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KEYWORDS Summary The objective of this review is to analyze in detail the microscopic structure and
Connective tissue; relations among muscular fibers, endomysium, perimysium, epimysium and deep fasciae. In
Collagen fibers; particular, the multilayer organization and the collagen fiber orientation of these elements
Architecture; are reported.

Epimysium; The endomysium, perimysium, epimysium and deep fasciae have not just a role of contain-
Perimysium; ment, limiting the expansion of the muscle with the disposition in concentric layers of the
Endomysium; collagen tissue, but are fundamental elements for the transmission of muscular force, each
Lateral force one with a specific role. From this review it appears that the muscular fibers should not be
transmission; studied as isolated elements, but as a complex inseparable from their fibrous components.
Myotendinous The force expressed by a muscle depends not only on its anatomical structure, but also the
junction; angle at which its fibers are attached to the intramuscular connective tissue and the relation
Costameres with the epimysium and deep fasciae.
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Introduction (Figure 1) and deep fasciae and how they may influence the
transmission of muscular force.
The objective of this review is to analyze in detail the Classically, attention is given to the connections

relations among endomysium, perimysium, epimysium between the muscles and the skeleton through the tendons
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Figure 1

Connections between muscle fibers and the endo-peri-epimysium. On the left: histological preparation of a muscular

section, azan-Mallory stain for collagen fibers, in blue, the muscle fibers are in red; (50x magnification). On the right: diagram of
the relations between the intramuscular connective tissue components. [For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.]

of origin and insertion. The recruitment of fibers belonging
to a muscle generates mechanical tension, so that the
tendon connections produce the movement of the loco-
motor system (in case of isotonic concentric—eccentric
recruitment) or the maintaining of a static position, and
thus the stability of the body (isometric recruitment). At
the same time, anatomical texts (Chiarugi, 1904; Testut
and Jacob, 1905; Platzer, 1978; Tidball and Law, 1991;
Standring et al., 2005) describe myotendinous expansions
that fit on the periarticular soft tissues, with the inter-
muscular septum, the interosseous membranes and the
neurovascular sheaths (Figure 2). Thanks to these connec-
tions, the muscles acquire additional areas to lever and
generate movement (Huijing and Jaspers, 2005; Yucesoy
et al., 2008). Recent studies (Stecco C et al., 2007;
Huijing, 2009) highlight the connections of muscles with the
dense connective tissue of the locomotor system,
commonly referred to as fascia. The muscles can stretch
the fascia in a longitudinal sense directly with the expan-
sions that stem from the tendons. They can also stretch it in
a transversal sense through the intramuscular connective

INTERMUSCULAR SEPTUM

3
Muscular fibre
Monoarticular- deep

- N_Ius_cular_ﬁbré
Biarticular- superficial

Figure 2  Aponeurotic relations between muscles arranged in
series. 1, Tendons of origin and insertion; 2, aponeurosis of
insertion; 3, aponeurotic expansions to septa or epimysium of
the adjacent muscles; 4, neurovascular tract. Modified from
Huijing and Baan, 2003.

tissue (endomysium, perimysium and epimysium) (Huijing
and Jaspers, 2005; Purslow, 2010) and then through the
dense connective tissue of the musculoskeletal system
(such as the intermuscular septum and the neurovascular
bundles). In particular Stecco et al. (2007, 2009a, b) have
shown aponeurotic expansions of muscles on the fascia that
surrounds the muscular groups of proximal or distal
segments. Thus, we can hypothesize that every contraction
generates a direct strain on the fascia arranged in series
with the muscle, working according to specific spatial
directions. This anatomical relation may be the basis of
peripheral proprioceptive mechanisms and therefore of the
mechanism that coordinates the activity of the contractile
fibers.

It is also well established (Pappas et al., 2002; Finni
et al., 2003) that during a muscle contraction not all of
the motor units are activated simultaneously. It is also well
known that the velocity of the shortening of the active
sarcomeres varies depending on the location and length of
the same sarcomeres inside of the muscle belly. In order to
harmonize so many variables involved in the production of
force (Rowe, 1981) the presence of the intramuscular
connective tissue plays a vital role.

