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2.1	 �Overview of Structural and Cellular Components 
Affected by Strain Injuries

2.1.1	 �Insights into the Basics of Muscle Strain Injuries

Human skeletal muscle can be injured by strain, contusion, or direct laceration. The 
majority of sports-related skeletal muscle injuries are caused either by strain or 
contusion [1], as lacerations are almost nonexistent in sports. Hamstring strain inju-
ries (HSIs) are a result of excessive intrinsic tensile forces and inflict substantial 
damage across myofibres, the myofibres’ basement membrane, as well as mysial 
sheaths and the connected tendon/aponeurosis. Additionally, strain injuries cause 
blood vessels in the endo- or perimysium to rupture during the trauma [4]. The 
injury is most commonly located at or adjacent to the myotendinous junction (MTJ) 
[2–4]. Both the proximal and the distal MTJs of the hamstring muscle group cover 
an extensive part of the muscles rather than a limited area at either end of the ham-
string muscles. As an example, the proximal MTJ of the biceps femoris long head 
(BFLH) spans approximately a third of the total muscle length [5, 6], whereby the 
myofibres attach to the aponeurosis to transmit force from the BFLH muscle to the 
tendon. The proximal and distal aponeurosis is often also called the “central ten-
don” or “intramuscular tendon,” and it is noteworthy that the most severe hamstring 
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muscle injuries involve the central intramuscular tendon, emphasising the role of 
the connective tissue in relation to HSIs [7].

A large number of different experimental animal models have been introduced 
over the years to enable the study of tissue repair following muscle injuries. In gen-
eral, the biggest challenge lies in the development of a model which mimics the 
injury-causing mechanisms. With regard to muscle strains, the injury provoking 
impulse is excessive tensile strain. Pioneering work by Tidball and colleagues 
involved application of passive strain to isolated frog muscles and their attached 
tendons. This model demonstrated that the location of the tear is at the MTJ [3]. 
Similar observations were made by Garrett and colleagues reporting the injury site 
to lie within ~0.5 mm of the MTJ [4]. One of the most important findings relates to 
the failure site, which is located external to the myofibre cell membrane. This means 
that the basement membrane of the myofibres is torn off and leaves the myofibres 
separated from the normally attached connective tissue [3, 4].

The experimental model was later applied to whole frog semitendinosus (ST) 
muscle-tendon preparations while the muscles were stimulated [2]. In this setup, 
the failure site was also located at the MTJ where the collagen fibres from the 
associated tendon became torn off. The separated collagen fibrils are clearly seen 
on electron micrographs taken from the ST muscle-tendon unit (MTU) (Fig. 8 in 
[2]): The fingerlike processes from the muscular side of the MTJ are clearly visi-
ble, but after the strain injury, there is a detachment of the myofibres from the 
tendon. It is noteworthy that the muscle tissue appears organised with no detect-
able damage to the Z-lines, suggesting that the skeletal muscle tissue in itself is 
not greatly damaged.

Other animal models have focused on the ability of skeletal muscle tissue to initi-
ate repair following complete transections of the soleus muscle at the muscle mid-
belly (“laceration injury model”) [8–10], or by subjecting muscles to the forces 
generated by a spring-loaded hammer [11]. The complete laceration injury models 
showed how regenerating myofibres can enforce attachment to the extracellular 
matrix (ECM) on the lateral aspect of the myofibres, thereby increasing stability of 
the injured tissue during the healing. Findings obtained from the laceration injury 
models also show how the muscle-specific integrin receptor α7β1 expression as well 
as its distribution is involved in conferring stability between the myofibres and the 
ECM during regeneration [12, 13]. In general, integrin receptors enable the linkage 
of cells to the ECM (Fig. 2.3). More specifically, this cell receptor type couples the 
intracellular cytoskeleton to the specific binding partners in the matrix on the extra-
cellular side. For the muscle-specific integrin receptor α7β1, the binding partner on 
the extracellular side is laminin (Fig. 2.1).

An increase, concomitant with a redistribution of the integrin receptor during 
the repair of muscle tissue, suggests the importance between the coupling of the 
myofibres and the surrounding matrix. Another important aspect of the laceration 
models in animal skeletal muscle is time: Studies applying these models reported 
that scars are not rapidly replaced but may persist over a prolonged time span, 
potentially permanently [15]. It is important to keep in mind that the muscle mid-
belly is not a common site of failure in HSIs, and it is also somewhat difficult to 
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compare results from a contusion injury to the repair processes of a strain injury. 
Further, even the application of excessive strain is applied under controlled condi-
tions, where the MTU is stretched until failure with a steady strain rate [2]. This 
controlled and constant strain does not fully replicate the explosive hamstring 
movements, which precede an acute HSI. Another aspect to consider when dealing 
with animal models is the aspect of time, as animals grow and heal substantially 
faster than humans. Additionally, animals do rarely show signs of pain, which 
complicates the examination of functional deficits related to these injury models. 
Finally, the role of the central tendon in HSIs cannot be studied in models, as the 
tendinous inscriptions extending into the muscle belly are not described in 
animals.

2.1.2	 �Development of the Myotendinous Junction and Its 
Adaptation to Loading and Unloading

The most common localisation of strain injuries is the MTJ, which is the interface 
where the myofibres attach to the collagen fibres of the tendon [2, 16, 17]. Research 
into the adult human MTJ in general, and the regenerative capacity of the junction 
in particular, has remained scarce despite the fact that the MTJ is susceptible to 
strain injuries. In the optimal way, repair of the injured MTJ replicates the develop-
mental processes to re-establish tissue integrity. The MTJ is a highly specialised 
anatomical region in the locomotor system, where force generated by the muscle is 
transmitted from the intracellular contractile elements of the muscle cells to the 

Laminin-211

Sarcolemma

Sugar chains

Extracellular
matrix

a

b

Integrin a7b1 Dystroglycan

Cytoplasm

Fig. 2.1  Schematic 
illustration of the 
muscle-specific integrin 
α7β1 and the binding sites 
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ECM proteins in the tendon. This linkage enables movement. On a functional level, 
the MTJ has to overcome a mechanical mismatch as the muscle is highly compliant, 
but the tendon, on the contrary, is a stiff tissue [18]. The consequences of connecting 
mechanically different tissues are strain concentrations, which increase the risk of 
injury. Local strains at the MTJ in the hamstrings can be modified when either mus-
cular (e.g. change in cross section) or tendinous (e.g. change in stiffness) dimen-
sions are altered [19]. Keeping in mind that the connection between different 
mechanical tissues is a challenge, it is noteworthy that the MTJ can repeatedly with-
stand high loads [20, 21]. To be able to do so, the MTJ presents with a highly organ-
ised structure connecting proteins and matrix from the subsarcolemmal cytoskeleton 
to the sarcolemma and the basement membrane of the final sarcomeres at the mus-
cular side and then to the collagen fibres on the tendinous part of the MTJ. Both the 
organisation of the MTJ components and the involved molecules mediate the unique 
capacities of the MTJ.

The architecture of the adult MTJ is characterised by extensive folding, which 
results in a significant increase in the muscle-tendon contact area. Shown in rat MTJ 
development, the organisation of the junction undergoes substantial changes in the 
first days after birth. Right after birth, the MTJ has a smooth and even appearance, 
but already 2 weeks later, the junction is more complex, and folding becomes obvi-
ous. Following another 2 weeks, rat MTJ has deep recesses and the folding is exten-
sive [22]. It should be noted here that these processes take considerably longer time 
in human MTJ development.

For a long time, these folds have been described as fingerlike processes, but new 
imaging techniques on the ultrastructural level in human adult MTJ revealed that the 
structures resemble ridgelike protrusions. Three-dimensional reconstructions of 
electron micrographs further showed that collagen fibres of the tendon condense 
and the tendinous collagen fibres expand into myofibrillar indentations [23]. Based 
on 2D images, it was postulated that the extensive folding increases the contact area 
approximately 10–20 times compared to an interface with smooth transitions from 
one tissue to the other, but these numbers are most likely significantly higher when 
taking the three dimensions into account (Fig. 2.2).

