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Preface

The muscles and skeletal system are vital for performing everyday functions. 
Tendons are round, oval, or flat tissue extending between muscle and bone. 
Tendons are differentiated muscles that connect to bones. They provide joint move-
ments resulting from contraction and relaxation of muscles. Tendons are highly
resistant to tensile force but have a flexible structure. They also have some extension
properties. In this manner, they transmit the tension generated by the muscle to
the bones and tendons adapt perfectly to the joint regions and bone circumference. 
Some tendons contain bony or cartilaginous sesamoid bones. These bones allow the
tendons to adapt to the bone surface. The tensile strength of the tendons is similar to
the bone, and a 1 cm thick tendon can withstand a load of 600–1000 kg.

The musculoskeletal system can be likened to the columns that carry the body. 
A weak system will cause you to experience discomfort in different parts of your
body after a while. A muscle and skeletal system that is strong enough to perform
vital functions is extremely important. Walking, running, performing sports, and 
even moving comfortably, depends on it. With the increasing importance placed on
human health, the average life expectancy has started to increase. Improving the
quality of life for this longer lifespan has become very important.

The book contains an introductory chapter, which is followed by an overview of
the structure and classification of tendons by Kaya et al., including an explanation
of their complex structure. The third chapter is about the imaging of tendons by
Torres-Ayala et al., where we learn that magnetic resonance imaging and ultrasound 
are useful radiological methods that allow adequate evaluation of tendon anatomy
and integrity. The fourth chapter is on exercise and a tendon remodeling mecha-
nism by de Cassia Marqueti et al. The fifth chapter describes patellar tendinopathy, 
which is a source of anterior knee pain, characterized by pain localized to the infe-
rior pole of the patella. The author describes patellar tendinopathy as jumper’s knee. 
The sixth chapter by Burk summarizes a very important, yet mostly underestimated 
subject: mechanisms of action of multipotent mesenchymal stromal cells in tendon
disease. The chapter provides an understanding of successful treatment approaches
to fully exploit the regenerative potential of the multipotent mesenchymal stromal 
cells. The seventh chapter is by Yousef and it introduces the physiology of flexor
tendon healing and rationale for treatment protocols. This is an interesting chapter
on the management of flexor tendon injuries of the hand by Ahmad et al. We use
our hands for carrying out most of our daily activities, but these activities can make
our hands vulnerable for trauma. The last chapter is written by Lee et al. and it
describes an interesting study performed with the injectable rhBMP-2-containing 
collagen gel for tendon healing in a rabbit extra-articular bone tunnel model. This
book may contain errors despite our obsessive reviews and efforts. But all in all, I 
think that it provides the reader with interesting up-to-date data while summariz-
ing information about tendons.

I want to thank all the authors of this book for their amazing work and our Author
Service Manager Ms Rozmari Marijan, without whom I would not have been able to
edit this book.
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I hope that this book will be useful for anyone who wants to read about new per-
spectives on tendons. I also hope that it will inspire researchers working in this field. 

Dr. Hasan Sözen
University of Ordu,

Physical Education and Sport,
Ordu, Turkey
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Chapter 1

Introductory Chapter: Tendons
Hasan Sözen

1. Introduction

The tendons act as a mechanical bridge. Tendons allowing muscle strength to
pass to the bones and joints, it also allows the muscle to contract and target move-
ment. There are different types of tendons that reflect muscle morphology and 
specific functions. Tendon tissue includes all muscle tissue, not just the terminal 
or starting area of each muscle. The binding layers (epimysium, perimysium, and 
endomysium) combine in a single organization to contact one or more fixed bone
points. There is a contraction fiber in the same tendon near the muscle. It affects
the muscle-tendon, and thus the tendon affects the functional function of the
muscle. In the context of manual therapy, rehabilitation or surgery, it is important
to consider these close relationships between anatomy and function. Tendon tissue
can adapt its cellular structure to pathological or physiological stimuli depending on
the systemic hormonal environment and age [1]. The primary function of ligaments
and tendons is to move from muscles to tendons or to assist movement to transfer
force from the bone involved in the movement to the bone (ligaments). Foot and 
hand tendons net occur in relation to the ligament between them and this is called 
super-tendons. The concept of super-tendons has been proposed to explain that
such networks exhibit a more functional range than their members [2].

In the organism, ligaments and tendons act as connective tissues that act as
force-transmitting structures and provide musculoskeletal movement. Typical 
features of normal tendon tissue are parallel-aligned tenocytes and collagen I 
fibers. In addition, the extracellular matrix consists of proteoglycans, elastin, and 
glycoproteins. There is almost no vein in the tissue and nutrition is provided along 
with oxygen as well as nutrition at the osteotendinous junctions and vascularized 
myotendinous. Growth factors are vital for tendon homeostasis, development, and 
regeneration. The most important of these is growth factor-beta. Structural changes
on tendinopathy and aging comprise the degree of vascularization (aging leads
to less tendinopathy and more vascularization), extracellular matrix (age-related 
lower collagen content and tendinopathic collagen disorder), and proteoglycan
tendon (small tendons, tendinopathic tendons) [3].

Tendons’ basic structural properties situations are combined and shown in
Figure 1. The main differences in morphology and organization of collagen fibers, 
has in terms of vascularization and cell density and morphology. In addition, 
extracellular matrix proteins in the normal aging and degenerative change the
condition of the tendon and ligament [4]. Aging tendon tissue is different in terms
of the tendon cells from healthy tissue morphology and finer turn into tenocytes
have larger nuclei in older age. As for the vascularization is reduced and there are fat
deposits in the connective tissue. Finally, tendinopathic tendon is more vascularized 
than normal tendon with irregular collagen fibers and the enriched with extracel-
lular matrix proteoglycans (Figure 2).

According to the figure, healthy tendon tissue consists of densely packed 
collagen fibers in an amorphous ground material containing connective tissue of
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water (60–80% of total wet weight), collagen (65–86% of dry weight, mostly type 
I collagen 95–98%) proteoglycans (1–5%), elastin (1–2%) and 0.2% inorganic 
components. In addition, tendon cells appear arranged in parallel lines [5].

The biomechanical behavior of a tendon is not only related to the magnitude 
of tension stress, but also to the shape of the tendon itself. The muscles used to 
perform precise and precise movements such as bending of the fingers have long 
and thin tendons, while those who perform strength and endurance actions such 
as quadriceps femoris and sural turaleps have shorter and more robust tendons. 
A short tendon has greater tensile strength than a long tendon because the load 
required to achieve fracture is much larger in the short tendon of the same diameter. 
A long tendon may undergo a greater deformation than a short tendon before it 
tears. The strength and resistance of a tendon are therefore two different entities 
and depend on the diameter and length of the tendon itself. The biomechanical 
properties of the tendon are related to the diameter and arrangement of collagen 
fibrils, tendons exposed to high stress are less flexible, large-diameter fibrils than 
small-diameter fibers [1].

Figure 1. 
Structural changes of tendons [4].

Figure 2. 
Composition of tendon tissue [3].
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The cells forming the tendons are generally thought to consist of tenocytes 
only for maintenance, repair, and regeneration. In scientific research, special cell 
types have been observed in tendons that can self-proliferate and differentiate into 
different cell types [6, 7]. In 2007, Bi et al. directly showed the presence of stem 
cells in tendons. Bi et al. showed that there is a small cell population carrying stem 
cell characters such as the ability to clone, self-proliferate and differentiate into 
other cells in human and mouse tendons [8]. After these developments, interest 
in tendon physiology, pathology, and tendon tissue engineering has increased. 
Tendon-derived stem cells, like other stem cells, play a role in tissue regeneration, 
maintenance, and repair within their local microenvironment. The in vivo niche 
environment of tendon-derived stem cells is still unknown. Although tendon stem 
cells are generally used to identify these cells, many names are used in the literature.

Muscles and tendons are the most commonly injured tissues in sports individu-
als. The limited number of studies on muscle-tendon injuries, especially in child-
hood and adolescence, has caused our knowledge to be quite limited compared to 
bone, growth cartilage, joint cartilage, and ligament injuries. Acute injuries such 
as muscle contusion or strain are seen in childhood and adolescence, mostly due 
to macro trauma. These injuries usually have a limited, benign course and allow 
the athlete to return to training and competitions in a short time. Overuse injuries 
resulting from repeated microtrauma and prolonged exposure to submaximal 
stress, although less common than acute injuries, require a more intensive treatment 
program. Overuse injuries cause individuals to stay away from sports for longer. 
Collagen connective tissue is an important part of a healthy tendon and in athletic 
performances, its robust function is a prerequisite for the smooth functioning of 
muscle-tendon units. An accurate understanding of the structure and metabolism 
of the tendon connective tissue is necessary to understand the etiology and patho-
genesis of tendon injuries and athletic diseases and histopathological findings in 
each disease. In addition, this information is required to plan the treatment and 
rehabilitation protocol for a patient with a specific tendon problem. Future basic 
tendon science studies, not only in the field of rehabilitation and medicine but also 
in sports medicine, should explain where the pain after injury comes from chronic 
tendon disorders and how it can accelerate and accelerate tendon tissue healing 
after an injury [9].
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Chapter 2

Tendon Structure and 
Classification
Murat Kaya, Nazım Karahan and Barış Yılmaz

Abstract

Tendons play an important role in the movement by transmitting the contrac-
tion force produced by the muscles to the bone they hold, and their contribution to 
stability to the joints is extremely important. Tendons generally have a very complex 
structure; they are actually heavily composed of connective tissue and have a small 
number of cells and rich extracellular matrix, similar to other connective tissue 
structures. The tendons are mainly composed of three parts: the tendon itself, the 
muscle-tendon junction, and the bone insertion. The simplest classification for the 
tendons classified according to their shapes, settlements, and anatomical structures 
is the classification made according to their shapes. Tendons can be classified 
in many ways according to their location, but the most logical one is the tendon 
classification in relation to the functions they see as intraarticular and extraarticu-
lar. According to their anatomy, the tendons can also be classified as sheathed or 
synovial-coated or unsealed or paratenon-coated. According to their functions, 
tendons can be classified as energy storage or positional tendons.
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epitenon, paratenon, collagen fibrils

1. Introduction

Tendons are dense fibrous tissues that bind the muscles to the bone. They play an 
important role in the movement by transmitting the contraction force produced by 
the muscles to the bone they hold. At the same time, their contribution to stability 
to the joints is extremely important. Although they differ in shape and size depend-
ing on the location, the common feature of all is that they can attach to a bone and 
transmit large loads without deforming them. Although they are structurally sound 
as they can withstand very high powers due to their function, degeneration and 
various damages caused by aging can result in loss of muscle strength [1–3].

Although tendons generally have a very complex structure, they are actually 
heavily composed of connective tissue and have a small number of cells and rich 
extracellular matrix, similar to other connective tissue structures. In terms of total 
tissue volume, while the cellular structure constitutes approximately 20% of total 
tissue volume, the remaining cells form 80% of the extracellular matrix. As a result 
of these factors, the cellular structure is mainly 60–85% collagen, 0.2% proteo-
glycans such as inorganic substances, 2% elastin, and 4.5% other proteins, while 
the matrix is composed of 55–70% water and the rest of the extracellular matrix 
consists of proteoglycans [4, 5].
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2. Morphology, histology, microanatomy, and cell biology

When we look at the structure, tendons are composed of collagen fibrils; they 
consist of fiber bundles, fascicles, and finally the tendon structure, also known as a 
group of fascicles. In conclusion, tendons are composed of multiple bundles, fibro-
blast, and dense linear collagen fibrils, which form the macroscopic structure of 
tendons and give the appearance of fibrous. In general, connective tissue surround-
ing the tendons allows some friction. In this way, the ligament around many tendons 
has a mesotendon that sticks to the tissue and encircles it. This structure also allows 
the tendon to flush. The connective tissue of low density surrounds tendon fascicles, 
which is called the endotendon. The fact that tendon fascicles are surrounded by 
endotendon actually allows tendon bundles to make small slip motion. Endotendon 
tissue continues in the form of an epitendon covering the tendon surface. When the 
tendon joins with the muscle, it continues as epimysium in the epitendon muscle. At 
this point, the muscle-tendon junction must transmit the muscle contraction to the 
tendon exactly. The tendon adhesion of the muscle occurs when the fibrous tissue 
layers of the muscle enter the collagen fibers of the tendon into the collagen fibers. In 
a study conducted by electron microscopy, the position of the muscle cells and ten-
dons is like the fingers of two hands that are locked together. Collagen fibers do not 
enter the muscle cells, but they bind tightly under the basal membrane. The move-
ment of a normal tendon, the transfer of muscle power for the entire movement of 
the joints, and the feeding of tendons depend on peritendinous connective tissue. 
This structure is called the peritendon. These structures form the sheaths, which are 
very finely organized structures from the loose connective tissue [3, 6].

The cell and matrix compositions of tendons are similar to ligaments and 
capsules and contain only small differences. In fact, they all have the same cell type 
and similar vascular and innervation sources. Collagen, elastin, proteoglycan, and 
noncollagenous proteins combine to form the macromolecular framework of dense 
fibrous tissues. In all of them, the dominant cell type is fibroblasts. In particular, 
the cells within the tendons are specific fibroblasts called tenocytes. The main role 
of these cells is to control cell metabolism (production and degradation of extracel-
lular matrix) and to react to mechanical stimuli applied to the tendon. Especially 
tensile loads act as a signal for collagen production, and this process is called 
mechanical transmission. These cells stretch along collagen fibrils in the form of 
longitudinal arrays where they have a tensile load [7, 8].

The extracellular matrix of tendons is largely composed of collagen fiber 
network and less proteoglycans, elastin, and other proteins. The main task of 
these components is to maintain the structure of the tendon and facilitate the 
biomechanical reaction of the tissue against mechanical loads. An important 
component of extracellular matrix, proteoglycans, forms less than 1% of the dry 
weight [9].

The main substance in tendons and ligaments is basically about 0.2% inorganic 
substances and about 4.5% other proteins. The most effective of inorganic sub-
stances are proteoglycans. In addition to prostaglandins with a small amount in the 
main substance, the most common biomechanical properties are the decorin and 
cartilage oligomeric matrix protein (COMP) [10].

The protein clusters in the structure are connected to a large portion of the 
extracellular matrix of tendons, making the matrix a structure similar to the gel. 
Thanks to this compound, collagen provides spaces and lubrication between micro-
fibrils, while cement-like material also makes the collagen structure of tendons 
stable and contributes to the resistance of the tissue [3, 11, 12].

The collagen in the tendon structure is found as the main molecule of dense 
fibrous tissue and forms approximately 70% of dry weight. When examined as 
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collagen type, it is largely composed of Type I (60%) and other types, namely, 
Types III, IV, V, and VI. Collagen Type-I fibers are capable of withstanding large 
tensile loads and are found in abundance from the tendon structure, allowing a 
certain degree of stretch and mechanical deformations of the tendons [13].

According to today’s information, synthesis of collagen in connective tissue 
begins in the cell membrane of fibroblasts. This synthesis process is similar to 
that of all connective tissue, although it may differ slightly depending on the type 
of complex collagen. Therefore, tendons, which contain Type-I collagen, have a 
process of synthesis and degradation similar to those in the ligaments and bones. 
From here, with a more detailed look, we can say that synthesizing for collagens in 
tendon structure begins in the cell membrane of the tenocytes. “Integrin” molecules 
have an important role in collagen production because they are sensitive to the 
transmission of mechanical charge from inside the cell to the outside or vice versa. 
In other words, the integrins are like force sensors and, in particular, detect cell 
withdrawal, allowing the cell to react to these mechanical stimuli. At the same time, 
various growth factors contribute to the regulation of this mechanical conversion 
process [14].

Cross-linkages form between collagen molecules, which are very important for 
clustering at the fibril level. The cross-links between the fibrils are more complex. 
And this cross-link structure of collagen fibrils provides the strength of the tissue 
and thus ensures that it performs the task of the tissue under mechanical loads. In 
the newly formed collagen, these cross bonds are less in number, soluble in salt or 
acid solution, and can easily break with heat. As collagen matures, the number of 
cross bonds that can dissolve and break down decreases and decreases to the mini-
mum level. As a result, organized collagen molecules form microfibril, sub-fibrils, 
and fibrils. The fibrils are also clustered to form collagen fibers, collagen clusters 
or fascicles, and the tendon. Tenocytes are arranged between these fascicles and 
aligned in the direction of the mechanical load [10].

In the cellular structures of tendons, as mentioned above, there is much less 
amount of elastin than collagen, because the mechanical properties of the tendons 
depend not only on the architecture and properties of collagen fibers but also on 
the extent to which this structure contains elastin. However, in tendons, elastin 
proteins, which usually constitute about 2% of the dry weight, can be up to 70% in 
elastic bonds such as nuchal ligament and ligamentum flavor. Because the bond has 
a special function and the nerve roots of the spine, mechanical stresses, stresses, 
etc. provide stability to the spine [9, 15].

Blood circulation in tendons is very important, because the current circulation 
of blood directly affects metabolic activity especially during healing. However, 
blood circulation in tendons is not as rich as muscles and bones, and it accounts 
for only 1–2% of the extracellular matrix. Therefore, they have a white color when 
compared to the muscles with a much higher blood vessel density. However, there 
are a few factors such as the anatomical location, structure, previously damaged 
condition, and physical activity level of tendons that contribute to blood supply 
besides the small amount of vascular structure. There are studies that show that 
blood flow increases in tendons in the case of increasing physical activity in the lit-
erature. There are more vascular tendons due to their anatomical position or shape 
and function. The flushing of tendons is primarily derived from the synovium at 
the point of attachment to the bone or paratenon. However, some tendons feed on 
the tendon like the Achilles tendon and the paratenon structure, and some tendons 
are fed by a true synovial sheath they are surrounded. Bone and tendon adhesion 
is a layer of cartilage where blood flow cannot pass directly from the bone-tendon 
compound. Instead, they make anastomosis with the veins on the periosteum and 
make indirect connections [16].
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In contrast, tendons have a very rich neural network and are often innervated 
from the muscles in which they are associated or from the local cuticle nerves. 
However, experimental studies on humans and animals have shown that tendons 
have different characteristics of nerve endings and mechanoreceptors. They play 
an important role especially for proprioception (position perception) and nocicep-
tion (pain perception) in joints. In fact, studies have shown that there is internal 
growth in the nervous and vascular systems during the healing of tendon, which 
causes chronic pain. Internal growth of the vein is an indicator of the tendon 
trying to heal, but because of this growth, nerves may feel pain in areas without 
pain before. This means that the nerves play an important role not only in the 
proprioception but also in the nociception. Nerve endings are located below the 
muscle-tendon junction and typically in the bone-tendon junction in the form of 
Golgi organs, Pacini bodies, and Ruffini endings. Of these, the Golgi organs are 
only mechanically stimulated by pressure and compression, so that they receive 
information from the power produced by the muscle. Pacinian bodies are rapidly 
adaptive mechanoreceptors due to nerve endings with a highly sensitive capsular 
end to deformation, thus dynamically responding to deformation, but are insensi-
tive to constant or stable changes. Ruffin termination results from multiple, thin 
capsule-tipped, and single axons and has slowly adapting mechanoreceptors and 
thus continues to receive information until a constant warning level is stimulated 
during deformation [17].

The tendons are surrounded by loose, porous connective tissue, which is called 
paratenon. A complex structure, paratenon, protects the tendon and allows shifting 
tendon cover format. Tendon sheaths consist of two continuous layers: parietal on 
the outside and visceral on the inside. The visceral layer is surrounded by synovial 
cells and produces synovial fluid. In some tendons, the tendon sheath extends along 
the tendon, while in others it is found only in the binding parts of the bone.

The parietal synovial layer is found only under the paratenon in the body 
regions where tendons are exposed to high friction. This is called the epitenon and 
surrounds the fascicles. In this case, epitenon’s synovial cells produce lubricating 
liquid. In regions where friction is less, tendon is surrounded by paratenon only. At 
the tendon-bone junction, the collagen fibers of endotenon continue into the bone 
and become a peritendon.

The regions of the tendon bonding to the bone consist of a dense connective 
tissue, which is able to adhere to the hard bone from the dense connective tissue and 
is resistant to movement and damage. Although they occupy a small area in size, the 
areas of adhesion to the bone have a complex structure that is much different from 
that of the tendon itself. According to the size of the load they carry, they show a 
different proportion of collagen bundles [18].

