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Abstract

The collagenous extracellular matrix (ECM) of skeletal muscle functions to transmit force, protect
sensitive structures, and generate passive tension to resist stretch. The mechanical properties of the
ECM change with age, atrophy, and neuromuscular pathologies, resulting in an increase in the
relative amount of collagen and an increase in stiffness. Although numerous studies have focused
on the effect of muscle fibrosis on passive muscle stiffness, few have examined how these
structural changes may compromise contractile performance. Here we combine a mathematical
model and experimental manipulations to examine how changes in the mechanical properties of
the ECM constrain the ability of muscle fibers and fascicles to radially expand and how such a
constraint may limit active muscle shortening. We model the mechanical interaction between a
contracting muscle and the ECM using a constant volume, pressurized, fiber-wound cylinder. Our
model shows that as the proportion of a muscle cross section made up of ECM increases, the
muscle’s ability to expand radially is compromised, which in turn restricts muscle shortening. In
our experiments, we use a physical constraint placed around the muscle to restrict radial expansion
during a contraction. Our experimental results are consistent with model predictions and show that
muscles restricted from radial expansion undergo less shortening and generate less mechanical
work under identical loads and stimulation conditions. This work highlights the intimate
mechanical interaction between contractile and connective tissue structures within skeletal muscle
and shows how a deviation from a healthy, well-tuned relationship can compromise performance.
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1 Introduction

The extracellular matrix (ECM) forms the structural scaffolding of skeletal muscle. The
ECM of skeletal muscle is organized into hierarchical layers, which surround muscle fibers
(endomysium), muscle fascicles (perimysium), and the whole muscle (epimysium; Fig. 1).
These structures serve a number of important mechanical functions. The ECM has been
shown to transmit forces to adjacent fibers or fascicles through pathways acting in parallel to
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muscle fibers (Street 1983; Huijing et al. 1998; Huijing 1999; Maas and Huijing 2005;
Huijing et al. 2007; Yucesoy 2010). The seminal work of Street (1983) showed that force
can be transmitted from a muscle fiber to adjacent fibers even when longitudinal
myotendinous pathways are completely disrupted. These lateral pathways have been further
illuminated by the deeper understanding of the role of cytoskeletal proteins that
mechanically connect the sarcomere to the extracellular matrix and allow for the
transmission of force (Huijing 1999; Zhang and Gao 2014). Such non-myotendinous
pathways of force have been observed at various levels of organization including between
adjacent fibers and fascicles (Street 1983; Huijing 1999), two heads of the same muscle
(Maas and Huijing 2005), pairs of muscle synergists (Maas and Sandercock 2010; Bernabei
et al. 2015), or even along neurovascular connective tissue tracts (Huijing 2007). These
myofascial interactions have important consequences for a muscle’s force—length
relationship (Huijing and Baan 2003), the spatial distribution of force (Yucesoy et al. 2003),
and the spatial heterogeneity of sarcomere lengths within a muscle (Yucesoy et al. 2006).

In addition, to the transmission of forces, the ECM of skeletal muscle also contributes
significantly to the passive elasticity and stiffness of muscle fibers and fascicles. The passive
tension that develops in response to a stretch has been largely attributed to the mechanical
properties of the ECM (Meyer and Lieber 2011). Since collagen is the predominate
structural protein in the ECM, the amount of collagen present in the ECM is considered an
important determinant of their mechanical properties. The proportion of a muscles cross
section which comprised of non-contractile (extracellular) tissue has previously been used to
infer the passive force—length properties of muscles (Weibel 1981). Similarly, muscles with a
higher proportion of collagen within their cross section have been shown to have higher
passive stiffness (Wood et al. 2014). However, some studies have shown that the direct
quantitative link between the passive mechanical properties of muscles and collagen content
(assessed using a hydroxyproline assay) is weak (Smith et al. 2011), suggesting that the
amount of collagen alone may not fully reflect the relationship between the ECM and
passive mechanical properties of muscles (Lieber and Ward 2013).

