoke stage as in the D10 and D20 groups. 
Lastly, sarcomere plasticity is likely muscle dependent as revealed 
in a rat study, where different changes in sarcomere numbers 
were observed among the soleus and gastrocnemius muscles after 
the immobilization of the hind limb at various positions (Heslinga 
et  al., 1995). This limits the generalizability of our findings to 
other impaired muscles.

CONCLUSIONS

Changes in muscle passive tension and sarcomere length at 
multiple time points after ischemic stroke were examined in vivo 
using a mouse stroke model. Changes in muscle stress were 
accompanied with changes in sarcomere length at the early 
stage post-stroke. However, it remains unclear whether the 
process of sarcomeric adaptation in response to changes in 
mechanical stimuli may be  compromised at the later stage of 
stroke. Future research with measurements of satellite cells, 
longer follow-up, and histological analyses of muscle compositions 
may help advance our understanding of the mechanisms and 
processes of muscle adaptation after ischemic stroke.
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The Energy of Muscle Contraction.
III. Kinetic Energy During Cyclic
Contractions
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During muscle contraction, chemical energy is converted to mechanical energy
when ATP is hydrolysed during cross-bridge cycling. This mechanical energy is then
distributed and stored in the tissue as the muscle deforms or is used to perform external
work. We previously showed how energy is distributed through contracting muscle
during fixed-end contractions; however, it is not clear how the distribution of tissue
energy is altered by the kinetic energy of muscle mass during dynamic contractions. In
this study we conducted simulations of a 3D continuum muscle model that accounts for
tissue mass, as well as force-velocity effects, in which the muscle underwent sinusoidal
work-loop contractions coupled with bursts of excitation. We found that increasing
muscle size, and therefore mass, increased the kinetic energy per unit volume of the
muscle. In addition to greater relative kinetic energy per cycle, relatively more energy
was also stored in the aponeurosis, and less was stored in the base material, which
represented the intra and extracellular tissue components apart from the myofibrils.
These energy changes in larger muscles due to greater mass were associated lower
mass-specific mechanical work output per cycle, and this reduction in mass-specific
work was greatest for smaller initial pennation angles. When we compared the effects
of mass on the model tissue behaviour to that of in situ muscle with added mass during
comparable work-loop trials, we found that greater mass led to lower maximum and
higher minimum acceleration in the longitudinal (x) direction near the middle of the
muscle compared to at the non-fixed end, which indicates that greater mass contributes
to tissue non-uniformity in whole muscle. These comparable results for the simulated
and in situ muscle also show that this modelling framework behaves in ways that are
consistent with experimental muscle. Overall, the results of this study highlight that
muscle mass is an important determinant of whole muscle behaviour.

Keywords: skeletal muscle, muscle mechanics, muscle mass, finite element method, inertia, cyclic contractions

INTRODUCTION

Skeletal muscles are the motors that drive human and animal locomotion. Yet despite their
fundamental importance, our understanding of whole muscle behaviour is relatively limited due
to practical and ethical considerations that hinder accurate in vivo measures. To estimate the
behaviour of whole muscle, measures of single fibres, fibre bundles, or small whole muscles during
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controlled, maximal contractions are often extrapolated to larger
sizes by scaling the forces with cross-sectional area and the
lengths and velocities with optimal length (Zajac, 1989). Because
the effects of mass in maximally active single fibres or fibre
bundles are likely negligibly small, the effects of muscle mass
are not accounted for in this common method of scaling. As
a consequence, muscle mass is not accounted for in estimates
of larger whole muscle behaviour where the effects of mass are
likely not negligible.

Muscle mass is also important for understanding whole
muscle behaviour in small animals, particularly when the muscle
is contracting submaximally. Josephson and Edman (1988)
examined the maximum shortening speed of different fibre-types
and found that fast fibres contract slower when within a fibre
bundle than when in isolation. The authors suggested that the
load of surrounding bundle fibres acts to slow the maximum
contraction speed of the fast fibres. More recently, Holt et al.
(2014) found that whole rat plantaris muscle reaches slower
maximum contraction speeds when submaximally compared to
maximally active, regardless of the fibre-type composition of the
active tissue. The authors suggested that inactive tissue during
submaximal contractions may act to slow the maximum speed of
active fibres. This conclusion was supported by a simulation study
that used a mass-enhanced Hill-type muscle model to replicate
the contractile conditions in Holt et al. (2014) and showed that
the mass of inactive fibres slows the maximum contraction speeds
of whole muscle (Ross and Wakeling, 2016).

Due to challenges in experimentally manipulating muscle
mass and controlling for differences in geometry and architecture
across animals of different sizes, most of our understanding of the
effects of muscle mass is from simulations using one-dimensional
(1D) Hill-type models that account for distributed tissue mass.
These studies have shown that the greater mass of larger
muscles decreases the rate of muscle force development (Günther
et al., 2012) and maximum contraction velocity (Ross and
Wakeling, 2016) compared to smaller muscles. More recently,
we showed that greater muscle mass decreases the mass-specific
mechanical work and average power per cycle during cyclic
contractions (Ross et al., 2018a), a finding we later supported
with in situ experiments on rat plantaris muscle (Ross et al.,
2020). However, when we compared the experimental results
to simulations of the mass-enhanced 1D Hill-type model, we
found that the reductions in mass-specific work were greater for
the experimental compared to the simulated muscle. It may be
that the three-dimensional (3D) structure of the in situ muscle
contributed to this discrepancy between the experimental and
simulated mass effects.

Although whole muscles are often modelled as 1D, 3D tissue
structure has important implications for muscle mechanical
behaviour. When muscles contract and shorten in length, they
bulge in width or depth to maintain a nearly constant volume
(Zuurbier and Huijing, 1993; Böl et al., 2013; Randhawa and
Wakeling, 2015), which causes energy to be stored in the tissue as
it deforms (Wakeling et al., 2020). Because muscle tissue displaces
in transverse directions during contraction, muscle tissue mass
can be accelerated transversely, unlike in 1D mass-enhanced Hill-
type models where displacements, velocities, and accelerations

can only occur in the longitudinal direction. While studies using
3D continuum muscle models have shown that muscle mass
decreases the rate of force development (Böl and Reese, 2008),
maximum shortening speed (Meier and Blickhan, 2000; Böl and
Reese, 2008), and mass-specific mechanical work per cycle (Ross
et al., 2018a), it is not clear if these changes in output muscle
behaviour are related to changes in tissue energy storage and
distribution as a consequence of muscle mass.

In the first two papers in this series (Ryan et al., 2020; Wakeling
et al., 2020), we showed that the internal energy distribution
through muscle tissue is related to the 3D behaviour of whole
muscle, but to date the role of internal kinetic energy has not been
considered. Muscle has internal kinetic energy during dynamic
contractions, due to the presence and velocity of distributed
tissue mass. In this study we explore how muscle mass and
its kinetic energy influence how energy is distributed through
whole pennate muscle tissue, and how this energy distribution
is related to 3D tissue deformations, as well as the mechanical
work done during cyclic contractions. To accomplish this, we
simulated cyclic contractions of a 3D continuum muscle model
with bursts of activation timed to sinusoidal length changes to
mimic the experimental work-loop paradigm (Josephson, 1985).
We examined the distribution of tissue energy and external
mechanical work per cycle across a range of strain amplitudes,
maximum excitations, and initial fibre pennation angles. To
qualitatively validate the effects of muscle mass and strain
amplitude on contractile behaviour, we additionally compared
the tissue accelerations in the model to data collected on in situ
rat plantaris muscle during comparable work-loop trials.

MATERIALS AND METHODS

3D Muscle Model
To explore the role of muscle mass on the distribution of tissue
energy and external work done by muscle during contraction,
we used a 3D continuum model of whole muscle that accounts
for distributed tissue mass. We modelled the muscle as a
fibre-reinforced composite biomaterial, in which the model
fibres represented the contractile elements, or myofilaments of
the muscle fibres. These fibres were embedded in a base or
background material that represented the additional tissue within
and surrounding the muscle fibres, including the extracellular
matrix, connective tissue, fat, and blood. The muscle model fibres
only generated force along their length and the base material
acted in all directions, which resulted in an overall anisotropic
response of the muscle tissue.

We modelled the muscle fibre stress using a similar
formulation as a 1D Hill-type model, in which the fibre
stress depended on the active stress-stretch, active stress-strain
rate, and passive stress-stretch relationships. We modelled the
muscle base material as a non-linear and isotropic elastic
material such that the base material stress depended only on
the passive stress-stretch properties (Yeoh, 1993). As for the
magnetic resonance imaging-derived geometries in Wakeling
et al. (2020), we accounted for the effects of aponeuroses on
whole muscle behaviour. We modelled the aponeurosis tissue as
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a fibre-reinforced composite biomaterial in which the embedded
fibres represented collagen fibres and only generated passive
stress, unlike the activatable muscle fibres. The aponeurosis base
material acted as an isotropic non-linear elastic material that
was stiffer than the muscle base material. For a more detailed
description of the tissue material properties used in our model,
consult Wakeling et al. (2020).

Our previous 3D muscle model (Wakeling et al., 2020) was
quasistatic and did not account for the effects of muscle mass,
or the effects of local strain rate on muscle fibre force. In
addition to considering the stress-strain rate effects to the muscle
fibre response (Ross et al., 2018b) in our current model, we
also considered the kinetic and internal energies and accounted
for the external work done on the system. Note that both the
kinetic and internal energies depended on the velocity, unlike our
previous model in Wakeling et al. (2020) and Ryan et al. (2020)
which assumed quasistatic deformations. The equations for the
momentum and mass balance are described in the Appendix
and detailed in Ogden (1984). The Hill-type stress-stretch and
stress-strain rate relations cannot be obtained through standard
variations of the energy; instead, these relations were used to
define the constitutive laws. We used the energy as a post-
processed quantity, consistent with our approach in Wakeling
et al. (2020) and Ryan et al. (2020).

We approximated the solutions of the momentum and mass
balance equations (see Appendix) using a semi-implicit time-
stepping method in which we post-processed the velocity based
on the implicit computation of the displacement, pressure, and
dilation via the finite element method, similar to our previous
approach (Wakeling et al., 2020).

Muscle Model Geometries
We constructed the root muscle geometry to represent
the approximate size and proportions of a human medial
gastrocnemius muscle (Randhawa et al., 2013). The muscle fibres
were oriented in the xz plane with an initial pennation angle α0
of 20◦ relative to the bottom (−z) aponeurosis (Figure 1). This
resulted in a pennation angle β0 of 15.3◦ relative to the −x axis
or the longitudinal direction. In this paper we varied the angle of
the geometry with α0 of the fibres, unlike in Wakeling et al. (2020)
and Ryan et al. (2020) in which we varied β0 of the fibres within
blocks of muscle tissue. To vary α0 from the root geometry, we
varied the initial fibre length and kept the initial aponeurosis
length, aponeurosis thickness, muscle length in the x direction,
and muscle width in the y direction constant. We examined
geometries with α0s of 15, 20, 25, and 30◦, which resulted in β0s
of 11.5, 15.3, 19.0, and 22.7◦. See Table 1 for definitions of all
variables used in the main text and Appendix Table A1 for details
of the initial dimensions of the muscle geometries.

To explore the effects of muscle mass across a range of muscle
sizes, we geometrically scaled the human medial gastrocnemius-
sized geometries to 2.5 and 3.5 times the size (length scale
factor or “scale”) to approximate the behaviour of muscles in
larger animals (Alexander et al., 1981). This resulted in initial
muscle lengths, widths, and thicknesses that varied with the scale,
areas that varied with the scale-squared, and volumes that varied
with the scale-cubed. Because the initial density was constant at
1060 kg m−3 (Méndez and Keys, 1960), muscle mass (including

that of the aponeurosis) also varied with the scale-cubed, as with
the volume. This method of scaling is described in more detail in
Ross et al. (2018b), although the scale 1 geometry in this study is
the approximate size of a human medial gastrocnemius, whereas
in our previous studies it was the size of a fibre bundle (Ross et al.,
2018a,b).