Finally, Hijikata et al. (1993, 1999) and Trotter (1993)
demonstrated that only a part of the muscle fibers run
the entire length of the muscle, connecting linearly with
the tendons of origin and insertion, developing longitudinal
forces. Such fibers are called “end-to-end”. Other muscle
fibers do not have a direct relationship with the tendons
and are referred to as "no-spanning”. They insert them-
selves on the intramuscular connective tissue (myo-tendi-
nous) or finish on the adjacent muscle fiber (myo-
musculare), exerting their action(s) on it. The “no-span-
ning” fibers are spindle shaped and cannot connect their
extremities with the contractile elements that precede or
follow them. They overlap themselves in a parallel fashion
and in correspondence to this overlapping (Hijikata et al.,
1993) their diameter appears to be greater. This ensures
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an optimal and consistent contact surface. The connection
between two contractile fibers pass through the endomy-
sium that separates them anatomically, but couples them
functionally. The importance of the connective tissue at
a microscopic level has been demonstrated by observing
that a myofibril can generate a tension of about 75% of the
total even if disinserted by one of two extremes, due to the
connections with the fibers arranged in parallel (Street,
1983).

The connections of the myofibril

The forces expressed by the contraction arise from the
interpenetration of the muscle proteins, actin and myosin,
organized in basic units called sarcomeres. The sarcomeres
are placed in series forming a myofibril, with a cylindrical
shape. They are arranged in bundles of similar chains that
are transversely maintained by bridges of desmin. Then, the
single muscular fiber is created, covered by a cellular
membrane called sarcolemma (Denoth et al., 2002). The
actin is directly connected to the cytoskeletal proteins in
the Z-line. The actin of two sarcomeres in series refers to
the same Z-line (at the level of the I-band) so that the
contraction can transmit the force in a longitudinal direc-
tion. At the ends of the muscle fiber, in the myotendinous
junction (Trotter et al., 1983), both the muscle’s protein
and the Z-line merge with the extracellular matrix of the
tendon collagen. Observing a section at the level of the
myotendinous junction the muscle fibers appear to have
wavy and folded aspects, similar to the fingers of a hand
separated. In this way the extracellular matrix of the
tendon penetrates between the adjacent muscle fibers,
increasing the interface between the muscle and connec-
tive tissue, and therefore distributing the loads over a larger
area (Figure 3). This significantly reduces the mechanical
stress between the contractile and the elastic elements and
thus decreases the risk of myotendinous lesions.

All around the sarcomeres there is an extensive network
of circular filaments that cross the space of the sarcomere
and there are longitudinal filaments that completely wrap
the sarcomeres (Figure 4). These types of filaments are
arranged in an orthogonal fashion and consist mainly of titin
and nebulin (Gautel, 2011; Ottenheijm et al., 2012). These
filaments seem to form a kind of scaffolding mechanism,
whose longitudinal component contributes to the static
passive elasticity of the myofibril, only beyond the physio-
logical length (Podolsky, 1964). This occurs when the strain
is about 150% of its resting length. This protein network
does not contribute to the transmission of the force
generated longitudinally by the sarcomeres towards the
myotendinous junction, but it transmits the action of the
myofibril to those that neighbor it and then to the
connective system placed in parallel to the contractile
fibers.

At the Z-line one can note the presence of circle shaped
filaments, bridges that link adjacent myofibrils (Wang and
Ramirez-Mitchell, 1983) and therefore capable of trans-
mitting force in a radial manner. These elements are
composed essentially of a protein called vinculin. They are
defined as costameres because at these points the sarco-
lemma is retracted towards the underlying sarcomeres and

tendon’s
/ extracellular
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Figure 3  Diagram of the myotendinous junction; above is the
extracellular matrix of the tendon, at the bottom the muscular
fibers Modified from Tidball and Law, 1991.

is shaped like a group of ribs. All of these elements of
connection between the extracellular matrix and the actin
from the cytoskeleton allow the myofibrils to become fixed
and stabilized during the corresponding movements. At the
same time, an excessive enlargement of the cell membrane
is prevented, as can be observed during contractions.
(Pardo et al., 1983).

