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ABSTRACT
The structural complex formed by the tendon-muscle junction 
must be widely well known in order to allow the correct diagno-
sis and treatment of patients with musculotendinous injuries.
Tendons mainly act as load (tension) transmission elements be-
tween muscle and bone. They are dynamic structures that re-
spond to the frequency, magnitude, duration and direction of 
the mechanical stimuli or loads. This response is mediated by 
complex interactions between the cells and the extracellular 
matrix, which is a highly specialised structure.
On the other hand, the muscle affords structural scaffolding for 
the body, and is moreover responsible for joint mobility through 
contraction, -allowing complex activities such as walking, jump-
ing or running.
The present study describes current knowledge of the physiolo-
gy and mechanobiology of both tendons and muscles, and anal-
yses their response to mechanical stimuli on the basis of their 
architectural features, adopting a mechanobiological approach.
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RESUMEN
Fisiología y mecanobiología del tejido tendinoso y muscular 

El complejo estructural que forma la unidad tendón-músculo 
debe ser ampliamente conocido para proporcionar un correc-
to diagnóstico y tratamiento a los pacientes que sufren estas 
lesiones.
Los tendones funcionan principalmente como elementos de 
transmisión de carga (tensión) de músculo a hueso. Son estruc-
turas dinámicas que responden a la frecuencia, la magnitud, la 
duración y la dirección de los estímulos mecánicos o cargas. La 
respuesta tiene lugar a través de interacciones complejas entre 
las células y la matriz extracelular, que es una estructura alta-
mente especializada.
El músculo, además de proporcionar andamiaje estructural al 
organismo, es el responsable de la movilidad articular mediante 
la contracción, permitiendo actividades complejas como andar, 
saltar o correr.
El objetivo de este artículo es exponer el conocimiento actual 
sobre la fisiología y la mecanobiología tanto del tendón como 
del músculo y analizar desde su arquitectura la respuesta a es-
tímulos mecánicos, en un enfoque mecanobiológico respecto a 
su función.

Palabras clave: Tendón. Músculo. Fisiología. Mecanobiología.
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Introduction

It is essential to know the phys-
iology and mechanobiology of 
tendon and muscle tissue in 
order to provide optimum treat-
ment for the disease conditions 
found in sports traumatology. 
The complexity of the architec-
ture and histology, associated 
to innervation and neurotrans-
mission, are important in order 
to understand the mechanobi-
ology and mechanotransduc-
tion of tendon cells and muscle 
cells. This conditions optimisa-
tion of the functioning of these 
tissues when they are healthy, 
and the ability to analyse the 
pathophysiology underlying in-
juries, with a view to ensuring 
adequate patient recovery.

The present study describes 
current knowledge of the phys-
iology and mechanobiology of 
both tendons and muscles. In 
addition, it analyses from their 
architectural features their re-
sponse to mechanical stimuli, adopting a mechanobio-
logical approach to the function of these tissues.

Tendons

Tendons are dynamic structures that respond to physio-
logical or pathological mechanical loads through complex 
interactions between their cellular components and the 
extracellular matrix (ECM). Mechanobiology and mech-
anotransduction describe this response(1).

Architecture and histology

Tendon architecture is characterised by a hierarchical fibril-
lar organisation with a sequence of collagen molecules that 
form fibrils, fibres and fascicles (bundles of fibres). All this 
in turn is surrounded by a fibrous layer known as the epi-
tenon, which reduces friction with the surroundings. Colla-
gen represents 70-80% of the dry weight of a normal tendon. 
There are many different forms of collagen (types I, III, V, IX, 
X, XI, XII), with different structural, mechanical and reparative 
functions(1). In addition, tendons contain proteoglycans such 
as decorin and aggrecan (which maintain hydration and fa-
cilitate sliding between molecules), as well as glycoproteins 
such as tenascin C, fibronectin and elastin (which maintain 

mechanical stability and facilitate the return to resting con-
dition after biological loading) — all organised in alignment 
with the longitudinal axis of the tendon (Figure 1).