The tendons cling to the bone is a complex event; collagen fibers mix into fibro-
cartilage, mineralize, and then merge with the bone. “Sharpey’s penetrating fibers” 
continue with the external lamellar structure of the bone of tendon fibrosis along 
the period that is important for the entry of the tendon called enthesis. Sticking to 
the bone is done in two ways. In the first type, the adhesion of many collagen fibers 
is direct to the bone, while the second type indirectly adheres to the periosteum. In 
other words, the tendon is attached to the bone in the form of fibrous or indirect 
adhesion to the metaphysics and diaphysis of long bones or fibrocartilaginous or 
direct adhesion to the epiphyses of the bone. In fibrous adhesions, while the col-
lagen fibers of the tendon are permanently adhered to the periosteum during bone 
development, fibrocartilaginous adhesions have a gradual transition from tendon to 
bone. This gradual transition in fibrocartilaginous adhesions includes the tendon, 
decalcified fibrocartilage, calcified fibrocartilage, and four zones of bone, so that 
the uniform distribution of the load at the adhesion site and the joint movement and 
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the coordination of the collagen fibers are ensured. However, changes in the fibro-
cartilaginous structure due to compressive loading vary depending on the adhesion 
sites of the tendons. This ensures better protection against compressive forces. The 
bones of the tendons are composed of four regions within the bone; at the end of the 
tendon (region 1), collagen fibers enter the fibrocartilage (fibrous cartilage—region 
2). As the fibrocartilage progresses, it becomes mineral fibrocartilage (area 3) and 
then integrates with cortical bone (fourth region). This transformation, which is 
more bone structure than tendon structure, leads to gradual increase of mechanical 
properties of the tissue [3, 19–21].

3. Classification of tendons

The tendons are mainly composed of three parts: the tendon itself, the muscle-
tendon junction, and the bone insertion. In general, they pass through the joints 
and adhere to their distal. In this way, they increase the effectiveness of the muscles 
on the joints. At the same time, similar to bones, mechanical properties vary 
depending on the load carrying place. For this reason, knowing where they are 
helps us understand the structure. In fact, not every muscle has a tendon. While 
some tendons are involved in some muscles that play an active role in joint move-
ments, the presence of some tendons is to increase muscle movement distances 
rather than the movement of the joint. For example, Achilles tendon is a very special 
tendon for the body carrying the loads by centralizing the strength of a few muscles. 
In contrast, some tendons, such as the posterior tibial tendon, act by distributing 
the load to several bones. Although it is known that most tendons originate from the 
muscle and adhere to the bone, some tendons may be the starting point for muscles, 
or two muscles are connected to each other through a tendon [22, 23].

The simplest classification for the tendons classified according to their shapes, 
settlements, and anatomical structures is the classification made according to 
their shapes. They can be very small and very long, and they can be very large and 
very short. Tendons are very variable according to their shape, long, round, rope-
shaped (such as Achilles tendon), or short; flat tissue adhesion (such as bicipital 
aponeurosis) can be seen. In other words, tendons may change from flat to cylinder, 
from fan shape to ribbon shape. However, round tendons (such as flexor digitorum 
profundus) or flat tendons (such as rotator cuff, bicipital aponeurosis) are more 
involved in the body. In this simple classification, tendons are divided into round 
and flat and are very different from each other as structural and functional. For 
example, while round tendons respond equally to tensile loads with parallel collagen 
patterns, flat tendons such as rotator cuffs can respond microanatomically in the 
form of compression and shear forces due to longitudinal, oblique, and transverse 
collagen sequences. However, in round tendons, the section area is proportional 
to the maximum isometric strength of the muscle. In other words, due to parallel 
collagen sequences, flat tendons are resistant to compression and shear forces due to 
flat, longitudinal, and oblique collagen sequences in comparison to round tendons 
that respond equally to the tensils [3, 24].

Tendons can be classified in many ways according to their location, but the 
most logical one is the tendon classification in relation to the functions they see as 
the intraarticular (biceps long head and popliteus tendon) and the extraarticular 
(Achilles tendon). Most tendons are non-articular, but the intra-articular ones lack 
the ability to repair after injury as in the same intra-articular ligaments (an example 
of anterior cruciate ligament tear). At the same time, although most tendons adhere 
to the bone, some tendons form the origo point for the muscles (lumbrical muscles 
originate from the flexor digitorum profundus) or connect two muscles (such as 
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during deformation [17].
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the outside and visceral on the inside. The visceral layer is surrounded by synovial 
cells and produces synovial fluid. In some tendons, the tendon sheath extends along 
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The parietal synovial layer is found only under the paratenon in the body 
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surrounds the fascicles. In this case, epitenon’s synovial cells produce lubricating 
liquid. In regions where friction is less, tendon is surrounded by paratenon only. At 
the tendon-bone junction, the collagen fibers of endotenon continue into the bone 
and become a peritendon.

The regions of the tendon bonding to the bone consist of a dense connective 
tissue, which is able to adhere to the hard bone from the dense connective tissue and 
is resistant to movement and damage. Although they occupy a small area in size, the 
areas of adhesion to the bone have a complex structure that is much different from 
that of the tendon itself. According to the size of the load they carry, they show a 
different proportion of collagen bundles [18].

The tendons cling to the bone is a complex event; collagen fibers mix into fibro-
cartilage, mineralize, and then merge with the bone. “Sharpey’s penetrating fibers” 
continue with the external lamellar structure of the bone of tendon fibrosis along 
the period that is important for the entry of the tendon called enthesis. Sticking to 
the bone is done in two ways. In the first type, the adhesion of many collagen fibers 
is direct to the bone, while the second type indirectly adheres to the periosteum. In 
other words, the tendon is attached to the bone in the form of fibrous or indirect 
adhesion to the metaphysics and diaphysis of long bones or fibrocartilaginous or 
direct adhesion to the epiphyses of the bone. In fibrous adhesions, while the col-
lagen fibers of the tendon are permanently adhered to the periosteum during bone 
development, fibrocartilaginous adhesions have a gradual transition from tendon to 
bone. This gradual transition in fibrocartilaginous adhesions includes the tendon, 
decalcified fibrocartilage, calcified fibrocartilage, and four zones of bone, so that 
the uniform distribution of the load at the adhesion site and the joint movement and 
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the coordination of the collagen fibers are ensured. However, changes in the fibro-
cartilaginous structure due to compressive loading vary depending on the adhesion 
sites of the tendons. This ensures better protection against compressive forces. The 
bones of the tendons are composed of four regions within the bone; at the end of the 
tendon (region 1), collagen fibers enter the fibrocartilage (fibrous cartilage—region 
2). As the fibrocartilage progresses, it becomes mineral fibrocartilage (area 3) and 
then integrates with cortical bone (fourth region). This transformation, which is 
more bone structure than tendon structure, leads to gradual increase of mechanical 
properties of the tissue [3, 19–21].
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tendon junction, and the bone insertion. In general, they pass through the joints 
and adhere to their distal. In this way, they increase the effectiveness of the muscles 
on the joints. At the same time, similar to bones, mechanical properties vary 
depending on the load carrying place. For this reason, knowing where they are 
helps us understand the structure. In fact, not every muscle has a tendon. While 
some tendons are involved in some muscles that play an active role in joint move-
ments, the presence of some tendons is to increase muscle movement distances 
rather than the movement of the joint. For example, Achilles tendon is a very special 
tendon for the body carrying the loads by centralizing the strength of a few muscles. 
In contrast, some tendons, such as the posterior tibial tendon, act by distributing 
the load to several bones. Although it is known that most tendons originate from the 
muscle and adhere to the bone, some tendons may be the starting point for muscles, 
or two muscles are connected to each other through a tendon [22, 23].

The simplest classification for the tendons classified according to their shapes, 
settlements, and anatomical structures is the classification made according to 
their shapes. They can be very small and very long, and they can be very large and 
very short. Tendons are very variable according to their shape, long, round, rope-
shaped (such as Achilles tendon), or short; flat tissue adhesion (such as bicipital 
aponeurosis) can be seen. In other words, tendons may change from flat to cylinder, 
from fan shape to ribbon shape. However, round tendons (such as flexor digitorum 
profundus) or flat tendons (such as rotator cuff, bicipital aponeurosis) are more 
involved in the body. In this simple classification, tendons are divided into round 
and flat and are very different from each other as structural and functional. For 
example, while round tendons respond equally to tensile loads with parallel collagen 
patterns, flat tendons such as rotator cuffs can respond microanatomically in the 
form of compression and shear forces due to longitudinal, oblique, and transverse 
collagen sequences. However, in round tendons, the section area is proportional 
to the maximum isometric strength of the muscle. In other words, due to parallel 
collagen sequences, flat tendons are resistant to compression and shear forces due to 
flat, longitudinal, and oblique collagen sequences in comparison to round tendons 
that respond equally to the tensils [3, 24].

Tendons can be classified in many ways according to their location, but the 
most logical one is the tendon classification in relation to the functions they see as 
the intraarticular (biceps long head and popliteus tendon) and the extraarticular 
(Achilles tendon). Most tendons are non-articular, but the intra-articular ones lack 
the ability to repair after injury as in the same intra-articular ligaments (an example 
of anterior cruciate ligament tear). At the same time, although most tendons adhere 
to the bone, some tendons form the origo point for the muscles (lumbrical muscles 
originate from the flexor digitorum profundus) or connect two muscles (such as 
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omohyoid and digastric muscle). In addition, the large part of the tendon may 
originate from the muscle itself (gastrocnemius and soleus). For example, in some 
muscles tendons move into the muscle joint and tendon sticks at an angle. This 
allows a high proportion of muscle fibers to adhere to the tendon, thereby increas-
ing the strength of the muscle-tendon unit but reducing the range of motion.

According to their anatomy, the tendons can also be classified as sheathed or 
synovial-coated (such as the long flexor of the fingers) or unsealed or paratenon-
coated (such as Achilles tendon). In other words, these tendons, which are 
separated by intrasynovial and extrasynovial, have a higher slippage resistance 
compared to the intrasynovial tendon structure, when examined more closely. At 
the same time, the soft tissue protection and vascularity of these two tendons are 
different [20].

According to its functions, tendons can be classified as energy storage or posi-
tional tendons (Table 1). In general, the muscles tend to tendon to shorten the 
stress load; the affected tendon is stretched and the muscle can relax again when 
relaxed. This makes the tendon a structure that stores elastic voltage energy. The 
best example of energy storage tendons is Achilles tendon. Tibialis anterior tendons 
in human are examples of positional tendons, and they can never extend relatively. 
Positional tendons are rarely injured because they extend less [25–27].

4. Conclusion

In conclusion, tendons are composed of multiple bundles, fibroblast, and dense 
linear collagen fibrils, which form the macroscopic structure of tendons and give 
the fibrous appearance. The cell and matrix compositions of tendons are similar 
to ligaments and capsules and contain only small differences. In fact, they all have 
the same cell type and similar vascular and innervation sources. The extracellular 
matrix of tendons is largely composed of collagen fiber network and less proteogly-
cans, elastin, and other proteins. The main task of these components is to maintain 
the structure of the tendon and facilitate the biomechanical reaction of the tissue 
against mechanical loads.

Knowing where tendons are helps us understand the structure. While some 
tendons are involved in some muscles that play an active role in joint movements, 
the presence of some tendons is to increase muscle movement distances rather than 
the movement of the joint.

Energy storage tendons Positional tendons

Function -Storage and release of elastic stress 
energy

-Transport the forces created in muscles to 
the bones

Material 
specifications

-Bimodal with smaller fiber diameter
-More glycosaminoglycan and water 
content, softer matrix
-Increased interfascicular slip due to 
lower intrafascicular rigidity

-Unimodal with a wider diameter of a fiber
-Lower glycosaminoglycan and water 
content, the harder matrix
-Tightly packed fascicles with less 
interfascicular slip at low loads

Biomechanical 
features

-It can extend in physiological loads
-Higher tensile strength
-Lower tensile strength

-Cannot stretch in physiological loads
-Lower tensile strength
-Higher tensile strength

Injury -More -Less

Example -Achilles tendon -Anterior tibial tendon

Table 1. 
Classification and properties of tendons according to their functions.
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Imaging of Tendons
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Abstract

Magnetic resonance imaging (MRI) and ultrasound (US) are useful radiologic 
modalities that allow adequate evaluation of tendon anatomy and integrity. Each 
modality contains unique advantages as diagnostic tools, allowing detection of 
tendon injuries and pathology. This chapter focuses on the key imaging features of 
tendons in both ultrasound and magnetic resonance, with emphasis on the major 
joints such as the shoulder, elbow, hand/wrist, hip, knee and foot/ankle joints. Each 
section provides a review of standard magnetic resonance imaging protocols and 
ultrasound technique, along with a discussion of the radiologic appearance of the 
most common tendon pathology affecting each joint.

Keywords: tendons, ultrasound, magnetic resonance imaging, radiology

1. Introduction

Imaging modalities play a significant role in the evaluation of tendon pathol-
ogy. Knowledge of anatomical landmarks of the tendons is of utmost importance 
in order to differentiate and accurately diagnose pathologic processes. Ultrasound 
(US) and Magnetic Resonance Imaging (MRI) are currently the imaging modalities 
of choice to evaluate tendon pathology, each with its own unique advantages as 
diagnostic tools. Tendons are characteristically seen as echogenic fibrillar structures 
on US and as homogeneous hypointense structures on MRI.

This chapter focuses on the key imaging features of tendons in US and MRI 
modalities, with emphasis on the shoulder, elbow, hand, hip, knee and foot joints. 
Each chapter section will provide a review of the anatomical landmarks, normal 
US and MRI appearance, imaging protocols, and discussion of common pathology 
affecting the tendons in each joint.

2. Shoulder

2.1 MRI protocol

The patient is positioned supine with the arm at the side in neutral position or 
slight external rotation in order to put some tension on the long head of the biceps 
tendon. A small field of view (approximately 14–16 cm) is obtained in three imaging 
planes: axial, coronal oblique, and sagittal oblique. The axial images are acquired 
from the top of the acromioclavicular joint through the proximal humeral shaft 
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Abstract

Magnetic resonance imaging (MRI) and ultrasound (US) are useful radiologic 
modalities that allow adequate evaluation of tendon anatomy and integrity. Each 
modality contains unique advantages as diagnostic tools, allowing detection of 
tendon injuries and pathology. This chapter focuses on the key imaging features of 
tendons in both ultrasound and magnetic resonance, with emphasis on the major 
joints such as the shoulder, elbow, hand/wrist, hip, knee and foot/ankle joints. Each 
section provides a review of standard magnetic resonance imaging protocols and 
ultrasound technique, along with a discussion of the radiologic appearance of the 
most common tendon pathology affecting each joint.
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1. Introduction

Imaging modalities play a significant role in the evaluation of tendon pathol-
ogy. Knowledge of anatomical landmarks of the tendons is of utmost importance 
in order to differentiate and accurately diagnose pathologic processes. Ultrasound 
(US) and Magnetic Resonance Imaging (MRI) are currently the imaging modalities 
of choice to evaluate tendon pathology, each with its own unique advantages as 
diagnostic tools. Tendons are characteristically seen as echogenic fibrillar structures 
on US and as homogeneous hypointense structures on MRI.

This chapter focuses on the key imaging features of tendons in US and MRI 
modalities, with emphasis on the shoulder, elbow, hand, hip, knee and foot joints. 
Each chapter section will provide a review of the anatomical landmarks, normal 
US and MRI appearance, imaging protocols, and discussion of common pathology 
affecting the tendons in each joint.

2. Shoulder

2.1 MRI protocol

The patient is positioned supine with the arm at the side in neutral position or 
slight external rotation in order to put some tension on the long head of the biceps 
tendon. A small field of view (approximately 14–16 cm) is obtained in three imaging 
planes: axial, coronal oblique, and sagittal oblique. The axial images are acquired 
from the top of the acromioclavicular joint through the proximal humeral shaft 
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including the insertion of the pectoralis muscle. The coronal oblique images are 
obtained with planes made parallel to the supraspinatus tendon or in a plane per-
pendicular to the articular surface of the glenoid, ranging from the coracoid process 
to the infraspinatus muscle. Finally, the sagittal oblique images are acquired with 
planes parallel to the articular surface of the glenoid, from the scapular neck through 
the lateral aspect of the humerus [1]. A standard shoulder MRI usually includes 
sagittal oblique T1-weighted image (T1WI), fast spin echo (FSE) T2-weighted image 
(T2WI) with fat suppression, coronal oblique FSE T2WI with fat suppression, and 
axial FSE T2WI and FSE proton density (PD) with fat suppression.

2.2 Ultrasound examination technique

Sonographic evaluation of the shoulder can be performed with the following 
steps [2]:

1. Long head of biceps brachii tendon: The patient places the hand on his or 
her lap, as this position rotates the bicipital groove anteriorly. The trans-
ducer is placed in the axial plane over the anterior aspect of the shoulder 
to identify the bicipital groove, where the long head of the biceps brachii 
tendon is found. The long head of the biceps brachii tendon is followed 
proximally to where the bicipital groove becomes shallow and then distal to 
the level of the pectoralis major tendon. The transducer is then turned 90° 
to visualize the tendon in long axis from the humeral head to the pectoralis 
tendon.

2. Subscapularis tendon: The transducer is placed in the axial plane, as in the 
previous step, to first visualize the bicipital groove and then centered over the 
lesser tuberosity at the medial aspect of the bicipital groove. Then the patient 
rotates the shoulder externally to pull the subscapularis tendon laterally, which 
will orient the tendon fibers perpendicular to the transducer sound beam and 
eliminate anisotropy. Then it may be moved laterally over the bicipital groove 
to ensure that the long head of the biceps brachii tendon is within the bicipital 
groove, and rule out subluxation or dislocation, which may be present only in 
external rotation [3]. The subscapularis tendon can also be evaluated in short 
axis by turning the transducer 90°.

3. Supraspinatus and infraspinatus tendon: One way to evaluate the supraspina-
tus tendon is to ask the patient to place the dorsum of his or her ipsilateral hand 
behind the back, called the Crass position [4]. This position pulls the tendon 
out from under the acromion. The Crass position is very helpful in localizing 
the greater tuberosity but its limitations include poor visualization of the 
rotator interval and patient discomfort [3]. Because of these disadvantages 
the modified Crass position is more commonly used, by asking the patient 
to place his or her ipsilateral hand on the hip or buttock region. This position 
places the greater tuberosity more lateral than with the Crass position, and also 
allows easy visualization of the rotator interval with little patient discomfort 
[5]. Either in the Crass or modified Crass position, supraspinatus evaluation 
should begin by observing the tendon in long axis as this allows visualiza-
tion of the three surfaces (articular, bursal, greater tuberosity) [6]. Scanning 
should be continued anteriorly along the greater tuberosity until the intra-
articular portion of the biceps tendon is identified. The infraspinatus tendon 
is evaluated by moving the transducer posteriorly over the middle facet of the 
greater tuberosity.
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2.3 Supraspinatus tendon

The supraspinatus tendon arises from the supraspinous fossa, runs between the 
undersurface of the acromion and the top of the humeral head, and inserts into  
the most superior facet of the greater tuberosity of the humerus. On MRI, the entire 
length of the supraspinatus tendon can be seen well in the coronal oblique plain, 
running at an angle of approximately 45° [7]. The musculotendinous junction of 
the tendon normally is located just lateral to the acromioclavicular joint. On sagittal 
oblique images, the supraspinatus tendon is imaged in cross section, which is valu-
able to confirm the status of the tendon when abnormalities are seen in the plane of 
imaging, where the tendon is viewed longitudinally.

The normal sonographic appearance of the supraspinatus tendon is hyper-
echoic and fibrillar with a convex superior margin at the level of the superior 
facet of the greater tuberosity of the humerus [8]. It parallels the curved contour 
of the humeral head, flattening out as it inserts into the greater tuberosity. The 
subacromial-subdeltoid bursa should be seen as a single thin hyperechoic line 
paralleling the tendon superiorly.

The supraspinatus tendon is the most commonly affected when compared to the 
other tendons of the shoulder [8]. There are multiple pathologies that may limit the space 
within the coracoacromial arch, producing impingement of this tendon. Abnormalities 
from impingement range from tendon degeneration to partial-thickness or full-thickness 
tears. Most partial-thickness tears occur in the articular aspect of the tendon, rather than 
on the bursal surface. Tears are usually located distally, either near its attachment to the 
greater tuberosity or in the critical zone located approximately 1 cm proximal to its inser-
tion, and start in the anterior portion as rim rent tears and spread posteriorly [7]. Rim 
rent tears refer to disruption of the insertional fibers on the greater tuberosity. Complete 
disruption of the fibers with communication between the joint and the overlying bursa 
indicates a full-thickness tear (Figure 1).