When a microscope is utilized (Patel and Lieber, 1997) it
is possible to notice numerous proteins that cross the
sarcolemma and allow a close connection between the
sarcomeric chains and the basal membrane. This lamina is
placed all around the cell membrane and closely linked to
the endomysial connective tissue. These macromolecules
allow the transmission of muscular force from the myofibril
cytoskeleton towards the endomysium that covers it. It is
mainly at the level of the M and Z-line that connections are
verified between the sub-sarcolemmal actin and the desmin
(Monti et al., 1999).

The endomysium

The endomysium is the thinner portion of the intramuscular
connective tissue and it is found directly in contact with the
sarcolemma and therefore with every single muscle fiber. It
represents the 0.47—1.2% of the dry weight of the mass of
every single muscle (Purslow, 2010). The endomysium is
composed of collagen fibers type lll, IV, V and in a lesser
percentage of collagen type I, which is characteristic of the
connective tissue of the tendons (Trotter and Purslow,
1992; Passerieux et al., 2006). There is also a funda-
mental substance that contains macromolecules, and
elastin, while the fibroblasts are essentially absent (which
are present in the remaining parts of the intramuscular
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Figure 4 Diagram of the connections between the myofibrils, sarcolemma, basal lamina and the endomysium. Modified from

Wang and Ramirez-Mitchell, 1983.

tissue). Covering the muscular fiber in its entire surface, it
takes on a structural role, the same role as the parenchyma
with the organs (Moore, 1983). The endomysium penetrates
between the muscle fibers, forming a network in which the
fibers lie adjacent in hexagonal shaped cells. If the thick-
ness of this connective lamina is substantially constant, the
cells assume distorted shapes or areas of variable sizes
depending on the level of the section in the muscle, fitting
perfectly as a tessellation. This visual finding attests that
the disposition of the muscular fibers is variable (longitu-
dinal and oblique) and that the fibers inside the belly have
different lengths. The adjacent muscle fibers share the
same structure of the endomysium in the two opposing
surfaces. They are connected to this internal connective
structure by proteins (such as dystrophin and integrin) that
cross the sarcolemma. Therefore, every force generated by
the muscular fiber is transmitted directly to the endomy-
sium (Purslow, 2010; Sharafi and Blemker, 2011).

In respect to the longitudinal axis of the muscle fiber,
the collagen of the endomysium appears wavy, arranged in
fascicles that are predominantly oblique (Jarvinen et al.,
2002), performing three types of connections (Borg and
Caulfield, 1980):

e Connective tissue (CT) endomysium/capillary (100/
120 nm), in which the collagen fibers are disposed
perpendicularly to the basal lamina of the capillaries
and to the myofibrils at the level of the Z-line of the
sarcomeres;

e CT myocyte/myocyte (the diameter is equal to that of
the pervious example), with fibers distributed perpen-
dicularly between two muscle fibers, which penetrate
their basal lamina without a solution of continuity;

e CT with fiber (diameter between 50/70 nm) in conti-
nuity with the basal lamina and parallel to the axis of
each myofibril, which insert into the invaginations of
the sarcolemma at the Z-line.

During a muscular contraction, the angle that the
collagen fibers of endomysium form with the axis of the
muscular fiber varies, allowing the endomysium to adapt
itself to these changes (Purslow, 1989). Together with the
sarcolemma, the endomysium resists the longitudinal
deformation of the myofiber only when this has exceeded
150% of its physiological length (which is an extremely rare
occurrence during normal movements). On the contrary,
the endomysium is resistant if the forces of traction have
a transversal pattern.

The endomysium is the only intramuscular element that,
within the same fascicle, contacts the elements of the
same motor unit even through muscular fibers that can be
interposed but inactive. The muscle fibers that are not
recruited become, thanks to the endomysium, a real
tendon for the transmission of lateral force without having
to change length (Trotter, 1990).