Functionally, the enclosure of tendon tissue (i.e. collagen fibres) around the myo-
fibres might enable the “grab and trap effect” as discussed by Knudsen and col-
leagues [23]. The underlying mechanism is based on the mechanically stiff collagen 
fibres encasing the myofibres at the junction. When the muscle contracts, the myo-
fibres shorten and become wider and the surrounding collagen fibres might rein-
force the muscle-tendon connection, thereby improving force transmission. The 
tendon tissue covering the muscle, also termed “aponeurosis,” is specialised for 
force transmission from the muscle to tendon and then bone. Biomechanical analy-
ses demonstrated that the aponeurosis has different mechanical properties compared 
to the free tendon [25]. Magnusson and colleagues showed that the free tendon had 
a significantly greater strain compared to the aponeurosis under isometric maximum 
voluntary contractions. The authors suggest that part of the observation reflects the 
energy storing and releasing capacity of the free tendon, while the aponeurosis is 
predominantly designed to effectively transmit contractile force at the MTJ [25].
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The interaction between the myofibres and the aponeurosis/tendon during iso-
metric contractions is relatively straightforward compared to dynamic situations 
such as those that occur during stretch-shortening cycle movements. During such 
movements the muscles are activated prior to the stretch to stiffen the contractile 
component so that the elongation during the stretch (braking) phase occurs pre-
dominantly at the tendon [26]. This provides elastic energy for the shortening (pro-
pulsive) phase. In this situation the contractile component (myofibres) is stiffer than 
the noncontractile component (tendon). However, the level of muscle activation and 
the length of the muscle fibres can affect the stiffness of the contractile component. 
At lower activations or longer muscle lengths, the contractile component may be 
less stiff than the noncontractile component and MTU elongation may occur at the 
MTJ as opposed to the tendon. With respect to hamstring injury, interrupted motor 
control and altered biomechanics during stretch-shortening cycle movements, such 
as sprinting, can place MTUs at lengths and tensions that can predispose them to 
injury.

The specialised organisation of the MTJ is mediated by a composite of mole-
cules, which act in an orchestrated way during development and homeostasis. On 
the muscular side, an important protein complex responsible for force transmission 
from myofibres to the connective tissue is dependent on binding of intramuscular 
actin to the dystrophin group. Dystrophin at the intracellular part of myofibres is 
associated with a large oligomeric complex of sarcolemmal proteins and glycopro-
teins, also known as the dystrophin-glycoprotein complex. Force transmission is 
allowed through dystrophin binding to the C-terminal of β-dystroglycan. On the 
extracellular side, α-dystroglycan, which is anchored to β-dystroglycan, serves as a 
receptor for ligands such as laminin in the basement membrane surrounding 

Fig. 2.2  Electron 
micrograph of the human 
myotendinous junction 
(2D). Figure illustrates the 
marked folding and 
interdigitations at the 
contact area between 
muscle and tendon. 
(Reproduced with 
adaptation from Fig. 3 of 
Bayer et al. [24])
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myofibres [27, 28] (Fig. 2.3). At the MTJ, the dystrophin-glycoprotein complex is 
found at high concentrations to provide mechanical stability [29].

Another fundamental segment of the force transmission at the MTJ involves the 
binding of actin filaments within the terminal sarcomeres to associated “attach-
ment” proteins. These proteins include α-actinin, talin, vinculin, paxillin, and ten-
sin, and they bind to the intracellular β1-subunit of the receptor integrin α7β1 
(Fig. 2.1). The transmembrane integrin receptor α7β1 is enriched at the MTJ and 
binds to laminin in the basement membrane [31]. It is important to note that laminin 
becomes incorporated in collagen fibres at the MTJ and thereby constitutes an inte-
gral part of the junctional ECM. A lack of integrin α7β1 causes abnormal MTJ mor-
phology seen as a clear reduction of the characteristic folding at the MTJ as well as 
significant weakening of the muscle [32]. In the context of MTJ development, it is 
noteworthy that the appearance and accumulation of integrin α7β1 coincides with 
membrane folding and myofibril insertions during developmental stages and might 
therefore play a role in the very early steps of MTJ organisation [31].

The morphogenesis of the MTJ during embryonic development reflects the 
coordinated processes of chemical and mechanical signalling as well as the inter-
dependence between myogenic cells and cells differentiating into the tendinous 
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lineage. During development, tendon cells connect with the developing muscle at 
the MTJ, and the development is to a significant degree governed by the interaction 
of integrin receptors and ECM molecules secreted by both the muscle and tendon 
cells [33, 34]. The collagen type XXII (COLXXII) and its receptor binding serve 
as a good example of the interaction between muscle and tendon cells at the devel-
oping MTU and exemplifies the direct link between muscle and tendon tissue on a 
cellular and molecular level. COLXXII is a collagen subtype predominantly found 
at the MTJ; it belongs to the collagen subtype of “fibril-associated collagens with 
interrupted triple helices” (FACITs) and is expressed during development by undif-
ferentiated muscle cells located next to the basement membrane [35]. At that stage, 
COLXXII expressing cells are in close contact with tendon cells (also called ten-
don fibroblasts or tenocytes). On the tendinous side, the cell receptors integrin α2β1 
and α11β1 are expressed by tendon fibroblasts. Visualisation by the immunofluores-
cence technique clearly demonstrates co-localisation of COLXXII and α2β1 integ-
rin as well as COLXXII and α11β1 [36]. This co-localisation means that COLXXII 
and the integrin receptors form a functional unity, which is a necessity for the 
development of the MTJ. The connection between COLXXII and its binding part-
ners on the tendinous side is required for mechanical stability at the MTJ as the 
lack of COLXXII (tested by creating a genetic deletion of COLXXII in zebrafish) 
is associated with a significant decrease in muscle force. This force reduction did 
not seem to be a result of a defect of contractile elements within myofibres, and 
also, the basement membrane of the mutant animals remained firmly attached to 
the sarcolemma. The study of these mutant animals showed that the linkage 
between muscle fibres and the junctional collagen fibrils was disrupted, myofibres 
were detached from the MTJ, and the characteristic MTJ architecture of interdigi-
tations was lost [37]. Importantly, COLXXII is identified not only as a part of the 
MTJ development but also expressed and localised to the myofibre edge at the 
adult human MTJs [38].

As COLXXII appears to be a key element in conferring mechanical stability to 
the MTJ, at least during development, it is natural to ask whether loading or unload-
ing in the adult MTJ would affect COLXXII synthesis. This was tested in untrained 
men undergoing a training programme with heavy resistance exercises of the ham-
string muscles for 4 weeks. The intervention did not induce any change in the syn-
thesis or localisation of this collagen type [38], suggesting that COLXXII in the 
human adult MTJ is not, or only to a minor degree, load sensitive. It could, however, 
also be that 4  weeks of training was a too short time span to cause significant 
changes at the human MTJ. Whether COLXXII is affected by immobilisation in 
humans has remained unexplored.

Tenascin-C is another ECM protein at the MTJ expressed by fibroblasts on the 
tendinous side of the MTJ.  It is a large elastic ECM glycoprotein, which can be 
stretched several times its resting length by mechanical loading [39]. Tenascin-C is 
involved in tissue morphogenesis, including tendon, and is load sensitive in the free 
tendon, the MTJ, and myofascial junction as well as in muscle connective tissue but 
not in skeletal muscle tissue [40]. Probably its best-known function relates to modu-
lation of cell (de-)adhesion and mechanosensitivity [41]. The lack of mechanical 
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force (generated by muscle contraction), as observed during cast immobilisation, 
leads to significant changes of tenascin-C expression: In an animal experiment, rat 
hind limbs were immobilised for 3 weeks and this intervention resulted in a dra-
matic decrease of tenascin-C at the MTJ and the free tendon. The downregulation of 
tenascin-C was, however, reversed when the rats were allowed to use their legs 
normally again. After 8 weeks of remobilisation, tenascin-C was re-expressed at the 
MTJ, the myofascial junction, and the free tendon [40].