Simulations and Post-processing
We simulated cyclic work-loop regimes of the muscle model in
which the total muscle length followed a sinusoidal trajectory
timed with bursts of excitation (Josephson, 1985). To achieve
the sinusoidal length changes, we fixed the −x face of the
top (+z) aponeurosis in all directions and applied a non-zero
Dirichlet boundary condition to the +x face of the bottom (−z)
aponeurosis to constrain it to follow a sinusoidal trajectory in
the x direction and remain fixed in the z and y directions. All
other surfaces of the model remained unconstrained throughout
the simulations. To mimic the nerve stimulation in in situ work-
loop experiments, we cyclically excited the muscle using a square
wave excitation trace where the excitation was either 0 or the
maximum excitation êmax (Figure 2). Note that we chose to
use êmax to represent the maximum excitation instead of umax
from our previous work (Ross et al., 2018a,b) to avoid confusion
with the displacement u. We then converted the excitation to
activation using the excitation-activation transfer function from
Zajac (1989). As with typical work-loop experiments, we excited
the muscle with only one burst of excitation per length cycle
such that both the sinusoidal length changes and excitations
had a frequency of 2 Hz. To match the experimental data
collected on in situ muscle (described later), each excitation
burst started 5% in time before the start of shortening and
continued for 30% of the length cycle duration (duty cycle
of 0.3). These contractile conditions resulted in the muscle
generating active force primarily while shortening. For β0 of
11.5, 19.0, and 22.7◦, we set êmax to 1 and the maximum
strain amplitude εmax to 5% of resting optimal length for
a total shortening strain of 10%. For β0 of 15.3◦, we also
examined submaximal activation with êmax of 0.4 in addition
to maximal activation with êmax of 1. We also examined
εmax of 2.5% and 7.5% in addition to 5% for β0 of 15.3◦
to explore how εmax alters the effects of muscle mass during
cyclic contractions.

To quantify the energy distribution through the muscle
tissue, we used the strain energy-density ψ, which is the strain
energy per unit volume of tissue in J m−3. ψ is given at each
quadrature point in the model, so to determine the total mean
ψ for the whole muscle ψ, we used the sum of the ψs at
each point weighted by the volume fraction of the given point
relative to the whole muscle (aponeurosis and muscle) volume.
The total strain energy-density of the muscle was comprised
of the aponeurosis ψapo, muscle base material ψmuscle,base,
active muscle fibre ψmuscle,act, passive muscle fibre ψmuscle,pas,
volumetric ψmuscle,vol, and kinetic ψkin strain energy-densities.
We defined ψapo as the sum of the aponeurosis fibre (passive
only), volumetric, and base material strain energy-densities and
ψkin as the sum of the aponeurosis and muscle kinetic strain
energy-densities.
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FIGURE 1 | Muscle geometries. We simulated muscle with initial pennation angles relative to the bottom aponeurosis α0 of 15◦ (A), 20◦ (B), 25◦ (C), and 30◦ (D),
which resulted in initial pennation angles relative to the –x axis β0 of 11.5◦, 15.3◦, 19.0◦, and 22.7◦. To vary α0, we altered the initial fibre length and kept the
aponeurosis length, aponeurosis thickness, muscle width, and muscle length constant.

We calculated the muscle mechanical work per cycle in J as
the integral of the x-component of the force perpendicular to the
+x face of the bottom aponeurosis Fx over the muscle length
l for one cycle. We defined l as the distance in the x-direction
between the −x face of the top aponeurosis and the +x face of
the bottom aponeurosis (Figure 1). Because larger muscles with
larger cross-sectional areas and longer lengths will have greater
work per cycle, we normalised the mechanical work per cycle
in J by the mass of the given geometry to give the mass-specific
mechanical work per cycle W∗ in J kg−1. We calculated the mass
of each geometry as the product of the initial total volume in m3

(muscle and aponeurosis) and the initial density of 1060 kg m−3.
To determine how the muscle fibre stretches and pennation

angles changed with scale and β0, we examined the total mean
fibre stretch λ̄tot and mean current fibre angle relative to the −x
axis β throughout each simulation. We calculated λ̄tot as the sum
of the fibre stretches at each quadrature point weighted by the
volume fraction of the given point relative to the total muscle
volume, and β as the mean fibre angle relative to the−x axis.

To explore changes in the uniformity of tissue behaviour with
greater muscle scale and εmax, we examined tissue accelerations
in the x direction near the middle of the muscle compared to at
the non-fixed end. To determine the tissue accelerations near the
middle of the muscle, we identified the quadrature point closest
to the middle of the geometry in the x, y, and z directions in the
initial configuration and then tracked the position of that point
in the x-direction throughout each simulation. We then fitted a
Fourier series function with three harmonics to the position-time
data, which we normalised to the distance from the fixed end to
the centre quadrature point at rest (approximately 0.5 × l), and

took the second time derivative of the fitted function to estimate
the acceleration amid in s−2. We repeated this same process
to determine the tissue accelerations at the moving end of the
muscle aend (+x face of −z aponeurosis), except we normalised
the position data to the muscle length at rest. For a massless
spring undergoing cyclic length changes, the acceleration in the
x-direction in m s−2 would be smallest near the fixed end of
the spring and largest near the moving end. If the acceleration
was then normalised to the distance at rest between the fixed
end and the location where the acceleration was measured, the
acceleration in the x-direction in s−2 would be the same near
the fixed end and middle as at the end of the spring. Thus, for
cyclic muscle contractions a difference between amid and aend
indicates that the muscle tissue behaviour is not uniform along its
length. Because we compared the simulation acceleration results
to that of the in situ experiments, we only quantified amid and
aend for simulations with β0 of 15.3◦, as rat plantaris muscle has a
pennation angle of approximately 15–16◦ at rest (Roy et al., 1982;
Eng et al., 2008). We also only examined simulations with êmax
of 1, as the in situ muscles were maximally excited during the
work-loop trials.

Experimental Data Collection
We compared the model tissue accelerations during the
simulations to previously unpublished data collected on in situ
muscle as part of a larger study (Ross et al., 2020). All
experiments were conducted in accordance with the guidelines
of the Faculty of Arts and Sciences Institutional Animal Care and
Use Committee of Harvard University and the University Animal
Care Committee of Simon Fraser University. We examined
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TABLE 1 | Symbols and definitions of variables in the main text.

Symbol Definition

u Displacement vector

ψ Strain energy-density

ψ Mean strain energy-density

ψapo Mean aponeurosis strain energy-density

ψmuscle,base Mean muscle base material strain energy-density

ψmuscle,act Mean muscle active strain energy-density

ψmuscle,pas Mean muscle passive strain energy-density

ψmuscle,vol Mean muscle volumetric strain energy-density

ψkin Mean kinetic energy-density

êmax Normalized maximum excitation

α0 Pennation angle relative to bottom aponeurosis in the initial
configuration

β0 Pennation angle relative to x-axis in the initial configuration

β Mean pennation angle relative to x-axis in the current
configuration

λ̄tot Total mean fibre stretch

l Muscle length

εmax Maximum strain amplitude of sinusoidal muscle length changes

Fx Force in x-direction on +x face of bottom (−z) aponeurosis

W* Mass-specific mechanical work per cycle

amid Relative acceleration in the x-direction over time of a quadrature
point near the middle of the model or of the pin inserted near
the middle of the in situ muscle

aend Relative acceleration in the x-direction over time at the end of
the model or the in situ muscle

amax,end Maximum aend for a given simulation or experimental trial

amax,mid Maximum amid for a given simulation or experimental trial

amin,end Minimum aend for a given simulation or experimental trial

amin,mid Minimum amid for a given simulation or experimental trial

the effect of adding mass to the right plantaris muscle of
seven Sprague Dawley rats [Rattus norvegicus; body mass:
416.3 ± 31.9 g (mean ± SD); Charles River, Wilmington, MA,
United States]. For details of the experimental preparation and
surgery, consult Ross et al. (2020). In brief, the animals were
kept deeply anaesthetised for the duration of the experiments.
We isolated and separated the plantaris muscle from underlying
tissue and then cut the distal plantaris tendon and tied the
distal end of the muscle to a movement arm on a servomotor
(series 305B-LR; Aurora Scientific Inc., Aurora, ON, Canada).
The proximal end of the muscle remained attached to the femur
through the proximal tendon, and we fixed the femur using a
stereotaxic frame and femur clamp. To externally stimulate the
muscle, we placed a bipolar cuff electrode around the sciatic
nerve and then severed the nerve proximal to the cuff to remove
descending nervous control.

To alter the mass properties of the in situ muscle, we inserted
a pin into the muscle midway along its length. This pin was
attached to a movement arm, and at the other end of the arm, we
attached different size weights to add effective mass to the muscle
acting through the pin. We used a photodiode LED pair to track
the position of the movement arm and therefore the position of
the pin inserted into the muscle. We added two different effective
masses to the plantaris muscles: movement arm with no weight

and movement arm + 1.1 g weight, resulting in mean ± SD
effective masses of 84.9± 7.5%, and 122.9± 10.8% muscle mass,
respectively. As for the model simulations, we conducted work-
loop trials in which we constrained the muscle length to follow
a 2 Hz sinusoidal trajectory, and we supramaximally stimulated
the muscle via the sciatic nerve to fully activate the muscle tissue.
In addition to altering the effective mass added to the muscle, we
also varied the εmax of the sinusoidal muscle length trajectories
(5, 7.5, and 10% of optimal length).

Experimental Data Analysis
We filtered the output photodiode data using a 4th order
Butterworth low-pass filter with a 55 Hz cut-off frequency and
converted the output voltages to positions using a calibration
curve. As with the simulation data, we fit Fourier series with three
harmonics to discrete samples of the pin position and the end
of the muscle for each trial and took the second derivative of
this function with respect to time to estimate the accelerations
at the pin near the centre and at the end of the muscle. The
pin and end accelerations were normalised using the distance
between the proximal end of the muscle that was attached to
the femur and the pin at rest and the muscle length at rest,
respectively. The mean ± SD distance between the distal end of
the muscle and the pin at rest was 16.4± 2.7 mm, and between the
proximal and distal ends of the muscle (muscle length) at rest was
40.3 ± 2.1 mm. We denoted the pin acceleration as amid and the
acceleration at the moving end as aend to provide a comparison
with the simulation results.

To examine the effects of added mass and εmax on internal
tissue accelerations during these in situ work-loop trials, we
conducted repeated measures analysis using a linear mixed model
that we fit using maximum likelihoods with the function lmer in
the package lme4 (Bates et al., 2014) in R (version 3.6.1; R Core
Team, 2019). We included the difference between the maximum
acceleration at the end amax,end and maximum acceleration
near the middle amax,mid of the muscle as continuous response
variables, εmax and added mass conditions as categorical fixed
effects, and subject number as a categorical random effect in the
model. To determine the pairwise differences in amax,end and
amax,mid across all εmax and added mass conditions, we used
the Holm-Bonferroni method (Holm, 1979) within the package
multcomp (Hothorn et al., 2008) to control for the increase in
family-wise error rate with multiple comparisons. We repeated
this analysis a second time to examine the effects of added mass
and εmax on the difference between the minimum acceleration at
the end amin,end and near the middle amin,mid of the muscle.

RESULTS

We excited the muscle model slightly before it reached its longest
length and until the middle of the shortening phase (Figure 2A),
which caused the muscle to reach peak activation near the middle
of the cycle. The activation decayed through the second half
of the shortening phase and reached zero near the end of the
cycle. Because the muscle was primarily active during shortening,
the net mass-specific work per cycle W∗ was positive for all
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FIGURE 2 | Sample raw simulation traces. Raw traces of normalised
excitation ê (solid lines) and activation â (dashed line) over time (A), muscle
length l over time (B), muscle force Fx over time (C), and Fx over l in which the
area inside the loop represents the mechanical work per cycle (D) for a
representative simulation with a cycle strain amplitude of 5%, maximum
normalised excitation of 1, initial pennation β0 of 15.3◦, and scale of 1.

simulations (Figure 2D), although there was a short period of
negative work when the muscle was producing active force during
lengthening for some conditions (Figure 2C).

The distribution of the strain energy-density ψ, across
the different components varied over time during each cycle
(Figure 3). The energy-density due to the active fibres ψmuscle,act
decreased (became more negative) when the activation was
greater than 0, and the other energy components increased
in opposition to these decreases in ψmuscle,act, particularly
ψmuscle,base, and ψapo. ψapo increased with longer muscle lengths
as the aponeurosis was stretched. Greater initial pennation angle
β0 resulted in slightly greater increases in ψapo, greater increases
in ψmuscle,base, and greater decreases in ψmuscle,act, but resulted
in smaller increases in ψmuscle,vol and ψkin. Comparing the
distribution of strain energy-density across scales ψmuscle,base was
lower and ψmuscle,act was higher during the shortening period
with greater scale and therefore greater muscle size and mass
(Figure 4). Greater scale resulted in higher ψkin throughout the
cycle and higher ψapo when the muscle was at its longest and
shortest lengths.

Larger scale, and therefore greater muscle mass, resulted in
lower W∗ (Figure 5). Specifically, we found a mean reduction in

W∗ of 8.8% for scale 2.5 relative to scale 1, and 17.1% for scale 3.5
relative to scale 1, across β0s for simulations with êmax of 1 and
εmax of 5%. Lower êmax for the β0 of 15.3◦ simulations resulted in
lower absolute W∗ and relative W∗ with greater scale compared
to higher êmax, indicating that muscle mass had a greater effect
when êmax was lower. Higher β0 resulted in greater W∗ at the
same scale (Figure 5A) and smaller reductions in W∗ with greater
scale (Figure 5B). For simulations with êmax of 1, β0 of 22.7◦
resulted in a 2.7% and 7.2% smaller reduction in W∗ compared to
β0 of 11.5◦ at scale 2.5 and scale 3.5 relative to scale 1, respectively.
Greater β0 also led to greater mean fibre stretches λ̄tot and greater
changes in β (Figure 6). Larger scale resulted in smaller changes
in β over the cycle but nearly the same λ̄tot. Higher β0 led to
smaller differences in β with greater scale. Greater cycle strain
amplitude εmax resulted in greater absolute W∗ for simulations
with β0 of 15.3◦ and êmax of 1 at scale 1 (Figure 7A). At scale
2.5 and 3.5, εmax of 2.5% resulted in the lowest W∗ and εmax
of 5% resulted in the highest W∗. In terms of the effect of εmax
across scales, greater εmax led to lower relative W∗ with greater
scale (Figure 7B).