The properties of the ECM may also influence the capacity of skeletal muscles to produce
mechanical work. Mechanical work is generated when muscles actively produce force
during shortening. The amount a single sarcomere can shorten is assumed to be constrained
entirely by the geometry of the sarcomere (Rassier et al. 1999; Gokhin and Fowler 2013). A
sarcomere ceases to shorten or generate force when the ends of the sarcomere (zbands)
come in physical contact with the thick filament. Therefore, the sliding filament model
defines an upper limit on the ability of sarcomeres to generate mechanical work. Based on
these physical features, it is thought that the work output of a muscle can be increased by
having longer fibers with more sarcomeres in series, thereby requiring less shortening from
each sarcomere (Lieber and Ward 2011). However, these well-established ideas only
consider the behavior of contractile elements shortening along the line of action of the
muscle fiber. It has been shown that active muscle shortening must be accompanied by some
radial expansion in order to retain a constant volume (Baskin and Paolini 1967). This radial
expansion requires a contracting muscle fiber to interact with the collagenous network of the
ECM (Purslow 1989). Recent work has also shown that an increase in muscle volume
resulting in radial expansion facilitates a mechanical interaction between intramuscular fluid
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and the ECM, thereby contributing to the development of passive force (Sleboda and
Roberts 2017). Similarly, models have shown that the radial loading of helically oriented
collagen fibers of the fibers of the ECM can directly influence longitudinal force (Gindre et
al. 2013). If the collagen fibers of the ECM resist the radial expansion of muscle, these
mechanical interactions may also limit the ability of a muscle fiber to shorten and generate
mechanical work before reaching the physical limits of the sarcomere.

The mechanical properties of the ECM are likely to determine whether the radial expansion
of muscles is restricted (Gindre et al. 2013). The amount and orientation of collagen fibers
within the ECM have been shown to determine its mechanical properties (Wood et al. 2014;
Trotter and Purslow 1992; Smith et al. 2011; Lieber and Ward 2013). Collagen orientations
vary from 0°(circumferential) to 90°(longitudinal) at rest (Trotter and Purslow 1992) and
dynamically change as a muscle changes length (Purslow 1989). Although the ECM is
structurally complex and the architecture of collagen highly variable, the distribution of
collagen angles within the ECM has been shown to be biased toward more circumferential
orientations. The mean collagen angle is about 30°at rest (Purslow and Trotter 1994) and
becomes more circumferential as a muscle fiber shortens (Trotter and Purslow 1992). The
mechanical and architectural features of the collagen within the ECM are consistent with the
idea that these connective tissue structures may resist radial expansion and therefore limit
muscle shortening and work production.

The mechanical properties of the ECM are not constant and have been shown to remodel in
response to changing mechanical conditions or in response to pathologies (Kjaer 2004;
Lieber and Ward 2013). The remodeling of the ECM has been documented in response to
varying exercise regimes (Gosselin et al. 1998; Kjaer et al. 2006), extended unloading
(Jarvinen et al. 2002), neuromuscular pathologies (Smith et al. 2011), and aging (Alnageeb
et al. 1984; Gao et al. 2008; Ramaswamy et al. 2011). Much of the remodeling response is
characterized by a substantial increase in the collagen content of the ECM and described
broadly as muscle fibrosis (Lieber and Ward 2013). In addition, the increased collagen
content associated with aging can be accompanied by an increase in the collagen cross-
linking which further increases the stiffness of the ECM (Gosselin et al. 1998; Wood et al.
2014). Regardless of the cause or underlying mechanism associated with this remodeling,
fibrosis can result in a fundamental change in the mechanical properties of the ECM. As a
result, muscles with a fibrotic phenotype may face increased resistance to radial expansion
and may therefore be constrained in their ability to shorten and generate mechanical work.

This study aims to determine whether constraining radial expansion limits the ability of
skeletal muscle to generate mechanical work. Here we used a combination of experimental
and computational approaches to explore the effects of constraints to radial expansion on
muscle work. We predict that if radial expansion is necessary for muscle shortening, then
restricting it will reduce a muscle’s work capacity. The broad goal of this work is to explore
the conditions under which the collagen within the ECM would constrain muscle shortening
and limit the ability of muscles to generate mechanical work.
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2 Materials and methods

2.1 Mathematical model

Our mathematical model consisted of a pressurized cylinder, which represented a muscle
fiber or fascicle surrounded by a layer of helical fibers representing the collagenous
extracellular matrix. The dimensions of the model are all relative such that the formulation
can be modified for cylinders of any size or shape. In order to simplify some of the
anatomical complexity of the muscle ECM, we assumed that the initial collagen fiber
orientation (angle) was homogeneous. Therefore, we interpreted the initial orientation of the
collagen as the average orientation characterized by morphological studies (Purslow 1989).
The primary goal of the model was to determine how changes in the stiffness of the
extracellular matrix affected the ability of a muscle fiber or fascicle to shorten.

In our simulations, the muscle fiber shortened longitudinally while expanding radially in
order to maintain a constant volume. The amount of radial expansion and the change in the
surface area of the muscle fiber were determined by the amount of muscle fiber shortening.

RfO

Ri=——F¢
f
(1— &)

(1)

SA;=2xR: Ly (2)

where Rs was the radius of the muscle fiber, Rz was the initial radius of the muscle fiber, ¢
was the muscle fiber strain in the longitudinal direction, SAs was the surface area of the
muscle fiber, and L¢ was the length of the muscle fiber.