Thrombospondin-4 is a subtype of the thrombospondins, a group of glycopro-
teins regulating protein-protein and protein-ECM interactions [42]. It serves as a 
key scaffolding protein mediating the organisation of the MTJ, which probably 
relates to its role in regulating the structure of collagen fibrils in connective tissues 
[43]. Thrombospondin-4 is expressed by both myoblasts and tendon fibroblasts and 
binds integrins through a specific motif (the “KGD motif”), thereby enabling spe-
cific cell-cell as well as cell-matrix interactions. Thrombospondin-4 deficiency 
causes dysfunctional integrin signalling and a disruption of the laminin network at 
the MTJ. Additionally, the lack of thrombospondin-4 caused muscle detachment 
from the tendon tissue, suggesting that this protein is a central element in structural 
and functional integrity, at least in the embryonic stage [33]. The role of thrombos-
pondin-4 is unknown in the human adult MTJ and it is not known whether this 
molecule is load sensitive and involved in MTJ regeneration after injury.

Understanding of the complexity and the steps involved in the development of 
MTJ is essential in order to acknowledge the processes required for successful 
regeneration of the junction after HSIs. Although there is still much unknown about 
MTJ development, it is obvious that the communication between muscle and tendon 
cells is fundamental for the development of both tissues and the organisation of the 
linkage between the different tissues. A good example illustrating the dependency 
of the several tissues on each other is an avian animal model, in which muscleless 
wings were produced. In these animals, tendons formed early during development, 
but did not mature to form individual tendons and were subsequently degraded [44]. 
Thus, the proximity of muscle and tendon cells is crucial for correct MTJ formation 
and function. Although speculative, in the context of tissue repair after a strain 
injury, the separation of muscle and tendon caused by both granulation and scar tis-
sue might hinder the propagation of signals from both tissues and complicate regen-
eration. MTJ regeneration therefore depends on the cells residing in skeletal muscle 
as well as cells within the tendon.

Importantly, the MTJ appears to be a very active region, and at least on the mus-
cle side, adaptations to loading have been shown. A recent study on human MTJ 
samples reports the presence of multiple muscle fibres with central nuclei and posi-
tive immunostaining of CD56 [45]. The number of myofibres at the MTJ with cen-
tral nuclei was as high as 43–50%, compared to 3% in the resting muscle belly of 
the vastus lateralis [46]. Both central nuclei and CD56 immunoreactivity (marker 
expressed by newly formed myofibres [47]) are signs of high cellular activity, and 
these findings indicate that the human MTJ is characterised by continuous remodel-
ling. The authors further report that the number of fibroblasts at the MTJ was not 
different from the numbers in the muscle belly, but the activity status of these cells 
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was not investigated. It should be noted that this study did not find any differences 
between MTJ samples from individuals subjected to 4 weeks of heavy resistance 
training targeting the hamstring muscles and a control group with no specific train-
ing. Thus, the loading per se did not seem to affect any of the characteristics mea-
sured in this study [45]. Human hamstring muscles subjected to both an acute bout 
of heavy resistance training and training for 4 weeks prior to tissue sampling at the 
MTJ demonstrated a higher expression of tenascin-C and the fibril-associated col-
lagen type XIV in the muscle connective tissue, but no direct changes of these mark-
ers or any other factors analysed in the study were detected at the MTJ [38].

The architecture of the MTJ and potential changes to different types of training 
or immobilisation have not been examined in the aforementioned studies including 
human subjects. A study on rats showed, however, that training can cause modifica-
tions at the structural level of MTJs. These rats were subjected to 6 weeks of uphill 
running, and the percentages of branched interdigitations afterwards were signifi-
cantly higher compared to a sedentary control group. The researchers specify that 
both the number and the length of the interdigitations increased in the trained com-
pared to the non-running rats [48]. On the contrary, limb unloading led to a substan-
tial decrease in the muscle-tendon interface seen as a substantial decline in the 
membrane folding relative to muscle fibre cross-sectional area at the MTJs of rats 
subjected to 4 days of space flight [49]. Interestingly, this study found an increase in 
fibroblast-like cells in the proximity of the MTJ of unloaded animals compared to 
control rats [49], suggesting there is a rapid cellular response to hypoactivity. The 
underlying mechanisms and the role of these cells are unexplored.

Besides a reduction in the protrusions, unloading, through either hind limb sus-
pension or spaceflight, had an adverse effect on the organisation of the MTJ. The 
tendinous side was characterised by a more disorganised collagen fibril structure 
and the muscular side showed z-band disorganisation in myofibres [50]. Strikingly, 
the induction of exercise during unloading prevented the loss of membrane folding 
and even increased the complexity of the interdigitations [51]. Similar findings to 
rat immobilisation were demonstrated with MTJ samples obtained from patients 
after prolonged bed rest. The MTJ endings of these samples obtained from the lower 
leg showed a reduction in the protrusions compared to control samples obtained 
from healthy individuals [52]. It is important to note that all of these studies used 2D 
analyses and the response might be even more pronounced when using 3D image 
analysis.

2.1.3	 �Regeneration of Skeletal Muscle and the Connective 
Tissue

The study of regeneration following muscle strain injuries is complicated as these 
injuries predominantly occur at the MTJ [2–4]. It is therefore crucial to keep in 
mind that repair after HSIs does not exclusively involve the regeneration following 
myofibre necrosis (i.e. myofibre death); it requires the fusion across myofibres and, 
importantly, includes the attachment of myofibres to the tendon/aponeurosis to 
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enable force transmission. One major factor driving rehabilitation is the timing of 
loading. A recent study investigating the effect of early compared to delayed load-
ing after muscle strain injuries showed clearly that a delay in loading of damaged 
musculoskeletal tissue significantly prolongs return to sport (RTS) [53]. These find-
ings underline the importance of mechanical stimulation of healing tissues and cells 
across different tissues.

Taking into consideration the animal model of strain injuries, one rather surpris-
ing finding is that the skeletal muscle tissue in itself does not appear to suffer from 
damage [2]. The myofibres adjacent to the rupture site have a regular appearance 
with an organised Z-line alignment, but the basement membrane is torn off and the 
connection to the connective tissue (tendon/aponeurosis) is lost [2, 3]. However, it 
is also important to remember that these findings are based on an animal model, and 
it is very likely that human hamstring muscle strains, as a result of explosive move-
ments, may cause disruption of the MTJ concomitant with myofibre damage. The 
adverse impact of strain injuries on the muscle has been clearly demonstrated by 
studies reporting substantial muscle atrophy as a result of strain injuries [54, 55]. 
This could be due to poor myofibre regeneration, but also reflect the failed repair at 
the MTJ, meaning that the tight link between the muscle and the connective tissue/
tendon/ aponeurosis may not fully reform after a strain injury. A lack of the firm 
muscle-tendon attachment will influence the mechanical properties of myofibres 
and tendon collagen fibrils. Further, the neuromuscular innervation might be nega-
tively affected and thereby involved in the adverse long-term outcome of strain 
injuries on the involved muscle.

Skeletal muscle tissue has powerful regenerative potential, which relies on the 
activation of muscle stem cells, also known as satellite cells, due to their sublaminar 
location and association with the plasma membrane [56–58] (Fig. 2.4).

At steady state, the satellite cells are mitotically quiescent (G0 phase, meaning 
that these cells have reversibly left the cell cycle and do not divide), and they become 
activated through signals from a diseased or damaged environment. Activated (pro-
liferating) satellite cells are referred to as myogenic precursor cells [59]. Strikingly, 
satellite cells can become stimulated even though they are located at the other end 

Quiescent satellite cell

Myofibre nucleus Basement membrane

Sarcolemma

Fig. 2.4  Schematic drawing of a longitudinal myofibre illustrating the sarcolemma (plasma mem-
brane) and the basement membrane along with a satellite cell and several myonuclei. (Reproduced 
with adaptation from Fig. 15 of Mackey and Kjaer [58])
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of a damaged myofibre [60]. Satellite cells are also motile, with an ability to migrate 
across basement membrane layers [61]. Within hours, several key myogenic factors 
(such as MyoD, desmin, myogenin) are expressed, and after a few cycles of cell 
proliferation, the majority of the myogenic precursor cells enter the myogenic dif-
ferentiation programme. Following exit from the cell cycle, myogenic cells fuse 
with damaged myofibres or fuse with each other to develop nascent multinucleated 
myofibres. To avoid depletion of the satellite cell pool, satellite cells have the ability 
to self-renew by either asymmetric or symmetric division [59].