To examine the effects of mass on the uniformity of
tissue behaviour across the muscle, we compared the tissue
accelerations at a single point near the middle of the muscle amid
compared to at the moving (+x) end aend for simulations with
êmax of 1 and β0 of 15.3◦ to compare with the experiments on
maximally active in situ muscle. We normalised amid to the x
distance between the fixed end and the middle point at rest and
aend to the muscle length at rest to give accelerations in s−2. Note
that because the position of the end of both the simulated and
in situ muscle was constrained to follow a sinusoidal trajectory,
aend did not vary across simulations and trials with the same εmax.
For both the simulations and in situ experiments, amid decreased
initially when the whole muscle length increased (Figure 8).
The minimum acceleration of the point near the middle of the
muscle amin,mid occurred earlier than the minimum acceleration
at the end amin,end across all strain and scale and added mass
conditions and was lower with greater εmax. The time when amid
was zero and the muscle shortening velocity would be maximal
occurred earlier than for aend and was earlier with lower εmax,
greater scale for the simulations, and greater added mass for the
in situ experiments.

For the model simulations, the reduction in amax,mid relative
to amax,end was greater for larger scales (Figure 9A). We also
found similar results for the in situ contraction cycles where
greater added mass resulted in greater reductions in amax,mid
relative to amax,end (p = 0.0056). Specifically, the reduction in
amax,mid compared to amax,end was 0.063 s−2 (3.1%) greater for
the 123% added mass condition compared to the 85% added
mass condition (SE = 0.023 s−2). Similar to the difference in
amax, we also found greater increases (closer to zero) in amin,mid
relative to amin,end for simulations in which the muscle was larger
(Figure 9B) and for in situ experiments in which greater effective
mass was added to the muscle (p = 0.0076). Specifically, the
increase in amin,mid compared to amin,end was 0.073 s−2 (3.9%)
greater for the 123% compared to the 85% added mass condition
(SE = 0.028 s−2). While the effect of greater mass was similar
for the simulations as for the in situ experiments, because we
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FIGURE 3 | Tissue energy over time across initial pennation angles. Simulation traces of mean energy-density ψ over time for geometries with different initial
pennation angles relative to the x-axis β0 at scale 1 and with a maximum strain of 5% and normalised excitation of 1. (A) Shows all of the energy components and
(B) shows only the passive, kinetic, and volumetric components from (A) with the y-axis rescaled to visualise changes in these smaller components.

FIGURE 4 | Difference in tissue energy over time between scales and across initial pennation angles. Difference in mean energy-density ψ across tissue components
between scale 2.5 and scale 1 (A) and scale 3.5 and scale 1 (B) simulations. Greater scale muscles are larger in size and have greater mass. All traces are for
simulations with a strain of 5%, normalised excitation of 1, and initial pennation angles β0 ranging from 11.5 to 22.7◦.

used different paradigms to manipulate the mass in that we
geometrically scaled the simulated muscle to larger sizes and
added effective mass acting through a pin inserted into the in situ
muscle, the simulation and in situ mass effect results are not
directly comparable.

We found that greater εmax of the imposed motion at the
end of the muscle led to greater decreases in amax,mid relative to
amax,end for both the model simulations and in situ experiments
(Figure 10A; p < 0.001). For the in situ muscle trials, there
was a 0.91 s−2 (75.5%) greater reduction in amax,mid relative
to amax,end for εmax of 7.5% compared to 5% (SE = 0.027 s−2,
p < 0.001), and a 0.65 s−2 (30.9%) greater reduction for εmax
of 10% compared to 7.5% (SE = 0.028 s−2, p < 0.001). Finally,
we found a 1.56 s−2 (129.7%) greater reduction amax,mid relative
to amax,end for εmax of 10% compared to 5% (SE = 0.028 s−2,
p < 0.001). We found that greater εmax led to greater increases
(closer to zero) in amax,mid relative to amax,end for both the
simulations and in situ experiments (Figure 10; p < 0.001). For
the in situ experiments, we found a 0.79 s−2 (68.5%) greater
increase in the difference in amin for 7.5% εmax compared to 5%

(SE = 0.033 s−2, p < 0.001), a 0.73 s−2 (37.3%) greater increase
for 10% εmax compared to 7.5% (SE = 0.034 s−2, p < 0.001), and a
1.51 s−2 (131.1%) greater increase for 10% εmax compared to 5%
(SE = 0.034 s−2, p < 0.001). While we examined different ranges
of εmax for the experimental trials and simulations, the differences
in amax,mid compared to amax,end relative to 5% εmax were of
similar magnitude for the in situ experiments and simulations.

DISCUSSION

Tissue Energy Distribution in Whole
Muscle During Cyclic Contractions
Muscles in living animals are activated by motor neurons that
carry impulses from the central nervous system. These impulses
cause myosin and actin filaments to bind and form cross-bridges
to generate active force, a process that is fuelled by chemical
energy from the hydrolysis of adenosine triphosphate (ATP). The
active force acts to deform the muscle tissue, and so the energy
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FIGURE 5 | Effect of initial pennation angle on the relationship between scale
and mass-specific mechanical work. (A) Absolute mass-specific mechanical
work per cycle W* across geometry length scales (muscle sizes) for different
initial pennation angles β0 ranging from 11.5 to 22.7◦ relative to the x-axis for
maximum strain of 5% and maximum relative excitation êmax of 1 (circles) and
0.4 (squares). W* across scales as a percentage of scale 1 W* at the same β0

and êmax are shown in (B). All cycles had a frequency of 2 Hz. Note that the
lines connecting discrete points are intended to aid in visualization rather than
to imply a linear relationship.

of the sliding filaments is then stored as potential energy in the
deformed tissues or spent doing external mechanical work. In the
3D muscle model, we simulated the increase in muscle energy
via nervous system stimulation by prescribing a time-varying
activation that increased the active energy. The active energy
available to deform the tissue also depended on the local fibre
stretches and velocities and was distributed and stored in the
deformed tissue.

In the first paper in this series (Wakeling et al., 2020), we
examined how energy is distributed across muscle tissue during
fixed-end contractions where no external work was done when
the muscle was fixed at its resting length. To do this, we used
a quasistatic model formulation in which tissue kinetic energy

was not accounted for, nor were the effects of strain rate on the
active energy. Despite this, there were a number of similarities
in the energy distribution across tissue components between the
fixed-end quasistatic contractions in our previous study and the
cyclic dynamic contractions reported here. As we activated the
muscle, the active energy of the fibres became more negative
as the fibres contracted (Figure 3A). This active energy was
stored as potential energy in the deformed tissue, particularly
the muscle base material that represents additional tissue within
and surrounding the fibres, including the extracellular matrix.
The volumetric energy, or the energy due to the muscle volume
change, also increased as the active force became more negative as
in Wakeling et al. (2020), but to a far lesser extent than the muscle
base material energy.

In this study we additionally accounted for the kinetic energy
of tissue mass and found that the kinetic energy-density (total
energy across the tissue relative to the sum of the total muscle
and aponeuroses volumes in J m−3) was greatest when the
muscle was near its shortest and longest lengths (Figure 3B).
Although the overall muscle velocity in the x direction was
lowest at these times, the kinetic energy depends on the local
tissue velocities that have components in all three directions,
and so motion of the tissue in transverse directions (y and z)
may account for the high kinetic energy when the muscle x
velocity was low (Supplementary Figure 1). The local velocity
also varies across the tissue: the tissue lags behind the motion
of the non-fixed end due to its own inertia. The kinetic energy-
density throughout a contraction cycle was greater for larger
muscles with greater mass (Figure 4). In the quasistatic model
that does not account for the effects of muscle mass and kinetic
energy, the non-dimensional behaviour of the model, including
the energy-density distribution, would be identical for models
of different sizes. Accounting for kinetic energy creates a scale-
dependent distortion such that models of different sizes but the
same geometric proportions will have different distributions of
energy-density. We found that the active energy-density was
higher (less negative), the muscle base material energy-density
was lower, and the aponeurosis energy-density was higher for

FIGURE 6 | Mean fibre angle and stretch over time. Mean fibre pennation angle relative to the –x axis β (A) and normalised muscle length l̂ and total mean fibre
stretch λ̄tot (B) over time across initial pennation angles relative to the x-axis β0 for different scales.
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FIGURE 7 | Effect of cycle strain amplitude on the relationship between scale
and mass-specific mechanical work. (A) Absolute mass-specific mechanical
work per cycle W* across scales (muscle sizes) for different maximum strain
amplitudes εmax and (B) W* as a percentage W* for scale 1 simulations at the
same εmax. All W* results are for simulations with a maximum relative
excitation of 1, initial pennation angle β0 of 15.3◦, and 2 Hz cycle frequency.
Note that the lines connecting discrete points are intended to aid in
visualization rather than to imply a linear relationship.

FIGURE 8 | Normalised acceleration midway along the muscle’s length over
time across strain conditions. Normalised tissue acceleration in the x-direction
of a point midway along the muscle’s length amid over time for simulations
with initial pennation angle β0 of 15.3◦ (A) and in situ experiments (B). The
dashed vertical bars at 0.125 s and 0.375 s indicates the times when the
muscle was at its longest and shortest lengths, respectively. amid was
normalised using the x distance between the centre point and the moving end
of the muscle at rest for the simulations and between the inserted pin and the
moving end of the in situ muscle at rest for the experiments. The maximum
normalised excitation was 1 for the simulations and the in situ muscle was
supramaximally stimulated to activate all the muscle fibres. The shaded
intervals in (B) show the standard error of the mean at each time point.

larger compared to smaller muscles (Figure 4). Thus, larger
muscles may make use of base material, or the extracellular
matrix, less and aponeurosis more for energy storage and return
during contraction than smaller muscles.

Both the quasistatic (Ryan et al., 2020; Wakeling et al.,
2020) and dynamic model formulations do not account for
energy dissipation in the form of heat. Muscles in living animals
constantly dissipate heat, and the amount of thermal energy
loss depends on a range of contractile factors, such as the
activation, contraction speed and fibre-type properties of the

FIGURE 9 | Difference in maximum and minimum acceleration near the
middle compared to at the end of the muscle across scales and added
masses. Mean difference in maximum normalised acceleration in the
x-direction at the end amax,end compared to that of a point near the middle of
the muscle amax,mid across scales (muscle sizes) for simulations relative to
scale 1 (left) and in situ experiments relative to 85% added muscle mass
relative to the muscle mass (right; p = 0.0056) calculated across all maximum
strains (A). (B) Shows the mean difference in minimum acceleration amin,end in
the x-direction at the end compared to near the middle of the muscle amin,mid

(p = 0.0076 for the in situ experiments). amax,end and amin,end were normalised
to the muscle optimal length and amax,mid and amin,mid were normalised to the
x distance between the centre point and the moving end of the muscle at rest
for the simulations and between the inserted pin and the moving end of the
in situ muscle at rest for the experiments. Although we show similar trends for
greater added mass as for greater scale, we caution against directly
comparing the magnitude of effects as altering the added mass and scale
manipulate the tissue mass in different ways. The initial pennation angle β0

was 15.3◦ and the maximum normalised excitation was 1 for the simulations
and the in situ muscle was supramaximally stimulated to activate all the
muscle fibres. The error bars for the in situ experiments represent the
standard error of the mean. Note that the lines connecting discrete points are
intended to aid in visualization rather than to imply a linear relationship.

muscle (Woledge et al., 1985). In our simulations, more energy
may have been stored in the tissue or been available to do external
work than if heat dissipation were accounted for in the model
energy balance equation. However, it is unlikely that accounting
for heat dissipation would have substantially altered our reported
effects of muscle mass. Future work could aim to account
for energy loss through heat dissipation in the formulation of
3D muscle models.