Tendon degeneration usually demonstrates increased signal intensity on T1WI 
and T2WI, although not as high signal as fluid. However, a partial thickness tear 
demonstrates increased signal intensity on T2WI similar to fluid. Indications of a 
full thickness tear include: tendon discontinuity, fluid signal in tendon gap, and 
retraction of musculotendinous junction [7].

Tears in ultrasound are demonstrated as anechoic or hypoechoic defects, 
although acute tears will more likely appear anechoic like fluid [8]. As a supraspina-
tus tendon tear enlarges, tendon retraction and volume loss occur, with loss of the 
normal superior convex shape. The length or degree of retraction of a full thickness 
tear can be measured on longitudinal views oriented parallel to the long axis of the 
cuff and the width can be measured on transverse views oriented perpendicular to 
the long axis of the cuff [2]. On the other hand, tendinosis is usually less defined, 
and may be associated with increased tendon thickness, and not usually associated 
with adjacent cortical irregularity of the greater tuberosity.

2.4 Long head of biceps brachii tendon

The long head of biceps brachii tendon originates from the supraglenoid tuber-
cle of the scapula, courses intra-articularly to the entrance of the bicipital groove 
and continues caudally, inserting along the radial tuberosity of the proximal radius. 
On MRI, portions of this tendon can be evaluated on coronal oblique images, from 
its origin at the superior labrum and inferiorly in the bicipital groove. The portion 
that is located within the bicipital groove is seen on axial images as a round or oval 
structure, and sometimes it may blend with the low signal intensity cortex of the 
humerus, making it difficult to identify. It is normal to find a small amount of fluid 
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to identify the bicipital groove, where the long head of the biceps brachii 
tendon is found. The long head of the biceps brachii tendon is followed 
proximally to where the bicipital groove becomes shallow and then distal to 
the level of the pectoralis major tendon. The transducer is then turned 90° 
to visualize the tendon in long axis from the humeral head to the pectoralis 
tendon.

2. Subscapularis tendon: The transducer is placed in the axial plane, as in the 
previous step, to first visualize the bicipital groove and then centered over the 
lesser tuberosity at the medial aspect of the bicipital groove. Then the patient 
rotates the shoulder externally to pull the subscapularis tendon laterally, which 
will orient the tendon fibers perpendicular to the transducer sound beam and 
eliminate anisotropy. Then it may be moved laterally over the bicipital groove 
to ensure that the long head of the biceps brachii tendon is within the bicipital 
groove, and rule out subluxation or dislocation, which may be present only in 
external rotation [3]. The subscapularis tendon can also be evaluated in short 
axis by turning the transducer 90°.

3. Supraspinatus and infraspinatus tendon: One way to evaluate the supraspina-
tus tendon is to ask the patient to place the dorsum of his or her ipsilateral hand 
behind the back, called the Crass position [4]. This position pulls the tendon 
out from under the acromion. The Crass position is very helpful in localizing 
the greater tuberosity but its limitations include poor visualization of the 
rotator interval and patient discomfort [3]. Because of these disadvantages 
the modified Crass position is more commonly used, by asking the patient 
to place his or her ipsilateral hand on the hip or buttock region. This position 
places the greater tuberosity more lateral than with the Crass position, and also 
allows easy visualization of the rotator interval with little patient discomfort 
[5]. Either in the Crass or modified Crass position, supraspinatus evaluation 
should begin by observing the tendon in long axis as this allows visualiza-
tion of the three surfaces (articular, bursal, greater tuberosity) [6]. Scanning 
should be continued anteriorly along the greater tuberosity until the intra-
articular portion of the biceps tendon is identified. The infraspinatus tendon 
is evaluated by moving the transducer posteriorly over the middle facet of the 
greater tuberosity.
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the tendon normally is located just lateral to the acromioclavicular joint. On sagittal 
oblique images, the supraspinatus tendon is imaged in cross section, which is valu-
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although acute tears will more likely appear anechoic like fluid [8]. As a supraspina-
tus tendon tear enlarges, tendon retraction and volume loss occur, with loss of the 
normal superior convex shape. The length or degree of retraction of a full thickness 
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cuff and the width can be measured on transverse views oriented perpendicular to 
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and may be associated with increased tendon thickness, and not usually associated 
with adjacent cortical irregularity of the greater tuberosity.
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The long head of biceps brachii tendon originates from the supraglenoid tuber-
cle of the scapula, courses intra-articularly to the entrance of the bicipital groove 
and continues caudally, inserting along the radial tuberosity of the proximal radius. 
On MRI, portions of this tendon can be evaluated on coronal oblique images, from 
its origin at the superior labrum and inferiorly in the bicipital groove. The portion 
that is located within the bicipital groove is seen on axial images as a round or oval 
structure, and sometimes it may blend with the low signal intensity cortex of the 
humerus, making it difficult to identify. It is normal to find a small amount of fluid 
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in the dependent side of the long head of the biceps tendon sheath, as the tendon 
sheath normally communicates with the glenohumeral joint. High signal round 
structures found lateral to the tendon within the bicipital groove represent the 
anterior circumflex humeral artery/vein and should not be confused with tenosy-
novitis [7].

The long head of biceps brachii tendon should be found within the intertuber-
cular groove upon sonographic evaluation of the shoulder. The tendon fibers should 
be seen without tears, heterogeneity or thickening. The normal tendon will appear 
hyperechoic; however, because the tendon courses deep, it may appear artifactually 
hypoechoic due to anisotropy [8]. Adjusting the transducer to aim the sound beam 
perpendicular to the tendon fibers can eliminate this artifact.

The proximal aspect of the tendon may be affected by impingement in the same 
ways as the supraspinatus tendon because of its similar location and course beneath 
the supraspinatus tendon. Tears associated with impingement usually occur proxi-
mal to the bicipital groove and are usually seen in the older population. Acute tears 
unrelated to impingement are commonly secondary to a traumatic injury in young 
individuals, and usually occur distally in the tendon, near the musculotendinous 
junction [7]. When a full-thickness tear occurs, axial MRI images of the shoulder 
may show an empty bicipital groove, without evidence of the oval, low signal long 
head of the biceps tendon. An empty bicipital groove may also indicate tendon 
dislocation, which is also associated with disruption of the transverse humeral liga-
ment that holds the biceps tendon in place. In this case, the low signal round tendon 
is seen medial to the bicipital groove, either deep or superficial to the subscapularis 
tendon, which usually also tears as well.

Figure 1. 
Magnetic resonance arthrogram T1 fat saturated coronal oblique image shows a full thickness tear of the 
supraspinatus tendon with contrast leaking from the joint capsule into the subdeltoid space.
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When shoulder effusion is present, fluid may be seen sonographically sur-
rounding the biceps tendon at the level of the bicipital groove given the normal 
communication between the tendon sheath and joint. Joint effusion appears 
anechoic, however if fluid is complex it may be hypoechoic, isoechoic or hyper-
echoic relative to muscle, resembling synovial hypertrophy [8]. Tenosynovitis is 
favored over joint fluid extending into the sheath if there is focal distention of the 
tendon sheath with hyperemia and it is symptomatic with transducer pressure. 
Tendinosis of the long head of the biceps brachii should be considered when the 
tendon is abnormally hypoechoic and increased in thickness with lack of fiber 
disruption. Anechoic clefts or surface irregularity of the tendon favor a partial-
thickness tear [9]. The primary finding in a full-thickness tear is lack of visualiza-
tion of the biceps tendon or empty bicipital groove. As mentioned before, one must 
also consider tendon subluxation or dislocation when encountered with an empty 
bicipital groove. In this case, the tendon can be seen medially displaced, usually 
superficial to the lesser tuberosity.

3. Elbow

3.1 MRI protocol

Patients should be supine in a comfortable position with the arm to be imaged in 
supine position as well. Images should include from the distal humeral metaphysis 
up to the radial tuberosity and this area should be imaged in axial, coronal and sag-
ittal planes. Sequences should include non-fat saturated T1, PD, and fat-saturated 
T2WI; gradient echo (GRE) may also be included depending on the pathology 
suspected [10].

3.2 Ultrasound examination technique

Ultrasound of the elbow usually focuses on the area of clinical interest, nonethe-
less, the anterior, lateral, medial and posterior compartments should all be evalu-
ated. A high frequency linear transducer of 12–17 mHZ is preferred. To evaluate 
the anterior compartment of the elbow, which includes the distal biceps tendon, it 
should be extended with a supine forearm. Evaluation should include transverse 
and longitudinal planes from 5 cm proximal and distal to the joint. The lateral elbow 
compartment, which includes the common extensor tendon, is evaluated with the 
arm placed in internal rotation and elbow joint in flexion. The medial compartment 
includes the common flexor tendons, which is evaluated sonographically by extend-
ing the forearm in forceful external rotation. Lastly, the posterior elbow, which 
contains the distal triceps tendon, is evaluated by placing the elbow in 90° flexion 
with the arm internally rotated [11].

3.3 Common extensor tendon

The common extensor tendon attaches to the humeral lateral epicondyle uniting 
the individual tendons of the extensor carpi radialis brevis, extensor digitorum, 
extensor digiti minimi and the extensor carpi ulnaris. Normally the common exten-
sor tendon is a band of low signal intensity on both T1WI and T2WI, seen superfi-
cial to the radial collateral ligament complex and the tendon should show complete 
fibers at its insertion in the lateral epicondyle.

A common cause for elbow pain is lateral epicondylitis, also known as tennis 
elbow. In these cases, the tendon may appear thickened with increased intermediate 
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anechoic, however if fluid is complex it may be hypoechoic, isoechoic or hyper-
echoic relative to muscle, resembling synovial hypertrophy [8]. Tenosynovitis is 
favored over joint fluid extending into the sheath if there is focal distention of the 
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Tendinosis of the long head of the biceps brachii should be considered when the 
tendon is abnormally hypoechoic and increased in thickness with lack of fiber 
disruption. Anechoic clefts or surface irregularity of the tendon favor a partial-
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tion of the biceps tendon or empty bicipital groove. As mentioned before, one must 
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3.1 MRI protocol
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up to the radial tuberosity and this area should be imaged in axial, coronal and sag-
ittal planes. Sequences should include non-fat saturated T1, PD, and fat-saturated 
T2WI; gradient echo (GRE) may also be included depending on the pathology 
suspected [10].

3.2 Ultrasound examination technique

Ultrasound of the elbow usually focuses on the area of clinical interest, nonethe-
less, the anterior, lateral, medial and posterior compartments should all be evalu-
ated. A high frequency linear transducer of 12–17 mHZ is preferred. To evaluate 
the anterior compartment of the elbow, which includes the distal biceps tendon, it 
should be extended with a supine forearm. Evaluation should include transverse 
and longitudinal planes from 5 cm proximal and distal to the joint. The lateral elbow 
compartment, which includes the common extensor tendon, is evaluated with the 
arm placed in internal rotation and elbow joint in flexion. The medial compartment 
includes the common flexor tendons, which is evaluated sonographically by extend-
ing the forearm in forceful external rotation. Lastly, the posterior elbow, which 
contains the distal triceps tendon, is evaluated by placing the elbow in 90° flexion 
with the arm internally rotated [11].

3.3 Common extensor tendon

The common extensor tendon attaches to the humeral lateral epicondyle uniting 
the individual tendons of the extensor carpi radialis brevis, extensor digitorum, 
extensor digiti minimi and the extensor carpi ulnaris. Normally the common exten-
sor tendon is a band of low signal intensity on both T1WI and T2WI, seen superfi-
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signal intensity on T1WI and T2WI. Abnormal fluid signal intensity may be seen 
traversing the tendon fibers in partial tendon tears, most common in the extensor 
carpi radialis brevis tendon [12] (Figure 2). If there is a fluid signal intensity gap 
with discontinuity of the tendon fibers, a full thickness tear is present. Avulsion 
injuries may be present when there is associated bone marrow edema at the ten-
dinous insertion site. The US evaluation of lateral epicondylitis shows a heteroge-
neous tendon with focal hypoechoic areas.

3.4 Distal biceps tendon

The distal biceps brachii tendon is located at the anterior elbow compart-
ment, coursing through the antecubital fossa with its distal insertion at the 
radial bicipital tuberosity. Its superficial fibers form the lacertus fibrosis which 
course medially to form the distal portion of the tendon. Pathology of the distal 
biceps tendons is most common in people who perform heavy weightlifting, with 
increased risk in those who use anabolic steroids [12]. A distal biceps tendon tear 
results in retraction of the myotendinous junction, clinically known as a Popeye’s 
sign or mass in the proximal arm. This is seen as complete discontinuity of the 
tendon fibers, best appreciated in axial and sagittal planes. In order to be able 

Figure 2. 
Proton density fat saturated coronal image of the elbow shows fluid signal at the insertion of the common 
extensor tendon consistent with a tendon tear.
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to visualize the retracted tendon and area of avulsion at its distal insertion the 
arm may be supine, flexed and abducted. If there is a partial tear present, then 
on magnetic resonance imaging there will be peritendinous increased T2 signal 
intensity [12].

4. Hand/wrist

4.1 MRI protocol

For MR imaging of the hand the patient is placed in prone position, with 
the arm elevated above the head, also known as the “superman position”. When 
specifically imaging the thumb, the latter should be fully extended and at the 
center of the scanner and foam pads may be used for fixation of the area of inter-
est. Small surface or dedicated hand or wrist coils are important in order to obtain 
high quality images. Axial images with respect to the fingers are first obtained 
and these are then used to plan sagittal and coronal views. When imaging the 
thumbs, coronal and sagittal views should be tilted 90° to sesamoids at the level 
of the metacarpophalangeal joint (Figure 3) [13]. It is always important to include 
adjacent fingers within the field of view of the image for comparison [14]. Three-
Tesla MRIs are preferred due to the high resolution and detail provided for these 
small anatomical regions. Standard sequences used to evaluate for hand tendinous 
or ligamentous injury are: coronal PD, axial T1, coronal T1, sagittal T1, axial T2 
and sagittal T2W sequences. When evaluating the wrist, the wrist should be at the 
center of the scanner with dedicated surface coils as well. Coronal images should 
be oriented between the radial and styloid ulnar processes and sagittal images 
prescribed 90° to coronals. The axial images should include approximately 2–3 cm 
proximal to the radiocarpal joint and at least 1 cm distal to the carpometacarpal 
joints [13].

4.2 Ultrasound examination technique

US of the wrist and hand are usually tailored to an area of interest, according to 
patient symptoms. The wrist is separated into a dorsal and ventral compartment. 
The hand is placed in prone position and a transverse sweep allows evaluation of the 
6-extensor compartments. The hand is later supinated, allowing evaluation of the 
carpal tunnel and Guyon’s canal.

4.3 De Quervain tenosynovitis

It is the second most common stenosing synovitis, presenting with pain 
and swelling at the styloid process region when moving the thumb or wrist. 
Anatomically, the abductor pollicis longus (APL) and extensor pollicis brevis (EPB) 
tendons are held within a fibro-osseous sheath called the extensor retinaculum. 
Repetitive trauma results in thickening of the tendons and retinaculum resulting 
in inflammation and edema. In some cases, a septum has been found between both 
tendons, thought to worsen symptoms.

On US, the APL and EPB tendons are thickened at the level of the radial 
styloid with increased fluid within the first extensor compartment. A halo sign 
has been described, secondary to peritendinous subcutaneous edema. Doppler 
imaging should show increased vascularity secondary to hyperemia and inflam-
mation [15].
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signal intensity on T1WI and T2WI. Abnormal fluid signal intensity may be seen 
traversing the tendon fibers in partial tendon tears, most common in the extensor 
carpi radialis brevis tendon [12] (Figure 2). If there is a fluid signal intensity gap 
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results in retraction of the myotendinous junction, clinically known as a Popeye’s 
sign or mass in the proximal arm. This is seen as complete discontinuity of the 
tendon fibers, best appreciated in axial and sagittal planes. In order to be able 

Figure 2. 
Proton density fat saturated coronal image of the elbow shows fluid signal at the insertion of the common 
extensor tendon consistent with a tendon tear.
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to visualize the retracted tendon and area of avulsion at its distal insertion the 
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and these are then used to plan sagittal and coronal views. When imaging the 
thumbs, coronal and sagittal views should be tilted 90° to sesamoids at the level 
of the metacarpophalangeal joint (Figure 3) [13]. It is always important to include 
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imaging should show increased vascularity secondary to hyperemia and inflam-
mation [15].
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On MRI, tenosynovitis is seen as increased signal intensity on T2WI and low to 
intermediate signal on T1WI of the tendon sheath. The retinaculum will also appear 
thickened with increased T2 signal intensity. When the tendon is thickened, mostly 
seen at the radial styloid at its medial aspect, with increased T1 and T2 intra-tendi-
nous signal and a striated tendinous signal, tendinosis is said to be present. These 
may also be accompanied by a longitudinal tendinous tear, where linear T2 signal 
will be seen traversing the tendon, most common in the APL, due to fluid within the 
tendinous rupture.

4.4 Flexor tendon/trigger finger

Trigger finger is a stenosing tenosynovitis secondary to repetitive micro-
trauma. This results in inflammation and thickening of the flexor tendon 
and tendon sheath, causing transient locking of the digit in a flexed position. 

Figure 3. 
On the left side, we have a T2WI showing the tendon as a hypointense structure; while on the right side we see a 
composite US image of the flexor tendon of the finger with some areas of anisotropy.
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This pathology is mainly evaluated with US instead of MRI (Figure 4). On US, 
the flexor tendon and A1 pulley will be thickened with a diameter greater than 
1.1 mm. Hypoechoic fluid may also be seen around the tendon sheath, represent-
ing an effusion [16].

5. Knee

5.1 MRI protocol

The knee is positioned in a relaxed state, with about 5° of external rotation so 
that the anterior cruciate ligament is orthogonal to the sagittal plane of imaging. A 
small field of view is used, usually between 14 and 16 cm, and multiplanar imaging is 
obtained with coronal, sagittal, and axial images [17]. Sequences of a knee MRI should 
include any combination of fluid-sensitive sequences with anatomic sequences. Fluid-
sensitive images can be either fat-sat PDW, or T2W spin-echo images versus STIR 
images. Anatomic sequences may include either T1W or PDW, spin-echo images [18].

5.2 Ultrasound examination technique

Ultrasound evaluation may be completed with the patient supine, although the 
posterior structures are better seen in the prone position [19]. Examination may be 

Figure 4. 
Thickening of the A1 pulley in the 3rd flexor tendon of the hand consistent with clinical picture of “trigger 
finger”.
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focused over the area that is relevant to the patient’s history; nonetheless a complete 
examination of all areas should be performed. Sonographic examination may be 
divided in four methods: anterior, medial, lateral, and posterior evaluation of the knee.

1. Anterior knee: Evaluated with patient in a supine position and knee slightly 
flexed 20–30°. The primary structures evaluated in this approach include the 
quadriceps tendon, patella, patellar tendon, patellar retinaculum, suprapatellar 
joint recess, the medial and lateral recesses, and the anterior knee bursae [20]. 
Evaluation begins with transducer in the sagittal plane, proximal to the patella, 
to evaluate the quadriceps tendon. Deep to the quadriceps tendon, the suprapa-
tellar recess is identified. Next, the transducer is moved inferiorly in the sagittal 
plane to evaluate the patellar tendon. The transducer is then moved to both the 
medial and lateral margins of the patella in the transverse plane, to evaluate the 
medial and lateral patellar retinacula, and the underlying medial and lateral 
recesses. Finally, the knee is placed in a 90° flexed position to evaluate the 
femoral trochlear cartilage in the transverse plane superior to the patella.

2. Medial knee tendons: The patient remains supine and rotates hip externally for 
evaluation of the medial aspect of the knee. The tendinous structures that are 
evaluated in this region are the pes anserine tendons [19].