The endomysium extends itself without interruption in
the perimysium’s collagen.

The perimysium

The amount of perimysium inside of the muscles varies
significantly in the different regions of the body: it is rep-
resented by 0.43—4.6% of the dry weight of the muscles
(Purslow, 2010). This part of the connective tissue does not
present a solution of continuity with the epimysium, that
covers it laterally, or with the tendons of origin and inser-
tion through specific locations defined as myotendonous
joints. The perimysium divides the muscle belly in fascicles
of different dimensions:

- primary fascicles (characteristics of the primary peri-
mysium) with smaller dimensions, are composed of
a well defined group of muscular fibers contained in
their endomysium;
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- secondary fascicles (wrapped in the secondary peri-
mysium, thicker than the primary) composed of a group
of primary fascicles.

Inside the perimysial structure we find, immersed in
a matrix of proteoglycans, a smaller percentage of elastic
fibers and especially collagen fibers type I, Ill, IV, V, VI and
XIl (Petibois et al., 2006; Kurose et al., 2006). The collagen
type | provides the perimysium with a notable resistance to
traction. It is therefore probable that this part of the
intramuscular connective tissue has a fundamental role in
the transmission of the force generated in the muscle
towards the bone levers (type | collagen is absent from the
inside of the endomysium). This function is reinforced from
the presence of collagen type Xll, which is able to tightly
organize the elements of the extracellular matrix. The
collagen type Xll, in fact, is characterized by its high
capacity to interact with the collagen type I, with the
proteoglycans (in particular the decorin) and with the
glycosaminoglycans that compose the proteoglycans
(Listrat et al., 2000). The collagen fibers included in the
perimysium have a diameter up to ten times greater than
the collagen fibers located in the endomysium (Purslow,
1989).

Inside of the perimysium there are three recognizable
layers of collagen (Rowe, 1981):

e Superficial: fibers with a smaller diameter, straight,
spread out without a definite direction, they intersect
with each other to form a disorganized network;

e Intermediate: larger diameter fibers, flattened,
curved, they intersect in their course at variable angles
in respect to the disposition of the muscular fiber;

e Deep: this soft lamina is in direct contact with the
endomysium, in which it significantly increases the space
between the collagen fibers, giving it a discrete laxity.

In the middle layer, the collagen fibers are arranged to
form an average angle of 55° in respect to the resting
muscular fiber; if the fiber is recruited, the angle increases
up to the value of 80° and decreases to 20° if it is stretched.
The direction of the collagen fibers therefore changes
according to the state of the muscle, confirming how much
this part of the intramuscular connective tissue is related to
the activity of the muscle itself (Trotter and Purslow, 1992;
Passerieux et al., 2006). During a passive elongation of the
muscle, the collagen fibers of the perimysium become
moderately straight while stretching themselves. However,
the perimysium contributes to the passive resistance of the
muscular fiber well beyond the values of physiological
length, as occurs in the endomysium.

It therefore seems evident that the perimysium structure
does not contribute to the passive rigidity of the muscle, but
rather is an organized framework to transmit the forces
produced in the locomotor system (Purslow, 1989).

Given its composition and its internal organization, we
can identify some essential functions in the perimysium
(Passerieux et al., 2007):

e structural and containment role, with the collagen
arranged in a network to organize the muscular fibers in
fascicles;

e connection between synergistic muscular fibers
belonging to adjacent muscular fascicles, focusing the
forces generated towards the same tendon;

e attachment, due to the collagen organized in fascicles
of great size, to the muscular fibers that do not run
through the entire length of the belly, with the tendons
of origin and insertion;

e to guarantee a relative independence of the muscular
fascicles during muscular contraction.

Regarding this last point, it is necessary to remember
that two adjacent muscular fascicles share the opposing
surfaces of the same perimysium. The physical character-
istics of viscoelasticity of the perimysial connective tissue,
during stretching, allow parts of the recruited muscle to
shorten and modify volumetrically, moderately changing
the structure of the muscular fascicles at rest (Kjaer, 2004).