It is interesting to note that different types of muscles are associated with inher-
ent differences in the activation and differentiation potential of satellite cell sub-
populations [62]. The regenerative potential of satellite cells residing in the human 
hamstring muscles have been investigated far less extensively compared to the 
quadriceps muscles; therefore, the myogenic repair potential in human hamstring 
muscles remains somewhat unexplored. A study including both hamstring and calf 
strain injuries found no differences between the muscle groups in functional or 
structural recovery after strain injuries [54]. These findings argue against a poor 
myogenic potential of hamstring muscles. Additionally, when the number of satel-
lite cells was determined in human tissue samples from the hamstring muscles, the 
number of 0.12 satellite cells/fibre reported is comparable to ratios calculated in 
other muscles [45]. Therefore, it is more likely that the nature of the strain injury 
and the different tissues affected prolong or even impede complete tissue healing.

It is noteworthy that the ECM appears to play a key role in the repair of myofi-
bres after injury. This hypothesis is supported by several studies on focal muscle 
damage, showing that necrotic (“dying”) myofibres require an existing basement 
membrane [58, 63]. This means that the matrix encasing the myofibres serves as a 
scaffold and orientation/ guidance for satellite cells to restore damaged myofibres 
[58] (Fig. 2.5). Thus, the preservation of the basement membrane is a central ele-
ment in successfully regulating the regeneration after injury.

Experimental animal data indicate that the basement membrane after a strain 
injury is not retained [3, 64], which probably hampers or even prevents complete 
repair of damaged muscle tissue as a result of strain injuries. In animal models in 
which the muscle, along with the basement membrane, was severely damaged, the 
injured skeletal muscle forms a nonfunctional scar tissue between the ruptured skel-
etal muscle fibres and the regenerating myofibres [15, 65]. The newly formed myo-
fibres were poor at expanding within the granulation tissue and it can be hypothesised 
that the damage to the basement membrane scaffold hindered myofibre expansion. 
These animal models report a failed repair process in which the ruptured skeletal 
muscle fibres remain separated by the scar. As the defect was still evident 12 months 
after the trauma, the observation strongly indicates that the scar is permanent.

It is interesting that the integrin subtype α7β1 (Fig. 2.1) appears to play an impor-
tant role also in the regeneration of myofibres following the rat model of complete 
muscle transection [12]. There was both an increase in the expression of integrin 
α7β1 within the regenerating muscle fibres and a dynamic redistribution during 
regeneration [12]. However, the presence of an intact basement membrane is also 
required to establish firm adhesions between the intracellular cytoskeleton and the 
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matrix. Another interesting result was that the redistribution of integrin α7β1 to the 
lateral sarcolemma during skeletal muscle tissue repair only occurred if the injured 
muscle was mechanically stimulated [10, 12, 66]. This observation suggests the 
requirement for injured tissue to be put under loading and could be one part of the 
explanation why athletes who commence rehabilitation early after injury recover 
faster compared to those who have a period of rest [53]. Given the crucial role of 
integrin α7β1 in MTJ development, it seems plausible that this integrin subtype is 
involved not only in myofibre regeneration but also MTJ repair. It is, however, 
unknown how integrin α7β1 binding is re-established when the basement membrane 
is absent as demonstrated in muscle tissue put under excessive strain.

In relation to the regenerative capacities of the human MTJs in hamstring mus-
cles, none of the key factors involved in MTJ development have been investigated 
following HSIs. This means that following hamstring strains the sequence of expres-
sion and the localisation of key molecules, such as integrin α7β1, COLXXII, tenas-
cin-C, and thrombospondin-4, are unknown. Moreover, there is a lack of studies on 
the multiple cellular components at the MTJs and their interplay after an injury. 
Finally, it has remained elusive whether the characteristic junctional organisation of 

Regenerating myofibre 7 days post injury

Uninjured myofibre

Myotube

Quiescent satellite cell

Macrophage

Sarcolemma

Basement membrane

Myoblast

Quiescent satellite cell Sarcolemma

Basement membrane

Necrotic tissue

a

b

Fig. 2.5  Schematic drawing of a regenerating myofibre after experimentally induced muscle 
damage. (a) shows the regenerating myofibre with the basement membrane as a scaffold/orienta-
tion for inflammatory cells and myoblasts during repair. Note that the fibre is devoid of a sarco-
lemma. (b) Illustrates an intact myofibre for comparison. Both sarcolemma and the basement 
membrane are present. (Reproduced with adaptation from Fig. 15 of Mackey and Kjaer [58])
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complex ridgelike tendon protrusions into the muscle tissue is re-established after 
disruption near or at the MTJ.

The reconnection of myofibre-connective tissue junction and the reformation of 
the specialised architecture at the MTJ to withstand the high stress put on the tissue 
probably pose the greatest challenge in repair after strain injuries. The basement 
membrane of myofibres emphasises the role of the matrix in repair, and it can fur-
ther be hypothesised that the tendon matrix on the tendinous side of the MTJ limits 
regeneration. Recently, the intramuscular tendon of the BFLH has gained increased 
attention in the clinic as time until successful RTS was substantially prolonged 
when the intramuscular tendon was injured [7]. Additionally, the risk of recurrence 
might be increased when this tendinous structure is affected, although there are 
conflicting findings about the association between the intramuscular tendon and the 
re-injury risk [7, 67]. These findings support the idea that the connective tissue and 
its regenerative capacities play a decisive role in the repair of strain injuries and the 
severity of HSI is greatly aggravated when a larger part of the connective tissue 
structures is involved.

Unlike skeletal muscle, human tendons do not have great regenerative potential. 
Human tendon tissue has a very slow turnover [68, 69] and tendons contain a low 
number of cells [70]. Acute tendon ruptures show ongoing signs of repair up to 
1 year after the trauma [71] and chronic overuse injuries of tendons cause symptoms 
and inferior tendon function for a long time, in some cases several years [72, 73]. 
Cells residing in tendons are generally described as fibroblasts, which are non-
haematopoietic, non-epithelial, non-endothelial cells. These cells are arranged in 
between collagen fibrils along the direction of strain and have an elongated mor-
phology. Tendon fibroblasts are also found in the interfascicular space [74].

Even though tendon fibroblasts are presumably terminally differentiated cells, 
they still can adapt to the environment, e.g. when mechanical stimuli are withdrawn: 
when placed in an unloaded environment, tendon fibroblasts shift towards an inflam-
matory phenotype [75]. These findings are supported in similar experiments which 
showed that unloading causes catabolic (i.e. negative) adaptations [76, 77]. These 
findings may have clinical implications when it comes to regeneration at the MTJ 
after HSIs. As the tendon/aponeurosis is supposedly being torn off from the muscle 
in a strain injury [2, 3], the collagen fibrils as the basic element of tendon/aponeu-
rosis will become unloaded and influence cellular processes. Thus, a potential shift 
towards an inflammatory, catabolic phenotype has potentially a dramatic negative 
impact on the capacity of the tendon/aponeurosis to activate a repair process follow-
ing muscle strain injuries [64]. It should be noted that stem cells have been identi-
fied in adult tendons and that these cells would also require the proper mechanical 
stimuli, which are presumably not present after a traumatic strain injury [33]. In 
general, whether and how tendon stem cells are activated in response to human 
musculoskeletal injuries remains unknown.