3. Lateral knee: The patient is in supine position, with internal rotation of the hip, 
and knee slightly flexed. The key structures that are examined include the ilioti-
bial band, lateral collateral ligament (LCL), biceps femoris tendon, popliteus, 
common peroneal nerve, and body and anterior horn of the lateral meniscus 
[19]. The transducer may be initially placed over the long axis of the patellar 
tendon, and then moved laterally to identify the iliotibial band. Next, the trans-
ducer is moved laterally to the coronal plane over the lateral femoral condyle to 
identify the groove for the popliteal tendon, an important bone landmark. Using 
this groove as a landmark, the proximal end of the transducer is stabilized on 
the femur, and the distal aspect is rotated posterior to visualize the fibular head. 
At this site, LCL is identified. After the transducer is moved along the LCL to its 
fibular attachment, the distal end of the transducer is anchored to the fibular 
head while the proximal aspect is rotated posteriorly in the coronal plane to 
visualize the biceps femoris tendon. As the transducer is moved posteriorly from 
the coronal plane view, the common peroneal nerve can be identified. Upon 
return to the popliteal groove, the distal popliteal tendon may be followed.

4. Posterior knee: The posterior aspect of the knee is evaluated with the patient in 
prone position and extended knee. The structures that may be identified are the 
posterior horns of the menisci, posterior cruciate ligament, the popliteal neuro-
vascular bundle, and the presence of a Baker cyst [20]. The transducer is placed 
in the transverse plane of the mid-calf to identify the deep soleus and medial and 
lateral heads of the gastrocnemius muscles. The medial head of the gastrocnemius 
is followed proximally until the semimembranosus tendon is identified medially. 
If a Baker cyst is present, it will be visualized between these two structures.

5.3 Patellar tendon

The patellar tendon is part of the extensor mechanism of the knee, which origi-
nates at the patellar apex and inserts at the tibial tuberosity. It is located anteriorly 
to Hoffa’s fat pad, and is usually about half of the thickness of the quadriceps 
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tendon (approximately 0.5 cm), as seen on sagittal MRI with low homogeneous 
signal in all sequences (Figure 5) [18]. When visualizing it with ultrasound, 
the patellar tendon should normally exhibit an echogenic, fibrillar appearance. 
Deep to the tendon, Hoffa’s fat pad appears hyperechoic or isoechoic to muscle. 
The region around the distal patellar tendon is also evaluated for infrapatellar 
bursal fluid.

Focal patellar tendinosis of the proximal deep insertional fibers is termed 
jumper’s knee in adults, usually presenting as pain in the inferior patellar region. It is 
often visualized on MRI as thickening of the proximal patellar tendon with increased 
signal on T2W images [21]. A similar finding in children (often associated with 
cerebral palsy) is known as Sinding-Larsen-Johansson disease. A complete rupture of 
the tendon is usually easily identified, due to the secondary finding of a patella alta.

Ultrasound can be very useful in the evaluation of tendinosis and partial tears. 
Tendinosis will appear as focal or diffuse hypoechogenicity and thickening of the 
tendon. Partial-thickness tear may reveal similar findings with possible anechoic 
interstitial clefts. Marked hyperemia from neovascularity may also be identified with 
color Doppler imaging [22]. Full-thickness tears are seen as complete tendon fiber 
discontinuity and refraction shadowing at the retracted torn tendon stumps [20].

6. Hip joint

6.1 MRI protocol

MRI evaluation of the hip is performed while the patient is in the supine 
position. Coronal, axial, sagittal and axial oblique planes are obtained for 

Figure 5. 
Quadriceps and patellar tendons showing the dark signal qualities on PDWI.
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tendon (approximately 0.5 cm), as seen on sagittal MRI with low homogeneous 
signal in all sequences (Figure 5) [18]. When visualizing it with ultrasound, 
the patellar tendon should normally exhibit an echogenic, fibrillar appearance. 
Deep to the tendon, Hoffa’s fat pad appears hyperechoic or isoechoic to muscle. 
The region around the distal patellar tendon is also evaluated for infrapatellar 
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Ultrasound can be very useful in the evaluation of tendinosis and partial tears. 
Tendinosis will appear as focal or diffuse hypoechogenicity and thickening of the 
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MR sequences of the entire pelvis and unilateral symptomatic hip. Imaging 
sequences of the hip are performed with bilateral legs placed in 15° of internal 
rotation. Hip MRI generally includes the following imaging sequences: non-fat 
saturated T1WI, fat saturated T2WI, PD fat saturated images and inversion 
recovery (IR) images [23].

6.2 Ultrasound examination technique

Examination can be divided in the following approaches [24, 25]:

1. Anterior hip: Patient lies supine with hip in neutral position. Examination starts 
with the anterior synovial recess, for which the transducer is placed over the femo-
ral head in the oblique longitudinal plane. Examination continues with identifying 
the anterior glenoid labrum, located cranially in this plane, and the iliofemoral 
ligament that lies superficially in relation to the labrum. Next, the transducer is 
placed at the interphase between the femoral head and the joint space to examine 
the iliopsoas muscle and tendon. The neurovascular bundle and the iliopectineal 
eminence are used as anatomical landmarks to identify these structures. Lateral to 
the neurovascular bundle, the iliopsoas muscle is visualized. The iliopsoas tendon 
lies deep within the bellies of the muscle and on top of the iliopectineal eminence. 
The adjacent bursa is identified if there is a pathologic process present.

2. Medial hip: Patient remains in the supine position, now with abduction and 
external rotation of the hip and flexion of the knee. Examination starts in the 
long axis plane to scan over the insertion of the iliopsoas tendon at the lesser 
trochanter of the femur. Next, the adductor muscles are evaluated in the axial 
plane. The muscles of the medial hip compartment are divided in three layers. 
The adductor longus is located at the lateral aspect of the superficial muscular 
layer, while the gracilis is located at the medial aspect. The adductor brevis 
makes up the intermediate muscular layer and the adductor magnus makes 
up the deep muscular layer. Scan continues in the long axis plane with the 
transducer moved along the abductor muscles to identify the abductor longus 
tendon, using the pubic bone as reference landmark. The adductor longus 
tendon insertion is identified as a hypoechoic triangular structure. Lastly, the 
transducer is placed over the pubis in the transverse plane, from which oblique 
longitudinal plane is achieved to evaluate the tendon complex formed by the 
transversus abdominis and internal oblique muscles.

3. Lateral hip: The patient is moved to the lateral decubitus position, lying on 
opposite hip of interest. With this examination, the following structures are 
evaluated: abductor muscles, gluteus medius, gluteus minimus, and tensor fas-
cia lata. To begin, the transducer is placed over the greater trochanter. Scanning 
is performed in the transverse and longitudinal planes. The gluteus medius, 
seen as a curvilinear fibrillar band, lies superficial to the gluteus minimus. The 
tensor fascia lata serves as an anatomical landmark to identify the gluteus mus-
cles, which is visualized as a superficial hyperechoic band in the coronal plane.

4. Posterior hip: Evaluated with the patient in the prone position. Important 
structures to evaluate include: the hamstring muscles and the sciatic nerve. 
Examination starts in the transverse plane with the transducer positioned at 
the ischial tuberosity to identify the hamstring tendon complex, where no 
distinction can be made between each individual tendon. The sciatic nerve is 
a lateral flattened structure with fascicular echotexture. As the transducer is 
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moved caudally, distinction between individual hamstring tendons is achieved 
with the semimembranosus tendon located deep and medially in relation to 
the conjoined tendon complex of the biceps femoris and semimembranosus. 
Sonographic appearance of this conjoined tendon complex is a hyperechoic 
line that separates the laterally located biceps femoris muscular belly from the 
medially located semimembranosus muscular belly.

6.3 Gluteal tendons

The gluteus medius and gluteus minimus tendons are part of the lateral com-
partment of the hip. The gluteus medius tendon inserts at the lateral and supero-
posterior facets of the greater trochanter of the femur, while the gluteus minimus 
tendon inserts at the anterior aspect of the greater trochanter. Ultrasound shows 
the gluteus medius tendon as a hyperechoic structure arising from a fan shaped 
hypoechoic structure that represents the gluteus medius muscle. The gluteus 
medius and minimus muscles are separated by an echogenic layer of fascia and 
adipose tissue [26].

The gluteus medius and minimus are the most commonly affected tendons of 
the hip abductor group that cause greater trochanteric pain syndrome [28]. Gluteus 
tendon abnormalities may be due to acute injury or chronic wear and tear of the hip 
joint. Therefore, it typically affects women in the middle and elderly age groups.

MRI is the gold standard imaging modality for the identification of gluteus 
tendon tears (Figure 6). Axial and coronal T2W fat saturated images of the hip and 
coronal T1WI of the pelvis are recommended when abductor tendon pathology is 
suspected [29]. MRI diagnostic criteria for tendon tears include discontinuity of the 
tendon, elongation of the gluteus medius 2 cm or greater and T2 hyperintensities 
superior to the level of the greater trochanter of the femur [27]. Additional MR 
findings, although nonspecific, may include atrophy of the adipose tissue, changes 
of the adjacent bone structures and fluid collection within the bursa.

Figure 6. 
T2 fat saturated axial image shows a full thickness tear of the gluteus medius tendon as a fluid-filled defect 
along the greater trochanter.
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medius and minimus muscles are separated by an echogenic layer of fascia and 
adipose tissue [26].

The gluteus medius and minimus are the most commonly affected tendons of 
the hip abductor group that cause greater trochanteric pain syndrome [28]. Gluteus 
tendon abnormalities may be due to acute injury or chronic wear and tear of the hip 
joint. Therefore, it typically affects women in the middle and elderly age groups.

MRI is the gold standard imaging modality for the identification of gluteus 
tendon tears (Figure 6). Axial and coronal T2W fat saturated images of the hip and 
coronal T1WI of the pelvis are recommended when abductor tendon pathology is 
suspected [29]. MRI diagnostic criteria for tendon tears include discontinuity of the 
tendon, elongation of the gluteus medius 2 cm or greater and T2 hyperintensities 
superior to the level of the greater trochanter of the femur [27]. Additional MR 
findings, although nonspecific, may include atrophy of the adipose tissue, changes 
of the adjacent bone structures and fluid collection within the bursa.

Figure 6. 
T2 fat saturated axial image shows a full thickness tear of the gluteus medius tendon as a fluid-filled defect 
along the greater trochanter.
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6.4 Iliopsoas tendon

The psoas major and iliacus muscles form the iliopsoas tendon complex. The 
psoas major originates at the transverse processes of L1-L5 vertebrae; while the ilia-
cus muscle has various origins, including the superior two thirds of the iliac fossa, 
the anterior sacroiliac ligaments, and the anterior sacral ala. This tendon complex 
inserts at the lesser trochanter of the femur.

The iliopsoas tendon has an echogenic sonographic imaging appearance, with 
anterior extension in relation to the anterior-superior acetabular labrum [28]. On 
MRI sequences, the iliopsoas tendon complex is characteristically identified as two 
parallel homogeneously hypointense structures, separated by a hyperintense region 
that represents adipose tissue of the fascia [28].

Snapping iliopsoas tendon is characterized by an audible or palpable painful 
snap with movement of the hip. Repetitive movements of the hip serve as predis-
position to develop a snapping tendon, such as those performed by young athletes 
in different sports, with ballet dancers being the most commonly affected [30]. 
Iliopsoas tendon as the source of a snapping hip is classified as an internal cause of 
the broader term snapping hip syndrome. It may get trapped during movement due 
to a prominent iliopectineal eminence, an insertion site osseous projection or the 
anterior inferior aspect of the iliac spine [30].

Dynamic evaluation of the hip joint with US and MRI allows the identification 
of the source of snapping iliopsoas tendon. Sonographic evaluation is performed 
with a high-frequency transducer (linear 5–12 MHz) placed in the transverse 
oblique plane, above the hip joint and parallel to the pubis [28]. The patient is in 
the supine position, with initial static evaluation performed following the iliopsoas 
tendon until reaching its insertion at the lesser trochanter. Dynamic evaluation is 
performed while the ipsilateral leg is moved from the “frog leg” position (exten-
sion, adduction, and internal rotation) to the neutral position (flexion, abduction, 
and external rotation). The position of the iliopsoas tendon can be traced along 
the anterior compartment of the hip as the leg is moved from the aforementioned 
positions and snapping occurs. Regarding MRI examination for this particular 
pathology, fast GRE sequence allows dynamic evaluation of the iliopsoas tendon 
during movement [28]; change from “frog leg” to neutral position is also performed 
during this MRI sequence.

6.5 Hamstring tendons

The hamstring tendon complex is located at the posterior compartment of the  
hip, formed by three muscles groups: biceps femoris, semimembranosus and 
semitendinosus. The biceps femoris is composed of a short and a long head. 
Origin of the short head is at the lateral linea aspera of the posterior femur, the 
lateral supracondylar line and the intermuscular septum [31]. The long head 
shares origin with the semitendinosus tendon at the inferomedial facet of the 
ischial tuberosity to form a conjoint tendon. Distal biceps femoris tendon inserts 
at the lateral fibular head and lateral condyle of proximal tibia, while the semi-
tendinosus inserts at the anteromedial aspect of the tibia, sharing insertion with 
the gracilis and sartorius muscles to form the pes anserinus tendons [32]. The 
semimembranosus tendon originates at the superolateral ischial tuberosity and 
has several insertion sites through tendinous arms [31]. The anterior, direct, and 
inferior arms insert at the medial condyle of the tibia. The capsular arm inserts 
at the posterior oblique ligament. There is also insertion into the posterior joint 
capsule and arcuate ligament through the oblique popliteal ligament.
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On MRI sequences at the level of the ischial tuberosity, the hamstring tendons 
are identified as well-defined round areas of low signal intensity, where the conjoint 
tendon is posteromedial to the semimembranosus tendon [31].

The hamstrings are the most commonly injured muscle group in athletes, with 
tendon avulsion as the most severe injury diagnosed with medical imaging, requiring 
prompt surgical management. Avulsion injuries are defined as complete tear of the 
tendon from its osseous insertion site and typically affect the hamstrings proximally, 
particularly the conjoint tendon. This type of injury can include pulling of a bone 
piece by the torn tendon, which most commonly occurs in children due to presence 
of growth plates. MRI is the gold standard for examination of suspected hamstring 
tendon avulsion. Evaluation approach involves identifying the affected tendon and 
determining whether a partial or full thickness tear occurred. In the case of full thick-
ness tears, distal tendon retraction, degree of underlying tendinopathy, and proxim-
ity of the tear to the sciatic nerve must be included in the evaluation approach [32].

7. Ankle

7.1 MRI protocol

The ankle tendons are visualized as low signal intensity structures in all MR 
sequences. The T1WI sequences are used to evaluate the anatomy and the T2W 
sequences are used to assess abnormal increase in fluid, usually related to tendon 
pathology [33]. Axial images are used to evaluate morphologic features of the tendons 
and synovial sheath distention, longitudinal splits, fluid within the tendon sheath, 
and adjacent soft tissue abnormalities, if any. For evaluating the Achilles tendon, 
sagittal images prove most useful. Sagittal images also assess the proximal-to-distal 
extent of tendon pathologies. Oblique coronal or short axis images at the level of the 
mid- and forefoot are best for assessment of the tendons distal to the ankle [33, 34].

When the normal tendons form an angle of approximately 55° with the main 
magnetic vector, it produces increased signal intensity within the tendons. This 
phenomenon is called the magic angle, more commonly in sequences with echo 
times less than 20 msec (T1WI, PD or GRE). This effect is particularly common 
with ankle tendons because of their curvatures around the ankle joint [33, 34].

For general purposes, an ankle MRI should include at least the following: axial 
T1WI or PD sequences and fat-suppressed T2WI, coronal T1WI or fat-suppressed 
T2WI and IR sagittal images [34].

7.2 Ultrasound examination technique

1. Peroneal tendon: Evaluated with the patient in the supine position with the 
knee semi-flexed and the ankle in internal rotation. For evaluation of the 
plantar aspect of the peroneus longus tendon, the patient should be in  
the prone position [35]. Both peroneal tendons are examined with linear 
transducers in their short and long planes. The transducer is placed behind the 
lateral malleolus over the tendons to examine their short-axis first. The trans-
ducer should be tilted along the way, to maintain the perpendicular position 
of the US beam. The tendons should be evaluated upwards for approximately 
5 cm and downwards into the inframalleolar region [34, 36, 37].

2. Posterior tibial tendon: Evaluated with the patient in a seated position with 
internal rotation of the plantar surface of the foot. If this position cannot be 
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achieved, the patient may lie supine with the foot slightly laterally rotated. 
Placing the transducer in short-axis/transverse position behind the medial 
malleolus, evaluate the posterior tibial tendon following it from its myotendi-
nous junction into its insertion [36].

3. Achilles tendon: Evaluated with the patient in prone position and the 
foot hanging from the examination table. With the transducer, follow the 
tendon from its myotendinous junction downward to its calcaneal inser-
tion in both the short and long planes. The size of the tendon should only 
be obtained in the transverse plane [36].

7.3 Peroneal tendon

The peroneal tendons are the third most commonly injured tendons of the ankle. 
Acute and chronic tears occur in young, athletic patients due to overuse or in older 
patients with multifactorial degenerative wear and tear. Due to their course and 
location, calcaneal fractures predispose to partial tears, entrapment and dislocation 
of the peroneal tendons. Tendinopathy more commonly affects the peroneus brevis 
tendon. Split peroneus brevis syndrome represents a longitudinal tear of the tendon 
and the term arises from the fact that the peroneus brevis tendon is usually located 
anteriorly, is embedded between the peroneus longus and fibula [33, 34, 38].

7.4 Tibialis posterior tendon

The tibialis posterior tendon is the second most commonly injured of the ankle ten-
dons [37]. It should never have more than twice the cross-sectional area of the flexor 
digitorum longus tendon. Posterior tibial tendinopathy occurs because of delayed 
stretching of the tendon due to chronic micro-tears, and usually occurs in older women 
with progressively painful flat-foot. Systemic diseases like rheumatoid arthritis and 
diabetes predispose this condition, as for other tendinopathies. On MR and ultrasound 
imaging it will appear as tendon thickening with loss of normal echogenicity and 
tendon sheath fluid, with increased T2 signal intensity. Imaging pitfalls include: nor-
mal tendon widening at its insertion onto the navicular bone; fluid within the tendon 
sheath, mimicking enlargement on T1W sequences; and magic angle phenomenon 
[33, 37, 39]. Due to its course and insertion, abnormalities of the navicular bone may 
predispose to tibialis posterior tendinopathy; like the type II accessory navicular bone 
or os naviculare, which is typically large and closely positioned at the medial pole of the 
navicular bone by a synchondrosis, rendering insertion of the posterior tibial tendon 
only on this ossicle and not extending into the cuneiforms and metatarsals [36].

7.5 Achilles tendon

The Achilles tendon is the most commonly injured tendon of the ankle (Figure 7) 
[37]. It is usually hypointense on all MR sequences, although due to its fascicular 
anatomy, a single line may be visible (not on T2WI), mimicking an interstitial tear. 
Punctate foci of increased signal intensity may be noted in axial images of the distal 
Achilles tendon, which simply are interfascicular membranes. Normal average thickness 
is 6–8 mm, which may increase in male, tall and elderly patients. On axial images its 
margins are concave for the majority of its course, being more convex proximally to and 
at the soleus insertion. Normally, there should be subcutaneous fat between the Achilles 
tendon and the skin. Branches of the posterior tibial artery supply the Achilles tendon, 
but blood supply diminishes at approximately 2–6 cm proximal to its insertion site, 
making this region of decreased vascularity particularly susceptible to ruptures [35, 37].

31

Imaging of Tendons
DOI: http://dx.doi.org/10.5772/intechopen.84521

Achilles tendinosis is common in runners and jumpers. In Achilles tendinosis 
and peritendinosis, the tendon may enlarge. Acute Achilles ruptures more com-
monly occur in patients with chronic tendinopathy; runners, middle-aged women 
who engage in sporadic exercise or patients with systemic diseases or chronic 
steroid use, resulting in a weakened tendon. Most common site of Achilles tendon 
rupture is 2–6 cm proximal to its insertion site, avascular zone, as detailed above. 
Acute ruptures show a tendon gap with intermediate signal intensity on T1WI and 
increased signal intensity on T2WI, consistent with edema and hemorrhage. In 
chronic ruptures the gap is replaced by fat and scar tissue [33, 35, 37]. An acces-
sory soleus muscle may be mistaken with a thickened Achilles tendon, which 
differ by their signal intensity on MRI. Achilles tendon thickening may occur after 
surgical procedures. There is thickening also with of xanthomas (familial hyper-
lipidemia) that appear as marked tendon enlargement with heterogeneous signal 
masses and linear areas of low signal intensity. Haglund’s disease results most 
commonly from ill-fitting shoes that compress the distal Achilles tendon, leading 
to peritendinous edema, retrocalcaneal bursitis and tendon thickening [37].