The epimysium

The epimysium is thicker than the other elements of the
intramuscular tissue and is formed by collagen fibers with
a larger diameter (Sakamoto, 1996). It covers all the muscle
bellies, forming a lamina that clearly defines the volume of
each muscle. At the ends of the muscle, this connective
tissue thickens before merging with the tendons of origin
and of insertion (Benjamin, 2009) converging in the para-
tenon. In the limbs of mammals (Gao et al., 2008) the
epimysium has a thickness of about 30 um: the collagen
fibers have a greater diameter in the outer portion and
maintain in every part an undulating course. The collagen is
arranged in superimposed layers: in the fusiform muscles
with an angle of incidence of 55° in respect to the path of
the muscular fibers at rest (Purslow, 2010). In fusiform
muscles the collagen of the epimysium resists passive
elongation to the limits of the physiological deformation of
the muscle, contrary to the collagen of the tendon, which is
aligned longitudinally to the axis of the muscle itself. In
pennate muscles, the collagen fibers mainly reflect the
progression of muscular fibers, forming a dense lamina that
often acts as a superficial tendon or an aponeurosis that
inserts itself into the connective tissue of the locomotor
system, or in the adjacent muscles (take for example the
expansion of the gluteus maximus in the iliotibial tract).

It is evident that the epimysium provides a clear resis-
tance if the tension is along the same direction of the fiber’s
trend. Howevers, it is possible to observe a discrete yielding if
the traction occurs in an orthogonal manner (Purslow, 2010).

Where the epimysium of two muscles connects, there is
frequently a connective tissue membrane that transports
the vessels and the nerves destined to reach these muscles.
This, on the one hand prevents the two bellies from sepa-
rating, and on the other hand it facilitates a discrete sliding
of the muscles in all directions. At the same time, this
provides the vessels and the nerves with an important
autonomy to adapt themselves to the changes in the form
of the muscles during movement (Sakamoto, 1996).

The presence of a constant basal tone of the muscle
fibers maintain all of the elements of the intramuscular
connective tissue in a state of permanent tension, more or
less elevated. The internal pressure generated from the
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mass of the muscle (especially from the liquids inside it)
and the modification of the volume of the belly due to the
type of contraction and shortening are additional consid-
erations (Van Leeuwen and Spoor, 1992).

Primarily the epimysium is subjected to mechanical
tension and to forces that act orthogonally on its internal
and outer surface.

The epimysium therefore takes on a role of:

e containment, limiting the expansion of the muscle with
the disposition in concentric layers of the collagen;

e transmission of forces, that are received from the
perimysium and from the direct insertion of the fibers
into some parts of the muscle; these forces come
directly to the tendons or to the aponeurotic
expansions;

e sliding surface, of the muscle in respect to the
surrounding structures and vice versa;

Between the collagen fibers, fundamental substances,
rich in hyaluronic acid can be recognized (McCombe et al.,
2001). This allows the collagen fibers to slide with little
friction when a demand exists, providing relative mobility.
The fundamental substance is a lubricant and is simulta-
neously a binder for the diverse elements of the extracel-
lular matrix of the intramuscular dense connective tissue
(Hukinsa and Aspden, 1985). The presence of hyaluronic
acid in the fundamental substance of the epimysium is what
gives each muscular belly a relative independence from the
surrounding elements. This occurs everywhere except areas
in which the epimysium collagen is shared between two
muscles, between a muscle and a neurovascular tract line
or with the deep fascia.

The relationship between muscular fibers and
the connective tissue of the deep fascia

Within the muscle, the contractile fibers have a longitu-
dinal, transversal and oblique disposition (Savelberg et al.,
2001; Finni et al., 2003; van Donkelaar et al., 1999). During
a contraction forces are generated in multiple directions,
which express themselves in the bone levers, and simulta-
neously in the connective tissue of the muscle itself.
Huijling et al. (2003, 2005, 2007) have demonstrated how
30—40% of the force generated from a muscle is trans-
mitted not along the tendon but rather to the connective
tissue outside of the muscle.