The cellular composition in turn comprises different 
types of cells: tenocytes, chondrocytes, synovial cells, vascu-
lar cells and stem cells. Tendon cells are interspaced among 
the collagen fibres and  organised into a network aligned 
along the major axis of a tendon. Tenocytes constitute the 
most abundant cell population and are in charge of produc-
ing ECM, maintaining tendon homeostasis and repairing in-
juries. These are flattened cells that are in contact with the 
neighbouring cells through somatic prolongations, and are 
in direct contact with the collagen bundles. The somatic pro-
longations in turn are interconnected through gap junctions 
and with the ECM(1,2). They are sensitive to mechanical stimuli 
and adapt the ECM through anabolic or catabolic changes 
according to the magnitude, frequency, direction and du-
ration of the externally applied loads(3-5). This interaction is 
mediated by a series of pathways between the cell surface 
(such as ion channels, integrins, the cellular cytoskeleton 
and kinases) and the nucleus of the cells, producing a bio-
logical response. Physiological loads are necessary in order 
to maintain tendon homeostasis. In contrast, abnormally 
high loads can cause an injury in the form of acute trauma or 
chronically secondary to the accumulation of damage arising 
from an altered cellular-matrix response(2,6).

The other tendon cells are less frequent and are found 
in special locations. Thus, chondrocytes are present at the 

Figure 1. Structure of the normal and the injured tendon.
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tendon-bone junction; synovial cells are found in the pa-
ratenon; and vascular cells are located in the nurturing 
vessels of the tendon and in pathophysiological form in 
situations of hypervascularisation. Stem cells are also im-
portant, and play key roles in repair, though in the patho-
physiology of tendinopathic conditions they have been 
reported to give rise to aberrant differentiations(7,8).

Innervation and neurotransmission

Although tendon innervation is defined to be poor in 
comparison with muscle innervation, it also influences 
the biological response of the tendon and is essential in 
the regeneration of tendon injuries(9).

This innervation originates from the myotendinous 
junction and the paratenon. The nerve endings can be 
classified according to their functions as follows(10):

a) Mechanoceptors:
a.1) Type I (Ruffini), sensitive to stretching and pres-

sure.
a.2) Type II (Vater-Pacini), sensitive to changes in 

pressure and velocity (elongation, acceleration 
and deceleration).

a.3) Type III (Golgi), sensitive to changes in tension.
b) Nociceptors (type IVa fibres).
c) Autonomic system (type IVb fibres), located mainly 

in the wall of small blood vessels.
In addition to the afferent functions that can be deduced 

from its description (mechanoreception, nociception and vas-
omotor modulation), this nervous system has efferent func-
tions in cell proliferation, in the expression of cytokines and 
growth factors, in inflammation, in the immune response, and 
in the paradoxical efference of the nociceptive afferent fibres 
described by Bayliss in 1901(11). Efferent action is mediated by 
classical neurotransmitters (monoamines, acetylcholine) and 
neuropeptides. Both act as chemical messengers and are 
stored in the nerves fibres in vesicles of different sizes; de-
pending on the size of the vesicles, they respond to different 
action potential stimulation frequencies. Tendon homeostasis 
is largely dependent upon the neuromediating balance origi-
nating from the periphery of the tendon body(10). The balance 
in which classical neuropeptides and neurotransmitters exert 
effects upon the proliferation process and the inflammation 
process participates in regeneration. Following lesion onset, 
the described nerve endings expand from the periphery to-
wards the body of the tendon, concomitantly to vascular 
growth and migration of inflammatory cells, and they subse-
quently retract once the tissue has been repaired.

Mechanobiology and mechanotransduction

Knowing the mechanobiology of the tendon cells is cru-
cial in order to understand both the benefits of controlled 

loads upon tendon tissue and the pathophysiology of 
tendon injury. Mechanical loads are transmitted to the 
tendon cell through the ECM. Such transmission generates 
transduction phenomena in the cell through transmem-
brane structures that initiate the biochemical response. 
Deformation of the ECM of the tendon transmits traction,  
compression and  shearing stress to the cells. In addi-
tion, within the tendon itself, interstitial fluid transfer also 
takes place, apparently playing a role in stimulation of the 
cells. The cellular transduction phenomena are mediat-
ed by multiple mechanisms and pathways, including the 
primary cilium (present in many mammalian cells), mem-
brane receptors, ion channels, ATP activation, cytoskele-
tal changes, modifications in gene expression, etc. Ten-
don cells react to loading forces by activating the calcium 
channels, which increases the concentration of Ca++, re-
sulting in ATP release, changes in the expression of certain 
cytoplasmic filaments (e.g., actin) and an increased secre-
tion of extracellular matrix metalloproteinases (MMP)(12-14).