8. Conclusion

MRI and US are useful imaging modalities that allow anatomic evaluation of 
tendons as well as identification of tendon pathology.
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Figure 7. 
T2 fat saturated sagittal image shows disruption of the distal Achilles tendon with a fluid-filled gap.
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Acronyms and abbreviations

MRI magnetic resonance imaging
US ultrasound
T1WI T1-weighted image
FSE fast spin echo
T2WI T2-weighted image
PD proton density
GRE gradient echo
APL abductor pollicis longus
EPB extensor pollicis brevis
LCL lateral collateral ligament
IR inversion recovery
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Exercise and Tendon Remodeling 
Mechanism
Rita de Cassia Marqueti, Ivo Vieira de Sousa Neto,  
Fabricio Reichert Barin and Gracielle Vieira Ramos

Abstract

Tendons connect muscles to bones and transmit the force exerted by the 
 corresponding muscle to the skeleton and, therefore, are key components for loco-
motion. They are responsive to mechanical factors, which are essential for cellular 
functioning, tendon development, homeostasis, and repairing. Mechanical signals 
are transduced via molecular signaling pathways which trigger tendon adaptive 
responses. Previous data have already shown that exercise training promotes physi-
ological adaptive responses, such as morphological properties and biomechanical 
and biochemical adaptations.

Keywords: tendon, exercise, extracellular matrix, mechanical loading

1. Tendon macro- and microscopic overview

Anatomically, tendons are located in muscle origin/insertion and, further, in 
tendon intersections within the muscles. These complexly arranged tissues have 
great importance in movement generation, having as main actions the transfer 
of tension produced by the muscles to the subsequent unit, thus determining the 
degree of articular movement produced [1, 2]. Moreover, tendons act as a mecha-
nism of energy storage, improving movement economy and power amplification for 
activities as jumping and acceleration, based on their spring-like properties [1, 3]. 
More recently, studies have shown that a stretch applied to an active muscle-tendon 
unit (MTU) can be taken up solely by tendon stretch, with little or no muscle 
fascicle lengthening, acting like a mechanical buffer to protect muscle fascicles, 
attenuation damage associated with active lengthening [4]. In addition, the energy 
absorbed by the tendons during movement can be used to maximize the power 
generated, as it can also be dissipated as heat, increasing energy release time to the 
muscles, thus decreasing the peak force experienced by the MTU [3–5]. All these 
functional aspects can promote more efficient movements, consuming less energy 
and preventing muscle damage [1, 4, 5] (Figure 1).

The tendinous actions require an unrestricted slip by the adjacent tissue. For 
this reason, synovial sheaths form a closed system around many tendons to provide 
lubrication and to cushion the tendon during its action. Some tendons that do not 
have this system find in their periphery a loose peritendinous adipose and vascular-
ized layer, which allows the free excursion of the tendon [6]. When healthy, they 
present white color, due to the presence of hypovascularized zones and fibroelastic 
texture, characterizing this tissue resistance to mechanical stresses [7]. In relation to 
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its composition, because it is a connective tissue, the division happens between cells 
and the extracellular matrix (ECM) [7]. The ECM tendon is formed by approxi-
mately 70% of water, with great part associated with proteoglycans, glycosamino-
glycans (GAGs), adhesion glycoproteins, non-collagenous proteins, and fibrous 
proteins (collagen and elastin) [1]. The water and GAG presence in the tendons 
is extremely important for maintaining the spacing among the collagen fibers, 
facilitating their slippage [9]. The highly organized collagen bundles represent 
60–95% of the dry weight of the tendon, from which 90% are type I collagen and 
the remainder part is divided into types III (0–10%), IV (2%), V, and VI, respec-
tively [2, 9].

The collagen formation occurs through the three spiral and helical peptide 
chains. Structural formation occurs intracellularly, with subsequent secretion into 
the ECM, where it is converted into collagen. The fibrillar structure is stabilized by 
various post-translational modifications, allowing the formation of intermolecular 
and interfibrillar cross-links. These cross-links’ large amount makes this structure 
highly resistant to stresses, shear forces, and even compression [10]. There are two 
main types of cross-links—enzymatic cross-links, confined in the terminal domains, 
and advanced glycation end-products (AGEs)—which may be formed at various 
sites along the collagen length [11]. It has been shown that enzymatic cross-links 
are essential in the formation and functioning of collagen fibrils, stabilizing the 
structure, while AGEs accumulate with age and diabetes and may impair the normal 
function of fibrils, leading to decreased viscoelasticity of the tendon [12, 13].

Since tendons are attached to two totally distinctive structures in morphological 
and functional terms (muscles and bones), two types of tendon junctions are found 
and differ in relation to the number of cross-links. The myotendinous junction 
(MJT) is more compliant, thus having smaller amount of cross-links, so that the 
perfect junction can occur [14, 15]. This decrease occurs due to increased shear 
forces, mainly from muscle activity. On the other hand, the osteotendinous junction 
(OJT) is less compliant, with much greater amount of cross-links [16]. This regional 
difference is also identified by biomechanical studies, which show greater stress 

Figure 1. 
Tendon hierarchical structure (adapted from Kannus, [8]).
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in the tendon distal region, when compared to the proximal region. Thus, a study 
proposes that, besides that the tendon acts as a protective factor for the muscle 
(mechanical buffer), it seems that the tendon proximal region acts as a mechanical 
buffer of the tendon distal region, which undergoes greater mechanical loads and 
has greater stiffer [17].

Type I collagen molecules are generally heterotrimeric, composed of two α1 
polypeptide chains and one α2 polypeptide chain, interlaced in a triple helix, as pre-
viously mentioned. Studies have shown that the α2 chain is the most hydrophobic, 
thus playing a stabilizing role for this molecule [18]. The type III collagen (second 
most commonly found type) is located mainly in the epitendon and endotendon. 
Authors have shown that their proportion changes under conditions of tissue 
injury. Among its functions, types I and V collagen heterotypic fibril formation and 
fibrillar diameter control stand out [1]. Type IV collagen is found primarily in the 
basement membrane, where it is considered the main structural component.

A small amount of elastin (2%) still contemplates the composition of tendon. 
This low proportion is directly related to the almost inelastic aspect of the tendon, 
its extensibility varying between 8 and 10% before reaching the point of total 
rupture. This aspect is extremely important, so that the function of conducting 
tension, performed by the tendon, is efficient [2, 9]. The tendinous arrangement is 
considered to be a highly organized hierarchical structure [9]. The tropocollagen 
molecules are organized and grouped into microfibrils and, later, into collagen 
fibrils. These primary beams bind to the formation of fascicles (smaller functional 
units of the tendon). Covering the fascicles is the endotendon, a layer of connec-
tive tissue, with nerve and vascular and lymphatic structures. By grouping the 
endotendons in an organizational way, we find the epitendon, the layer responsible 
for involving the tendon itself. Finally, the paratendon, a more vascularized layer, 
which can become a double layer, is filled with synovial fluid (produced by the 
synovial membrane) in tendons subject to friction [19, 20].

In relation to non-collagenous proteins, proteoglycans and glycoproteins are 
essential to ensure the binding between collagen fibers, water molecule diffusion, 
and collagen fibrillogenesis and to maintain the matrix structure, being essential 
for tissue viscoelastic capacity [19]. There are two groups of proteoglycans in the 
tendon, accounting for 1–5% of the dry weight of the tendon, with high hydrophi-
licity, attracting water molecules. The small leucine-rich proteoglycans (SLRPs) 
(decorins, fibromodulins, biglicans, and lumicans), which have a small core protein 
(40 kDa) and large proteoglycans, also called modular proteoglycans (aggrecan and 
versican), have a core protein of about 220–370 kDa. The proteoglycan amount in the 
tendon can vary, depending on the tension and compression (mechanical stimuli) 
that it receives [21]. Among the glycoproteins, tenascin-C acts on the stability and 
structuring of ECM, and its expression is greater in tissues where ECM turnover is 
more active. About fibronectin, it serves as a bridge between cells and ECM [22].

Regarding the cellular environment, the tenoblasts and tenocytes comprise 
90–95% of the elements, together with endothelial cells and mast cells [1, 9]. The 
tenoblasts are spindle-shaped cells, immature, and highly metabolic and present 
many cytoplasmic organelles. These cells, over time, differentiate into tenocytes, 
more elongated cells, and are distributed in rows among the collagen fiber bundles, 
located mainly in the peritendinous region [23, 24]. The tenocytes are arranged in 
parallel rows along the force transmission axis and interact with the ECM through the 
integrins (adhesion cell surface receptors) that connect the intracellular cytoskeleton 
to the matrix, allowing the propagation of mechanical signals from the outside to the 
inside and from the inside to the outside (bidirectional), a process known as mecha-
notransduction, that is, the cellular capacity to feel and respond to external mechani-
cal stimuli, extremely important for the maintenance of the tendinous function, 
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its composition, because it is a connective tissue, the division happens between cells 
and the extracellular matrix (ECM) [7]. The ECM tendon is formed by approxi-
mately 70% of water, with great part associated with proteoglycans, glycosamino-
glycans (GAGs), adhesion glycoproteins, non-collagenous proteins, and fibrous 
proteins (collagen and elastin) [1]. The water and GAG presence in the tendons 
is extremely important for maintaining the spacing among the collagen fibers, 
facilitating their slippage [9]. The highly organized collagen bundles represent 
60–95% of the dry weight of the tendon, from which 90% are type I collagen and 
the remainder part is divided into types III (0–10%), IV (2%), V, and VI, respec-
tively [2, 9].
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Figure 1. 
Tendon hierarchical structure (adapted from Kannus, [8]).
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in the tendon distal region, when compared to the proximal region. Thus, a study 
proposes that, besides that the tendon acts as a protective factor for the muscle 
(mechanical buffer), it seems that the tendon proximal region acts as a mechanical 
buffer of the tendon distal region, which undergoes greater mechanical loads and 
has greater stiffer [17].
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most commonly found type) is located mainly in the epitendon and endotendon. 
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fibrillar diameter control stand out [1]. Type IV collagen is found primarily in the 
basement membrane, where it is considered the main structural component.

A small amount of elastin (2%) still contemplates the composition of tendon. 
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that it receives [21]. Among the glycoproteins, tenascin-C acts on the stability and 
structuring of ECM, and its expression is greater in tissues where ECM turnover is 
more active. About fibronectin, it serves as a bridge between cells and ECM [22].

Regarding the cellular environment, the tenoblasts and tenocytes comprise 
90–95% of the elements, together with endothelial cells and mast cells [1, 9]. The 
tenoblasts are spindle-shaped cells, immature, and highly metabolic and present 
many cytoplasmic organelles. These cells, over time, differentiate into tenocytes, 
more elongated cells, and are distributed in rows among the collagen fiber bundles, 
located mainly in the peritendinous region [23, 24]. The tenocytes are arranged in 
parallel rows along the force transmission axis and interact with the ECM through the 
integrins (adhesion cell surface receptors) that connect the intracellular cytoskeleton 
to the matrix, allowing the propagation of mechanical signals from the outside to the 
inside and from the inside to the outside (bidirectional), a process known as mecha-
notransduction, that is, the cellular capacity to feel and respond to external mechani-
cal stimuli, extremely important for the maintenance of the tendinous function, 
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besides the organization of its structure [25]. Additionally, tenocytes have extensive 
communication with adjacent cells through gap junctions. The communication junc-
tions are extremely complex structures, having two hemicanals, also called connex-
ons, with a central pore. These open connexons allow free metabolites and ion passage 
among the gap junctions [26, 27]. These connexons are numbered, and the most 
important ones, in terms of cellular communication and tendons regeneration, are 
those of number 32 and 43. Connexin 43 is responsible for the inhibition of the colla-
gen syntheses within the tenocytes, as a response to mechanical loading. Connexin 32 
may have a stimulatory role, but all we need to know is that they aid communication 
among cells within the tendon to help with regeneration and adaptation [27].

2. Biomechanical aspects inherent to tendon function

Tendons have biomechanical characteristics similar to springs. They are not able 
to produce mechanical energy, but are able to conserve energy, increase potency 
during functional activities, and absorb external forces to prevent injury in the 
muscle [1, 3, 4]. The parallel arrangement of its collagen fibers along the tendon 
long axis is directly correlated with its ability to control the tensile loads, mainly 
unidirectionally and making tendon highly effective in transmitting tension 
generated by the skeletal muscle to the bone. A good example of the opposite is the 
ligaments, which have an interlocking arrangement, thus having greater ability to 
control tension loads in different directions [1, 9].

Nevertheless, a look with microscopic scales identifies a zigzag pattern of col-
lagen fibers, somewhat different from the perfect alignment along the tendon long 
axis described earlier, known as crimps [28]. Crimps form a “crimp angle” of 20° 
from the long axis of the tendon. When tendons are unloaded or in the low-load “toe 
region” of the stress-strain curve (this topic will be better described below), collagen 
crimps that are present, and they “disappear” when loaded to induce a tensile strain 
of about 4%. Thus, crimps are physiological markers of tendon tension [29, 30].

The ECM composition characterizes this tissue as viscoelastic, guaranteeing the 
return to its original size, after being submitted to a certain level of deformation force 
[31, 32]. Tendon deformation, which occurs during movement, is dependent on the 
applied load. With higher stress levels, the tendons deform less and become stiffer, 
maximizing their ability to carry mechanical loads. Otherwise, with lower tensions, 
tendons have greater ability to deform and thus generate greater gains and adaptations 
in their ability to absorb energy [33]. This feature guarantees metabolic expenditure 
reduction during locomotion, as well as strength and power maximization during 
movement, a strategy known as the stretch-shortening cycle, where there is the use of 
the elastic capacity of passive structures, such as the tendon, for the energy accumula-
tion during its elongation, transformed into a more powerful movement and with less 
energy expenditure during muscle shortening (concentric contraction) [34, 35].

For a better understanding of the biomechanical aspects of this tissue, experi-
mental tests are performed, trapping the muscle-tendon complex at one end and 
the bone at the other end [36]. The tendon is then exposed to a controlled load 
along its longitudinal axis, recording force, and displacement until tissue failure. 
The results about mechanical properties are described in four main ways in litera-
ture [37]. The tendon deformation/elongation capacity relative to its normal length 
is characterized as strain, while the tendon force relative to its cross-sectional 
area is known as stress. Changes in tendon length, relative to the forces applied 
on it, generate stiffness. Finally, Young’s modulus, or modulus of elasticity, which 
describes the relationship between tendon stress and strain, represents the proper-
ties, independently of the cross-sectional area (CSA) [24, 36, 38].
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A typical stress-strain curve has four distinctive regions. The first region is called 
toe region, where the crimped/zigzag pattern disappears when the strain of the tendon 
is below 2% and reappears when tension is released. Following the toe region, there is a 
linear region, in which the strain is lower than 4% (the physiological upper limit of strain 
in tendons) and the collagen fiber bundles are no longer crimped. If the strain remains 
lower than 4%, the fibers and fibrils have been shown to recoil back to their normal 
resting state, but strain greater than 4% can produce a microscopic damage (Figure 2). 
The slope of this region is Young’s modulus, representing tendon stiffness. As the strain 
on the fibrils continues, the gap between the molecules increases and macroscopic failure 
can occur, with strain beyond 8–10%, eventually leading to tendon rupture [24, 38].

3.  General aspects of tendon mechanical properties in response to 
exercise

Similar to the skeletal muscle, the tendon has the capacity to adapt according 
to their mechanical environment. In general, human movement occurs through 
force-generated muscle contraction, which is transmitted to the bone by aponeu-
rosis and tendon [40]. On the other hand, movement is also essential for tendons 
[33, 41]. Since 1977, Beckham and coworkers have already noticed incomplete 
formation of cheek tendons during embryogenesis when muscle contraction was 
inhibited [42]. This result showed us that the relationship between the tendon and 
mechanical stimulus could be essential for tendon survival. Currently, we know the 
tendon answers metabolically to mechanical stimulus, and this exists in humans, 
for instance, tendon stiffness increase is related to mechanical loading imposed over 
it following a period of enhanced mechanical loading [33]. Moreover, short-term 
bout, as well as long-term loading-bearing, produces elevated collagen synthesis 
response [40]. A possible mechanism that explains the structural changes noticed 
following mechanical loading is the tendon responsiveness to mechanotransduc-
tion, promoting the interaction between fibroblasts and ECM. It is believed that 
this interaction between fibroblasts and ECM permits the cells to sense and respond 
to mechanical stimuli, promoting intracellular signaling that will improve protein 
synthesis and, consequently, tendon structures through collagen and growth factor 
autocrine/paracrine release (Figure 3).

Figure 2. 
Stress-strain curve and its four distinct regions: (I) toe region, (II) linear region, (III) plastic region, and 
(IV) failure region. The toe region represents the alignment of the collagen fibers. At 2% tension, all fibers 
are already out of their crimped state. In the linear region, the collagen fibers respond to the load in a linear 
fashion. The two subsequent regions (plastic and failure) represent the beginning and the total failure of the 
collagen fibers (accumulation of microdamages) (adapted from Robi et al. [39]).
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besides the organization of its structure [25]. Additionally, tenocytes have extensive 
communication with adjacent cells through gap junctions. The communication junc-
tions are extremely complex structures, having two hemicanals, also called connex-
ons, with a central pore. These open connexons allow free metabolites and ion passage 
among the gap junctions [26, 27]. These connexons are numbered, and the most 
important ones, in terms of cellular communication and tendons regeneration, are 
those of number 32 and 43. Connexin 43 is responsible for the inhibition of the colla-
gen syntheses within the tenocytes, as a response to mechanical loading. Connexin 32 
may have a stimulatory role, but all we need to know is that they aid communication 
among cells within the tendon to help with regeneration and adaptation [27].

2. Biomechanical aspects inherent to tendon function

Tendons have biomechanical characteristics similar to springs. They are not able 
to produce mechanical energy, but are able to conserve energy, increase potency 
during functional activities, and absorb external forces to prevent injury in the 
muscle [1, 3, 4]. The parallel arrangement of its collagen fibers along the tendon 
long axis is directly correlated with its ability to control the tensile loads, mainly 
unidirectionally and making tendon highly effective in transmitting tension 
generated by the skeletal muscle to the bone. A good example of the opposite is the 
ligaments, which have an interlocking arrangement, thus having greater ability to 
control tension loads in different directions [1, 9].

Nevertheless, a look with microscopic scales identifies a zigzag pattern of col-
lagen fibers, somewhat different from the perfect alignment along the tendon long 
axis described earlier, known as crimps [28]. Crimps form a “crimp angle” of 20° 
from the long axis of the tendon. When tendons are unloaded or in the low-load “toe 
region” of the stress-strain curve (this topic will be better described below), collagen 
crimps that are present, and they “disappear” when loaded to induce a tensile strain 
of about 4%. Thus, crimps are physiological markers of tendon tension [29, 30].

The ECM composition characterizes this tissue as viscoelastic, guaranteeing the 
return to its original size, after being submitted to a certain level of deformation force 
[31, 32]. Tendon deformation, which occurs during movement, is dependent on the 
applied load. With higher stress levels, the tendons deform less and become stiffer, 
maximizing their ability to carry mechanical loads. Otherwise, with lower tensions, 
tendons have greater ability to deform and thus generate greater gains and adaptations 
in their ability to absorb energy [33]. This feature guarantees metabolic expenditure 
reduction during locomotion, as well as strength and power maximization during 
movement, a strategy known as the stretch-shortening cycle, where there is the use of 
the elastic capacity of passive structures, such as the tendon, for the energy accumula-
tion during its elongation, transformed into a more powerful movement and with less 
energy expenditure during muscle shortening (concentric contraction) [34, 35].

For a better understanding of the biomechanical aspects of this tissue, experi-
mental tests are performed, trapping the muscle-tendon complex at one end and 
the bone at the other end [36]. The tendon is then exposed to a controlled load 
along its longitudinal axis, recording force, and displacement until tissue failure. 
The results about mechanical properties are described in four main ways in litera-
ture [37]. The tendon deformation/elongation capacity relative to its normal length 
is characterized as strain, while the tendon force relative to its cross-sectional 
area is known as stress. Changes in tendon length, relative to the forces applied 
on it, generate stiffness. Finally, Young’s modulus, or modulus of elasticity, which 
describes the relationship between tendon stress and strain, represents the proper-
ties, independently of the cross-sectional area (CSA) [24, 36, 38].