Implications of Muscle Mass for Whole
Muscle Function
Comparative studies have long sought to examine the maximum
mechanical work or average mechanical power during cyclic
contractions across animals of different sizes (Weis-Fogh and
Alexander, 1977; Pennycuick and Rezende, 1984). The net
mechanical work per cycle depends on the force a muscle
generates over its change in length. Because muscle force scales
with cross-sectional area, and muscle length change scales
with optimal length, larger muscles will have higher absolute
mechanical work per cycle than smaller muscles due to their
larger cross-sectional areas and longer optimal lengths. However,
since muscle force scales with cross-sectional area that has
dimensions of length-squared, and the length change scales
with optimal length which has dimensions of length, the work
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FIGURE 10 | Difference in maximum and minimum acceleration near the
middle compared to at the end of the muscle across maximum strains. Mean
difference in maximum normalised acceleration in the x-direction at the end
amax,end compared to that of a point near the middle of the muscle amax,mid

across cycle strains for simulations relative to scale 1 (left) and in situ
experiments relative to 85% added muscle mass (right; p < 0.001) calculated
across all scales and added masses (A). (B) Shows the mean difference in
minimum acceleration amin,end in the x-direction at the end compared to near
the middle of the muscle amin,mid (p < 0.001 for the in situ experiments).
amax,end and amin,end were normalised to the muscle optimal length. amax,mid

and amin,mid were normalised to the x distance between the centre point and
the moving end of the muscle at rest for the simulations and between the
inserted pin and the moving end of the in situ muscle at rest for the
experiments. The initial pennation angle β0 was 15.3◦ and the maximum
normalised excitation was 1 for the simulations and the in situ muscle was
supramaximally stimulated to activate all the muscle fibres. The error bars for
the in situ experiments represent the standard error of the mean. Note that the
lines connecting discrete points are intended to aid in visualization rather than
to imply a linear relationship.

scales with the volume which has dimensions of length-cubed.
Muscle tissue density is often considered to be constant across
muscles, so the work per cycle also scales with muscle mass.
Thus, based on these assumptions, two muscles with the same
geometric proportions of different sizes or length scales would,
in theory, generate the same mass-specific mechanical work
per cycle. However, as muscle force and work are difficult to
measure, particularly in larger animals, this theory has not been
directly tested.

These earlier comparative studies, as with most studies in
biomechanics, ignored the effects of muscle mass on contractile
behaviour. While a muscle’s force increases in proportion to its
area, or the length-squared, the muscle’s mass and acceleration
increase in proportion to the volume, or length-cubed, and
length, respectively. Thus, the loads due to muscle mass increase
faster than the muscle force available to accelerate the tissue loads
as muscles increase in size. As a consequence, the larger of the
two muscles with the same geometric proportions but different
sizes or length scales will have lower mass-specific mechanical
work per cycle due to its greater muscle mass (Ross et al., 2018a,
2020). Submaximal fibre activation can amplify the effects of
muscle mass, as evidenced by studies that have shown lower
maximum shortening speeds during submaximal compared to
maximal contractions of rat-sized muscle (Holt et al., 2014; Ross
and Wakeling, 2016). In this study, we found that the reduction
in mass-specific work due to muscle mass with greater muscle
size is amplified with submaximal activation (Figure 5B), which

is consistent with the results of previous 1D model simulations
(Ross et al., 2018a). Therefore, muscle mass is an important
determinant of whole muscle behaviour, particularly for larger
muscles and during submaximal contractions.

Larger muscles may mitigate the effects of their greater mass
by having different geometric proportions and architecture than
smaller muscles. In this study, we found that greater initial
pennation angle resulted in smaller reductions in mass-specific
work per cycle with greater muscle size (Figure 5B). While
data on scaling of muscle pennation angle with body sizes are
limited, positive allometry for pennation angle has been shown
for monitor lizard muscles across a range of body sizes (8 g short-
tailed monitors to 40 kg Komodo dragons), in that larger animals
have higher muscle pennation angles than smaller animals (Dick
and Clemente, 2016). While we varied fibre length with the initial
pennation angle of the muscle model, we geometrically scaled the
model to larger sizes such that the initial fibre lengths were the
same relative length across models of different sizes. However,
muscles in larger animals tend to have relatively shorter fibres
compared to muscles in smaller animals (Alexander et al., 1981;
Pollock and Shadwick, 1994; Eng et al., 2008). While we found
greater maximum fibre strains with greater initial pennation
angles, this did not vary with scale, unlike pennation angle over
time (Figure 6), so scaling fibre length with muscle size likely
would not have altered our results. Thus, scaling of fibre length
with body mass in living animals may be due to space constraints
within a limb compartment rather than as a means to minimise
the contractile consequences of muscle mass.

We found that the mean fibre pennation angle increased
when both the muscle and fibres were shortening (Figure 6),
which is consistent with previous in vivo ultrasound measures of
human muscles during cyclic contractions (Kurokawa et al., 2001;
Lichtwark et al., 2007; Wakeling et al., 2011; Dick and Wakeling,
2017; Randhawa and Wakeling, 2018). Rotating to higher angles
during shortening allows the fibres to shorten slower than the
muscle belly, and as a consequence, generate greater forces.
However, this increase in force with higher fibre rotation is
balanced by a force reduction due to the fibres no longer being
oriented along the longitudinal axis of the muscle. We found
smaller fibre rotations over a contraction cycle for larger muscles;
however, this difference in fibre rotation with greater muscle
size was smaller with higher initial pennation angle (Figure 6).
Higher fibre angles during shortening may allow larger muscles
to overcome the effects of their mass and achieve higher mass-
specific work per cycle, although whether this relationship is
causal cannot be determined from our simulations.

We may have seen different fibre strains and rotations had we
constrained movement of the model aponeuroses. The bulging
of muscle and movement of aponeuroses in transverse directions
in vivo is limited by resistive forces applied by neighbouring
muscles, connective tissue, and skin, which can alter muscle fibre
strains and rotations (Wakeling et al., 2013; Ryan et al., 2019).
In our simulations, we did not apply transverse compressive
tractions to the muscle to mimic the effects of loads from
surrounding tissue, as these loads acting on muscle during
dynamic contractions are poorly understood. As a result, our
muscle model and aponeuroses were free to bulge and rotate
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in ways that may not entirely reflect the behaviour of muscle
in vivo. While the lack of transverse loads in our simulations
may have altered the fibre strains and rotations, it is unlikely that
they would have substantially influenced our reported effects of
muscle mass, given that we previously found a similar pattern of
mass effects across scales for a mass-enhanced 1D model.

Studies have shown that the properties of aponeurosis can alter
fibre strains and rotations (Rahemi et al., 2015; Eng and Roberts,
2018), and so the properties of our aponeuroses may have also
influenced the fibre strains across the different initial pennation
angles in our simulations. To model the aponeuroses, we used
two sheets of tissue that were uniform in thickness and composed
of a base material with embedded collagen-like fibres. These
fibres were unidirectional and oriented along the length of each
aponeurosis at rest so that the overall behaviour of the tissue was
anisotropic, consistent with previous experimental studies (Azizi
and Roberts, 2009; Azizi and Roberts, 2009). We selected the
thickness and material properties of the aponeuroses so that the
longitudinal and transverse aponeurosis strains during maximal
fixed-end contractions matched in situ measures of intact
aponeurosis during the same contractile conditions (Azizi and
Roberts, 2009). However, the utility of these in situ aponeurosis
measures is limited, as only muscle forces acting externally
and not forces applied to the aponeurosis can be measured or
controlled. Thus, it is not clear to what extent our modelled
aponeuroses reproduced the behaviour of in vivo aponeuroses,
and so further work is needed to quantify the structural and
material properties of aponeurosis and determine its role in
constraining fibre strains and rotations during contraction.

The properties of aponeurosis may also vary with muscle scale,
and this may have influenced our reported effects of muscle mass.
Aponeurosis tissue, as well as tendon, likely plays an important
role in energy storage and return during locomotion (Wager
and Challis, 2016; Arellano et al., 2019). In our simulations, we
assumed that the aponeurosis had the same relative effect on the
model across different length scales or sizes, in that the stress-
strain properties were constant, and the thickness, length, and
width of the aponeuroses scaled with the length scale. While
there is some evidence that tendon cross-sectional area relative
to that of muscle varies with animal body mass (Alexander
et al., 1981; Pollock and Shadwick, 1994), it is not yet known
if the material or structural properties of aponeurosis vary with
body and muscle size. It may be that the energetic role of these
elastic structures varies with body size and alters the contractile
effects of muscle mass.

Effects of Tissue Properties on Cyclic
Muscle Contractions
Whole muscles are typically considered to behave as single units
where the strains and strain rates are uniform along the muscle’s
length, and this assumption is reflected in 1D Hill-type models
in which a single contractile element with a single length at any
given time is used to represent the active muscle force (Zajac,
1989). In reality, whole muscles are composed of thousands of
sarcomeres grouped into myofibrils at the microscopic level,
which constitute muscle fibres at the cellular level that are then

bundled into fascicles at the tissue level. Experiments on in situ
and in vivo muscle during dynamic contractions have shown
that fascicles within different regions of whole muscle can have
different strains and be at different positions on their force-length
curves at a given time (Pappas et al., 2002; Ahn et al., 2003, 2018;
Soman et al., 2005; Shin et al., 2009).

In this study we found that tissue accelerations in the
longitudinal direction varied along the muscle’s length for both
the in situ and simulated contractions, and this non-uniformity
in accelerations was more pronounced with greater muscle size
or greater added mass (Figure 9). While the non-uniformity in
muscle behaviour at the tissue level could be due to regional
variations in activation (Monti et al., 2003; Rahemi et al., 2014)
and myofascial force transmission (Tijs et al., 2015), in this study
we show that the presence of muscle mass may also contribute to
this non-uniformity during cyclic contractions.

Muscle mass may also have implications for non-uniformity
at the microscopic level. Consider a massless ideal spring with
uniform structural and material properties along its length. If
one end of the spring is fixed and a tensile load is applied to
the other, the spring’s response will be uniform in that the strain
will be constant everywhere along its length. If the distributed
mass of the spring is then accounted for, the spring’s response
to the same tensile load will be different and will depend on the
size and mass of the spring. Initially, the strains will be high
near the applied load and low or zero near the fixed end. Then,
a wave of strains will propagate along the length of the spring,
causing a time delay between when the material near the free
and fixed ends experience extension. Once the system settles, the
strain across the spring’s length will become more uniform. This
pattern of behaviour in a spring with mass, which has also been
shown in simulations of a mass-enhanced 1D Hill-type model
(Ross and Wakeling, 2016) and the 3D model in this study,
is consistent with experimental findings of sarcomere strains
across different regions of intact whole muscle. Moo et al. (2016)
found that sarcomere strains are not uniform across different
regions of intact muscle, and that the greatest sarcomere strains
occur close to the myotendinous junction where external loads
are applied. These strains become less uniform when muscle
is activated during fixed-end contractions (Moo et al., 2017),
but this non-uniformity in sarcomere strains decreases over
time (Moo and Herzog, 2020). This pattern of sarcomere non-
uniformity may be in part due to muscle mass and may vary
depending on the size of the muscle, much like the response of
the spring with mass and 1D and 3D muscle models that account
for muscle mass.

Conclusion
Over the last decade there has been growing interest in using 3D
muscle models to explain the mechanisms that underly whole
muscle contraction. As these models become more refined, they
are increasingly able to replicate features of in situ and in vivo
muscle behaviour. Rahemi et al. (2014) showed that muscle
tissue activation results in S-shaped fibres during simulated fixed-
end contractions, which is consistent with findings from in vivo
measures of human medial gastrocnemius muscle (Namburete
et al., 2011). More recently, we showed similar magnitudes and
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patterns of muscle bulging during submaximal contractions for
the 3D model (Wakeling et al., 2020) as for in vivo muscle
visualized using ultrasound (Randhawa et al., 2013) and magnetic
resonance with diffusion tensor imaging (Wakeling et al., 2020).
We also showed a similar reduction in muscle thickness and
pennation angle with transverse compression (Ryan et al., 2020)
as measures of in vivo human calf muscle (Ryan et al., 2019).
In this study, in which we used a model formulation that
accounts for distributed muscle mass and fibre force-velocity
effects, we were again able to show similarities in behaviour
between the simulated 3D model and experimental muscle. We
found that greater muscle size, and therefore mass, for the
simulations and greater added mass for the in situ experiments,
as well as higher maximum strain amplitude, led to lower
maximum and higher minimum acceleration in the longitudinal
direction near the middle of the muscle compared to at the
non-fixed end. Greater muscle size and higher maximum strain
also led to greater reductions in mass-specific work per cycle,
consistent with previous results from experiments on in situ rat
plantaris muscle (Ross et al., 2020). This reduction in mass-
specific work with larger muscle size was lower for simulated
muscles with higher initial pennation angles. We also found
that larger muscle size resulted in higher relative kinetic energy
per cycle, relatively more energy stored in the aponeurosis, and
less stored in the base material that represented the intra and
extracellular tissue components apart from the myofibrils. While
these results highlight that muscle mass can substantially decrease
muscle performance, higher initial pennation angle and greater
energy storage in elastic tissues may mitigate some of these
performance losses.

NOMENCLATURE

Activation specifically refers to the active state of the contractile
elements (muscle fibres) and is used to scale the active force that
they can develop. In muscle physiology, excitation refers to the
electrical potentials on the membrane of the muscle fibre that are
typically recorded using EMG.