Besides the low number of cells present in the tendon, another factor contribut-
ing to the limited connective tissue repair might be the poor vascularisation of ten-
don tissue [78, 79]. Revascularisation of the injured area is a vital process in tissue 
regeneration; it is one of the first signs of regeneration and a prerequisite for 
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subsequent morphological and functional recovery of the injured skeletal muscle 
and connective tissue [80, 81]. As the MTJ is a key area through which blood supply 
to the tendon is provided [78], the restoration of vasculature after a strain injury in 
this anatomical area is crucial.

Although there are no studies investigating the impact of hypoxia following 
hamstring strains, intra- or intermuscular hematoma formation [17, 54, 82, 83] is a 
sign that there is significantly impaired oxygen and nutrient supply. In addition, 
recent samples of muscle strain hematoma in athletes showed a substantial release 
of the pro-angiogenic factor vascular endothelial growth factor-A (VEGF-A) over a 
prolonged period post injury [84]. The growth factor VEGF-A represents a key ele-
ment in angiogenesis and is one of the target genes of the major transcription factor 
induced by hypoxia, hypoxia-inducible factor-1α. New formation of capillaries pro-
vides the regenerating area with an adequate supply of oxygen and nutrients, which 
are necessary for energy metabolism for the regenerating myofibres [80] and cells 
residing at the tendinous part. Whether the vascular supply is completely restored at 
the injured MTJ remains unknown, as whether the vascularisation of the tendon 
through the MTJ occurs following this type of injury has not been explored. A 
recent examination of tissue perfusion following muscle strain injuries reported that 
there is an increased tissue perfusion for at least up to 6 months post injury [54]. 
Interestingly, early mobilisation following a crush injury in rats had a positive effect 
on sprouting of capillaries [80], which supports the recommendation of early load-
ing after injuries [53]. It should be, however, remembered that the response regard-
ing neovascularisation after a HSI might be very different to capillary growth after 
mid-belly contusion.

Successful regeneration would mean a replication of developmental stages of 
MTJ formation and data are scarce on this topic, especially in relation to the human 
MTJ. It is complicated by ethical and anatomical considerations, as it is question-
able whether repeated tissue samples should be obtained from patients after a strain 
injury. Additionally, the MTJ is a very discrete area in the musculoskeletal system, 
and it would require elaborate equipment and techniques to obtain representative 
tissue samples.

Finally, another important aspect of regeneration following HSIs is innerva-
tion. Even though there is a lack of data on the human neuromuscular junction 
(NMJ) in general, and the extent to which innervation and NMJs are affected in 
HSIs, weakness along hamstring muscle length and reduced muscle activation are 
reported [85, 86]. These observations suggest that neuromuscular adaptations fol-
lowing hamstring strains could be negatively affected. In an animal model apply-
ing complete transection of the rat extensor digitorum muscle, the denervated, 
severed muscle stumps become reinnervated via penetration of new axon sprout-
ing through the connective tissue scar and the formation of the new NMJs [87]. 
The presence and distribution of NMJs at the interface between the muscle and 
the tendon/aponeurosis in the human hamstring complex has remained unex-
plored, and it is therefore difficult to speculate how neural innervation, in general, 
and the NMJs, in particular, are affected by strain injuries. It is, however, obvious 
that the presence of a fully restored basement membrane is a prerequisite for func-
tional NMJs [88].
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In summary, a hamstring strain is a complex traumatic injury, which does not 
only affect skeletal muscle but also, and probably even more, the connective tissue 
in the muscle and the attached tendon/aponeurosis. In the vast majority of strain 
injuries, the MTJ is damaged, a tissue junction, which is designed to withstand high 
loads. During development, the coordinated signalling from both muscle and ten-
don cells ensures MTJ formation. Loading of the MTJ appears vital for maintaining 
its unique structure and, most likely, its function. The adult human MTJ is a very 
active region with significant potential for remodelling. The regeneration of the 
MTJ in athletes suffering from a hamstring strain has remained largely unknown; 
from a clinical standpoint it is obvious that the greater involvement of connective 
tissue (i.e. the central tendon) complicates healing. This emphasises the importance 
of focusing rehabilitation techniques on both muscle and connective tissue stimula-
tion. As immobilisation of the MTJ has detrimental effects, early loading onset after 
the hamstring injury probably contributes to improving stability of damaged MTJ 
components post injury.

2.2	 �Hamstring Injury Sequelae

2.2.1	 �Structure and Cellular Components of Scar Tissue

Subsequent episodes of pain and re-injury following hamstring strains are frequent 
and mainly affect the same region as the index injury [89, 90]. Despite the high 
prevalence, the underlying causes and mechanisms behind the recurrent injuries 
have not been extensively studied in sports medicine. As re-injuries mostly happen 
within the first year, and in more than half of these injuries, within the first 25 days 
after the index injury [90], it can be hypothesised that (1) the repair after the HSI is 
not completed when the hamstring muscles are fully loaded, or (2) the repaired tis-
sue does not withstand the high loads placed on the injured tissues, or (3) a combi-
nation of incomplete healing and mechanically immature repair tissue. In general, 
there are very few tissues in adult humans that heal by a complete regenerative 
response, synthesising a tissue identical in structure and function to what it was pre-
injury. Mostly, damaged tissue is replaced by structurally and functionally inferior 
material.

Strain injuries are associated with the formation of scar tissue [55, 91]. Generally, 
the development of scars refers to the formation of excess fibrous connective tissue 
in a tissue or organ as a result of prolonged reparative or reactive processes [92]. In 
the context of HSIs, the formation of scar tissue might hamper the cross-talk 
between muscle and tendon cells and hypothetically cause the muscle or, more pre-
cisely, the myofibres to be permanently disintegrated from the normally attached 
tendon/aponeurosis. Whether this separation is transient or permanent is currently 
not known, but there is accumulating evidence that fibrotic tissue is a long-term 
pathological outcome following muscle strain injuries. Animal models also suggest 
that the scar tissue is permanent [15].

The initial response to a traumatic injury such as muscle strains is the formation 
of granulation tissue. Granulation tissue can also be viewed as a provisional matrix 
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comprised of newly formed loose connective tissue filling any gap caused by tissue 
disruption. It is an evolutionarily conserved process aimed at the reconstitution of 
tissue integrity promptly after injury [93]. Granulation tissue is rich in the ECM 
components, fibronectin, tenascin-C, as well as collagen type III, and is mainly syn-
thesised by (myo-)fibroblasts [94–96]. Tenascin-C is deposited early during the heal-
ing phase to provide elasticity to the granulation tissue to withstand the strains placed 
on the transient scaffold [97]. Tenascin-C is furthermore involved in the formation of 
an adhesive environment, which is favourable to cells and acts as a chemokinetic 
agent [98]. During optimal repair progression, fibronectin and collagen type III are 
sequentially replaced by collagen type I [99, 100]. This transition in collagen types 
improves mechanical stability, to a large extent due to the formation of multiple 
intrafibrillar cross-links in collagen type I [101]. Regarding very early recurrent ham-
string injuries, it can be speculated that the strength of the provisional granulation 
matrix after the strain injury is not mechanically stable enough to allow for explosive 
movements when commenced too soon after the injury.

On the cellular level, myofibroblasts are the main cell type in granulation tissue, 
along with a myriad of other cell types, including inflammatory cells, fibroblasts, 
endothelial cells, and pericytes. Myofibroblasts belong to a specialised group of fibro-
blasts and their activation involves multiple factors. The two predominant stimulants 
are transforming growth factor-β1 (TGF-β1) and high matrix stress/stiffness [102]. 
Additionally, the presence of a splice variant form of fibronectin, ED-A fibronectin, 
seems to be required for myofibroblast differentiation [103]. Myofibroblasts express 
α-smooth muscle actin, and the organisation of α-smooth muscle actin into stress 
fibre-like bundles provides cytoskeletal characteristics of contractile smooth muscle 
cells. Thus, myofibroblasts can actively contract and remodel the granulation tissue, a 
process by which scar tissue is stabilised at least during wound healing after skin 
lesions [102–104]. How granulation tissue develops into scar tissue and how the scar 
is resolved following hamstring strains remains unknown. At this point, it should be 
remembered that a stable and organised ECM is pivotal to withstanding the high 
mechanical loads, for example, when the MTJ is subjected to explosive movements. 
Therefore, the sequence of ECM remodelling appears to be a major player in deter-
mining successful or ineffective repair. In the context of HSIs, failure to fully repair 
might be reflected in increased recurrence.