The length and strain of the collagen fibers surrounding the muscle were based on equations
describing the geometry of a helix (Gindre et al. 2013). The collagen fibers were modeled as
a helix that wraps around the muscle fiber. The orientation of the helix (pitch and pitch
angle) was allowed to change as the dimensions of the muscle fiber change; however, the
number of coils remained constant. Therefore, not all of the radial expansion required a
direct stretch applied to collagen fibers as some of the radial expansion was accommodated
by a change in helix geometry. The arc length of the collagen fiber was defined using the
following equations:

p=~—¢g)2rnrytan (¢ (3)

¢ = arctan ( tan (¢) x (1 — Ef)l's) (4)
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where pwas the pitch (distance between coils) of the helix and ¢y and ¢ were the initial and
instantaneous pitch angle of the helix, respectively. L. was the arc length of the collagen
helix, Vwas the number of coils, and ry was the initial radius of the helix. Equations 3-6 are
then used to calculate the strain and in turn the force required to stretch fibers surrounding
the muscle fiber. The strain of the collagen fiber and resistive force of the collagen fiber
were defined as:

(Lc - LCO)
£ =—"
¢ LcO

O

F,=ECSA, ¢ (8

where g; was the strain of the collagen fiber and L. and L.y were the instantaneous and
initial arc lengths of the collagen fiber, respectively. We calculated the resistive force of the
collagen (&) using the Young’s modulus of collagen (&), cross-sectional area of the ECM
(CSA¢cm), and the strain of the collagen fiber (&;).

In our simulations, we varied the resistance of the ECM to radial expansion by varying the
cross-sectional area of the surrounding collagen relative to the cross-sectional area of the
muscle fiber. This approach allowed us to input into the model empirical data from studies
that have quantified the relative proportion of a muscle cross section that is composed of
collagen/ECM versus contractile muscle cells with values ranging from 2 to 20% (Lieber
and Ward 2013; Smith and Barton 2014; Wood et al. 2014). In addition, our simulations
allowed us to vary the initial orientation of collagen fibers to explore the effect of collagen
pitch angle on collagen strain.

Our simulations predict the maximum strain of the muscle fiber (longitudinal) by comparing
the forces resisting radial expansion and the radial forces produced by the muscle. Since
there are no direct measures of the radial forces produced by contracting muscle fibers, we
used intramuscular pressure to estimate radial forces. We defined radial forces as:

F.=P_..SA; (9)
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where A was the radial force produced by the muscle fiber, Apnax Was the maximum
intramuscular pressure, and SA¢ was the surface area of the muscle fiber. To quantify the
conditions under which the extracellular collagenous network is likely to limit the capacity
of muscle fibers to shorten and produce work, we compared the maximum internal radial
force generated by the muscle and the instantaneous force required to stretch the
surrounding collagen. We used published values of intramuscular pressure (Ward et al. 2007;
Winters et al. 2009) and the surface area of the muscle fiber to calculate maximum radial
force (Eq. 9). We also used published values of the Young’s modulus of elasticity (Svensson
et al. 2010) for collagen fibers and the cross-sectional area of the ECM (Lieber and Ward
2013; Smith and Barton 2014) to calculate the force required to stretch the collagen (Eqg. 8).
We assume that when the force required to stretch the surrounding collagen exceeded the
maximum radial force of the muscle during contraction (/A < ), then the virtual muscle
ceased to shorten.

2.2 Experimental Constraints on Radial Expansion

The palmaris longus (PL) muscles of four leopard frogs (Rana pipiens) were used for the
experimental aspects of the study. A sample size of 4 was supported by a power analysis
performed at @ =05 and 1 — = 0. The PL is a biarticular muscle spanning the elbow and
wrist. The PL has a slender cylindrical shape and lacks any internal tendinous inscriptions,
making it an ideal muscle for testing the hypothesis that radial constraint can limit muscle
work. All procedures described below were approved by the Institutional Animal Care and
Use Committee at the University of California, Irvine.