Muscle contraction is the process of muscle developing
forces when its activation level is greater than zero. In muscle
physiology, contraction does not necessarily mean shortening
because tension can be developed without a change in length.

The longitudinal direction is the major x-axis of the muscle.
This can be considered the direction that would be between
the proximal and distal tendons in a fusiform muscle, and so
it is in the commonly phrased “line-of-action.” We do not use
“line-of-action” because forces and deformations occur in three
dimensions in this study and so there is no unique line-of-action.

Transverse direction is used to describe directions in the y–
z plane, and thus is perpendicular to the longitudinal direction
of the muscle. This is sometimes called the radial direction
in other studies.

Muscle mass refers to the total mass in kilograms of the
muscle belly, including the muscle fibres, aponeuroses, and
connective tissue. Note that this muscle mass is distributed
throughout the tissue.

Added mass refers to the effective mass that we added
to the in situ muscle at a single location along the muscle’s
length. See the sections “Experimental Data Collection” and
“Experimental Data Analysis” for further details. Scale refers to
the length scale factor that multiplied the lengths of the muscle
geometries to geometrically scale the muscle model to larger
sizes. See the section “Muscle Model Geometries” for details of
this scaling. Both increasing the added mass and scale increase
the total mass of the muscle, although the effective mass in
the in situ experiments was added only to a single location
whereas increasing the model scale increased the mass distributed
throughout the muscle and aponeurosis tissue.
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Supplementary Figure 1 | Local velocity of quadrature points over time. x (A), y
(B), and z (C) components of the local velocity in the current direction (shading) of
quadrature points as a function of their current z and x positions for a sample
simulation with scale 1, initial pennation angle of 15.3◦, maximum normalised
excitation of 1, and maximum strain amplitude of 5%. We measured the local

velocity in the current configuration at points that were in the xz plane at y = 0 in
the initial configuration at times t = 0.125 s when the muscle was at its longest
length, t = 0.25 s halfway through the shortening phase, t = 0.375 s when the
muscle was at its shortest length, and t = 0.5 s when the muscle was at
its initial length.
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APPENDIX

Appendix 1: Details of Model Formulation
The model we used in this paper is based on the three-dimensional model introduced in Wakeling et al. (2020) to approximate the
deformation of muscles during fixed-end contractions. We added inertial and velocity effects to this model to capture the dynamic
behaviour of muscle tissue. The combined momentum and mass balance in the current configuration V of the muscle is as follows:

∂ (ρv)
∂t
+ div (ρ v⊗ v) = div σ

(
u, v, p, J

)
, J − I3 (u) = 0, p−

κ

2

(
J −

1
J

)
= 0,

where ρ is the density of the muscle, v is the tissue velocity, u is the tissue displacement, σ is the Cauchy tensor, J is the dilation, I3 is
the third invariant, p is the pressure, and κ is the bulk modulus. Bold symbols indicate vector variables and⊗ denotes the usual outer
product between two vectors. The kinetic energy K int of the muscle in V is defined as:

Kint (v) :=
1
2

∫
V

ρv · vdV,

where “·” denotes the three-dimensional dot product. The muscle fibre stress relative to the maximum isometric stress σ̂mus,fibre
depends on the isovolumetric stretch λiso. Using the active stress-stretch σ̂stretch (λiso), passive stress-stretch σ̂pas (λiso) and stress-
strain rate relationships σ̂vel

(
λ̇iso

)
, σ̂mus,fibre is defined as:

σ̂mus,fibre (u, v) := a
(
q0, t

)
σ̂stretch (λiso) σ̂vel

(
λ̇iso

)
+ σ̂pas (λiso)

where q0 is a point in the initial configuration of the muscle V0. The fibre stretch λiso is the length of the current orientation vector a
and we define the strain rate in the current direction of the fibre λ̇iso as:

λ̇iso =
aTdev [ε (v)] a

λiso
,

where,

dev [ε (v)] = ε (v)−
1
3

div (v) I, ε (v) =
1
2
(∇v+∇ v T).

The tensor ε (v) is the strain rate tensor and I is the identity matrix. The active stress tensor is defined as in Wakeling et al. (2020)
but with the added term from σ̂vel such that:

σ̂act(u,v) := σ̂mus,fibre a⊗ a.

The numerical implementation of the momentum and mass balance is semi-implicit in time, in which the velocity v is updated
explicitly, whereas the displacement u is implemented implicitly. As such, the implementation σ̂act only depends on the current state
of u (computed via the finite element method) and u at the previous time step. We implemented the model in the finite element library
deal.II version 8.5.1 (Arndt et al., 2017) using the tutorial step-44 (Pelteret and McBride, 2012; Pelteret, 2014).
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Appendix 2: Details of Model Geometries

TABLE TA1 | Initial dimensions of model geometries.

Scale α0 (◦) β0 (◦) Muscle length (m) Muscle width (m) Fibre length (m) Aponeurosis length (m) Aponeurosis thickness (m)

1 15 11.5 0.27 0.055 0.06366284 0.208 0.003

2.5 15 11.5 0.675 0.1375 0.15915709 0.52 0.0075

3.5 15 11.5 0.945 0.1925 0.22281993 0.728 0.0105

1 20 15.3 0.27 0.055 0.065 0.208 0.003

2.5 20 15.3 0.675 0.1375 0.1625 0.52 0.0075

3.5 20 15.3 0.945 0.1925 0.2275 0.728 0.0105

1 25 19.0 0.27 0.055 0.06677424 0.208 0.003

2.5 25 19.0 0.675 0.1375 0.1669356 0.52 0.0075

3.5 25 19.0 0.945 0.1925 0.23370983 0.728 0.0105

1 30 22.7 0.27 0.055 0.06902991 0.208 0.003

2.5 30 22.7 0.675 0.1375 0.17257477 0.52 0.0075

3.5 30 22.7 0.945 0.1925 0.24160468 0.728 0.0105
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The well-established sliding filament and cross-bridge theory explain the major

biophysical mechanism responsible for a skeletal muscle’s active behavior on a

cellular level. However, the biomechanical function of skeletal muscles on the tissue

scale, which is caused by the complex interplay of muscle fibers and extracellular

connective tissue, is much less understood. Mathematical models provide one possibility

to investigate physiological hypotheses. Continuum-mechanical models have hereby

proven themselves to be very suitable to study the biomechanical behavior of whole

muscles or entire limbs. Existing continuum-mechanical skeletal muscle models use

either an active-stress or an active-strain approach to phenomenologically describe the

mechanical behavior of active contractions. While any macroscopic constitutive model

can be judged by it’s ability to accurately replicate experimental data, the evaluation of

muscle-specificmaterial descriptions is difficult as suitable data is, unfortunately, currently

not available. Thus, the discussions become more philosophical rather than following

rigid methodological criteria. Within this work, we provide a extensive discussion on

the underlying modeling assumptions of both the active-stress and the active-strain

approach in the context of existing hypotheses of skeletal muscle physiology. We

conclude that the active-stress approach resolves an idealized tissue transmitting active

stresses through an independent pathway. In contrast, the active-strain approach

reflects an idealized tissue employing an indirect, coupled pathway for active stress

transmission. Finally the physiological hypothesis that skeletal muscles exhibit redundant

pathways of intramuscular stress transmission represents the basis for considering a

mixed-active-stress-active-strain constitutive framework.

Keywords: skeletal muscle, muscle modeling, continuum mechanics, active stress, active strain
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1. INTRODUCTION

Unlike many biological tissues, skeletal muscles have the ability
to actively contract and generate mechanical stress through a
complex interplay of cellular processes. Skeletal muscle tissue
is a hierarchical structure mainly consisting of muscle fibers,
i.e., the muscle cells, and extracellular connective tissue (cf.
Figure 1). The muscle fibers itself are made up of thousands of
sarcomeres (the basic contractile units), which essentially consist
of a periodic lattice of thin actin and thick myosin filaments
that can slide relatively to each other without changing their
own length. Skeletal muscle’s active behavior is closely related to
its microstructure and can be explained by the sliding filament
(Huxley and Hanson, 1954; Huxley and Niedergerke, 1954) and
the cross-bridge (Huxley, 1957) theory. In summary, in the
presence of calcium ions, which serve as a second messenger,
the catalytic domain of the myosin heads (the so-called S1-
segment) can bind to specialized binding sites on the thin
filament. The resulting bound, which consists of a myosin
head and an actin binding site, is denoted as cross-bridge.
The conformational change, which myosin heads can undergo,
represent the molecular motor’s working stroke. Depending on
the boundary conditions, the working stroke yields a relative
motion between the thin and the thick filaments or an elongation
of the myosin heads’ molecular spring. After completing the
working stroke, the cross-bridge can detach from the thin
filament and returns to its initial state. The repeated process of
attachment, working stroke and detachment is known as cross-
bridge cycle. Thus, through cross-bridge cycling, the molecular
motor converts chemically stored energy into mechanical work.
While the classical two filament model captures many important
features of active force generation (on the sarcomere-scale),
it should be noted that further cellular proteins/structures
are mechanically important for the physiological function of
muscle tissue. For example, the identification of an additional
myofilament named titin (Maruyama, 1976; Maruyama et al.,
1977;Wang et al., 1979) within the sarcomeres of skeletal muscles
refined the physiological knowledge on muscle contraction
(Herzog, 2018), i.e., providing further insights how cell integrity
can be ensured and enabling novel mechanistic explanations for
phenomena such as force-enhancement or force depression (cf.,
e.g., Abbott and Aubert, 1952; Edman et al., 1982; Noble, 1992;
Herzog and Leonard, 2002).

Besides principles of cellular force generation, a further
important aspect of muscle physiology is how microscopically
generated active stresses are balanced / transmitted through the
tissue. This is important, as it is expected that intramuscular
stress transmission is closely related to tissue remodeling and
injury. While there is little doubt that (active) stress transmission
occurs via the cytoskeleton of the muscle fibers, i.e., actin and
myosin filaments, also the extracellular connective tissue plays a
crucial role in efficiently transmitting locally generated stresses
(Patel and Lieber, 1997; Huijing, 1999; Monti et al., 1999), for
example, via activation induced along-the-fiber shear strains
(Trotter et al., 1995; Purslow, 2002).

Although the physiology of skeletal muscles has been
extensively studied in the past (cf. e.g., MacIntosh et al., 2006;

Enoka, 2008), the current knowledge on both physiological
and pathological conditions remains incomplete. Besides
experimental studies, mathematical models have been established
early on as valuable method to study the mechanical/physical
behavior of skeletal muscles using differentmodeling approaches,
addressing different research questions, and employing different
modeling assumptions. For example, the class of microstructural
motivated cross-bridge dynamics models introduced by
Huxley (1957) has been used extensively to study physiological
hypotheses on force production, both comprehensively and
quantitatively (cf. e.g., Julian, 1969; Huxley and Simmons,
1971; Hill, 1974; Eisenberg et al., 1980; Smith, 1990; Piazzesi
and Lombardi, 1995). Even before an elaborate physiological
knowledge on muscle contraction had been established, Hill
(1938) proposed a rheological muscle model, consisting of an
elastic spring with an force generating active element in parallel.
This relatively simple modeling approach can relate muscle
stress, contraction velocity and energy dissipation (cf. e.g., Hill,
1938; Winters and Stark, 1987; Zajac, 1989) and thus can assist
the interpretation experimental data or is frequently used to
simulate motions of whole systems within multi-body modeling
approaches (cf. e.g., Zajac, 1993; Anderson and Pandy, 2001;
Lloyd and Besier, 2003; Delp et al., 2007). The biggest drawback
of these models, however, is the fact that the model parameters
cannot be attributed to specific structural elements and all spatial
muscle properties are lumped.

More details on muscle function on the tissue scale can
be obtained by employing three-dimensional, continuum-
mechanical skeletal muscle models (based on the theory of finite
elasticity), as it is possible to resolve the anatomical structure of
tissues and spatial heterogeneities. Such continuum-mechanical
models have, for example, been used to study intramuscular force
transmission (Huijing, 1999; Yucesoy et al., 2003), the influence
of the muscle fiber architecture and geometry on force output
and tissue deformations (Huijing and Slawnych, 2000; Blemker
and Delp, 2005; Fiorentino and Blemker, 2014; Seydewitz et al.,
2019; Cankaya et al., 2021), the influence of motor unit activity
and distribution (Röhrle et al., 2012; Schmid et al., 2019), or
the interplay between different tissues/structures (Röhrle et al.,
2017; Ramasamy et al., 2018; Pamuk et al., 2020). Further,
employing the concept of classical field theories, continuum-
mechanical muscle models offer great flexibility within multi-
physics modeling frameworks and thus represent an important
component to realize the vision of in silico laboratories (cf. e.g.,
Klotz et al., 2019; Röhrle et al., 2019; Schmid et al., 2019).
While there exist numerous applications that could benefit from
continuum-mechanical muscle models, the usage is still limited,
for example, due to high computational cost, representation of
the complex tissue geometry, mesh generation and identification
of its baseline mechanical state frommedical imaging data.While
the latter one is of particular importance for musculoskeletal
system modeling, the biggest issue for continuum-mechanical
muscle modeling is the mathematical formulation of the material
behavior, which is essential to obtain accurate predictions of both
tissue deformations and the muscle’s stress response.