In successful repair, the myofibroblast-driven contraction of granulation tissue 
halts and tissue integrity is re-established. Further, concomitant processes such as 
angiogenesis, which is an integral part of the healing process, cease and myofibro-
blasts become apoptotic resulting in a largely avascular tissue [105]. However, the 
observation of fibrotic tissue following HSIs suggests that complete tissue restoration 
is not accomplished. So far, fibrotic tissue resulting from hamstring strains has only 
been demonstrated by magnetic resonance imaging (MRI), and therefore, the struc-
ture and composition of scars in human athletes remained unexplored. Recently, some 
insight into the long-term scar tissue has been gained through biopsies obtained from 
muscle strain injuries, which occurred at least 6  months prior to sampling. These 
biopsies clearly show high cellularity among disorganised connective tissue, adipo-
cytes interspersed with myofibres, as well as the presence of large blood vessels 
(Fig.  2.6). The human samples furthermore clearly reveal the absence of any 
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structured interface between myofibres and tendon/aponeurosis. These findings 
emphasise that scars are in fact highly active regions instead of inert, avascular struc-
tures, at least in musculoskeletal tissue, indicating that scar formation and develop-
ment are tissue dependent. A similar picture was recently gained from the myocardium 
after a myocardial infarct where the scar is highly populated with cells a long time 
after the injury with signs of continuous reorganisation of the injured tissue [106].

The question that remains is whether the presence of scar tissue is associated 
with an increased risk of recurrence. Despite the scarcity in observations related to 
HSIs, it is fair to say that scar tissue always replaces functional tissue with potential 
dramatic consequences on function. From other tissues and organs such as the heart 
or lung, it is known that scars significantly alter cardiac muscle extensibility and 
impair lung expansion as well as gas diffusion [106–108].

No association between MRI diagnosed fibrosis and recurrent hamstring injuries 
was reported during a 1-year follow-up period [91]. Interestingly, a study by Silder 
and colleagues [109] reported higher tissue strains in previously injured hamstrings 
during lengthening contractions. Their data suggest that the repaired tissue is more 
compliant compared to healthy uninjured hamstrings and might infer that force 
transmission at the MTJ in injured hamstring injuries is substantially altered. The 
presence of scar tissue following a HSI changes the mechanical properties, but 
whether this has other functional consequences would depend on the size, the matu-
ration, and the organisation of the scar. Additionally, the connection between the 
myofibres and the scar is a critical factor to the function of the reformed transition 
area and ultimately the risk of recurrence.

An additional clinical concern is that scar formation at the injury site may 
result in adverse neural tension. While there is limited research on the topic, a 
high prevalence of neural tension was reported in a small sample of athletes 
with prior hamstring strains [110]. Adverse neural tension may contribute to 
weakness with the hamstrings in a lengthened position [111], and since athletes 
with prior hamstring injuries are prone to weakness at longer muscle lengths, it 
may be important to assess for adverse neural tension to optimise treatments 
[112].

2.2.2	 �The Inflammation-Fibrosis Link and Its Potential Role 
in Scar Formation After Strain Injuries

The development of fibrotic tissue is associated with prolonged inflammation [113–
117]. It can therefore be anticipated that there is a relationship between inflamma-
tory processes after a HSI and the pathobiological fibrotic changes described in 
athletes suffering from a hamstring strain [91, 118]. It is, however, important to note 
that there are no studies investigating this direct relationship. A recent investigation 
of human muscle strains included a surrogate marker of inflammation and reported 
long-term increases in perfusion of the injured tissue indicating that inflammation 
persists for at least 6 months post injury [54].
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After a traumatic injury, the inflammatory response often starts with activated 
platelets during coagulation following the rupture of blood vessels. Activated plate-
lets change shape and secrete the contents of their granules, which involve, among 
various other factors, cytokines and chemokines to promote activation of inflamma-
tory processes [119, 120]. Further, a major factor driving the sterile (nonpathogenic) 
inflammatory response is the presence of necrotic (“dying”) cells and cell debris 
belonging to the endogenous damage-associated molecular patterns (DAMPs). 
DAMPs, which can also be damaged ECM proteins; proteoglycans, which were 
released from the ECM; and stress-induced proteins are recognised by the innate 
immune system through cell receptors such as the toll-like receptors, RIG-I-like 
receptors, NOD-like receptors, and C-type lectin receptors [121, 122]. When danger 
signals are sensed, intracellular signalling cascades are activated, of which the 
nuclear factor-κB (NFκB) pathway is considered one of the key activators of pro-
inflammatory responses in macrophages, neutrophils, and mast cells [123]. The 
immediate response to NFκB activation involves the induction of pro-inflammatory 
cytokines such as IL-6, IL-8, TNF-α, and adhesion molecules [124, 125].

Inflammatory cells multitask at the wound site by facilitating wound debride-
ment and producing chemokines/cytokines, metabolites, and growth factors needed 
for tissue repair. At the same time, inflammatory cells also release matrix metal-
loproteinases (MMPs), which are enzymes involved in the degradation of matrix 
proteins and could therefore contribute to further damage of the ECM [126]. While 
research on mechanisms associated with acute pro-inflammatory processes has 
been extensive, there is still much unknown about the resolution of inflammation 
and concomitant tissue remodelling, at least for musculoskeletal injuries. It is, 
however, obvious that failed resolution of inflammation is linked to tissue hyper-
plasia and scar formation [127, 128]. Resolution of inflammation is tightly associ-
ated with the function of anti-inflammatory macrophages and the factors that these 
cells synthesise and release. Additionally, the termination of the acute inflamma-
tory response is regulated by active processes synthesising endogenous lipid fac-
tors that are both anti-inflammatory and pro-resolving [129, 130]. Resolution is 
therefore an active rather than a passive transition which affects inflammatory cells 
but also non-myeloid cells.

Monocytes can adopt very different phenotypes, crudely divided into “pro-
inflammatory” and “anti-inflammatory” macrophages. Readers should, however, keep 
in mind that the separation into “pro”- and “anti”-inflammatory macrophages repre-
sent only two phenotypes in a wide and still evolving spectrum of macrophage polari-
sation. Pro-inflammatory macrophages are induced by cytokines interferon-γ and 
IL-1β and release high amounts of the pro-inflammatory cytokines TNF-α, IL-1β, 
IL-6, IL-12, and IL-23, as well as with reactive oxygen species (ROS) and nitric oxide 
(NO) [125, 131, 132]. The pro-inflammatory macrophages are mainly involved in 
phagocytosis of necrotic cells, whereas anti-inflammatory macrophages are promi-
nent regulators of tissue repair and regeneration and thereby linked to inflammation 
resolution, tissue remodelling, and angiogenesis. This set of macrophages is stimu-
lated by IL-4 and IL-13 and produce IL-10 as well as the TGF-β1 [125, 132–134].
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Inferior tissue healing is associated with the presence of anti-inflammatory mac-
rophages, which continue to synthesise and secrete growth factors [125]. A key 
growth factor in this context is TGF-β1 which is pivotal in the activation of myofibro-
blasts, a prominent cell type modulating the formation of fibrotic tissue [102, 135] 
(see also Sect. 2.2.1, page 45). Further, TGF-β1 stimulates the synthesis of ECM 
proteins [136, 137] and might thereby contribute to the accumulation of excessive 
connective tissue. Additionally, macrophages are sources of transglutaminases, 
which are enzymes involved in collagen cross-linking [116], and macrophages them-
selves play a major role in activating the fibroblast-to-myofibroblast transition [138].