We used an in vitro muscle preparation to examine how the presence of a physical constraint
that limits radial expansion affects muscle shortening and the capacity of the muscle to
generate mechanical work. Frogs were euthanized with a double pithing protocol, before the
palmaris longus was isolated from surrounding tissue. The isolated muscle was placed in an
aerated amphibian Ringer’s solution (100 mM NacCl, 2.5 mM KCI, 2.5 mM NaHCO3, 1.6
mM CaCl, 10.5 mM Dextrose). Kevlar thread was used to tie one end of the muscle to a
fixed clamp controlled with a three-axis micromanipulator, while the other end was attached
to the lever arm of a dual-mode servomotor (305C LR, Aurora Scientific, Ontario, CA,
USA). The micromanipulator was used to set the initial length of the muscle, while the
servomotor allowed us to regulate force and measure force and length throughout the
contraction. To constrain the radial expansion of the muscle during a contraction, we
constructed small perforated tubes made of fiber-reinforced polypropylene, fitted to the
diameter of the muscle, and placed them around the muscle. The tubes were rigid
particularly compared to the expected radial forces of the muscle. Contractions with the
physical constraint in place were compared to control contractions without the constraint.
The muscle preparation was imaged from above at 100 frames/s using a Phantom Miro
M120 (Vision Research, NJ, USA) high-speed camera.

The muscle was maximally activated using field stimulation with platinum plates and an S48
Grass stimulator (Grass Inc, RI, USA). We constructed a force—length curve by performing a
series of twitches (0.2-ms pulse duration, 50 V) at varying lengths to estimate the optimal
muscle length for producing maximal force. The twitch force—length curve is shifted to

Biomech Model Mechanobiol. Author manuscript; available in PMC 2018 April 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Azizi et al.

3 Results

Page 7

longer lengths relative to the tetanic force—length curve (Holt and Azizi 2014). Therefore to
determine the maximum isometric force (Fmay), a tetanic isometric contraction (train
duration 400ms, stimulation frequency 100 pps, amplitude 50 V) was performed at a length
10% shorter than the optimal length of the twitch force—length curve. A series of isotonic
contractions at loads corresponding to 25 and 50% of Fnyax Were used to quantify the
shortening behavior of the muscle and fascicles against comparable loads during both
constrained and unconstrained contractions. For these isotonic contractions, the muscle was
set to a length corresponding to the optimal length of the twitch force—length curve so that
the muscle would shorten through the plateau region of the tetanic force—length curve.
During these isotonic contractions, the muscle was stimulated for 400 ms (stimulation
frequency 100 pps, amplitude 50V) and the servomotor regulated force and allowed the
muscle to shorten at a speed corresponding to the prescribed force level. The order of
constrained and unconstrained trials were randomize in order to avoid any confounding
effects of muscle fatigue. A tetanic contraction at the end of the experiment always produced
more than 90% (average across all preps was 95.7%) of the original force, indicating little
loss of muscle force throughout the experiments. The force, length, and shortening velocity
data from the servomotor were recorded at 4000 Hz using a DAQ (National Instruments
USB 6212, Austin, TX, USA) and Igor Pro software program (IGOR Pro v. 6.1.2.1;
Wavemetrics, OR, USA). Force and velocity were used to calculate instantaneous power,
and the time integral of power was used to calculate mechanical work over the 400-ms
period of stimulation.

A paired ftest was used to compare shortening and work over the same period of stimulation
during constrained and control contractions at each of the two force levels (25 and 50% of
Fmax) using JMP software (SAS Inc., NC, USA).

3.1 Model results

We modeled the mechanical interactions of a contracting muscle fiber and the surrounding
collagen as a pressurized, fiber-wound cylinder that shortened longitudinally and expanded
radially to maintain a constant volume. As the muscle fiber shortened and expanded radially,
the collagen fibers surrounding the muscle fibers were reoriented and stretched to
accommodate that radial expansion (Fig. 2a). Consistent with previous work on fiber-wound
systems, we allowed the collagen to change orientation as the dimensions of the muscle fiber
changed (Purslow 2002; Kier 2012; Gindre et al. 2013). However, in many cases the change
in orientation was not sufficient to accommodate the radial expansion and therefore required
the collagen fibers to stretch. Not surprisingly, our results showed that the strain applied to
collagen fibers was greatest when the initial orientation of the collagen fibers (gp) was more
circumferential (0°) rather than longitudinal (90°) (Fig. 2b). We showed that when ¢y >45°,
collagen fibers experienced less than 5% strain even when the muscle fiber shortened by as
much as 25% (Fig. 2b). However, when ¢ was low and collagen fibers were oriented more
circumferentially, the strain applied to collagen fibers increased rapidly during muscle
shortening (Fig. 2b).
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We predicted that the muscle fiber will cease to shorten when the force resisting radial
expansion exceeded the radial force being produced by the fiber (A < ~;). Our simulations
showed that when ¢y >60°, muscle fiber strain is not limited by the properties of the ECM
(Fig. 2c). The collagenous ECM is likely to constrain the ability of muscle fibers to shorten
under two conditions. First, when the initial orientation of the collagen fibers was more
circumferential (gy <40°), the maximum muscle fiber strain was limited. Second, when we
simulated a fibrotic muscle by increasing the proportion of the cross section composed of
collagen, the force required to radially expand the muscle fiber became exceedingly high. In
our simulations, we used variation in the collagen component of muscle within a
physiologically realistic range from 2% (healthy phenotype) to 20% (highly fibrotic
phenotype) to show that a muscle’s ability to shorten and perform mechanical work is
compromised by increased ECM stiffness (Fig. 2c). For example, if we started with an initial
collagen angle of 45°, even a modest increase in collagen content to approximately 5% of
the cross section resulted in a muscle that was unable to shorten by more than 20%.