41

Exercise and Tendon Remodeling Mechanism
DOI: http://dx.doi.org/10.5772/intechopen.79729

A typical stress-strain curve has four distinctive regions. The first region is called 
toe region, where the crimped/zigzag pattern disappears when the strain of the tendon 
is below 2% and reappears when tension is released. Following the toe region, there is a 
linear region, in which the strain is lower than 4% (the physiological upper limit of strain 
in tendons) and the collagen fiber bundles are no longer crimped. If the strain remains 
lower than 4%, the fibers and fibrils have been shown to recoil back to their normal 
resting state, but strain greater than 4% can produce a microscopic damage (Figure 2). 
The slope of this region is Young’s modulus, representing tendon stiffness. As the strain 
on the fibrils continues, the gap between the molecules increases and macroscopic failure 
can occur, with strain beyond 8–10%, eventually leading to tendon rupture [24, 38].

3.  General aspects of tendon mechanical properties in response to 
exercise

Similar to the skeletal muscle, the tendon has the capacity to adapt according 
to their mechanical environment. In general, human movement occurs through 
force-generated muscle contraction, which is transmitted to the bone by aponeu-
rosis and tendon [40]. On the other hand, movement is also essential for tendons 
[33, 41]. Since 1977, Beckham and coworkers have already noticed incomplete 
formation of cheek tendons during embryogenesis when muscle contraction was 
inhibited [42]. This result showed us that the relationship between the tendon and 
mechanical stimulus could be essential for tendon survival. Currently, we know the 
tendon answers metabolically to mechanical stimulus, and this exists in humans, 
for instance, tendon stiffness increase is related to mechanical loading imposed over 
it following a period of enhanced mechanical loading [33]. Moreover, short-term 
bout, as well as long-term loading-bearing, produces elevated collagen synthesis 
response [40]. A possible mechanism that explains the structural changes noticed 
following mechanical loading is the tendon responsiveness to mechanotransduc-
tion, promoting the interaction between fibroblasts and ECM. It is believed that 
this interaction between fibroblasts and ECM permits the cells to sense and respond 
to mechanical stimuli, promoting intracellular signaling that will improve protein 
synthesis and, consequently, tendon structures through collagen and growth factor 
autocrine/paracrine release (Figure 3).

Figure 2. 
Stress-strain curve and its four distinct regions: (I) toe region, (II) linear region, (III) plastic region, and 
(IV) failure region. The toe region represents the alignment of the collagen fibers. At 2% tension, all fibers 
are already out of their crimped state. In the linear region, the collagen fibers respond to the load in a linear 
fashion. The two subsequent regions (plastic and failure) represent the beginning and the total failure of the 
collagen fibers (accumulation of microdamages) (adapted from Robi et al. [39]).
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4.  Biomechanical adaptations of the tendon in response to exercise 
training

Evidence-based interventions that elucidate biomechanical adaptations in the ten-
don are valuable to monitor the effectiveness of training programmers, as well as for 
the development, evaluation, and implementation of effective intervention programs 
aimed at injuries. The technique improvement for biomechanical evaluation in the ten-
don has directly influenced sports medicine, ergonomics, manufacturing sports equip-
ment, and many other aspects of human life. Exercise training potentiates an increase 
of tensile strength, energy absorption, and stiffness, which may help to enhance the 
tendon quality. Several reports have already described that these alterations in tendon 
mechanical properties, due to changes in the loading levels, can improve the muscles’ 
operating range and, consequently, the athletic performance [43].

4.1 Stiffness

Tendon stiffness is a crucial component for human locomotion and athletic 
performances because it keeps strain energy storage and returns properly and 
facilitates the muscle force potential due to force-length-velocity relationship [44]. 
Stiffness properties permit tendon to receive more or less stress, and this is directly 
related to tendon size. Thus, tendon stiffness is characterized by change in tendon 
length (ΔL) (deformation) in relation to the force applied to the tendon (ΔFt), 

Figure 3. 
Possible mechanism for loading induced collagen synthesis: (1) fibroblast connected to extracellular matrix 
via integrins. (2) Transcription and synthesis of growth factors induced by mechanical loading via changed 
intracellular signaling. (3) Autocrine-paracrine action of growth factors leading to increased collagen 
transcription and synthesis. Adapted from Heinemeier and Kjaer [43].
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but this parameter is dependent on the cross-sectional area (CSA) and length of 
the tendon, for instance, greater CSA and shorter length (deformation) will lead to 
greater stiffness [3] (Figure 4).

It has been demonstrated that tendon stiffness can increase after exercise train-
ing to maintain physiological ranges of strain. Tendon has been shown to undergo 
mechanical changes in response to diverse training regimens, including resistance 
and endurance training. The stiffness may vary according to limb dominance and 
specific activity. For example, patellar tendon stiffness was greater in the lead leg 
of badminton and fencing athletes [40]. The changes of the tendon material and 
morphological properties are among the prime candidate mechanisms, which 
could account for an increase of tendon stiffness in response to exercise. Running 
exercises can improve the tendon stiffness. Investigation that used ultrasonography 
reports greater tendon stiffness in long-distance runners than sedentary subjects 
[45]. The tendon stiffness may be a potential parameter for improving athletic per-
formance in running, such as peak ground reaction force and ground contact time. 
The recent findings suggest that stiffer tendon may help achieve better running per-
formance, with greater running economy, in endurance runners [46]. The sprinters 
had higher normalized stiffness (relation between tendon force and tendon strain) 
of the triceps sural tendon than the endurance runners and subjects not active in 
sports, which suggest that higher muscle strength possibly increases the margin of 
tendon tolerated mechanical loading due to tendon greater stiffness [47].

The resistance training (RT) potential for modulate tendon stiffness in individu-
als with connective tissue disorders, healthy individuals, athletes, and the elderly 
are largely described [48–50]. Eccentric exercise, isometric and plyometric training, 
and vascular occlusion are commonly used as forms of loading exercise for increas-
ing tendon stiffness and represent important strategies for training and rehabilita-
tion [51–53]. However, adding RT to endurance training did not affect stiffness 
patellar tendon compared to endurance training only [54]. The effects of RT on 
tendon stiffness can be potentiated by training variable manipulation, such as exer-
cise intensity and duration program [33]. Several studies demonstrated that higher 
muscle contraction intensity (i.e., 70% of RM) showed higher stiffness values than 
low-intensity exercise (30% of RM), which indicates that exercise intensity exerts 
important regulation on tendon adaptation following mechanical loading exercise, 
regardless the muscle contraction type.

Figure 4. 
Patella tendon force-derformation curve. Relationship between the force applied to the tendon (Ft) and the 
tendon deformation (elongation (ΔL). Adapted from Heinemeier and Kjaer [43].
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4.  Biomechanical adaptations of the tendon in response to exercise 
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Evidence-based interventions that elucidate biomechanical adaptations in the ten-
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the development, evaluation, and implementation of effective intervention programs 
aimed at injuries. The technique improvement for biomechanical evaluation in the ten-
don has directly influenced sports medicine, ergonomics, manufacturing sports equip-
ment, and many other aspects of human life. Exercise training potentiates an increase 
of tensile strength, energy absorption, and stiffness, which may help to enhance the 
tendon quality. Several reports have already described that these alterations in tendon 
mechanical properties, due to changes in the loading levels, can improve the muscles’ 
operating range and, consequently, the athletic performance [43].

4.1 Stiffness

Tendon stiffness is a crucial component for human locomotion and athletic 
performances because it keeps strain energy storage and returns properly and 
facilitates the muscle force potential due to force-length-velocity relationship [44]. 
Stiffness properties permit tendon to receive more or less stress, and this is directly 
related to tendon size. Thus, tendon stiffness is characterized by change in tendon 
length (ΔL) (deformation) in relation to the force applied to the tendon (ΔFt), 
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Possible mechanism for loading induced collagen synthesis: (1) fibroblast connected to extracellular matrix 
via integrins. (2) Transcription and synthesis of growth factors induced by mechanical loading via changed 
intracellular signaling. (3) Autocrine-paracrine action of growth factors leading to increased collagen 
transcription and synthesis. Adapted from Heinemeier and Kjaer [43].
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but this parameter is dependent on the cross-sectional area (CSA) and length of 
the tendon, for instance, greater CSA and shorter length (deformation) will lead to 
greater stiffness [3] (Figure 4).

It has been demonstrated that tendon stiffness can increase after exercise train-
ing to maintain physiological ranges of strain. Tendon has been shown to undergo 
mechanical changes in response to diverse training regimens, including resistance 
and endurance training. The stiffness may vary according to limb dominance and 
specific activity. For example, patellar tendon stiffness was greater in the lead leg 
of badminton and fencing athletes [40]. The changes of the tendon material and 
morphological properties are among the prime candidate mechanisms, which 
could account for an increase of tendon stiffness in response to exercise. Running 
exercises can improve the tendon stiffness. Investigation that used ultrasonography 
reports greater tendon stiffness in long-distance runners than sedentary subjects 
[45]. The tendon stiffness may be a potential parameter for improving athletic per-
formance in running, such as peak ground reaction force and ground contact time. 
The recent findings suggest that stiffer tendon may help achieve better running per-
formance, with greater running economy, in endurance runners [46]. The sprinters 
had higher normalized stiffness (relation between tendon force and tendon strain) 
of the triceps sural tendon than the endurance runners and subjects not active in 
sports, which suggest that higher muscle strength possibly increases the margin of 
tendon tolerated mechanical loading due to tendon greater stiffness [47].

The resistance training (RT) potential for modulate tendon stiffness in individu-
als with connective tissue disorders, healthy individuals, athletes, and the elderly 
are largely described [48–50]. Eccentric exercise, isometric and plyometric training, 
and vascular occlusion are commonly used as forms of loading exercise for increas-
ing tendon stiffness and represent important strategies for training and rehabilita-
tion [51–53]. However, adding RT to endurance training did not affect stiffness 
patellar tendon compared to endurance training only [54]. The effects of RT on 
tendon stiffness can be potentiated by training variable manipulation, such as exer-
cise intensity and duration program [33]. Several studies demonstrated that higher 
muscle contraction intensity (i.e., 70% of RM) showed higher stiffness values than 
low-intensity exercise (30% of RM), which indicates that exercise intensity exerts 
important regulation on tendon adaptation following mechanical loading exercise, 
regardless the muscle contraction type.

Figure 4. 
Patella tendon force-derformation curve. Relationship between the force applied to the tendon (Ft) and the 
tendon deformation (elongation (ΔL). Adapted from Heinemeier and Kjaer [43].



Tendons

44

In relation to the duration of the exercise program, several investigations suggest 
significant adaptations of tendon stiffness with only 8 weeks of intervention [33]; 
however, reduced elongation/strain over the whole force range can occur only after 
years of overload, indicating that there is a force-/strain-specific time course to 
these adaptations [55]. Although the use of RT may predict important biomechani-
cal adaptations induced by training, the link between changes of tendon stiffness 
with different rest intervals, exercise order, and training volume remains to be 
determined.

On the other hand, aging can harm tendon biomechanical properties directly, 
as a result of biological change degeneration in the tendon and indirectly due 
to inactivity. In this context, studies suggest that RT is a therapeutic approach 
to minimize the deleterious effects of aging on biomechanical parameters in 
the tendon. In a recent review, the study suggests that the interventions should 
implement high mechanical loads with repetitive loading for up to 3–4 months to 
counteract age-related changes in muscle-tendon unit biomechanical properties 
[56]. Exercise training has demonstrated to promote stiffness [44] and increase 
the elastic modulus in elderly individuals [57]. Increased tendon stiffness is 
associated with a more rapid development of joint torque (~25%), which may 
be beneficial in the elderly. In rodent models, RT in old rats was effective for an 
increase in the stress-strain relationship, which improved the tendon capacity to 
support stress [36].

4.2 Tensile strength

The tendons need to be strong enough to sustain high magnitudes of load-
ing, while their mechanical properties must remain functionally adequate for 
optimal muscle shortening or elastic energy storage. The tendons’ tensile strength 
represents the pull which a tendon can resist without rupturing. This biome-
chanical parameter is a key measure to evaluate tendon injury risk [1]. It is worth 
highlighting that tendon injuries are extremely common, with the top three being 
tears of the rotator cuff, Achilles, and wrist flexor tendon. Exercise training has 
been able to produce excellent outcomes in about 75% of cases, with increased 
tensile strength being a key component. Several factors can affect the mechani-
cal forces on tendons during locomotion and exercise [58]. In general, different 
tendons in the body are subject to different levels of mechanical loads, and both 
muscle contraction level and tendon relative size influence mechanical forces on a 
tendon.

In the past, the studies about exercise effects on tensile strength were based on 
in vitro animal investigations [59]. Recent advanced practices allow for noninva-
sive, in vivo assessment of fascicle movement and cross-sectional area of human 
tendons. The different athletic activities induce distinct levels of force, even on the 
same tendon. The tensile strength of a tendon is dependent on collagen and many 
proteoglycans, which proportionate viscoelastic properties, possessing both solid 
and fluid-like characteristics and exhibiting changes to the stress-strain relation-
ship regarding the rate at which they are loaded [58]. This dynamic entity remodels 
permanently in response to mechanical stimulation. Most studies with heavy 
resistance exercise and endurance activity seem to indicate that systematic exercise 
strengthens the tendon complex [33].

There is a paradox regarding the exercise effects on tensile strength since acute 
exercise can induce a decrease in this biomechanical parameter, which may be 
detrimental to tendon functions. However, chronic exercise stands out as a remark-
able non-pharmacological strategy for increasing tensile strength. It has been 
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demonstrated that Australian football athletes’ tendons presented a disorganiza-
tion response to the mechanical loading of a game and that this disorganization 
returned to normal only after 4 days [60]. In the same research line, the football 
players showed an improvement in tendon structure over a 5-month preseason 
training period with increased fibrillar alignment [61]. Thus, exercise seems to 
improve tendon mechanical quality, including tensile strength. Tendons are able to 
withstand considerable forces during exercise, adapting to changes in mechanical 
load over time. Athletes of different modalities demonstrated improved viscoelastic 
properties, such as greater maximum tendon strain and suitable strain fluctuations 
when compared to nonathletes [62].

5. Tendon morphological properties in response to exercise training

Tendons’ morphological properties are crucial to their ability to function 
effectively in situations of greater demand, such as the exercise training. The 
measures are determined from both the geometrical form and material properties. 
In general, the technological advances for tendon elongation evaluation, by means 
of an ultrasound-based methodology, as well as the determination of the tendon 
CSA from magnetic resonance images, enabled more robust elucidations. Although 
morphology analysis appear to be relatively simple measurements, researchers still 
encounter several difficulties that must be taken into account and that still limit 
current techniques [63].

5.1 Cross-sectional area

The tendons need to adapt based on the ratio of their peak operating stress to 
their ultimate stress. In this aspect, the modulation in CSA is an adaptive mecha-
nism required for keeping suitable safety factors in response to larger stress levels. 
Several studies in vivo reported that tendon stiffening after exercise training is 
accompanied by increases in CSA, which indicated that tendon hypertrophy can 
also occur with mechanical loading. In a recent systematic review and meta-analysis 
about human tendon adaptation in response to mechanical loading, it was demon-
strated that exercise training induces positive effect for CSA, regardless of type of 
applied loading regimens. Accumulating evidences from animal and human studies 
suggest increases in tendon CSA following exercise interventions. In these studies an 
increase of 20–30% of CSA was noticed in athletes that performed weight-bearing 
exercise (running and jumping) compared to athletes that did not performed 
weight-bearing exercise (kayakers) [64, 65]. Interestingly, a tendon CSA increase of 
30% in athletes that performed sports where one lower extremity is normally sub-
mitted to more loading (leading leg) than the contralateral side was also observed.

In addition, Konsgaard et al. [66] have showed that 12 weeks of heavy RT in 
healthy young men were efficient to promote increase in both quadriceps tendon 
CSA in middle and distal regions, as well as in stiffness when compared to other leg 
that accomplished light RT. Therefore, it is known that loading magnitude could 
interfere in tendon size. Interestingly, athletes with tendon degeneration cannot 
present pain symptoms after tendon damage has occurred. It has been demonstrated 
that around 52% of distance runners will sustain an Achilles tendon injury during 
their career. In the context, it is extremely essential to determine the difference 
between tendon remodeling and tendon degeneration. Tendon CSA changes may 
further indicate positive exercise adaptations or initial degeneration and tendon 
tissue repair [67].
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In relation to the duration of the exercise program, several investigations suggest 
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be beneficial in the elderly. In rodent models, RT in old rats was effective for an 
increase in the stress-strain relationship, which improved the tendon capacity to 
support stress [36].

4.2 Tensile strength

The tendons need to be strong enough to sustain high magnitudes of load-
ing, while their mechanical properties must remain functionally adequate for 
optimal muscle shortening or elastic energy storage. The tendons’ tensile strength 
represents the pull which a tendon can resist without rupturing. This biome-
chanical parameter is a key measure to evaluate tendon injury risk [1]. It is worth 
highlighting that tendon injuries are extremely common, with the top three being 
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and fluid-like characteristics and exhibiting changes to the stress-strain relation-
ship regarding the rate at which they are loaded [58]. This dynamic entity remodels 
permanently in response to mechanical stimulation. Most studies with heavy 
resistance exercise and endurance activity seem to indicate that systematic exercise 
strengthens the tendon complex [33].

There is a paradox regarding the exercise effects on tensile strength since acute 
exercise can induce a decrease in this biomechanical parameter, which may be 
detrimental to tendon functions. However, chronic exercise stands out as a remark-
able non-pharmacological strategy for increasing tensile strength. It has been 
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returned to normal only after 4 days [60]. In the same research line, the football 
players showed an improvement in tendon structure over a 5-month preseason 
training period with increased fibrillar alignment [61]. Thus, exercise seems to 
improve tendon mechanical quality, including tensile strength. Tendons are able to 
withstand considerable forces during exercise, adapting to changes in mechanical 
load over time. Athletes of different modalities demonstrated improved viscoelastic 
properties, such as greater maximum tendon strain and suitable strain fluctuations 
when compared to nonathletes [62].
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effectively in situations of greater demand, such as the exercise training. The 
measures are determined from both the geometrical form and material properties. 
In general, the technological advances for tendon elongation evaluation, by means 
of an ultrasound-based methodology, as well as the determination of the tendon 
CSA from magnetic resonance images, enabled more robust elucidations. Although 
morphology analysis appear to be relatively simple measurements, researchers still 
encounter several difficulties that must be taken into account and that still limit 
current techniques [63].

5.1 Cross-sectional area

The tendons need to adapt based on the ratio of their peak operating stress to 
their ultimate stress. In this aspect, the modulation in CSA is an adaptive mecha-
nism required for keeping suitable safety factors in response to larger stress levels. 
Several studies in vivo reported that tendon stiffening after exercise training is 
accompanied by increases in CSA, which indicated that tendon hypertrophy can 
also occur with mechanical loading. In a recent systematic review and meta-analysis 
about human tendon adaptation in response to mechanical loading, it was demon-
strated that exercise training induces positive effect for CSA, regardless of type of 
applied loading regimens. Accumulating evidences from animal and human studies 
suggest increases in tendon CSA following exercise interventions. In these studies an 
increase of 20–30% of CSA was noticed in athletes that performed weight-bearing 
exercise (running and jumping) compared to athletes that did not performed 
weight-bearing exercise (kayakers) [64, 65]. Interestingly, a tendon CSA increase of 
30% in athletes that performed sports where one lower extremity is normally sub-
mitted to more loading (leading leg) than the contralateral side was also observed.

In addition, Konsgaard et al. [66] have showed that 12 weeks of heavy RT in 
healthy young men were efficient to promote increase in both quadriceps tendon 
CSA in middle and distal regions, as well as in stiffness when compared to other leg 
that accomplished light RT. Therefore, it is known that loading magnitude could 
interfere in tendon size. Interestingly, athletes with tendon degeneration cannot 
present pain symptoms after tendon damage has occurred. It has been demonstrated 
that around 52% of distance runners will sustain an Achilles tendon injury during 
their career. In the context, it is extremely essential to determine the difference 
between tendon remodeling and tendon degeneration. Tendon CSA changes may 
further indicate positive exercise adaptations or initial degeneration and tendon 
tissue repair [67].
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On the other hand, Wiesinger et al. investigated the tendon structural integ-
rity in athletes engaged in sports with contrasting requirements [68]. Curiously, 
researchers showed that tendon CSA area normalized to body mass was smaller 
in water polo players than in other athletes (patellar and Achilles tendon, −28 to 
−24%) or controls (patellar tendon only, −9%). In contrast, the normalized cross-
sectional area was larger in runners (patellar tendon only, +26%) and ski jumpers 
(patellar and Achilles tendon, +21% and + 13%, respectively) than in controls, 
which indicate that tendon morphological properties can be modulated by func-
tional requirements.