It might therefore appear beneficial to dampen the inflammatory processes after 
injuries such as hamstring strains, but it is important to remember that interfering 
with inflammatory processes at any stage will not necessarily lead to improved 
tissue healing. The role of inflammation on healing of the MTJ after HSIs is 
unknown, but in skeletal muscle repair, pro-inflammatory macrophages stimulate 
the proliferation of myogenic cells besides their role in phagocytosis of damaged 
myofibres [139]. The next sequence in muscle repair is the skewing of pro-inflam-
matory to anti-inflammatory macrophages which stimulate the myogenic cells to 
fuse to become new myofibres [140]. Interfering with either the pro-inflammatory 
or the anti-inflammatory cascade leads to impaired tissue regeneration, emphasis-
ing the importance of an orchestrated inflammatory process [141, 142]. Also, in 
relation to connective tissue, the interference with the anti-inflammatory pathway 
has adverse effects. Whereas the deletion of a major anti-inflammatory factor (IL-
10) speeded up skin wound healing, the long-term response was the development 
of a disorganised matrix with excessive collagen deposition [128]. In another 
study, the deletion of IL-4 receptor α, a major factor involved in anti-inflammatory 
macrophage activation, led to impaired wound healing as a result of a failure of 
macrophages to initiate successful repair [143]. Another adverse outcome to the 
inhibition of inflammation was also described in tendon ruptures, where treatment 
in the very early phase after the trauma resulted in impaired mechanical properties. 
Noteworthy, dampening of inflammation at a later time point improved material 
properties [144].

However, the suppression of inflammation following hamstring injuries might be 
adjuvant to the recovery and the reduction of scar formation, in particular since tis-
sue resident cells can become activated by persistent inflammation [145] and change 
their cellular behaviour [146, 147]. But given the fact that inflammation and the 
resolution thereof are considerably complex, it is difficult to determine a certain 
time frame, during which it would be beneficial to blunt inflammatory agents.

In conclusion, scar formation following traumatic injuries is a pathobiological 
consequence in many tissues. Following hamstring strains, scars have been visual-
ised and tissue samples suggest that the fibrotic regions are characterised by high a 
cell number and disorganised connective tissue. Additionally, adipocytes accumu-
late at the injured site, a process which might contribute significantly to changes in 
mechanical properties post injury. Observations reporting altered tissue strain after 
hamstring injuries in human subjects have been made, but there is little data in this 
field. Scar formation involves a myriad of cellular processes, and it is tightly 
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coupled to persistent inflammation. Whether this is the case in HSIs remains specu-
lative. An important yet under-researched area in the musculoskeletal field is the 
effect of mechanical loading on the structure and function of scar tissue. One per-
spective of early onset of loading followed by appropriate load progression might 
be to stimulate the granulation tissue and later scar tissue optimally to improve 
strength and stability of the repair tissue.

2.3	 �Proximal Hamstring Tendinopathy

2.3.1	 �Pathological Changes in Tendinopathy

Overuse of hamstring tendons is, in most cases, confined to the origin of the ham-
string tendons, i.e. the proximal site. Therefore, this paragraph will only discuss the 
proximal hamstring tendinopathy (PHT). The reader should note that the literature 
is very limited, and thus, studies of tendons other than PHT are discussed. 
Tendinopathy is an umbrella term for non-rupture tendon overuse injuries, which 
cause symptoms such as soreness, pain, swelling, and dysfunction. In contrast to 
acute, traumatic injuries such as the hamstring muscle strain, tendinopathy is a 
chronic condition with a gradual onset. Tendinopathy is very common, but the 
injury aetiology has remained somewhat elusive. The development of tendinopa-
thies is associated with repetitive exposure to both a magnitude and volume of load-
ing that exceed the physiological capacity of the tendon and can be viewed as a 
repeated disturbance of tendon homeostasis [73]. In other words, overuse injuries 
emerge as a result of the inability of tendons to keep up with the synthesis of key 
components constituting the tendon matrix. A fundamental question that has 
remained unanswered is what defines “healthy” loading leading to tendon adapta-
tions and “excessive” loading resulting in degeneration, pain, and functional impair-
ment. Similar to tendinopathies in other anatomical sites, the PHT appears to be 
caused by overuse as hardly any non-athletes suffer from chronic injuries of ham-
string tendons [148]. Benazzo and colleagues reported that approximately 50% of 
injured hamstring tendons affect the biceps femoris tendon, 30% the semimembra-
nosus, while the ST appears to be the least affected [149].

Knowledge of structural features of human tendinopathic tendons at the tissue 
level is predominantly based on samples obtained from chronically injured patella 
or Achilles tendons [150–153]. Characteristics of chronic histopathology include 
disorganised collagen fibres, an increased amount of blood vessels, and ingrowth of 
sensory nerves [154–157]. Other histopathological signs of tendinopathic samples 
show an increase in collagen type III, areas devoid of cells [158] indicating cell 
death and/or cell migration towards other parts of the tendon, as well as areas of 
hypercellularity [159]. Fibroblasts in healthy tendon have long extensions project-
ing into the matrix and through which these cells can communicate with each other. 
These cellular extensions are absent in tendinopathic tendons, and further, cells lose 
their tight contact with the ECM. This means that the tight link between the cell and 
the matrix is disturbed. Lastly, instead of longitudinally extended nuclei which are 
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aligned along the axis of tension, tendon cells in chronically injured tendons have 
misshaped, more rounded cell nuclei [151].

Histological analysis of samples obtained during surgery for PHT revealed very 
similar characteristics compared with the aforementioned findings in the Achilles or 
patella tendons. Samples were collected from human patients with a gradual onset of 
symptoms at the proximal hamstring origin [160]. These tendons revealed a disorgan-
ised collagen matrix, a rounded shape of cell nuclei, and an increase in blood vessels. 
Further, an increase in mucin (heavily glycosylated proteins) ground substance was 
seen along with some adipocytes within the tendon matrix. None of these pathological 
signs were observed in the healthy hamstring tendon control sample [160].

In an early model presented by Gross [161], repeated cycles of injury, inflamma-
tion, and repair are suggested to result in the development of poor-quality tissue 
with inferior mechanical properties. Whether inflammatory events are involved in 
the development of tendinopathy is a matter of ongoing discussions, but there is 
accumulating evidence that inflammation plays a role in the early stages of tendi-
nopathy [162]. It is interesting to note that there seems to be an association between 
the increased number of inflammatory cells and enhanced fibroblast cellularity in 
early tendinopathic tendon [162]. This suggests an interplay between several cell 
types in the early events of tendon overuse injury. It is also important to keep in 
mind that the tendon resident fibroblasts can adopt an inflammatory phenotype 
depending on the biomechanical environment [75].

Catabolic events that might be involved in the development of tendinopathy 
include MMPs which digest and degrade connective tissues. These enzymes 
are separated into four clusters based on their substrate affinity. One important 
group of MMPs in tendon disorders is the collagenases, i.e. MMP1, MMP8, 
and MMP13, which degrade fibrillar collagen and are responsible for the bal-
ance of collagen synthesis and degradation. Important to keep in mind is that 
MMP activity is the complex product of synthesis, activation, inhibition, and 
degradation; an upregulation does not necessarily translate into higher activity. 
In tendinopathic tendons, MMP1 and MMP13 were found to be upregulated 
[163], suggesting that there is an increase in remodelling of the tissue. This is 
supported by a recent study reporting a higher collagen turnover in tendino-
pathic tissue compared to healthy control tissue [164]. Whether this shift 
towards more rapid collagen remodelling is also evident in PHT is unknown, 
yet very likely.

In the more chronic state, tendinopathy has been described as a degenerative 
process devoid of inflammation. This long-held theory has recently been challenged 
as inflammatory cells were found in samples from chronic tendon disorders. These 
cells revealed a complex inflammation signature, which involves the pro-
inflammatory interferon, NF-κB, STAT-6, and the glucocorticoid receptor path-
ways. At the same time, cells in tendinopathic tendons express markers such as 
CD206 and CD163, which are linked to the alternative inflammatory pathway, sug-
gesting chronic inflammation and ongoing repair processes [146]. Inflammatory 
cells were also found in chronic Achilles tendinopathies, but it should be noted that 
healthy control samples also revealed the presence of inflammatory cells such as 
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CD3-positive T-lymphocytes, CD56-positive natural killer cells, and mast cells 
[152]. In healthy tendons, the number of the inflammatory cells was, however, lower 
compared to the chronically injured samples. Another study on chronic tendinopa-
thy showed an increase in members of the IL-6 family, indicating ongoing inflam-
matory processes, but strikingly, the increase in IL-6 was only detectable in the 
chronically injured Achilles tendon and not the posterior tibialis tendon [165]. This 
suggests that there might be differences in cellular responses depending on the ten-
don. Whether or not inflammatory cells play a role in PHT is unknown due to the 
lack of data on inflammation in PHT.