3.2 Constraint experiments

We compared the contractile and mechanical output of a muscle during contractions with
and without the presence of a radial constraint. We found that the presence of a physical
constraint had little effect on the force output of a muscle. The maximum isometric force
(Fmax) of the muscle was 1.66N (x£0.36 SD) for the unconstrained and 1.58 N (£0.30 SD) for
the constrained condition. This corresponded to an average maximum isometric stress of
17.1 and 16.3 N/cm? for the unconstrained and constrained conditions, respectively. Neither
maximum isometric force nor stress differed between the two conditions (p=0.681; p=
0.518).

We quantified the amount of shortening that occurred during a 400-ms contraction at a force
corresponding to 25 or 50% of A,y (Fig. 3). We find that the presence of a physical
constraint that restricted the radial expansion of a muscle reduced the amount of shortening.
At 50% Fnax, the unconstrained muscle shortened by 4.12 mm(+0.70 SD), while the
constrained muscle shortened by 2.45 mm(0.81 SD). However, this difference was not
statistically significant (o = 0.066) (Fig. 4). At 25% Fyax, the unconstrained muscle
shortened by 6.88 mm (+0.74 SD) and differed significantly (p = 0.03) from the constrained
muscle which shortened by 4.29 mm (£1.08 SD) (Fig. 4).

Restriction of radial expansion also changed the work output of the muscle. The work
generated over 400ms of active isotonic contraction decreased with the presence of a
physical constraint. At 50% Fmax, the unconstrained muscle produced 3.60 mJ (+1.43 SD) of
mechanical work and differed significantly (o= 0.041) from the constrained muscle which
produced 1.79 mJ (£0.89 SD) of work. Similarly, at 25% FAyax the unconstrained muscle
produced 3.01 mJ (x1.02 SD) of mechanical work and differed significantly (p=0.024)
from the constrained muscle which produced 1.38 mJ (x£0.48 SD) of work (Fig. 4).

4 Discussion

Here we used a combination of experimental and modeling approaches to examine how
resistance to radial expansion can compromise the ability of muscle to do work. Our
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experimental results demonstrate that constraints to radial expansion limit muscle shortening
and work (Fig. 4). Our modeling results suggest that the resistance to radial expansion
provided by connective tissues may affect the work muscle can do and that pathological
changes associated with muscle fibrosis may reduce muscle work. The implications of these
findings are that the mechanical properties of the connective tissue structures within a
muscle can directly influence contractile performance in both healthy and pathological
conditions.

In this study, we aimed to isolate resistance to radial expansion and to explicitly explore its
effect on the ability of muscles to generate mechanical work in healthy and pathological
conditions. The direct experimental comparison of muscle shortening and work in a single
muscle in constrained and unconstrained conditions allows us to demonstrate that resistance
to radial expansion is an important determinant of muscle performance. The use of a
mathematical model with realistic healthy and pathological connective tissue properties
enables us to determine that the increased resistance to radial expansion reduces a muscle
capacity to generate work independent of any other changes. Remodeling of the ECM with
age (Ramaswamy et al. 2011) and disease (Smith and Barton 2014) is often associated with
an increase in collagen content (as a proportion of the cross section) and in turn a large
decreases in specific force. Therefore, muscles with increased collagen content likely face
both a reduction in specific force and shortening capacity, such that the mechanical work
output is potentially more compromised than our results indicate (Fig. 4).

The significance of a reduction in a muscle’s ability to shorten depends on the muscle’s
mechanical function in vivo. For example, movements where in-series elasticity allows a
muscle to function as a strut and undergo little length change (e.g., running, hopping) may
be far less affected by the constraints highlighted in our study (Roberts et al. 1997; Biewener
et al. 1998). In contrast, movements that require muscles to shorten significantly and
generate mechanical work (e.g., jumping, acceleration) may face a relatively larger drop in
performance when radial expansion is constrained (Azizi and Roberts 2010; Astley and
Roberts 2012). This distinction is supported by our results. The presence of a physical
constraint has a more substantial effect when the muscle is contracting against a smaller load
(Fig. 4a). This difference is likely due to the fact that at 25% of maximum isometric force,
the muscle shortens at a higher velocity than at 50%, which results in more shortening over
the 400-ms period of stimulation. The difference between our 25 and 50% Fya trials is
consistent with the idea that a radial constraint may only affect performance during
behaviors with substantial muscle shortening. Furthermore, the fact that we did not observe a
significant difference in maximum isometric force in the presence of a constraint suggests
that constraining radial expansion primarily affects a muscle’s ability to shorten. Therefore,
functional assessments of muscle health, which rely solely on force generation, may
overlook deficiencies in the capacity of muscles to shorten and generate mechanical work.