At last, some studies have demonstrated that there are differences in tendon 
plasticity between men and woman. It was noticed that men’s tendons hypertro-
phy with training, whereas trained women’s tendons are the same size as those of 
untrained women. This work suggests that gender-specific humoral factors may be 
involved in the training-induced adaptive morphological response of the human 
tendon. In fact, tendon adaptation inhibition following exercise when levels of 
estrogen are high was observed [3, 10].

5.2 Tendon elongation

Tendon elongation correlates significantly with clinical outcome, and lengthen-
ing is an important cause of morbidity and may produce permanent functional 
impairment [69]. Increases in tendon stiffness and tensile strength reported 
following exercise training could conceivably be attributed to tendon elongation. 
Nevertheless, current literature does not offer conclusive evidence to support this 
premise. Several research lines about the positive effects of exercise on tendon 
elongation are controversial [33, 45]. Few studies considered all relevant method-
ological aspects (e.g., accounting for gravitational forces, axes misalignment of joint 
and dynamometer, averaging multiple trials to reliably assess tendon elongation, 
measuring the tendon moment arm directly). Possibly these aspects affect the 
validity of the applied method. In addition, whenever variations between measured 
and calculated tendon elongations are observed, it should be standard practice to 
confirm that there are no shortcomings in the original elongation calculations or the 
standard stressing procedures.

On the other hand, in tendon injury mechanical theory, tendon tissue overload is 
blamed for the pathologic process. Sports injuries, such as Achilles tendon rupture, 
are serious injuries for which the best treatment is still controversial. The main 
objective of intervention strategies must be to restore normal length, thus obtain-
ing an optimal function [69]. Once tendon lengthening has become permanent, its 
clinical management is often difficult. The emphasis on exercise programs should 
be placed on muscle strengthening.

6. Tendon molecular signaling in response to exercise training

In general, the maintenance or changes in tendon CSA, as well as in tendon 
elongation, are regulated by interaction between synthesis and degrada-
tion molecular pathways [70–73]. In the tendon, the molecular adaptations 
stimulated by different types of exercise occur similarly to the skeletal muscle. 
Therefore, it is important to notice that in cases where training stimulates 
muscle hypertrophy and strength increase, the adaptations of muscles and 
tendons, which are collagen-rich tissues, are essential to maintain muscle-tendon 
unit integrity [74].
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Tendons are distinct structures from muscles; however, tendon tissue has a 
direct continuation with the muscle ECM. This characteristic develops an essential 
mechanism that permits the communication of the mechanical properties of both 
muscles and tendons, allowing suitable force transmission between them [75]. 
Based on this communication, the externally applied mechanical load can stimulate 
ECM components through fibroblasts; however, ECM composition seems to be 
adapted specifically to changes in load. Therefore, it is possible to understand that 
mechanical stress can modulate the synthesis of ECM proteins, stimulating para-
crine growth factor release, indirectly or directly triggering intracellular signaling 
pathway that will permit some ECM gene activation [76].

In order to investigate molecular signaling in response to exercise training, 
different approaches have been used, for instance, microanalysis, incorporation 
of stable isotope labeled proline into tendon tissue (C-13-proline), and mRNA 
gene expression of molecules present in the ECM. These approaches have been 
employed with the goal to analyze the modulations of several molecular media-
tors responsible for EMC remodeling, as well as molecules that present role key in 
tendon structure maintenance, such as collagens, proteoglycans, growth factors, 
as well as collagenases that could response to both endogenous and exogenous 
stimuli.

Currently, it is known that exercise induces collagen synthesis in the tendon, 
but the cellular mechanisms are still unclear. In the same way, growth factors 
as transforming growth factor-β-1 (TGF-β-1), connective tissue growth fac-
tor (CTGF), insulin-like growth factor (IGF), and mediator upstream involved 
in the collagen synthesis also might be involved in the ECM remodeling [77]. 
Enzymes involved in collagen processing, such as lysyl oxidase (LOX), in favor to 
cross-linking of collagen [78], as well as matrix metalloproteinases (MMPs) and 
their inhibitors (TIMPs) might contribute with tendon remodeling aggravated by 
exercise [79].

6.1 Collagens fibers and growth factors

The microanalysis has been employed to measure collagen pro-peptides which 
are responsible in the mature collagen synthesis.

Based on the microanalysis, it was possible to notice, in humans, elevated levels 
of collagen synthesis in peritendinous tissue in response to mechanical stimuli, in 
both acute and prolonged exercises [41]. These data corroborate with a previous 
study that used qPCR to investigate synthesized collagen by mRNA expression, 
but, in rats. In this study, the rats were submitted to 4 days of concentric, eccentric, 
or isometric training in the medial gastrocnemius muscle through sciatic nerve 
stimulation, simulating short-term strength training. Interestingly, in humans, high 
levels of type I and III collagen mRNA in the Achilles tendon in response in short-
term resistance training were found, but no difference was seen between training 
types [77]. In this same study, researchers also investigated the regulation of TGF-β 
and CTGF key mediators for collagen fiber mRNA transcription.

TGF-β family is composed of more than 30 members identified in humans. 
This family orchestrates several cellular processes as proliferation, differentiation, 
protein metabolism, and growth and remodeling of the ECM in the tendon [80]. In 
the tendon, in particular, three TGF-β isoforms are known (TGF-β1, TGF-β2, and 
TGF-β3), but the most studied and that receive more attention is TGF-β1 isoform. 
In theory, latent TGF-β1 molecules are stored in ECM, in association with other 
ECM components such as fibrillin-1 and fibronectin. In cases when there is ECM 
remodeling necessity, for instance, injury tendon or overload following training, 
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On the other hand, Wiesinger et al. investigated the tendon structural integ-
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which indicate that tendon morphological properties can be modulated by func-
tional requirements.

At last, some studies have demonstrated that there are differences in tendon 
plasticity between men and woman. It was noticed that men’s tendons hypertro-
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untrained women. This work suggests that gender-specific humoral factors may be 
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tendon. In fact, tendon adaptation inhibition following exercise when levels of 
estrogen are high was observed [3, 10].
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Tendon elongation correlates significantly with clinical outcome, and lengthen-
ing is an important cause of morbidity and may produce permanent functional 
impairment [69]. Increases in tendon stiffness and tensile strength reported 
following exercise training could conceivably be attributed to tendon elongation. 
Nevertheless, current literature does not offer conclusive evidence to support this 
premise. Several research lines about the positive effects of exercise on tendon 
elongation are controversial [33, 45]. Few studies considered all relevant method-
ological aspects (e.g., accounting for gravitational forces, axes misalignment of joint 
and dynamometer, averaging multiple trials to reliably assess tendon elongation, 
measuring the tendon moment arm directly). Possibly these aspects affect the 
validity of the applied method. In addition, whenever variations between measured 
and calculated tendon elongations are observed, it should be standard practice to 
confirm that there are no shortcomings in the original elongation calculations or the 
standard stressing procedures.

On the other hand, in tendon injury mechanical theory, tendon tissue overload is 
blamed for the pathologic process. Sports injuries, such as Achilles tendon rupture, 
are serious injuries for which the best treatment is still controversial. The main 
objective of intervention strategies must be to restore normal length, thus obtain-
ing an optimal function [69]. Once tendon lengthening has become permanent, its 
clinical management is often difficult. The emphasis on exercise programs should 
be placed on muscle strengthening.

6. Tendon molecular signaling in response to exercise training

In general, the maintenance or changes in tendon CSA, as well as in tendon 
elongation, are regulated by interaction between synthesis and degrada-
tion molecular pathways [70–73]. In the tendon, the molecular adaptations 
stimulated by different types of exercise occur similarly to the skeletal muscle. 
Therefore, it is important to notice that in cases where training stimulates 
muscle hypertrophy and strength increase, the adaptations of muscles and 
tendons, which are collagen-rich tissues, are essential to maintain muscle-tendon 
unit integrity [74].
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Tendons are distinct structures from muscles; however, tendon tissue has a 
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mechanism that permits the communication of the mechanical properties of both 
muscles and tendons, allowing suitable force transmission between them [75]. 
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ECM components through fibroblasts; however, ECM composition seems to be 
adapted specifically to changes in load. Therefore, it is possible to understand that 
mechanical stress can modulate the synthesis of ECM proteins, stimulating para-
crine growth factor release, indirectly or directly triggering intracellular signaling 
pathway that will permit some ECM gene activation [76].

In order to investigate molecular signaling in response to exercise training, 
different approaches have been used, for instance, microanalysis, incorporation 
of stable isotope labeled proline into tendon tissue (C-13-proline), and mRNA 
gene expression of molecules present in the ECM. These approaches have been 
employed with the goal to analyze the modulations of several molecular media-
tors responsible for EMC remodeling, as well as molecules that present role key in 
tendon structure maintenance, such as collagens, proteoglycans, growth factors, 
as well as collagenases that could response to both endogenous and exogenous 
stimuli.

Currently, it is known that exercise induces collagen synthesis in the tendon, 
but the cellular mechanisms are still unclear. In the same way, growth factors 
as transforming growth factor-β-1 (TGF-β-1), connective tissue growth fac-
tor (CTGF), insulin-like growth factor (IGF), and mediator upstream involved 
in the collagen synthesis also might be involved in the ECM remodeling [77]. 
Enzymes involved in collagen processing, such as lysyl oxidase (LOX), in favor to 
cross-linking of collagen [78], as well as matrix metalloproteinases (MMPs) and 
their inhibitors (TIMPs) might contribute with tendon remodeling aggravated by 
exercise [79].

6.1 Collagens fibers and growth factors

The microanalysis has been employed to measure collagen pro-peptides which 
are responsible in the mature collagen synthesis.

Based on the microanalysis, it was possible to notice, in humans, elevated levels 
of collagen synthesis in peritendinous tissue in response to mechanical stimuli, in 
both acute and prolonged exercises [41]. These data corroborate with a previous 
study that used qPCR to investigate synthesized collagen by mRNA expression, 
but, in rats. In this study, the rats were submitted to 4 days of concentric, eccentric, 
or isometric training in the medial gastrocnemius muscle through sciatic nerve 
stimulation, simulating short-term strength training. Interestingly, in humans, high 
levels of type I and III collagen mRNA in the Achilles tendon in response in short-
term resistance training were found, but no difference was seen between training 
types [77]. In this same study, researchers also investigated the regulation of TGF-β 
and CTGF key mediators for collagen fiber mRNA transcription.

TGF-β family is composed of more than 30 members identified in humans. 
This family orchestrates several cellular processes as proliferation, differentiation, 
protein metabolism, and growth and remodeling of the ECM in the tendon [80]. In 
the tendon, in particular, three TGF-β isoforms are known (TGF-β1, TGF-β2, and 
TGF-β3), but the most studied and that receive more attention is TGF-β1 isoform. 
In theory, latent TGF-β1 molecules are stored in ECM, in association with other 
ECM components such as fibrillin-1 and fibronectin. In cases when there is ECM 
remodeling necessity, for instance, injury tendon or overload following training, 
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active TGF-β can be released of ECM through mechanical force or by matrix pro-
teolytic enzymes as ADAMTS1, MMP-2, and MMP-9 [75]. In the case of mechanical 
force-mediated TGF-β activation, αvβ6 integrin, transmembrane proteins that 
connect intracellular cytoskeleton proteins together with ECM, suffers a conforma-
tional change that signals to liberate latent TGF-β; now matrix biologically active 
to binding in surface receptors are found in ECM cell. The binding between ligand 
(TGF-β) and their receptor permits activation of downstream intracellular signal-
ing pathways, responsible for gene transcription, essential to ECM remodeling (for 
instance, collagen, MMPs, and TIMPs) (Figure 5) [75].

Interestingly, Heinemeyer et al. [77] confirmed in their study that TGF-β 
could be involved in collagen I and collagen III regulations in different types of 
training (concentric, eccentric, or isometric). Following 24 hours post training, a 
TGF-β increased gene expression in all types of training (concentric, eccentric, or 
isometric) with no difference among training types was noticed. These results are 
in accordance with previous studies that showed eccentric training is also accompa-
nied by fibroblast proliferation, main cells responsible for synthesizing collagen in 
response to exercise [81, 82].

About ECM, connective tissue growth factor (CTGF), downstream mediator of 
TGF-β, in fibroblastic cells, also seems to be responsible for tendon ECM remodel-
ing by exercise. It was noticed in human patellar tendon submitted to 1 hour of 
unilateral kicking exercise (workload of 67%) with frequency of 35 kicks per min 
and 2100 concentric contractions that CTGF gene expression total volume was 
increased, together with COL1A1 mRNA levels, 24 hours postexercise. On the other 

Figure 5. 
Overview of TGF-β signaling pathways. Adapted from Gumucio et al. [75].
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hand, tendon collagen protein synthesis between trained and untrained groups 
was not modified [83]. Despite that literature is still unclear about the mechanism 
that links mechanical loading, TGF-β-1, and CTGF, some results have reported that 
habitual loading is firstly related to stimulating proximal and distal portions of the 
tendon [40, 66]. However, future studies are necessary to obtain a better understat-
ing about the effect of exercise in this gene expression. Another point is inconsis-
tency among loading protocol, so it is possible that some protocols have not reached 
to threshold enough stress-strain to stimulate the CTGF expression.

6.2 Proteoglycans

Other molecules, such as proteoglycans, are essential for fibrillogenesis regula-
tion and tendon structure maintenance [84]. The proteoglycan regulation from 
exercise is still not clear on the literature, whereas most studies have observed the 
exercise effects over collagen and some growth factors responsible for gene expres-
sion of those molecules. However, it seems that resistance exercise appears not to 
induce changes in proteoglycan gene regulation. In the previous study, there were 
no observed changes in mRNA expression of the proteoglycans: decorin, biglycan, 
fibromodulin, and versican from resting levels at 4 or 24 hours after resistance 
training that corresponded to workload of 70% of the subject’s concentric maxi-
mum repetition [84]. Although, this study hasn’t found changes between proteogly-
cans, it is possible to infer that the regulation of these molecules could be related to 
mode, duration, and intensity of the exercise.

6.3 Matrix metalloproteinases

The ECM surrounding tendon provides structural support, protection, and 
maintenance of the functional integrity. The modulation of ECM function is 
controlled by matrix metalloproteinases (MMPs) and tissue inhibitors of metal-
loproteinases (TIMPs). The MMPs constitute a large family of endopeptidase 
zinc dependent that modulates ECM functions, degrading their constituents, 
such as proteoglycans, collagen, fibronectin, laminin, and other proteins during 
normal and pathological tissue remodeling. It has been reported that gelatinases 
(MMP-2 and MMP-9) play an important role in the ECM turnover induced by 
tissue injury and exercise training [84].

In order to compare exercise types (concentric, eccentric, or isometric) over 
gene expression of MMPs, a previous study noticed that MMP-2 mRNA expression 
increases moderately in the tendon in concentric and isometric exercises. On the 
other hand, MMP inhibitor, TIMP-1, and TIMP-2 increased gene expressions in 
response to all training types [77]. These data suggest a self-regulatory mechanism 
in attempt to protect the ECM against a high degradation of ECM compounds. In 
humans, it was found that MMP-2 mRNA decreased significantly 4 hours posteri-
orly to resistance training but returned to resting levels 24 hours after exercise. The 
mRNA expression of TIMP-1 did not change 24 hours post-acute exercise.

Interestingly in rodent models, previous data has already shown that acute or 
chronic exercises upregulate MMP-2 activity in the tendon, which is considered 
substantial mechanisms to tendon adaptation [85]. In contrast, anabolic-androgenic 
steroid treatment strongly inhibited this activity. Thus, anabolic-androgenic steroid 
treatment (AAS) can impair tissue remodeling in animal’s tendons undergoing 
physical exercise by downregulating MMP activity, thus increasing the potential for 
tendon injury [86].
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hand, tendon collagen protein synthesis between trained and untrained groups 
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habitual loading is firstly related to stimulating proximal and distal portions of the 
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tency among loading protocol, so it is possible that some protocols have not reached 
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cans, it is possible to infer that the regulation of these molecules could be related to 
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loproteinases (TIMPs). The MMPs constitute a large family of endopeptidase 
zinc dependent that modulates ECM functions, degrading their constituents, 
such as proteoglycans, collagen, fibronectin, laminin, and other proteins during 
normal and pathological tissue remodeling. It has been reported that gelatinases 
(MMP-2 and MMP-9) play an important role in the ECM turnover induced by 
tissue injury and exercise training [84].

In order to compare exercise types (concentric, eccentric, or isometric) over 
gene expression of MMPs, a previous study noticed that MMP-2 mRNA expression 
increases moderately in the tendon in concentric and isometric exercises. On the 
other hand, MMP inhibitor, TIMP-1, and TIMP-2 increased gene expressions in 
response to all training types [77]. These data suggest a self-regulatory mechanism 
in attempt to protect the ECM against a high degradation of ECM compounds. In 
humans, it was found that MMP-2 mRNA decreased significantly 4 hours posteri-
orly to resistance training but returned to resting levels 24 hours after exercise. The 
mRNA expression of TIMP-1 did not change 24 hours post-acute exercise.

Interestingly in rodent models, previous data has already shown that acute or 
chronic exercises upregulate MMP-2 activity in the tendon, which is considered 
substantial mechanisms to tendon adaptation [85]. In contrast, anabolic-androgenic 
steroid treatment strongly inhibited this activity. Thus, anabolic-androgenic steroid 
treatment (AAS) can impair tissue remodeling in animal’s tendons undergoing 
physical exercise by downregulating MMP activity, thus increasing the potential for 
tendon injury [86].
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In the same research line, it has been demonstrated that the effects of exercise 
training on tendon repair are not the same for different tendon types and tendon 
regions (distal, proximal, and intermediary). For example, Marqueti et al. [87], 
showed that the intermediate region of the trained animals with AAS supplemen-
tation differed from the proximal and distal regions. Moreover, trained animals 
with AAS supplementation decreased MMP-2 activity form in three regions of 
the calcaneal tendon (distal, proximal, and intermediary) but not on the deep 
flexor tendons. The results suggest that the differences in the response to exercise 
and AAS treatment are a result of distinct metabolism and recruitment of these 
tendon regions in the exercise program. In another study, Pereira et al. [85] 
investigated MMP-2 activity in different regions of the calcaneal tendon after 
RT in ovariectomized rats. The authors demonstrated that ovarian hormones 
modulate MMP-2 activity differently in proximal region when compared to distal 
region; however, acute and chronic RT promote sufficient local stimuli to increase 
total and active MMP-2. Furthermore, proximal region of the calcaneus tendon 
seems to be more sensitive than the distal region to both acute and chronic RT due 
to greater MMP-2 activity increase, even in the ovariectomy condition.

7. Conclusions

In summary, tendons are highly responsive to morphological, biochemical, 
and biomechanical modifications in response to exercise training. Those changes 
emphasize the importance of extracellular matrix investigation and its remarkable 
characteristics in this tissue type. With respect to mechanical loading, is well known 
that exercise exerts beneficial effects in distinct regions of tendons. However, tendon 
remodeling is not the same in different tendon regions concerning the same mechan-
ical loading application. Also, muscle contraction intensity is a key element in tendon 
adaptive responses. Finally, accumulating evidence from animal and human studies 
suggests several beneficial effects of exercise on the tendon remodeling, which might 
contribute to clinical conditions and performance, as well as understanding the 
potential of mechanical loading in different types of exercise conditions.
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Chapter 5

Patellar Tendinopathy: “Jumper’s 
Knee”
Mayur Nayak and Rahul Yadav

Abstract

“Patellar tendinopathy” is also known as “Jumper’s knee” and is a common cause 
of impaired function in athletes who participate in sports that require jumping 
and running activities. The exact etiology of disease is still unknown and several 
theories have been postulated for its pathogenesis. It usually presents as anterior 
knee pain that is related to the sports activity and might lead to decreased sports 
participation. USG and MRI are the main modality of investigation that aids in 
the diagnosis. Non-operative therapy forms the main stay of treatment in form of 
rest, brace, physical therapy and anti-inflammatory medications. Other adjuncts 
such as cryotherapy, corticosteroids injection, platelet -rich plasma injections and 
electrical therapy like TENS or ESWT have been used with some success. Operative 
intervention in form of open or arthroscopic procedures are reserved for chronic 
and refractory cases.