Ultrasonography actually can show demonstrates how
the fibrous skeleton of the muscle moves and comes into
tension before it is possible to measure a traction per-
formed by the proximal or the insertion tendon. Therefore,
this occurs before it can be observed in an articular
movement. The muscular belly deforms itself in the three
planes of space simultaneously and the change in volume
and in the form of the belly anticipates its longitudinal
shortening.

In vivo experiments have demonstrated how muscle
recruitment and relative change in its form can significantly
affect the activity of synergistic adjacent muscles (Trotter,
1993; Huijing, 2009; Purslow, 2010). For this reason special
attention has been given to the possible connections among

muscular fibers, through that muscle’s deep fascia, in the
connective component of the proximal-distal muscles and
the adjacent muscles that are in the same osteofibrous
compartments (Eldred et al., 1993; Hijikata et al., 1993;
Hijikata and Ishikawa, 1999).

The deep fascia is a whitish and semitransparent lamina,
and it is obvious that the disposition of collagen fibers are
well organized, densely adhered and oblique in respect to
the axis of the underlying muscles (Benjamin, 2009).

It covers continuously all of the locomotor system with
a variable thickness depending on the body region. The
average size is 1 mm in thickness (Stecco et al 2009a,b,
2010):

e 297 + 37 um in the pectoral region;
e 944 + 102 um in the thigh (fascia lata);
e 924 + 220 um in the leg (crural fascia).

In the anterior region of the trunk, the thickness is
greater in the abdominal region when compared with the
pectoral zone. As a general rule, the deep fascia increases
from the proximal-distal direction, creating in the
extremities highly specialized areas such as the retinacula
of the wrist and ankle. In the limbs the intermuscular septa
are formed as expansions of the deep fascia, introducing
themselves deeply through the different muscular bellies
and attaching firmly to the skeleton. The osteofibrous
compartments are formed in this way, filled with synergistic
muscle groups. Between the deep fascia and the epimysium
of the muscles there is a layer of loose connective tissue
interposed, that makes it very easy to separate these two
sheets, allowing the muscles to slide easily on the dense
connective tissue membrane that covers and defines them.
Only in selective points does the deep fascia stick to the
underlying epimysium.

Conclusions

From this review it appears that muscular fibers should not
be studied as isolated elements. They are closely associ-
ated with the connective component of the muscle, in
particular at the myotendinous junction in a longitudinal
way, and at the entire length of the myofibrils through the
elements of lateral connection between the muscular fiber
and the endomysium. Since the area of the surface of
contact with the endomysium is clearly greater along the
horizontal axis of the myofibril, compared to that of the
myotendinous junction, the force generated during
a contraction converges especially in the intramuscular
connective tissue.

It is not possible to analyze the structure and the
properties of a muscle without keeping in mind the dispo-
sition of its fibers and the relationships of the same
myofibrils with the aponeurosis and tendons (Finni et al.,
2003). The force expressed by a single muscle depends
(Van Leeuwen and Spoor, 1992) on its anatomical structure,
on the angle at which its fibers are attached to the
epimysium and to the tendon’s components and on the
pressure generated during the muscle recruitment in
respect to the internal pressure of the internal structure of
the muscle (muscular tissue and blood). Above all, it
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depends on the balance of the tension expressed by the
basal tone of the muscle that counteracts the tension of the
epimysium itself and the surrounding tissues through the
epimysium/deep fascia.

It is evident that the muscular connective tissue and the
fascia determine the structural and functional characteris-
tics of muscle. Muscle contraction stretches the tendon and
simultaneously moves the intramuscular connective tissue.

The functional significance of this relationship between
the activity of the muscle and the movement of the
connective tissue intra- and extra-muscular needs further
study, especially taking into account the presence of
numerous receptors that may affect the peripheral coor-
dination of movement.
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