The impact of reduced muscle shortening on work output also depends on where a muscle
operates on the force—length curve. If the initial length of a muscle corresponds to the
descending limb of the force—length curve, then a reduction in muscle shortening may
significantly reduce work output since the force capacity of the muscle increases or remains
near maximum as the muscle shortens. However, if the initial length of a muscle corresponds
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to the ascending limb of the force—length curve, continued shortening may have limited
effect on work output since force drops off steeply as the muscle shortens and continued
shortening will result in relatively little work. Interestingly, recent work has shown that
muscles powering behaviors that require significant mechanical work tend to operate on the
descending limb and plateau of force—length curve in order to improve their force profile as
the muscle undergoes significant shortening (Azizi and Roberts 2010; Azizi 2014).
Therefore, it is likely that behaviors requiring significant mechanical work are most
susceptible to structural changes in the ECM that constrain radial expansion.

The initial orientation of collagen fibers in the ECM has a significant effect on how they
resist dimensional changes in an actively contracting muscle fiber. Our results show that a
circumferential orientation of collagen can resist radial expansion during muscle shortening
(Fig. 2). Previous studies have suggested that a more longitudinal orientation of collagen
resists a stretch applied a muscle fiber (Purslow 1989; Gindre et al. 2013). Interestingly, the
initial orientation of the collagen layer only provides a snapshot, since the orientation of
collagen changes dynamically as the muscle changes length. As a muscle is stretched, the
orientation of collagen fibers in perimysium and endomysium becomes more longitudinal,
therefore resisting muscle stretch (Purslow 1989; Gindre et al. 2013). In fact, it has been
suggested that the exponential relationship between length and force in a passive muscle
may in part be explained by the changes in the collagen orientation as fiber alignment
becomes more longitudinal (Purslow 1989). Similarly, as a muscle actively shortens, the
orientation of collagen fibers in the perimysium and endomysium becomes more
circumferential which provides greater resistance to radial expansion (Gindre et al. 2013).
Since the mechanical impact of the ECM depends strongly on the change in collagen
orientation, it is important that our model predictions are consistent with previously
published empirical results. Using X-ray diffraction, Purslow (1989) quantified the angular
change in the orientation of collagen in the perimysium and found that as a muscle fascicle
shortened by 75%, the mean angle of the collagen fibers changed from 70° to about 20°
(note: angles are relative to the circumferential axis). Similar results have also been
presented for the endomysium (Purslow and Trotter 1994). Our model makes nearly
identical predictions as 75% muscle shortening shifts the pitch angle of the collagen from
70° to about 17°. Similar to previous work, our model predicts that at longer lengths, the
perimysium likely resists longitudinal stretch (Purslow 1989). However, our results also
indicate that the perimysium can in fact limit radial expansion and limit shortening under
some conditions. Whereas the ability to generate mechanical work in healthy muscles may
well be limited by the geometry of the sarcomere, fibrotic muscles may face significantly
greater resistance to shortening and may be limited by the mechanical properties of the
ECM.

The mechanical properties of intramuscular connective tissues may restrict a muscle’s
operating length. It has been previously suggested that as a muscle a stretched, collagen
fibers of the ECM shifts to a more longitudinal orientation, thereby functioning to resist
muscle fiber stretch at relatively long lengths (Purslow 1989). The increased passive
resistance may prevent muscles from operating at lengths where muscles develop significant
passive tension. Our model predicts that as a muscle shortens significantly, the collagen
fibers shift to a more circumferential orientation which restricts radial expansion and limits
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further shortening. Taken together, these ideas suggest that intramuscular connective tissues
may function to passively restrict the operating length of a muscle to intermediate lengths
where active force production is optimal.