In the case of the tenocytes, there is growing evidence 
that their elasticity / rigidity is very important in their re-
lationship with the ECM. Tenocyte deformability depends 
on the cytoskeleton (basal tension level), which in turn 
depends on the tension status of the ECM itself and on 
the connections of the cell with the ECM (integrins) and 
with other cells. Tenocyte response to tendon loading (of 
the ECM) is largely dependent upon the basal tension level 
of the cytoskeleton. Likewise, there are biochemical medi-
ators that regulate the mechanical properties of the ten-
ocyte and of the surrounding matrix, and which therefore 
modulate its mechanosensitivity(15). The ECM transduces 
the external deformation to the cell nucleus through inte-
grin proteins and the cytoskeleton(16). The primary cilium 
is oriented longitudinally (parallel) to the collagen fibres, 
and it appears to play an important role in this entire ho-
meostasis process. Its length has been seen to increase in 
situations of load privation — an effect that can be revert-
ed by reintroducing the effect of mechanical loading(17).

There are also connections between the cells of the 
epitenon and the tenocytes through proteins known as 
connectins(1). These are dynamic structures that also exert 
mechanobiological activity upon the tenocyte.

The forces generated in the tendon (magnitude, fre-
quency and duration) depend on prior tendon condition-
ing (history of previous loading: exercise, overuse, disuse) 
and the composition of the ECM — which can change with 
age, gender, previous disease or, simply, the type of ten-
don involved.

Excessive mechanical stimulation of the tendon 
through repeated loading can cause microscopic fibril-
lar damage (Figure 2)(18,19). At the same time, cell function 
inhibition occurs(6,20), with consequent alteration of the 
cell-matrix relationship with the following sequence:

1. Collagen fibre rupture.
2. Hypocellularity.
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3. Increase of the metalloprotease levels.
4. Consequent apoptosis.
Excessive loading stimuli give rise to increased PGE2 

production; this inflammatory mediator appears to influ-
ence differentiation of the stem cells into cells other than 
tenocytes (thus producing tissue different from tendon 
tissue)(8,21). On the other hand, when the loading stimu-
lus is insufficient, changes are observed in the shape and 
number of tendon cells (mainly tenocytes), the amount of 
collagen and proteoglycans, and in the way in which the 
glycoproteins align (demonstrated in collagen type I, III, 
aggrecan, decorin and fibronectin). Furthermore, there are 
changes in the expression of MMP and of MMP inhibitors(1).

The tendon exhibits characteristic mechanical behav-
iour, and the load/deformation curve presents four phases 
(Figure 3):

a) Deformation less than 2% (stretching). Corresponds 
to disappearance of the typical wavy pattern of the tendon 
fibres. The response in this phase depends on the type 
and location of the tendon.

a) Deformation less than 4% (linear region). Represents 
the limit of the physiological deformation, and its slope is 
indicated by the elasticity modulus (Young's modulus).

c) Deformation between 4-8%. Corresponds to the ap-
pearance of microruptures.

d) Deformation over 8%. Corresponds to macroscopic 
ruptures or complete rupture of the tendon.

Lastly, the tendons, in the same way as all biological 
tissues, are viscoelastic, since fluid transfer in the ECM 

conditions the mechanical response. Therefore, deforma-
tion depends on the velocity of loading and increases with 
lower velocities, and vice versa. At high loading velocities, 
the tendon becomes stiffer and is more effective in trans-
mitting the load to bone(22).

Treatment strategies

One of the major problems is that although an abnormal 
level of mechanical stimulation is known to induce patho-
logical processes, the adequate loading level (magnitude, 
frequency, duration) for maintaining normal tendon ho-
meostasis is not known, and the precise loading level to 
favour diseased tendon repair is likewise unclear.

One of the most widely used and effective treatments 
for managing tendinopathies in general is eccentric exer-
cise (Figure 4). However, exactly how such loading upon 
the tendon counters alteration of the mechanobiological 
process originating the tendinopathy is not known(23). The 
other treatment alternatives are explained in relation to 
each of the tendinopathies commented below.