To model the mechanical behavior of skeletal muscle
tissues (just like for cardiac or smooth muscles) within a
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FIGURE 1 | (A) Schematic drawing of the cross-sectional area of skeletal muscle tissue (macro-scale) consisting of muscle fibers (gray), which are aligned in parallel

with the extracellular connective tissue (black). Note that the intracellular and the extracellular space are separated by the muscle fiber membrane (sarcolemma).

Further note that the muscle fibers, the sarcolemma and the extracellular connective tissue are mechanically interconnected through protein complexes like

dystrophin. (B) The muscle fibers are constructed by a periodic filament lattice (micro-scale) consisting of the thick myosin filaments (thick black lines) and the thin

actin filaments (thin black lines). The individual sarcomeres are separated by the Z-disks (illustrated by the vertical black lines). Further, the Z-disks are connected to

the thick myosin filaments via the protein titin (gray lines). (C) Illustration of a cross section of the hexagonal filament lattice (micro-scale) in the overlap region of the

A-Band. The thick myosin filaments are represented by big circles, the small black dots represent the thin actin filaments. The muscle fibers are orthogonal to the

page. (D) Schematic drawing of a single cross-bridge (nano-scale) consisting of a catalytic domain (S1-head) and the S2 segment. The S1 head can perform a

conformational change (illustrated by the dashed gray line) by the cost of ATP-hydrolysis, leading either to an extension of the S1 segment, i.e., generating stress, or

leading to muscle contraction.

continuum-mechanical framework, there exists mainly two
different approaches: the active-stress approach (also known as
additive split) and the active-strain approach (also known as
multiplicative split). While the active-stress approach derives
the overall stress tensor from the linear superposition of the
passive and active-stress contributions (cf. e.g., McCulloch et al.,
1992; Martins et al., 1998; Nash and Hunter, 2000; Blemker
et al., 2005; Röhrle et al., 2008; Heidlauf et al., 2016; Schmid
et al., 2019), the active-strain approach employs a multiplicative
decomposition of the deformation gradient tensor (cf. e.g.,
Kondaurov and Nikitin, 1987; Taber and Perucchio, 2000;
Nardinocchi and Teresi, 2007; Ambrosi et al., 2011a; Ehret
et al., 2011; Stålhand et al., 2011; Hernández-Gascón et al.,
2013; Giantesio and Musesti, 2017; Seydewitz et al., 2019)
to incorporate the muscles’ active behavior. Any continuum-
mechanical formulation, however, is (almost) worthless without
appropriate experimental data that characterize the mechanical
behavior of the material itself and which is essential for accurately
calibrating a specific constitutive model. Thereby note that
muscle tissue is highly diverse and suitable calibration data even
for an individual muscle is just partially available—data might,
for example, only consider uniaxial deformations (e.g., Zajac,
1989; Hawkins and Bey, 1994) or the passive state of the tissue
(e.g., van Loocke et al., 2006; Böl et al., 2012; Takaza et al., 2013).
Thus, active discussions about which approach is more suitable to
incorporate active behavior seems to be more philosophical than
based on rigorous validation. Rather methodological approaches
are given by Ambrosi and Pezzuto (2012) and Rossi et al.

(2012). They compared the additive split and the multiplicative
split by focusing on mathematical aspects and concluded that
the active-strain approach might be beneficial, as it is then
straightforward to ensure convexity. This, in turn, guarantees the
existence of a unique solution—a highly beneficial mathematical
feature. Further, Giantesio et al. (2019) compared the active-
stress and the active-strain approach for generic active materials
and pointed out clearly that the two approaches are mechanically
distinct and only coincide when rather restrictive constraints
are applied. However, those studies do not provide any insights
about the appropriateness of the respective model to capture the
mechanical behavior of skeletal muscle tissue.

Within this work, we address this shortcoming by providing
a discussion on existing constitutive modeling frameworks,
i.e., the active-stress and the active-strain approach, in the
context of physiological hypothesis of skeletal muscle function.
To illustrate the major ideas within this work, we utilize
distinct rheological models as well as specific examples for
each modeling approach. We conclude that with respect to
intramuscular stress transmission both the additive and the
multiplicative split represent extreme scenarios. That is, while
the active-stress approach follows the assumption that active
and passive muscle stresses are independent and thus must
be balanced within separate structural components, the active-
strain approach assumes that activation yields a microscopic
configuration change within the tissue and thus reflects a strong
coupling of the active and the passive behavior. As current
physiological hypothesis suspect a complex interplay of both
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pathways, it seems to be natural to consider a mixed-active-
stress-active-strain formalism.

2. METHODS

2.1. Continuum-Mechanical Modeling of
Muscle Tissue
The fundamental governing equation of continuum mechanics
can be derived from classical mechanics, where Newton’s laws
imply the conservation of linear momentum. In a continuum-
mechanical approach, a local linear momentum balance is
formulated at each material point, parametrized by a referential
vector X ∈ �, in the continuum body �. It reads

ρ0ẍ = Div(P) + ρ0b , in � , (1)

where ρ0 is the mass density in the undeformed reference
configuration, x is the position of a material point in the actual
configuration, P is the first Piola-Kirchhoff (nominal) stress
tensor, b is a vector of body forces, and Div(·) is the referential
divergence operator. Moreover, we introduce the deformation
gradient tensor F = Grad(x) to describe the motion of the
continuum body from the reference to the actual configuration,
whereby Grad(·) denotes the referntial gradient operator. Now,
the key is to determine the stress tensor P such that it
properly reflects the mechanical behavior of the respective tissue.
Otherwise, the predictive power of the continuum-mechanical
model is minimal.

The starting point for any constitutive model describing
the overall mechanical material behavior of skeletal muscle
tissue is the mathematical description of the passive material
properties. Since the physiological working range of muscles
includes large deformations, the framework of finite elasticity is
chosen. The dominant passive material properties originate from
the complex interplay betweenmuscle fibers and the extracellular
connective tissue, whereby viscous effects are small and are
therefore neglected within this work. Thus, we proceed with the
framework of finite hyperelasticity and outline the fundamentals
in the following. Within the concept of hyperelasticity, the
material behavior is fully characterized by a volume-specific
strain-energy function W(F). An indispensable requirement of
constitutive material modeling is the frame indifference of the
strain energy, i.e.,

W(F) = W(QF) ∀Q ∈ SO(3), (2)

whereby Q is an arbitrary orthogonal rotation matrix and SO(3)
is the special orthogonal group of dimension 3. For the sake of
generality, we consider arbitrary anisotropic material properties,
described by the material symmetry group MG, and require

W(F) = W(FQT) ∀Q ∈ MG ⊆ O(3), (3)

where O(3) is the full orthogonal group. Material symmetry is
usually accounted for by enriching the argument list of W by an
appropriate number of structural tensors Mi such that W(F) =

W(F,Mi), cf. Boehler (1977). Note that due to the distinct

arrangement of muscle fibers, skeletal muscle tissue is often
assumed to be transversely isotropic. For this specific case, the
material symmetry group MG contains matrices associated with
arbitrary rotations around themuscle fiber axis and the structural
tensors have to be invariant with respect to such transformations.

The first Piola-Kirchhoff stress tensor is straightforwardly
derived from the hyperelastic potentialW by applying the Doyle-
Ericksen theorem (Simo and Marsden, 1984), yielding

P(F) =
∂W(F)

∂F
. (4)

As muscle tissue is usually modeled as incompressible material,
an additional constraint J = det(F) = 1 enters the stress
tensor P via a Lagrange multiplier p (which can be interpreted
as a hydrostatic pressure). Subsequently, the first Piola-Kirchhoff
stress tensor for incompressible materials is given by

P(F) =
∂W(F)

∂F
− pJF−T , (5)

where F−T is the transposed inverse of F. As the material
properties of muscle tissue can strongly vary even within the
same muscle type and the same subject, the appropriate choice
of strain-energy function for a specific muscle remains a big
challenge. This difficulty is also reflected by the myriad of
hyperelastic strain-energy functions published for soft biological
tissues and muscle tissues, see e.g., Chagnon et al. (2015).

Furthermore, we note that the rheology of the passive
material behavior presented so far can be described by an
elastic spring. A schematic representation of this model is
shown in Figure 2A. If, besides to the passive behavior of the
muscle, the active behavior is also to be described, different
methods can be used. Two existing approaches are introduced
in the following, namely the active-stress approach in section
2.2 and the active-strain approach section 2.3. Further, both
approaches are combined in section 2.4 to obtain a mixed-active-
stress-active-strain approach. We will show that those methods
correspond to distinct rheological models, in which the active
behavior is described by an active element (in addition to the
elastic spring for the passive behavior) and each rheological
component can be associated with specific physical phenomena.

2.2. The Active-Stress Approach
In a continuum-mechanical framework, the most common way
to model the active properties of skeletal muscle tissue is
known as the active-stress approach (cf. e.g., Martins et al.,
1998; Johansson et al., 2000; Blemker et al., 2005; Röhrle et al.,
2008; Heidlauf et al., 2016; Schmid et al., 2019). The active-
stress approach can be considered as a generalization of the
pioneering muscle model of Hill (1938). Thereby, the passive
material behavior is described in terms of a hyperelastic strain-
energy function W = W(F,Mi). The active material behavior is
modeled by adding to the passive stress that is derived from (5) a
stress tensor Pa, which summarizes the microscopically generated
active stresses of the muscle fibers. The overall stress tensor is

Frontiers in Physiology | www.frontiersin.org 4 August 2021 | Volume 12 | Article 685531334

https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Klotz et al. Perspectives on Continuum-Mechanical Skeletal Muscle Modeling

FIGURE 2 | Rheological models for (A) passive hyperelastic behavior, (B) the active-stress approach, (C) the active-strain approach, whereby an addition of a parallel

elastic element (illustrated in gray) yields a generalized active-strain approach, and (D) the mixed-active-stress-active-strain approach.

then obtained as

P(F,Mi, y) = Pp(F,Mi) + Pa(F,Mi, y) − pJF−T ,

where Pp(F,Mi) =
∂W(F,Mi)

∂F
. (6)

Therein, the last term accounts for the incompressibility of
the muscle tissue, cf. Equation (5), and a variable number
of structural tensors Mi accounts for general anisotropy of
the passive and active parts. Further, y denotes a vector of
state variables and describes the muscle’s active properties. It
can depend on mechanical quantities such as the macroscopic
deformation F and the rate of deformation Ḟ. Depending on
the level of systemic detail captured by the model, the vector y
can, for example, contain a set of phenomenological parameters
(cf. section 2.2.2) or a set of microscopic, physically meaningful
parameters that describe, e. g., the state of a population of cross-
bridges (cf. section 2.2.3). Note that independent of the specific
parametrization, it is assumed that the active state vector y can be
externally controlled by an experimentalist and thus reflects an
observable variable.

In a rheological model, the active-stress approach is described
by the parallel arrangement of an elastic element and a newly
introduced active element, see Figure 2B. This is necessary as
the active-stress-generating property of skeletal muscles cannot
be classified in terms of basic rheological elements. It should be
noted that the active element, which depends on the active state
vector y, could have very complex constitutive properties: for
example, it exhibits properties of elastic springs (e.g., reflecting
short range stiffness Rack and Westbury, 1974) as well as
dissipative dampers (e.g., reflecting the force-velocity relation
Hill, 1938; Heidlauf et al., 2017). For a better understanding, a
physiological interpretation of the active-stress approach based
onmicrostructural considerations and some illustrative examples
of specific active-stress tensors are provided in the following.

2.2.1. The Active-Stress Approach in the Context of

Muscle Physiology
Recalling the basic ideas of the sliding filament theory and
the cross-bridge theory, the microstructural arrangement of the
sarcomeres (cf. Figure 1B) allows the actin and the myosin
filaments to slide in passive muscle tissue relative to each other
without undergoing deformation. Assuming that both the actin
and the myosin filaments are relatively stiff (note that in various
microstructural models actin and myosin, are assumed to be
rigid, e.g., Huxley, 1957), the overall sarcomere stress can be
obtained by adding up the stress contributions of both cross-
bridges and titin. Those assumptions yield an additive split of

a muscle fiber stress tensor. Further, following the assumption
that there is no elastic coupling between muscle fibers and the
extracellular matrix, the linear superposition of the stress tensor
is also justified for a tissue sample.