A number of recent studies have begun to focus on the role of off-axis (transverse) loading
in skeletal muscle. Loading in the transverse direction in a muscle has been shown to affect
the ability of muscles to generate force during isometric contractions (Siebert et al. 2014b).
Such a drop in force is thought to result from the additional work done by the muscle against
the transverse load, which decreases the work done on a longitudinal load (Siebert et al.
2014a). The change in the force capacity of the muscle may also be due to a reorientation of
force producing muscle fibers within a pennate muscle in response to transverse loading
(Azizi et al. 2008). More recent work suggests that a drop in the force capacity of a muscle
during transverse loading may relate more to changes in internal pressure resulting in
changes in the lattice spacing of myofibrils (Siebert et al. 2016). In addition, the
development of fluid pressure inside a muscle has been shown to interact with surrounding
collagen fibers to contribute to longitudinal forces (Sleboda and Roberts 2017). Continued
focus on transverse loading will advance our understanding of how structures like
intramuscular connective tissues, aponeuroses, adjacent muscles, or skeletal elements may
influence muscle performance.

While fibrotic muscles may face a significant challenge in shortening and producing
mechanical work, there may be ways to compensate for such constraints. In this paper, we
have modeled the maximum radial force produced by a contracting muscle by keeping the
maximum intramuscular pressure constant (set to 20 mmHg), while we alter the stiffness of
the ECM. Therefore, we have increased the resistance to radial expansion by increasing the
collagen fibers surrounding the muscle fibers without increasing the radial force (Egs. 8, 9).
It is, however, likely that the intramuscular pressure inside a fibrotic muscle increases,
allowing muscle fibers to undergo more radial expansion than predicted by our model.
Intramuscular pressure has been shown to increase significantly in patients with
compartment syndrome reaching nearly 80 mmHg (Lynch et al. 2009). However, this
increase is not a result of changes in the extracellular connective tissues but is associated
with acute trauma such as hemorrhage or edema (Lynch et al. 2009), which increase the
internal resting pressure inside a muscle compartment. To our knowledge, there are no
studies to date that have measured intramuscular pressure in a fibrotic muscle, and therefore,
we cannot rule out the possibility that increased IMP compensates for the increased
resistance to radial expansion. Future work using pathological variation in the ECM (Smith
et al. 2011; Gao et al. 2008; Jérvinen et al. 2002) or experimental manipulations of ECM
stiffness (Yucesoy et al. 2012; Turkoglu and Yucesoy 2016) will provide direct tests of the
hypotheses generated by our study.

The orientation of collagen fibers has a significant effect on radial constraint imposed by the
ECM, and a shift toward a more longitudinal orientation would likely allow muscles to
shorten without constraint (Gindre et al. (2013); Fig. 2c). It is therefore possible that a shift
in the mean orientation of collagen fibers allows fibrotic muscle to accommodate the
increased resistance to radial expansion. In fact, there is some indirect evidence to support
the idea that collagen orientation determines the mechanical properties of the ECM. Recent
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work has shown that collagen content alone, usually quantified through a hydroxyproline
assay, is not an accurate predictor of passive stiffness in muscles from patients with cerebral
palsy (Smith et al. 2011) or in mdx mice (Smith and Barton 2014). In addition, Gillies and
Lieber (2011) highlighted the importance of collagen architecture by documenting the
presence of robust, longitudinal collagen “cables,” which contribute disproportionately to
longitudinal stiffness. It is therefore plausible that in addition to an increase in collagen
content, the mean orientation of collagen becomes more longitudinal, increasing
longitudinal stiffness while retaining the muscle’s capacity to shorten and produce
mechanical work. A better understanding of the relationship between IMP and collagen
architecture in fibrotic muscle will provide important insight into these mechanical
constraints.

Our results combined with previous studies suggest that the forces applied to the ECM can
be spatially complex. It is now well established that a stretch applied to a passive muscle is
likely to load the collagen fibers of the ECM (Purslow and Trotter 1994). A number of
studies have also shown that active forces generated by sarcomeres are transmitted to the
ECM creating myofascial pathways that mechanically link muscle fibers, fascicles, and
synergistic muscles that seemingly operate in parallel (Yucesoy 2010). In addition, the
movement of muscle fibers and fascicles can result in shear stress and strain in the ECM
(Purslow 2002). Shearing between adjacent muscle fibers and fascicles has often been
attributed to local heterogeneity in strain which can arise from spatial variation in fiber
architecture (Pappas et al. 2002; Blemker et al. 2005; Azizi 2014) or regional variation in
myofascial force transmission (Pamuk et al. 2016). It is worth noting that in our
experiments, the addition of a physical constraint aimed at restricting radial expansion may
also mechanically alter myofascial force transmission pathways. This could result in an
increase in the spatial heterogeneity of sarcomere lengths during the contraction. Given that
our experiments are conducted in a whole muscle, we cannot distinguish between different
mechanisms that could result in less muscle shortening when radial expansion is restricted.
It is possible that the presence of a radial constraint affects all sarcomeres equally, causing
sarcomeres to shorten less thereby resulting in less muscle shortening. It is also possible that
the presence of the radial constraint has a more spatially heterogeneous effect on force
transmission pathways such that some sarcomeres shorten more, while others lengthen
resulting in an overall decrease in muscle shortening. The differences between these patterns
are not trivial as heterogeneity in sarcomere strain can result in instability and increase the
likelihood of muscle damage (Patel et al. 2004). Future studies aimed at distinguishing
between these mechanisms will advance our understanding of how changes in the
mechanical properties of the ECM might increase susceptibility to muscle damage.