Muscles

Muscle tissue is classified into different types (striated, 
smooth and cardiac), and each of them have a particular 
behaviour (Table 1). Striated musculature is responsible 
for voluntary motor function. The muscles represent be-
tween 40-45% of total body weight, and the muscle fibre is 
the basic macroscopic functional unit of muscle.

Application
mechanical
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Controlled
tissue stress

NON-controlled
tissue stress

Tissue
adaptation
(evolution)

Reactive
tendinopathy

(acute)

Chronic
tendinosis

Mechanical
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Figure 2. Schematic representation of the stimulation, stress, ad-
aptation or lesion process in tendon physiology.
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Figure 3. Schematic representation of tendon mechanical be-
haviour during mechanical stimulation. Adapted by F. Abat de 
Chicharro et al. Fisiología del ejercicio. Madrid: Ed. Médica Pan-
americana; 2006(29).
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Force exerted against an external load generates ten-
sion, with the production of muscle contraction. If the 
force exceeds the load, muscle fibre shortening takes 
place (concentric phase), whereas if the load is not ex-
ceeded by the force, no contraction with muscle short-
ening occurs, resulting in isometric contraction. Eccentric 
contraction occurs during elongation of the muscle and 
has been shown to be very useful in the muscle and ten-
don regeneration process. In addition, eccentric contrac-
tion results in a greater increase in global strength and 
muscle mass compared with concentric work(24).

Architecture and histology

The skeletal muscle cell is multinucleated, cylindrical and 
possesses contractile capacity. Each cell is covered by 

connective tissue, forming an envelope known as the en-
domysium. The perimysium in turn is the connective cov-
ering enveloping a group of muscle cells, forming fasci-
cles, connective tissue tunnels and intramuscular septae 
that traverse the muscle belly and provide an entry route 
for arterioles, venules and nerves. In turn, the entire mus-
cle is enveloped by a thick layer known as the epimysium, 
which separates it from the surrounding muscles. These 
layers of connective tissue can continue with the fibrous 
tissue that forms the tendons, and proves to be essen-
tial for transmission of the force generated by the muscle 
cells to the skeletal structures(25) (Figure 5).

The cell membrane of the myocyte is called the sar-
colemma, while the cytoplasm is referred to as the sar-
coplasm. The latter contains numerous fine fibril bundles 
known as myofibrils, which in turn are composed of even 
thinner fibres called actin and myosin myofilaments. The 
myofibrils are divided into a series of longitudinally re-
peating units known as sarcomeres, that represent the 
functional units of striated muscle.

Myosin is a very complex motor protein or enzyme, 
since it belongs to the group of enzymes that convert ATP 
into ADP and phosphates (thus constituting an ATPase). 
This enzymatic activity generates traction forces with en-
ergy expenditure  (ATP), with displacement along the actin 
filament towards the most polarised extremity.

Actin in turn is a globular protein that undergoes po-
lymerization (binding of G-actin molecules) to conform 
the actin filament (F-actin). There are two types: alpha 
and beta. The alpha type is abundant in striated muscle, 
while the beta type is abundant in most animal cells. The 
filaments measure 7 mm in length, and are therefore also 
referred to as microfilaments. The mechanism underlying 
increasing and shortening of the actin filaments is me-
diated by polymerization; specifically, polymerization pre-
dominates at one end of the filament (addition of new 
G-actin molecules), while depolarization predominates at 
the other end.

The T tubules and sarcoplas-
mic reticulum are composed of a 
developed system of membranes 
present in striated muscle. The T 
tubules are prolongations of the 
sarcolemma, distributed trans-
versal to its surface, and for this 
reason they are also known as 
transverse tubules. They are in 
charge of transmitting the elec-
trical impulse towards the inte-
rior of the cell, specifically to the 
membrane of the sarcoplasmic 
reticulum.