2.3.2	 �Cellular Adaptations to Loading and Unloading in Tendon: 
How Is Mechanical Loading of Tendons Associated 
with Healing Processes?

Rehabilitation of chronic tendon injuries involves loading-based interventions, in 
most cases slow and heavy resistance training. These rehabilitative measures have 
been shown to alleviate pain and promote tissue healing [150, 166]. In particular, 
regular eccentric training with high loads has been associated with improvements of 
tendinopathic tendons [167]. Also for PHT, recommendations include eccentric 
hamstring strengthening [148]. There is, however, very little research on the effec-
tiveness of loading regimes and PHT. Although the eccentric strength training has 
been viewed as the treatment of choice, other rehabilitation regimes such as heavy 
slow resistance training with both the concentric and the eccentric phase result in 
pain reduction and improved function [166, 168], although not specifically for 
PHT. Further, static (isometric) training has been suggested to improve chronically 
injured tendons; with greater acute pain reduction after isometric exercises than that 
after isotonic exercises [169, 170].

Strength training not only improves symptoms of tendinopathic tendons, but also 
on a structural level, slow, heavy resistance training led to a normalisation of colla-
gen fibril distribution in human samples obtained from tendinopathic patellar ten-
dons [150]. The cellular mechanisms underlying the positive adaptations to heavy 
loading have remained elusive, but it is important to note that mechanical loading in 
general is essential for tendon development, homeostasis, and repair.

Short-term strength training of healthy tendon tissue upregulates mRNA for 
collagen types I and III as well as tendon regulatory factors such as insulin-like 
growth factor I, TGF-β, and connective tissue growth factor, as well as cross-link 
forming enzymes. Interestingly, the response was similar regardless of whether 
the loading regime was based on isometric, concentric, or eccentric muscle con-
tractions [171, 172]. These findings indicate that tendons respond to loading but 
do not distinguish between different contraction types, which is also supported by 
another study reporting nearly identical anabolic responses to any of the contrac-
tion modes [173]. Whether the picture is similar in human tendinopathic tendon is 
somewhat unexplored.
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The abovementioned studies were performed on rats, and although human ten-
dons show an upregulation of collagen following loading regimes, the response is 
far more moderate compared to animals [174]. Further, the anabolic response might 
differ dramatically in tendinopathic tendons, but despite these considerations, it is 
important to remember that mechanical loading has clear beneficial effects on 
chronically injured tendons. In tissues other than tendon, mechanical loading of 
scars can profoundly modify the structure of scar tissue [106, 107]. It is therefore 
likely that mechanical stimuli can have an impact on collagen fibril structure in 
tendinopathic tendons including the proximal hamstring tendons.

In the clinic, the beneficial effect of different loading regimes has been repeat-
edly demonstrated, which raises the question of how tendon fibroblasts in chroni-
cally injured tendons sense and translate the mechanical signals to promote tissue 
healing. One key factor might be the alignment of collagen fibres, as tendon fibro-
blasts are tightly bound by specific receptors to the collagen matrix. Any change in 
the organisation of the collagen fibrils inside the tendon will simultaneously affect 
the tendon cells. This was clearly demonstrated by a dramatic and rapid shift in 
receptor binding as a result of unloading of a collagen-rich matrices [75, 175]. This 
means that the cells within the collagen-rich matrix rapidly react to the change in 
the mechanical environment (i.e. the unloading) and modify the way by which they 
bind through cell receptors to the matrix.

The strict parallel alignment and the elongated shape of tendon fibroblasts have 
clearly been shown to promote the expression of tendon cell markers and the expres-
sion of collagen type I [176]. Misaligned collagen fibres, random orientation, and 
the adaptation of a rounded cell shape are features of tendinopathy and have detri-
mental effects as tendon fibroblasts switch on matrix degradation pathways [177]. 
Thus, the application of tensile load to the injured tendon through slow muscle 
contractions might stretch the collagen fibrils and cells and thereby initiate anabolic 
responses, such as collagen expression, upregulation of integrin receptors, and 
induction of growth factor signalling [73, 178]. It is important to note that during 
heavy and slow muscle contraction, the speed of the movement and the magnitude 
of loading (strain) that the matrix and the cells are subjected to are fundamentally 
different compared to injury provoking conditions such as running and jumping.

The positive effects of mechanical strain on the degenerative tendon matrix 
and the tendon fibroblast might reflect the concept put forward by Arnoczky and 
colleagues [76, 77]. In contrast to the belief that tendinopathy is an overloading 
of tendon cells, they suggest that pathological changes in tendinopathy are a 
result of under-stimulation of tendon fibroblasts [77, 179]. An in vitro study on 
tendons revealed how tendon cells react to stress deprivation; 48 h of unloading 
caused tendon cells to upregulate MMP13, an enzyme which degrades fibrillar 
collagen leading to a weakening of the tendon matrix. Unloading for 48 h caused 
further detachment of the tendon cells from the collagen matrix, which suggests 
the loss of cell-matrix adhesions [76]. The underlying mechanisms for this 
hypo-stimulation could be a focal overloading of the tendon matrix, subse-
quently leading to micro-damage of collagen fibrils and/or a reduction in their 
stiffness. This change in mechanical properties of the collagen fibrils translates 
into a reduction of the mechanical load on the tendon cells. Thereby, the 
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complete linkage from the matrix, through integrin receptors and the cytoskel-
eton, to the nucleus becomes modified.

It is noteworthy that tendon fibroblasts form a network with neighbouring cells 
through gap junctions [180, 181], which enable signal propagation from one cell to 
another. While cell communication is an essential tool for nutrient exchange and 
signal transduction in homeostatic conditions, the tendon cellular network might 
enforce local pathobiological cellular changes and thereby affect larger parts of the 
tendon matrix. During healing, however, this cellular network might be advanta-
geous to propagate positive cellular adaptations in one to other tendon areas.

Another positive effect of load on injured tendons is suggested by the finding that 
strain protects collagen fibrils from collagen degradation. In an elegant study, a 
group of researchers showed that mechanical strain preserves collagen fibrils in the 
presence of MMP8; while unloaded fibrils were readily degraded, the strained fibrils 
were resistant to degradation for a prolonged time [182]. In tendinopathic tendons, 
increased amounts of several MMPs were measured and a disorganisation of colla-
gen fibrils was described in several studies, suggesting collagen fibrils that are sub-
jected to reduced strain. This combination might be a vicious circle contributing to 
enhanced tendon matrix catabolism as the disorganised collagen fibrils are more 
prone for enzymatic digestion. In the context of tissue repair, the regular application 
of high tensile load in slow motion might gradually straighten the collagen fibrils 
and thereby protect the matrix from degradation. Although this idea appears as an 
attractive mechanism, it should be remembered that it is speculative as there are no 
data on the strain that collagen fibrils in healthy and injured tendons are subjected 
to during slow loading.

In the clinical practice, one of the most effective treatment options for tendinopa-
thy is heavy slow loading of the injured tendons, but exactly how the tendon cells 
and the tendon matrix are stimulated and activate a healing response is unclear. It is, 
however, obvious that unloading leads to catabolic changes in the tendon, indicating 
that “rest” periods should be avoided. Although the proximal hamstring tendons 
have not received much attention in tendon research, it is fair to speculate that load-
ing regimes to treat tendinopathic hamstring tendons are suitable to reduce pain and 
improve structure of chronically injured hamstring tendons.
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