2.2.2. Example 1: A Phenomenological Description of

the Active-Stress Tensor
Assuming that the active muscle stresses only act along the fiber
direction, which is indicated by a referential unit vector af0, a
corresponding active-stress tensor Pa can be introduced as

Pa(F, a
f
0, y) = Pa

(

y
)

F
[

af0 ⊗ af0

]

, (7)

where Pa(y) reflects a scalar active-stress value. Note that the
dyadic product, af0 ⊗ af0, of the unit vector af0 describes an
appropriate structural tensor for the case of transverse isotropy
and thereby replaces the general argument Mi. Macroscopic
experiments indicate that the active muscle stress response
depends on the applied stimulus, the applied stretch (Gordon
et al., 1966) and the speed of the contraction (Hill, 1938). Those
observations can, for example, be summarized by the following
phenomenological definition of the active-stress value Pa, i.e.,

Pa
(

y
)

= Pmax fl(λf)fv(λ̇f)α(t). (8)

Therein the active state of the muscle is fully characterized by
an ensemble of four scalar parameters / functions, i.e., y =

[Pmax, fl(λf), fv(λ̇f),α(t)]
T , where Pmax is the maximum isometric

tension and α(t) ∈ [0, 1] is a lumped activation parameter
depending on the time t. The function fl(λ) denotes the force-
length relation, i.e., depending on fiber stretch λf, which is related
to the deformation gradient tensor F and the referential fiber
direction vector, af0, by

λ
2
f = Faf0 · Fa

f
0. (9)

Further, fv(λ̇f) denotes the force-velocity relation depending on
the muscle’s contraction velocity λ̇f. It is important to note that,
from a microstructural point of view, the force-length relation
indicates the overlap of the actin and the myosin filaments, which
is linearly proportional to the number of available cross-bridges
for force generation, and therefore should not be interpreted as a
hyperelastic stress-stretch relation. Thus, the active-stress tensor
is only weakly coupled to the applied deformation field. Further
note that a multi-axial active-stress tensor can be obtained
straightforwardly by linear superposition of a set of active-stress
tensors given by Equation (7), whereby one has to consider
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appropriate structural tensors as it is done to model, for example,
the complex fiber architecture of the tongue, see, e.g., Wang et al.
(2013).

2.2.3. Example 2: A Microstructurally Based

Description of the Active-Stress Tensor
Based on the ideas of the sliding filament theory and taking
into account a skeletal muscle’s microstructure, one can derive
an active-stress tensor by homogenizing the microscopic cross-
bridge stresses. To do so, we consider a population of Nxb

cross-bridges, whereby each cross-bridge is characterized by its
molecular spring’s elongation xi. When assuming that both the
actin and the myosin filament are (nearly) rigid, the overall
stress tensor can be calculated, summing up the stresses of
parallel arranged cross-bridges (cf. Huxley, 1957). Further one
needs to take into account the periodic, microstructural geometry
of skeletal muscles (cf. Figure 1). Assuming that cross-bridges
behave linear elastic, the mechanical energy stored in all cross-
bridges within a given reference volume Vref reads

Wxb
active =

Nxb
∑

i=1

1

2
kxbx

2
i , (10)

where kxb is the cross-bridge stiffness. The (scalar-valued) force
produced by a single cross-bridge Fxbi can now be derived from
a partial derivative of the cross-bridge energy with respect to the
cross-bridge elongation xi, i.e.,

Fxbi = kxbxi. (11)

Note that the cross-bridge elongations are microscopic quantities
and are not directly related to the macroscopic strains. To obtain
a continuum description of the active-stress tensor, the discrete
cross-bridge forces need to be homogenized. When assuming
that cross-bridges do not transmit bending moments or shear
forces, the mechanical problem is purely geometric (Schoenberg,
1980a) and thus only the three-dimensional structure of the
sarcomere needs be taken into account. Due to the periodic
structure of the filament lattice (cf. Figure 1), a single half-
sarcomere can be considered as representative unit cell. Using the
assumption that for the considered population all cross-bridges
act in parallel, the active stress in muscle fiber direction can be
calculated by Schoenberg (1980b).

Pf
a(F, a0, y) =

cos(ϕ)

A
ref
f

Nxb
∑

i=1

kxbxi F
[

af0 ⊗ af0

]

. (12)

Therein A
ref
f is the cross-sectional area of the reference volume

and ϕ is the angle of force transmission (cf. Figure 1D).
Due to the filament arrangement (cf. Figure 1C), the cross-
fiber stresses act in hexagonal plane, i.e., which describes
the filament lattice unit cell consisting of six actin filaments
with one myosin filament in the center, normal to the
muscle fiber direction. Thereby it is assumed that all cross-
bridges are equally distributed between the thin filaments, i.e.,
Nn
actin/N

max
xb = 1/6 (n = 1, 2, ..., 6). Hence, for each subset

of cross-bridges pointing toward the same actin filament an
individual stress tensor can be derived (cf. Heidlauf et al.,
2016), i.e.,

Pxf,n
a (F, af0, y) =

1

6

sin(ϕ)

A
ref
xf

Nxb
∑

i=1

kxbxi F [tn ⊗ tn] ,

n = 1, 2, ..., 6, (13)

where A
ref
xf is one sixth of the mantle surface of the reference

volume and the unit vectors tn are defined by

tn = cos
(

φ + [n− 1]
π

3

)

e2

+ sin
(

φ + [n− 1]
π

3

)

e3, n = 1, 2, ..., 6 . (14)

Therein, the orthonormal basis vectors ei (i = 1, 2, 3) denote a
laboratory frame of reference that is–without loss of generality–
defined such that e1 = af0. Further, the angle φ ∈ [0, 2π) is
introduced to account for the non-uniqueness of the basis vectors
e2 and e3. The overall cross-fiber stress tensor, Pxf

a , is derived by
adding up all the individual stresses, Pxf,n

a , and utilizing the fact
that

∑

n tn⊗tn = 3 (I−(af0⊗af0)), (cf. Usyk et al., 2000; Heidlauf
et al., 2016), yielding

Pxf
a (F, af0, y) =

6
∑

n=1

Pxf,n
a =

1

2

sin(ϕ)

A
ref
xf

Nxb
∑

i=1

kxbxi F
[

I −
[

af0 ⊗ af0

]]

. (15)

Finally, the overall active-stress tensor Pa is given by

Pa(F, a
f
0, y) = Pf

a(F, a
f
0, y) + Pxf

a (F, af0, y), (16)

where the active state vector is summarized by y =

[kxb,A
ref
f ,Aref

xf , x1, ..., xNxb ]
T . Employing a set of experimentally

derived parameters (cf. Appendix), yields at optimal muscle
length and full activation a nominal active stress in fiber
direction of approximately 25N cm−2. This coincides well with
experimental findings for skeletal muscle tissue (Bodine et al.,
1987). Further, the model predicts active stresses in the cross-
fiber direction of approximately 5–10% of the active stress in
fiber direction.

2.3. The Active-Strain Approach
Instead of employing the active-stress approach for modeling a
skeletal muscle’s active behavior, an active-strain approach has
been used (e.g., Ehret et al., 2011; Hernández-Gascón et al.,
2013; Giantesio and Musesti, 2017; Seydewitz et al., 2019). For
the active-strain approach, one assumes that the deformation
gradient tensor F can be multiplicatively split into an active part
Fa and an elastic contribution Fe, i.e.,

F = Fe Fa. (17)
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Although this multiplicative decomposition was originally
proposed for elastoplastic materials (Lee, 1969), it has also been
applied to model a variety of other internal (inelastic) processes.
In the field of biomechanics, for example, the concept was
also employed to model tissue growth (Rodriguez et al., 1994;
Ambrosi et al., 2011b). The basic idea of the multiplicative split is
that the active deformation gradient tensor Fa depicts a mapping
from the reference configuration to an incompatible, stress-
free intermediate configuration. In turn, the elastic deformation
gradient tensor Fe reflects a mapping from the intermediate
configuration to the actual configuration. This means that the
elastic deformation is given by Fe = FF−1

a and depends on the
“visible” deformation and the active contribution. Subsequently,
the mechanical behavior of the tissue is then described by a
potential W = W(Fe,Mi) as a function of the elastic part of the
deformation. The resulting first Piola-Kirchhoff stress tensor is
given by

P(F,Mi, y) = Pe(F,Mi, y) − pJF−T ,

where Pe =
∂W

∂Fe
F−T
a . (18)

Therein, (·) F−T
a denotes a pull-back transformation that is

required since the derivative ∂W/∂Fe yields a two-point
tensor relating forces in the actual configuration and area
elements in the intermediate configuration, whereas the nominal
stress P is a two-point tensor between actual and referential
coordinates. Within a rheological setup, the active-strain
approach corresponds to a serial arrangement of an elastic spring
and an active element, see Figure 2C. Thereby, the deformation
tensor Fe corresponds to the deformation of the spring and
the tensor Fa describes the deformation of the active element.
This serial characteristic is clearly different if compared to the
setup of the active-stress approach in section 2.2. Note, in the
active-strain approach one exploits the fact that the mechanical
state of the material is fully characterized by the potential
energy of the serial elastic element. Further, for skeletal muscles,
it is common to additively split up the energy function and
then apply the multiplicative split only to parts of the energy
(Ehret et al., 2011; Hernández-Gascón et al., 2013). Such an
approach can be considered as generalized active-strain approach
(reminiscent to the generalized Maxwell model in viscoelasticity)
and is illustrated in Figure 2C by the gray elastic spring. The key
challenge remains the constitutive definition of an appropriate
active deformation gradient tensor Fa, which is generically
introduced to be parameterized by the potential W, the active
state vector y and a sufficient number of structural tensorsMi that
describe the material symmetry of the internal active contraction,
i.e., Fa(W,Mi, y). It should be noted that while it is possible for the
active-stress approach to derive the active-stress tensor directly
from macroscopic observations (cf. section 2.2.2), i.e., a set of
physical observable variables (cf. section 2.2.3), this is no longer
true for the active-strain approach, as the active deformation
gradient tensor Fa represents an internal and thus non-observable
variable. Further, due to the strong coupling between the elastic
spring and the active element the chosen constitutive relation
requires consideration of the assumed elastic potential. Finally

note that in the case of zero activation, i.e., Fa = I (whereby I

is the second-order identity tensor), one obtains the previously
defined purely passive muscle stresses (cf. Equation 5). In analogy
to the investigations of the active-stress approach, the active-
strain approach is discussed with respect to muscle physiology
in section 2.3.1 and specific constitutive equations are exemplary
provided in sections 2.3.2, 2.3.3.

2.3.1. The Active-Strain Approach in the Context of

Muscle Physiology
Given the serial arrangement of an elastic spring and an active
element as shown in Figure 2C, the active-strain approach
implies that there exists a strong coupling between elastic element
and the active element. Muscle physiology teaches that muscle
fibers not only generate active stress, but also actively change their
shape. Further, fibermotion is constrained by the interaction with
the surrounding extracellular connective tissue. Accordingly,
any kinematic rearrangement in the microstructure (i.e., the
muscle fibers) will yield a change in the elastic potential of a
tissue sample. Thus, while the active-stress approach implied
that active stresses are transmitted through the actin-myosin
skeleton of the muscle fibers (cf. section 2.3.1), the active-
strain approach describes a fundamentally different, indirect
mechanism of active stress transmission. Considering current
physiological hypotheses, the most likely candidate to indirectly
transmit the active stresses is the extracellular connective tissue
(e.g., Trotter et al., 1995; Patel and Lieber, 1997; Huijing,
1999; Monti et al., 1999; Purslow, 2002). Note that from a
purely macroscopic perspective, it is impossible to observe
such microscopic rearrangements [they will strongly depend on
the microscopic architecture and boundary conditions, cf., e.g.,
Sharafi and Blemker (2011), and, thus, are barely possible to
predict a priori]. Therefore, macroscopic modeling frameworks
require a non-observble internal variable to incoporate this
behavior. In this sense, it is important to stress that the
active deformation gradient tensor has no unique physiological
meaning. However, as illustrated by the two examples below,
strongly simplified virtual tissue arrangements help to illustrate
the general concept of the multiplicative decomposition of the
deformation gradient tensor.

2.3.2. Example 3: A Volume Preserving Active

Contraction Along the Fiber Direction
As a first example, we assume a virtual tissue sample consisting of
a muscle fiber that is (serially) arrange with elastic extracellular
connective tissue (cf. Figure 3A). This is similar to the
experiment of Shaw et al. (2013), where a cardiac myocite is
embedded within an elastic gel. Therefore, it is assumed that
in response to activation the muscle fiber contracts along the
fiber direction af0 while preserving its volume, i.e., requiring
det(Fa) = 1. This is reflected by the active element in Figure 2C.
In order to ensure compatibility with the actual configuration
the serially arranged connective tissue, i.e., corresponding to the
serial spring in Figure 2C, is stretched. This stretch is described
by the elastic deformation gradient tensor Fe. A corresponding
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FIGURE 3 | Schematic drawings for (A) Example 3, considering a muscle fiber (red) which is serially arranged with extracellular connective tissue (bright color) and (B)

Example 4 considering a non-spanning muscle fiber (red) embedded in (thin) sheets of extracellular connective tissue (bright color). For both examples, the structural

rearrangement caused by the activation of the muscle fibers are illustrated.

active deformation gradient tensor can be formulated to read

Fa(W, af0, y) = λa

[

af0 ⊗ af0

]

+
1

√
λa

[

I −

[

af0 ⊗ af0

]]

. (19)

Therein λa can be interpreted as a measure for the internal
active stretch and reflects the internal motion/contraction of the
muscle fiber. It requires an additional constitutive relation, i.e.,
λa = λa(W, y). Note, the active stretch λa also depends on the
elastic tissue properties and therefore has to contain the potential
functionalW as argument.