The sarcoplasmic reticulum is 
an organelle similar to the endo-
plasmic reticulum, whose main 

Table 1. Differences between types of muscle tissue and their main characteristics

Characteristics Skeletal Cardiac Smooth

Pattern Striated Striated Non-striated

T tubules Small Large Rudimentary

Sarcoplasmic reticulum Well developed Well developed Rudimentary

Type of innervation Voluntary Autonomic Autonomic

Extracellular Ca++ in con-
traction

Irrelevant in 
contraction

Important in 
contraction

Important in 
contraction

Troponins Present Present Absent

Contraction cycles
Very rapid (cross-
bridging)

Very rapid (cross-
bridging)

Slow

Figure 4. Example of multigym type isoinertial machine exercis-
ing to produce eccentric overload of the muscles of the lower 
extremities.
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function is protein production. However, in contrast to the 
latter, the sarcoplasmic reticulum is in charge of the intracel-
lular calcium storage, regulating this concentration via the 
Ca++ ion pumps present in its membrane. This process uses 
ATP as fuel to absorb Ca++ towards the interior of the reticu-
lum, giving rise to a process of relaxation-contraction of the 
striated muscle.

The satellite cell (so called because of its peripher-
al location) is found between the basal lamina, being 
surrounded by the latter, and the sarcolemma. The cell 
remains under resting conditions until an external stim-
ulus (physical exercise) activates it(26). Once the satel-
lite cells are activated, they are easily morphologically 
identifiable as a bulging in the muscle fibre, with the 
presence of cytoplasmic processes that extend towards 
one or both cell poles, reflecting the increase in their 
mitotic activity(25). Satellite cells intervene in the muscle 
regeneration process. The activity of the satellite cells, 
in response to different stimuli, is related to activation 
without proliferation, proliferation without posterior 
differentiation, or proliferation and differentiation (de-
pending on the stimuli related to hypertrophy or regen-
eration processes)(25).

Innervation and neurotransmission

As commented above, stimulation from the motor nerve 
fibres results in arrival of the action potential along the 
axons of the motor nerves, with the release of acetylcho-
line at synaptic level, stimulating the release of Ca++ from 
the sarcoplasmic reticulum and thus stimulating the mus-

cle fibre — with consequent excitation of the latter and 
the activation of muscle contraction(26,27).

Muscle fibres are innervated by ramifications of the 
axons of the motor nerve fibres (neurofibrils) originating 
from the spinal cord. The axon-muscle fibre complex is 
referred to as the motor unit.

There are three types of motor units:
• Type I (slow and fatigue-resistant): type I fibres are 

characterised by a high mitochondrial density and intense 
oxidative enzyme activity, accompanied by aerobic energy 
production, rich capillary vascularisation, high myoglobin 
concentration and low myosin-ATPase activity(28). They are 
able to generate discrete tension for prolonged periods of 
time without fatigue; in addition, the force they generate 
increases and decreases slowly. In these units, the mo-
tor neurons are of smaller size, with a slower conduction 
velocity and a lesser excitation threshold than the other 
types of fibres. They are characteristically associated to 
resistance sports (marathon, ultra trail and cycling).

• Type IIA (rapid and fatigue-resistant): these fibres 
combine properties of type I and IIX/IIB fibres, since they 
have sufficient aerobic capacity to resist fatigue during 
several minutes.

• Type IIX/IIB (rapid and fatigable): type IIX fibres are 
present in humans, while type IIB fibers are exclusively 
found in animal muscles. They benefit from anaerobic 
energy production and are characterised by a low mito-
chondrial density. Their main way of obtaining energy is 
through glycolysis. These fibres present high CK activity, 
poor capillary vascularisation, low myoglobin concentra-
tion and high myosin-ATPase activity(28). The muscle fibres 
are large and develop greater strength over short periods 
of time thanks to their anaerobic metabolism. The motor 
neurons are large, with high conduction velocities and ex-
citation thresholds(29). They are characteristically associat-
ed to strength-related sports.

Mechanobiology and mechanotransduction

In the same way as applies to the tendon, and taking into 
account the close association to muscle, it is crucial to un-
derstand these events for better comprehension and appli-
cation of the current evidence in the treatment of muscular 
or myotendinous lesions.

Mechanotransduction is the cellular deformation that oc-
curs when the cell perceives and adapts to its surroundings 
through cytoskeletal changes that are transmitted to the nu-
cleus. These changes range from a simple modification of cell 
shape to the expression of new proteins. Processes such as 
hyperplasia or dysplasia and remodelling are clear examples 
of this mechanism. This is a relatively new field of study that 
has made it possible to establish these relationships through 
multidisciplinary research, though we still need to more fully 
explore and integrate many of the implicated elements.