In this study, we combined modeling and experiments to show that the ability of muscle
fibers to shorten actively can be compromised by increased stiffness of the ECM. Our
experiments confirm that when a muscle is restricted from radially expanding, its ability to
actively shorten and produce mechanical work is compromised (Figs. 3, 4). Our model
shows that the stiffness of ECM and the orientation of collagen fibers determine the
structural resistance to radial expansion (Fig. 2). This work highlights the intimate
mechanical interaction between contractile and connective tissue structures within skeletal
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muscle and highlights how a deviation from a healthy, well-tuned relationship can
compromise performance.
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Epimysium

Perimysium
Endomysium

Fig. 1.
Spatial relationship between the contractile tissues and the collagenous extracellular matrix

of skeletal muscle. The spatial hierarchy of skeletal muscle is delineated by connective
tissue structures surrounding muscle cells or fibers (endomysium), muscle fascicles
(perimysium), and the whole muscle (epimysium). The relative proportion of a muscle’s
cross section made up of these connective tissue layers increases as muscles become fibrotic
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Fig. 2.

a Fiber-wound cylinder model used to probe the interactions between a contracting muscle
fiber and the surrounding collagen. We treat the muscle a constant volume cylinder
surrounded by collagen. The surrounding collagen of the ECM is modeled as a helix which
changes orientation and stretches as the muscle shortens and expands radially. In our model,
Ly and Rr are the initial length and radius of the muscle fiber, L¢ and R; are the
instantaneous length and radius of the contracting muscle fiber, and ¢g and ¢ are the initial
and instantaneous pitch angle of the helix, respectively. b The relationship between muscle
fiber shortening and the stretch applied to the collagen fibers of the ECM. When the initial
orientation of collagen is longitudinal (high ¢p), little stretch is applied to the collagen fibers
even when the muscle shortens by 50% of its initial length. However, when the initial
orientation of collagen is circumferential (low ¢), even modest amounts of muscle fiber
shortening where strain is below 20% require significant collagen stretch. Please note that
strain in the muscle fibers indicates shortening, whereas the strain of the collagen indicates
lengthening. ¢ Increased stiffness of the ECM restricts muscle shortening. As the force
required to stretch the collagen surrounding a muscle fiber increases, the force produced to
expand the fiber radially becomes insufficient and the muscle fiber is unable to shorten. To
drive these simulations, the maximum intramuscular pressure was set at 20 mmHg and the
Young’s modulus of collagen was set at 550 MPa. The stiffness of the ECM was varied by
changing the proportion of the muscle cross section made up of connective tissues. We
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explored this variable through a broad but physiologically realistic range (2-20%). Results
show that the muscle fiber is constrained when the proportion of connective tissue increases
and when the orientation of collagen is more circumferential (gy <45°)
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Fig. 3.

Representative contractions of active muscle shortening with and without the presence of a
physical constraint that limits radial expansion. The same muscle is used for both
contractions, and the muscle is contracting against a load that corresponds to 50% of its
maximum isometric force. The muscle shortens less during the 400-ms period of stimulation
when the constraint is in place. The reduced shortening also reduces the mechanical work
output of the muscle as indicated by the shaded area under the power—time plot
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Summary data of muscle shortening and muscle work. Data are shown at 25 and 50% of
Fmax and in the presence (b/ack) and absence (white) of a physical constraint that limits
radial expansion in the muscle. a During 400 ms of stimulation, the muscle undergoes less
shortening when radial expansion is physically constrained. While the difference is
statistically significant at 25% of Fyax (£ = 0.030), the trend is not statistically significant at
50% of Fmax (£ =0.066). b The work output of the muscle is significantly lower when radial
expansion is constrained. 7= 4 and data are shown as mean = S.E.M

Biomech Model Mechanobiol. Author manuscript; available in PMC 2018 April 06.



	Abstract
	1 Introduction
	2 Materials and methods
	2.1 Mathematical model
	2.2 Experimental Constraints on Radial Expansion

	3 Results
	3.1 Model results
	3.2 Constraint experiments

	4 Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