2.3.3. Example 4: Activation Induced Shear Strains
In this example, we assume a microstructural configuration
consisting of a non-spanning muscle fiber embedded in
extracellular connective tissue, which is much thinner then the
diameter of the muscle fibers (cf. Figure 3B). The activation of
the muscle fiber will force the fiber to contract and thus yields
a relative motion between the muscle fiber and the connective
tissue (note that a similar behavior is expected if active stresses are
heterogeneously distributed along the length of muscle fibers).
The microscopic change of the muscle fibers configurations
will cause shear deformations along the fiber axis within the
extracellular connective tissue. Thus, a corresponding active
deformation gradient tensor can be defined to read

Fa(W, af0, y) = I + γa

[

af0 ⊗ ei

]

. (20)

Therein, γa = γa(W, y) is the internal active shear along
the fiber axis and ei denotes an arbitrary unit vector which is
orthogonal with respect to the fiber direction. Note that while
the scenario described in Example 3 (i.e., section 2.3.2) requires
large internal motions of the muscle fibers to yield a significant
stress response, for the scenario described within this section
rather small changes of the muscle fiber configurations are
sufficient to yield considerable change of the elastic deformation
gradient tensor. This is due to the difference in the tissue

components thickness, i.e., the muscle fibers are much thicker
than the sheets of extracellular connective tissue separating
them. Consequently, small (internal) rearrangements of the
microstructure are sufficient to induce large shear deformations
within the extracellular connective tissue and thus represent a
very efficient pathway for active-stress transmission (cf. Trotter
et al., 1995; Purslow, 2002; Sharafi and Blemker, 2011).

2.4. A Mixed-Active-Strain-Active-Stress
Constitutive Modeling Approach
Considering stress transmission on the tissue scale, the previous
sections conclude that both the active-stress and the active-strain
approach physiologically represent extreme scenarios: the active-
stress approach assumes a decoupled pathway for active-stress
transmission (cf. section 2.2.1), while the active-strain approach
is based on the assumption that the active stresses are transmitted
by the coupling with an elastic matrix material (cf. section 2.3.1).
Thus, for a tissue employing redundant pathways of active-stress
transmission, as it is expected for skeletal muscle tissue, it seems
to be natural to formulate a mixed-active-stress-active-strain
constitutive modeling framework. A corresponding rheological
model is illustrated in Figure 2D. Based on the constitutive
equations introduced in the previous sections, cf. Equations (6),
(18), we define the first Piola-Kirchhoff stress tensor as

P(F,Mi, y) =
∂W1(F,Mi)

∂F
+

∂W2(F,Mi, y)

∂Fe
F−T
a

+ Pa(F,Mi, y) − pJF−T .

(21)

Therein, the energy W is additively split into contributions that
depend on the overall deformation F and the partial deformation
Fe. In this sense, the energy contribution that depends on F

describes the parallel spring in Figure 2D, whereas the part that
depends on Fe desribes the spring that is arranged in series to the
active elements (in the middle). Note that all stress components
require constitutive equations, whereby one can employ the same
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concepts as presented in sections 2.1–2.3. Within the following
section we will discuss the presented macroscopic constitutive
modeling frameworks in the context of physiological hypotheses
of skeletal muscle function (i.e., experimental observations) and
macroscopic data from material testing, and discuss practical
considerations for formulating specific constitutive models.

3. RESULTS AND DISCUSSION

3.1. Active Constitutive Modeling
Frameworks and Muscle Physiology
Considering the anatomical structure of skeletal muscles, there
is little doubt that the active stresses induced by cross-bridge
strains on the nano-scale can be transmitted efficiently through
the muscle fiber’s filament skeleton. Within a continuum-
mechanical framework this aspect of active muscle behavior can
be adequately modeled by introducing an active-stress tensor
(cf. section 2.2). Experimental evidence for such a behavior has
been derived indirectly from the observation that the maximum
isometric tension and the fraction of activated muscle fibers are
linearly proportional (Powell et al., 1984).

However, the existence of non-spanningmuscle fibers (Huber,
1916; Lindhard, 1931; Loeb et al., 1987; Ounjian et al., 1991),
i.e., muscle fibers that are not attached to a tendon on both
sides and thus end in the middle of a muscle belly, clearly
indicates that alternative pathways for active-stress transmission
on the tissue scale must exist. Early evidence that active-stress
transmission can occur via the extracellular connective tissue was
provided by Ramsey and Street (1940) and Street and Ramsey
(1965) showing that a preparation of an isolated muscle fiber
surrounded by extracellular connective tissue is still capable of
producing nearly its maximum isometric force after the filament
skeleton was removed from one half of the sample. Although
these experiments do not cover physiological conditions, the
current view is that muscles employ redundant pathways for
stress transmission (Street, 1983; Patel and Lieber, 1997; Huijing,
1999; Monti et al., 1999). Beside the obvious involvement of the
muscle fiber’s filament skeleton, particularly activation induced
shear deformations of the extracellular connective tissue are
believed to contribute to active-stress transmission (Trotter
et al., 1995; Purslow, 2002). The efficiency of active-stress
transmission via shear strains was emphasized by Purslow (2002)
and Sharafi and Blemker (2011), pointing out that due to the
small thickness of the extracellular connective tissue, modest
(relative) fiber motions are sufficient to induce large shear strains;
fiber motions, however, are not so uncommon. Even during
isometric contractions, local sarcomere length changes, i.e., on
the micro-scale, have been observed within isolated muscle fibers
(Julian and Morgan, 1979) and whole muscles (Moo and Herzog,
2018). These observations on active muscle behavior can be
phenomenologically captured within a macroscopic, continuum-
mechanical framework by employing an active-strain approach
with an internal variable (cf. section 2.3).

In conclusion, while both the active-stress and the active-
strain approach seem to cover a single very specific aspect

of muscle’s active behavior, a more complete reflection of
muscle physiology can be expected when appealing to a mixed
active-stress-active-strain approach. In this connection, it
can be seen that both the active-stress and the active-strain
approach represent special cases of the mixed active-
stress-active-strain approach, with opposing weightings for
the active stress transmitted through the corresponding
rheological elements.

3.2. Macroscopic Data and Limitations
All three approaches require a choice for specific constitutive
equations. Although phenomenological constitutive equations
are, unlike the governing equations of the overall system,
i.e., modeling approaches, designed with the underlying
material behavior and physiology in mind, they remain
mathematical constructs. In this regard, constitutive parameters
can not necessarily be associated with physical properties.
The values of a constitutive law’s “material parameters”
are consequences of fitting the mathematical construct to
experimentally observed data from macroscopic material
experiments, i.e., from experiments that aim to relate stresses,
deformations and activation. Depending on the choice of
the objective function of the optimization procedure and
the quality and richness of the experimental data, multiple
mathematical constructs, e.g. number and exponential-,
fractional-, polynomial-, or logarithmic-like terms, lead to
very similar results and only a “goodness of fit” parameter,
i.e., choosing an adequate norm, provides at the end a
measure that favors one or the other constitutive law, cf.
Schmid et al. (2007) for myocardial parameter estimation.
This also applies in this setting, i.e., it is theoretically possible
to replicate excellent experimental data with any of the
considered constitutive frameworks; this is particularly true
as the active element can capture various different mechanical
properties and thus offers great flexibility. Moreover, the
choice of norm to compare the different constitutive results
with each other might influence the results in such a way
that it is cumbersome to carry out fitting procedures for the
three individual cases and compare them. This is particular
true if one discusses the underlying modeling frameworks
rather than the form, i.e., the individual terms, of a particular
constitutive law. As the additional benefit of employing
material fitting optimization procedures is marginal, we
omitted within this work any material fitting procedures, and
entirely focus on the advantages and disadvantages of the
individual modeling approaches—in particular with respect to
the underlying physiology.

Finally it must be noted that it is impossible to reconstruct
the internal behavior of the tissue from purely macroscopic
data. Thus, choosing the ratio between the active-stress and
the active-strain contribution remains a modeler’s assumption.
Recalling the physiological basis of the active-stress and active-
strain contributions, however, might allow an educated guess.
More sophisticated choices might be possible by augmenting
experimental data with data originating from multi-scale
simulations, for example, by combining microstructural imaging
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and micro-mechanical homogenization models (e.g., Sharafi
and Blemker, 2011; Bleiler et al., 2019, 2021). That is, micro-
mechanical models can be used to predict microstructural
tissue rearrangements and which are represented by the
active deformation gradient tensor Fa in a macroscopic
modeling framework.

3.3. Conclusion
We want to conclude this discussion on continuum-mechanical
constitutive frameworks to model muscle’s active behavior
by a set of practical considerations to formulate specific
constitutive equations:

(i) For any classical continuum-mechanical boundary value
problem that is relating external forces and internal
deformation fields, the choice of a specific constitutive
framework is rather a philosophical decision. The only
limiting factor for the predictive power of an in silico
model is the goodness of the employed macroscopic
calibration data, which always can be replicated by any of
the constitutive frameworks. Note, while it has been shown
that the active-strain and the active-stress approach can differ
for conditions that where not included in the calibration
data (Giantesio et al., 2019), assessing the goodness of a
predictions for such conditions is beyond the scope of any
phenomenological model.

(ii) The choice of a weighting between active-stress and
active-strain components is of particular importance
when employing a continuum model to investigate tissue
remodeling or injuries. This is emphasized by the observation
that both phenomena are determined by elastic stresses
(Lieber and Friden, 1993). Thereby, one should keep in mind
that various neuromuscular diseases potentially affect the

elastic coupling between muscle fibers and the extracellular
connective tissue.
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APPENDIX – EXAMPLE 2: A
MICROSTRUCTURALLY BASED
DESCRIPTION OF THE ACTIVE-STRESS
TENSOR

Predicting the active-stress tensor given in Equation (16) based
on a set of physical meaningful variables, requires identification
of additional model parameters related to the material behavior
and the geometry of the microstructure. Therefore, a hexagonal
lattice structure, i.e., where a thick (myosin) filament is
surrounded by six thin (actin) filaments, is assumed (Millman,
1998). For skeletal muscle tissue the lattice spacing parameter d10
(cf. Figure 1C) is, depending on the different muscle types and
species, between 35 and 45 nm (cf. Millman, 1998). Assuming
d10 = 36 nm and neglecting the diameter of the filaments results
in a distance of ram = 24 nm between a thick and a thin filament.
Further, we assume a half-sarcomere length of lrefhs = 1 µm in the
reference configuration. From the given geometrical parameters,
the volume of a half-sarcomere can be calculated by

Vref
sarco = A

ref
f · lrefhs =

3

2

√

3 · r2am · lrefhs = 1.4965× 106nm3. (S1)

Further, assuming that the length of the myosin filament in a
half-sarcomere measures around 850 nm and exhibits a distance
of about 43 nm between two myosin heads (cf. Daniel et al.,

1998), then there are ∼20 myosin-head complexes along one
thick filament, pointing toward one thin filament. Note that one
myosin-head complex consist of two head units competing for
the same actin binding site. Such effects are however beyond
the scope of this work and therefore neglected. Recalling the
hexagonal structure, there are 6 such lines and thus themaximum
number of available cross-bridges per half-sarcomere can be
calculated by Nxb

max = 20 · 6 = 120. During an isometric
contraction and full activation ∼20 to 40% of the cross-bridges
are in a force producing state (Gordon et al., 2000; Brunello
et al., 2014). For an exemplary calculation, we assume that
for a tetanic contraction 30% of the cross-bridges are in a
force producing state. Further, an average isometric power-stroke
elongation of xiso = 6 nm (cf. Barclay, 1998; Brunello et al.,
2014) is assumed. As far as the stiffness of the actin-myosin cross-
bridges is concerned, there exists some discussion on its value.
Depending on different experimental methods and theoretical
assumptions, reported stiffness values range from 0.5 to 3.5 pN
nm−1 (Barclay, 1998; Mansson et al., 2015). For the exemplary
calculation presented in Section 2.2.3, we choose the stiffness
of the actin-myosin cross-bridges as kxb = 2.0 pN nm−1.
Finally, assuming that the angle of force transmission can be
approximated by the length of the S2 segment lS2 = 40 nm
(MacIntosh, 2003) and the distance between actin filament and
the myosin filament, ram, the angle of force transmission is ϕ ≈

0.17π .
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