Figure 5. Muscle cell architecture in cross-section.
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The muscle loading mode that comes quickest to mind 
is loading induced by the generation of active force. The 
adaptability of skeletal muscle to the changes in the me-
chanical environment has been well established at tissue 
and system level, though the mechanisms whereby the 
mechanical signals are transduced into chemical signals 
that in turn influence muscle growth and metabolism re-
main largely unclear. Nevertheless, a number of findings 
suggest that mechanical signal transduction in muscle 
may occur through signalling pathways that are shared 
with insulin-like growth factor I (IGF-I). The participation 
of signalling mediated by IGF-I in mechanical signal trans-
duction in muscle was initially suggested from the follow-
ing observations(30):

• The muscle releases IGF-I in mechanical stimulation.
• IGF-I is a potent promoter of muscle growth and af-

fects the phenotype.
• IGF is able to function as an autocrine hormone in 

muscle.
The evidence shows that at least two signalling path-

ways resulting from the binding of IGF-I may influence 
muscle adaptation and growth. It has been shown that 
signalling through calcineurin / nuclear factor of the ac-
tivated T cell pathway exerts a potent influence upon the 
promotion of the slow / type I phenotype in muscle, and 
can increase muscle mass. This pathway can be activat-
ed by neural stimulation of the muscle. It remains to be 
studied whether neural activation of the pathway is inde-
pendent of mechanical activation or IGF-I mediated sig-
nalling(30).

General tension does not regulate muscle fibre size in 
a single manner. Force transmission through pathways dif-
ferent from the myotendinous junctions may contribute 
to the reported discrepancies, due to the substantial in 
series heterogeneity of sarcomere length within the mus-
cle fibres that produce local variations in the mechanical 
stimuli for adaptation. In the case of the isolated muscle 
fibre, mechanical signalling is quite different to that seen 
in the in vivo or in vitro setting. The elimination of the 
traction and shearing effects of the adjacent tissues (even 
the antagonist muscle) modifies or suppresses the me-
chanical stimuli for adaptation(31).

The contractile apparatus is the most significant struc-
ture of a muscle fibre and can constitute an excellent cell 
deformation marker. The interdigital matrixes of thick 
and thin filaments are rigidly immobilised by the M and 
Z discs, respectively, and the thick filaments are anchored 
to the Z disc by titin. As the fibre elongates, the filaments 
slide against each other.

The sliding model proposes that the thin filaments 
slide over the thick filaments. Such displacement is possi-
ble thanks to the binding between the myosin heads and 
active or complementary points of the actin molecules. 
Binding through cross-bridging between actin and myosin 
that is cyclically activated and deactivated constitutes the 

process resulting in muscle shortening during contrac-
tion(27).

The stimulus received through the motor nerve fibres 
generates a muscle action potential that extends over the 
entire membrane or sarcolemma.

Muscle contraction results from sliding between the 
thin and thick filaments (actin and myosin II, respectively). 
Such interdigitation of the filaments produces a shorten-
ing of sarcomere length.

The maximum force generated by contraction is direct-
ly proportional to the cross-section of the muscle.

The distribution of the muscle fibres with respect to 
the longitudinal axis divides muscles into:

• Fusiform: the fibres run parallel to the longitudinal 
axis of the muscle.

• Penniform: the fibres form an angle with the longitu-
dinal axis of the muscle.

Penniform muscles develop greater strength, since 
there are more cells in their section.

Types of muscle injury and classification

Muscle injuries are very common in sports. Specifically, in 
the case of soccer(32), rugby(33) or athletics(34), the recorded 
incidences exceed 30%.

The injuries are classified into indirect and direct, ac-
cording to the hurtful mechanism involved. Direct mus-
cle injuries are most often caused by contusions, while 
indirect injuries are particularly caused in the eccentric 
contraction phase(26).

The anatomical location of the injury in the muscle is 
as important as its extent, since the amount of affected 
connective tissue (myofascial, myotendinous, intramus-
cular) conditions the time to recovery and the return to 
sports activities(35,36). Biarticular muscles (biceps femoris, 
gastrocnemius and rectus femoris) are also more vulner-
able to injury due to indirect mechanism in the eccen-
tric phase, in view of their biomechanical characteristics, 
with tension increments that exceed muscle resistance. 
When the mechanism involves an increase in eccentric 
contraction, it is more frequent to observe injury at the 
myotendinous junction(26,27), together with fatigue and fail-
ure of the cellular regeneration and repair mechanisms 
after rupture.

The non-viable muscle fibres are eliminated by tissue 
macrophages, phospholipase A2 activation, an increase in 
proteases and prostaglandins, and a decrease in creatine 
kinase. Intracellular calcium accumulation occurs due to 
failure of the sarcoplasmic reticulum, with an increase in 
temperature and of free oxygen radical presence, and a 
consequent decrease in pH(37).

A dual repair response thus takes place:
• The satellite cells differentiate into myoblasts and 

fuse to form new muscle fibres (regeneration).
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• A variable amount of non-specialised connective tis-
sue is formed (cicatrisation).

In general, when the muscle weighs over 1.5 g, cicatri-
sation exceeds and overwhelms muscle regeneration. Op-
timum loading is that which on being applied generates 
mild discomfort during and after activity. Tissue regener-
ation does not occur in the absence of loading stimulus; 
low loading represented by resting conditions prevents 
the injury from getting worse, but does not improve the 
adaptation processes. High repeated loading, such as 
running more kilometres than usual, slows regeneration 
down and causes adaptations of the nervous system that 
can lead to more pain and to avoidance phenomena, as 
well as compensatory movement patterns(38-41).

A number of systems have been developed for classi-
fying musculoskeletal injuries.

Traditionally, three degrees of rupture have been consid-
ered: mild, partial or complete. This system offers little infor-
mation on the prognosis and required treatment, however.

Other classification systems have been developed in 
recent years, such as the Munich consensus or the clas-
sification of Chan et al.(35,36). The main problem with these 
classifications is the lack of objectiveness in the times of 
recovery or return to sports activities and treatment.

Lastly, the British Athletics Muscle Injury Classification 
proposes a new system based on the prognosis and thera-
peutic decision(35). The injuries are scored from 0-4 accord-
ing to their magnetic resonance imaging characteristics, 
with the use of a suffix (a, b, c) according to the location 
involved: myofascial, musculoskeletal or intratendinous. 
This system was developed to classify ischiotibial muscle 
injuries, based on the literature in this field, but it may be 
extrapolatable to the rest of muscle injuries, in the same 
way as the Fútbol Club Barcelona  Muscle Injury Guide: 
Prevention of and Return to Play from Muscle Injuries(36). 
However, we need greater diagnostic precision, a system 
affording more details regarding rehabilitation treatment, 
and a more defined time scale for application to settings 
as demanding as elite sports.

Treatment strategies

Determination of the most effective rehabilitation pro-
gram for functional and muscle tissue recovery is crucial 
in order to minimise the risk of new injuries and to opti-
mise athlete performance. 

In the initial acute phase (3-5 days from the time of 
injury), treatment in the form of reduced activity, the ap-
plication of ice, compression and limb elevation seeks to 
control the inflammatory phase. Early functional activa-
tion has been shown to increase vascularisation, improve 
muscle fibre regeneration, avoid fibrous scars, and more 
easily recover the viscoelastic and contractile characteris-
tics of the muscle(38,39).

It has been shown that neuromuscular control exer-
cises(40,41) and eccentric training(38) reduce the risk of is-
chiotibial tendon injury, and many authors recommend 
their inclusion as part of rehabilitation following inju-
ry due to acute exertion. It is believed that eccentric 
strengthening in particular increases distensibility of the 
series of muscles and allows longer operating periods, 
which can counter the effects of the scar tissue. It must 
be taken into account that, following the return to sports 
activity, the patient should be included in a progressive 
readaptation program to prevent and reduce the risk of 
new injuries(39).

Conclusions

The architecture and histology of tendon and muscle tis-
sue are complex, and in combination with innervation 
and neurotransmission can allow us to understand the 
mechanobiology of these tissues. Their knowledge is the 
cornerstone on which to focus a correct and detailed di-
agnosis, as well as thorough, multidisciplinary and per-
sonalised treatment.
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