Keywords: patellar tendinopathy, degenerative, tendinitis, jumper’s knee, enthesis, 
eccentric, cryotherapy

1. Introduction

Tendinopathy is a broad term encompassing painful condition in and around 
tendon due to overuse. It commonly affects the Extensor mechanism (patellar 
tendon) around the knee and is termed as “jumper’s knee” [1, 2]. It is characterized 
by an initial reactive or inflammatory response followed by stage of degeneration. 
The prevalence of patellar tendinosis is seen greatest in young adults who are engaged 
in high demand sports that involves running, jumping and cutting movements. It 
has been estimated to range from 40%-50% in elite volleyball players and 35%-40% 
in high level basketball players [3]. It can also affect sedentary individuals and an 
estimated prevalence of 14.2% is seen in general population [4].

The disease pass through two stages, acute and chronic and presentation vary 
according to the stage of disease. It usually present as anterior knee pain, swelling 
and impaired function in acute stage, while in chronic stage it may presents as long 
standing anterior knee pain with profound muscle wasting without the sign of 
inflammation or impaired function. The tendo-osseous junction on the inferior pole 
of patella is the usual affected site. The exact etiology of disease is still unknown. 
However, various risk factor have been identified which may contribute in develop-
ment of patellar tendinopathy such as impaired quadriceps flexibility and strength, 
high body mass index (BMI), leg length discrepancy, impaired hamstring flexibility 
and vertical jump performance, as all these factors increases the strain over the 
patellar tendon [5]. Several theories have been postulated on pathogenesis of patellar 
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and impaired function in acute stage, while in chronic stage it may presents as long 
standing anterior knee pain with profound muscle wasting without the sign of 
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of patella is the usual affected site. The exact etiology of disease is still unknown. 
However, various risk factor have been identified which may contribute in develop-
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high body mass index (BMI), leg length discrepancy, impaired hamstring flexibility 
and vertical jump performance, as all these factors increases the strain over the 
patellar tendon [5]. Several theories have been postulated on pathogenesis of patellar 
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tendinopathy including vascular [6], mechanical [7], nervous [8] and impingement 
related. However the chronic repetitive tendon overload theory is the most accepted 
theory for patellar tendinosis.

The term “patellar tendinitis” which is often used for patellar tendon pain 
appears to be misnomer for patellar tendinopathy. Multiple histo-pathological 
studies have reported that the primary pathology in most of painful tendon is 
degenerative rather than inflammatory [9–11]. However Fredberg et al. [12] chal-
lenged the concept of patellar tendon pain due to degenerative cause and stated that 
it is rather the presence of inflammatory process that is responsible for pain. While 
some histopathological studies [13, 14] have shown that pro-inflammatory chemical 
agent such as cyclooxygenase, growth factors, and prostaglandins are present in 
acute stages and macrophage and lymphocyte in chronic tendinopathy, we still need 
further research and more evidences to prove the theory.

The management of patellar tendinopathy has always been challenge to the 
healthcare professionals. It usually requires a multimodal approach and based upon 
the current literature and clinical practice an effective conservative intervention in 
the form of rest, NSAIDS and physiotherapy is indicated in acute phase and surgical 
procedure are reserved for chronic and long standing cases.

2. Anatomy

Patellar tendon is the continuation of the common tendon of insertion of quadri-
ceps, extending from the inferior pole of patella to the tibial tuberosity. In adult, the 
patellar tendon is around 25–40 mm wide in the coronal plane and 4–5 mm deep in 
the sagittal plane and 4–6 cm long. Macroscopically it appears white, glistening and 
stringy with collagen fiber in tendon are arranged in parallel fashion.

The blood supply of the tendon is through the anastomotic vascular ring lying 
in the thin layers of loose connective tissue that covers the fibrous expansion of the 
rectus femoris. The formation of the ring is through the anterior tibial recurrent 
artery and genicular arteries mainly the lateral superior, lateral inferior and medial 
inferior artery [15, 16].

The patellar tendon attachment to bone (patella or tibia) has fibrocartilaginous 
enthesis with four distinct tissue zones–dense fibrous connective tissue, uncalci-
fied fibrocartilage, calcified cartilage and bone [17]. The patellar tendon lack of 
well-developed proper paratenon, while the posterior surface of tendon which is 
in direct contact of fat pad, which is highly vascular and innervated. According to 
Duri et al. [18] the intensity of pain in some patient with patellar tendinopathy is 
due to involvement of fat pad. Patellar tendon pathology usually involve the enthesis 
site, it most commonly involve the inferior pole of patella but can also involve tibial 
tubercle or proximal aspect of patella in quadriceps tendon. Macroscopically the 
diseased portion of tendon become disorganized and appears yellow-brown in color.

3. Epidemiology

Jumper’s knee is commonly seen in people involved in contact sports such as 
basketball, volleyball, high jump, long jump, tennis and running [1]. The factor con-
tributing factor in development of patellar tendinopathy can be classified as extrinsic 
factor or intrinsic factor [19]. The intrinsic factor can be sex, race, bone structure, 
bone density, muscle length, muscle strength, joint range of motion. While extrinsic 
factors are training volume (duration, frequency and intensity), specific sports 
activity, specific movements like quick acceleration, deceleration, cutting action and 

59

Patellar Tendinopathy: “Jumper’s Knee”
DOI: http://dx.doi.org/10.5772/intechopen.84642

training surfaces. Ferreti [20] observed direct relation between the patellar tendi-
nopathy with number of weekly training session and training over the hard surface.

The condition is more commonly seen in males than females [21]. This condition 
is not a self-limiting one and symptoms may prevail after treatment.

4. Pathogenesis

Tendons display a classical stress-strain curve, during the increased flexion the 
maximum load is located in deep posterior portion of patella, close to center of rota-
tion knee and inferior pole of patella. The crimp pattern of the tendon disappears 
when the length of the tendon is stretched greater than 2%. With further stretch 
greater than 5%, the tendon fibers become more parallel and the tendon follows a 
linear response to stress [22, 23]. Beyond this, tendon failure starts to begin with 
disruption of collagen cross links.

The force experienced by patellar tendon on a level ground while walking is 0.5 
kN, which increases to 8 kN during landing from a jump, 9 kN during fast running 
and further to 14.5 kN during competitive weight lifting. A basketball player, on 
an average, jumps 70 times per game where the vertical component of the ground 
reaction force reaches to about six to eight times the body weight. Thus, sport activi-
ties can impose high levels of stress on the tendon, enough to cause its failure. This 
increased strain result in alteration of cellular activity level by affecting the tenocytes 
and altering the protein and enzyme production with deforming of nucleus [7, 24]. 
The tendon fibroblast are loaded with increased prostaglandins E2, leukotrienes 
B4, VEGF and matrix metalloproteinase which contribute to tendinopathy. This 
increased strain result in alteration of cellular activity level by affecting the tenocytes 
and altering the protein and enzyme production with deforming of nucleus [7, 24]. 
The tendon fibroblast are loaded with increased prostaglandins E2, leukotrienes B4, 
VEGF and matrix metalloproteinase which contribute to tendinopathy.

In chronic patellar tendinopathy, there will be absent or minimal inflammation 
[10, 13, 21]. The diseased tendon shows hypercellularity with atypical fibroblast and 
endothelial cell proliferation with neovascularization [13, 21, 25, 26]. There will be loss 
of longitudinal collagen fibers and demarcation between collagen bundles with relative 
expansion of tendon. There will be abundant number of cell undergoing apoptosis 
with abundance of pre-apoptotic proteins and gene [27, 28]. Macroscopically tendi-
nopathy will have disorganized appearance described as mucoid degeneration [20, 29].

5. History and physical examination

The clinical diagnosis of jumper’s knee is based on the subjective sensation of the 
pain and restriction of activities. The symptoms are insidious in onset but usually 
relates to an increase in frequency or intensity of activity involving rapid repetitive 
ballistic movements of the knee joint. It starts with a dull aching pain in the anterior 
aspect of the knee after a strenuous activity and further progresses to a state where 
it interferes with the performance of the individual. Patients also complain of pain 
while ascending or descending stairs.

The key physical finding of the patellar tendinopathy is tenderness at the inferior 
pole of patella when the knee is at full extension with gradual decrease in the pain 
when the knee is flexed gradually. It is generally accompanied by few signs of soft 
tissue inflammation [1]. The condition often associated with abnormalities of 
patellar tracking, chondromalacia patellae, Osgood-schlatter disease or mechanical 
malalignment of the leg.
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6. Imaging

6.1 Roentgenogram

Anteroposterior, lateral and tangential views of patella may show radiolucency 
over involved pole in early stage, while in prolonged stage, the involved pole may 
appear elongated. In chronic cases tendon calcification and periosteal reaction over 
anterior aspect of patella (“tooth sign”) may be evident. While in long standing 
cases the stress fracture or disruption of extensor mechanism may occur.

6.2 Ultrasonography

Ultrasound and MRI is the main modality of investigation for jumper’s knee. 
Although CT scan can image patellar tendon, it does not offer any significant advan-
tage over the above mentioned investigations. However studies have shown CT scan 
to be of some prognostic value [30, 31].

Role of ultrasound:

1. Detect preclinical lesion in athletes

2. Detect patellar tendon pathology and assess its severity

Ultrasonographic appearance:
Patellar tendons in patients suffering from jumper’s knee have decreased echo-

genicity, containing either a sonolucent region or diffuse hypoechogenicity [31–33]. 
The tendon envelope is irregular, and there may be erosion of patellar tip and 
intratendinous calcification may be present.

6.3 Role of MRI

1. Identification of exact location and the extension of the tendon involvement

2. Exclusion of other condition such as bursitis, chondromalacia

3. Quantification of the size of patellar tendon to be excised during surgery

Appearance in MRI:
The abnormal patellar tendon contains an oval to round area of high signal 

intensity in T1- and T2-sequence at the tendon attachment site or focal zones of 
high signal intensity in the deeper zones of the tendon [34, 35]. The T2-weighted 
sequences (particularly the T2*-weighted GRE sequences) have greater sensitivity 
than the T1-weighted protocols. However, the T1-weighted signal can image most 
cases of patellar tendinopathy.

Ferrati et al. [36] classified jumper’s knee into six stages according to symptoms:

Stage Symptoms

0 No pain

1 Pain only after intense sports activity, no undue functional impairment

2 Pain at the beginning and after sports activity, still able to perform at a satisfactory level

3 Pain during sports activity, increasing difficulty in performing at a satisfactory level

4 Pain during sports activity, unable to participate in sports at as satisfactory level

5 Pain during daily activity, unable to participate in sport at any level
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7. Management

Unfortunately the management used for chronic tendon disorders has a very 
little scientific backdrop and varies considerably among the surgeons and across 
countries. Thus the treatments listed below are at best empirical.

7.1 Rest

This modality is useful in athletes presenting for the first time with patellar pain 
but becomes a concern in individuals involved in competitive sports.

7.2 Straps, braces and exercises

One approach to help in healing of the tendon tissues is unloading. This can be 
achieved either by the modification of the activities for e.g. decreasing the number 
of jumps or landing on the ground with proper orientation of the foot, or use of 
knee braces and straps such as chopart straps that share and alter the load on the 
tendon. Chopart strap [10] is a tape attached just proximal to tibial tendon. The 
most popular non-operative treatment involves eccentric exercise.

7.3 Cryotherapy and physical modalities

Cryotherapy helps in controlling initial tissue response to the injury. It is thought 
to act by decreasing the blood flow and metabolic rate, thereby decreasing the rate 
of inflammation. Electrical modalities that have been used in patellar tendinopathy 
include ESWT, ultrasound, heat, interferential therapy, magnetic fields, pulsed 
magnetic and electromagnetic fields, transcutaneous electrical nerve stimulation 
(TENS), and laser [10, 37, 38]. The true effects of the above mentioned modalities 
still remain unknown and further studies are required to support their use.

7.4 Remedial massage

It tends to treat the tendon tissue by having an effect on the muscle stretch and 
direct effect on the tendon cells. Muscle belly massage is thought to increase the 
compliance of the muscle and decrease the load on the muscle. Deep friction mas-
sage is thought to activate the mesenchymal cells to stimulate the healing response. 
“Fibrolysis”, a form of deep frictional massage originally developed in Finland, 
has been successful in Achilles tendinopathy. However a controlled study failed to 
provide any evidence of healing in patellar tendinopathy and further evidence is 
required to warrant its use [39].

7.5 Rehabilitation

The key treatment nowadays to chronic tendinopathy is the stretching and 
strengthening programme of the whole muscle tendon unit. A staged program for 
tendinopathy corresponding to the stages of worsening severity of the condition [1] 
was outlined by Stanish et al. [40] outlined in Table 1.

Drop squat forms one of the key exercise for this condition in which patients 
are asked to sit to about 100–120° of knee flexion from a standing position and are 
advised to perform three sets consisting of 10 repetitions per session. It was observed 
that this regimen brought about complete relief in 30% of patients with reduction in 
the symptoms in further 64% of the patients [41]. Worsening symptoms were seen 
in the remaining 6% of patients. Cannell [42] observed that eccentric squats were 
better as compared to leg curl/extension exercises in treatment of the condition.
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7.6 NSAIDS

Although the benefits of NSAIDs are dubious, they are the most common 
drug used for symptomatic relief [43]. Although the use of “anti-inflammatory” 
medication seems paradoxical for a condition that is essentially degenerative, it 
is believed NSAIDs might act via mechanisms different from their conventional 
anti-inflammatory actions [44]. In vitro studies in human cartilage have revealed a 
variable interaction of NSAIDs with glycosaminoglycans (GAGs) where some have 
been shown to stimulate and some to inhibit, its synthesis [45]. This mechanism 
also sheds light on its effect on the synthesis of extra-cellular matrix. In a double 
blinded placebo controlled study, the use of NSAIDs in tendinopathy, piroxicam did 
not benefit patients with Achilles tendinopathy however topical ketoprofen reached 
the target tissue in patients with patellar tendinopathy, but the clinical efficacy was 
not assessed [46].

7.7 Corticosteroids

Corticosteroids are known for reducing the symptoms arising from the inflamed 
synovial structures. However the role of corticosteroids remains controversial in 
management of tendinopathy. According to Jozsa and Kannus [47] steroids are 
contraindicated in acute phase of tendinopathy and in the late chronic phase of 
tendinopathy when the tendon degeneration is advanced which may lead to tendon 
rupture. However it has proved beneficial when diluted with anesthetic for diag-
nostic reasons and to minimize adverse effects and in conditions where 1–6 week 
rest period combined with a programme of gradual strengthening is required before 
returning to activity.

7.8 Other medical treatments

Aprotinin, an 85 amino acid 65 kDa basic polypeptide extracted from bovine 
lungs has shown to offer better pain relief than steroids at least in short term. 
However aprotinin which is a strong inhibitor MMP (matrix metalloproteinase) is 
less effective in insertional tendinopathy as compared to main body [48]. Another 
non-surgical treatment option includes use of sclerosing agent with chemical 
irritant (e.g. polidocanol) [8, 49, 50]. These targets the neovascularization and 
accompanying nerves. The use of platelet-rich plasma injection has been tried in 
tendinopathy and favorable outcome have been found [51–53]. However still there is 
no level 1 or level II studies about role of PRP in patellar tendinopathy. The glyceryl 
trinitrate (GTN) patch [54, 55], which delivers nitric oxide (NO) to pathological 
tendon which play role in tendon healing. But we still need level1or level II evidence 
to support it.

Stage Program

Stage 1 Adequate warm up
Ice after activity
Local anti-inflammatory treatments, including non-steroidal anti-inflammatory drugs (NSAIDs)
Physiotherapy(isometric quadriceps exercises and an elastic knee support)

Stage 2 Addition of period of rest and heat before activity

Stage 3 Addition of prolonged period of rest

Table 1. 
Program for patellar tendinopathy.
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7.9 Surgical treatment

Patellar tendon surgery is indicated in patients who have failed conservative 
management more than 6 weeks [56–58]. A variety of surgical procedures have 
been described such as resection of the tibial attachment of the patellar tendon 
with realignment, drilling of the inferior pole of the patella, macroscopic necrotic 
area excision [59], repair of macroscopic defects, longitudinal tenoplasty/tenotomy 
of the tendon [60] percutaneous longitudinal tenotomy, percutaneous needling 
[61] and arthroscopic assisted decompression [62, 63] of the tendon, possibly with 
excision of the inferior pole of the patella however the effectiveness of any single 
procedure has not been elucidated.

8. Conclusions

Patellar tendinopathy is essentially a degenerative condition and the 
management should be based on the clinical assessment. Imaging appear-
ances, although aids in the diagnosis but should not determine the treatment. 
Conservative treatment forms the mainstay of management, while surgery is 
indicated only after a dedicated period of appropriate conservative measures 
have been instituted, usually around 6–9 months. These include physical 
modalities such as local application of ice and graduated strengthening phys-
iotherapy protocol such as functional exercises and eccentric strengthening; 
the latter are done only after the patient is pain free. Although there is a lack 
of level I evidence, eccentric training appears to be the most promising modal-
ity. Peritendinous corticosteroid or aprotinin infiltration may also be useful as 
an adjunct for the treatment of this condition. Although scientific consensus 
is lacking percutaneous needling appears to be the least invasive procedure, 
followed by percutaneous longitudinal tenotomy. Arthroscopic debridement has 
been proposed, but, although early results are encouraging, its efficacy is still 
under scrutiny.
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1. Introduction

Tendinopathy is a common cause of recurring pain and long-term impairment 
in leisure and professional athletes, increased age being an additional risk factor. 
The prevalence of clinically manifest conditions in risk groups is high: in a cohort of 
football players, 21% suffered from Achilles tendon problems [1]. Moreover, even in 
clinically healthy volunteers, ultrasonographic evidence of Achilles tendon altera-
tions was found in 16% [2]. This indicates that clinical manifestation is only the 
tip of the iceberg, the basis of which is a long-term interplay of inflammatory and 
degenerative changes.

Tendons have to withstand high mechanical loads and serve as an energy storage 
with elastic properties. The required biomechanical properties are provided by 
the extracellular matrix (ECM) [3], which is largely composed of hierarchically 
structured, cross-linked, and crimped collagen type I fibrils. The tenocytes, while 
representing only 5% of the tissue volume, maintain the ECM structure by constant 
remodeling. This normally enables biochemical and biomechanical adaptations to 
exercise [4]. Recurrent overuse impairs this physiological adaptation.

The onset of tendinopathy is currently understood as the result of a failed 
healing response to repeated tissue trauma. Microruptures, oxidative, mechani-
cal, and heat stress activate resident cells and trigger a cascade of inflammation 
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and degeneration, culminating in ECM deterioration. Key molecules involved 
include vascular endothelial growth factor (VEGF), interleukin (IL)-1, tumor 
necrosis factor (TNF)-α, prostaglandin (PG)E2, glutamate, and substance P 
[5, 6]. These mediators foster the ingrowth of blood vessels and nerves and the 
activation of nociceptive pathways. They are also implicated in the upregula-
tion and activation of matrix metalloproteinases (MMP) and downregulation 
of their endogenous inhibitors (tissue inhibitors of matrix metalloproteinases; 
TIMP) [7]. This entails ECM degradation which successively alters and weakens 
the ECM structure [6]. When the accumulated damage and sensitization reach 
a threshold, clinical manifestation of tendinopathy comprises classical signs of 
inflammation including pain. Furthermore, provoked by new overload events, 
massive tissue trauma can occur. The resolution of inflammation is crucial to 
limit tissue damage, yet this mechanism often fails. Promoting fibrosis, a lack 
of pro-resolving signals, and persistence of macrophages entails the continuing 
activation of fibroblasts [8, 9]. Furthermore, macrophages could further contrib-
ute to ECM degradation via MMP secretion. Once at a diseased state, the intrinsic 
regenerative capacity of tendons is poor. Although endogenous mesenchymal 
stem-like cells with high tenogenic potential reside within tendons [10–12], these 
are susceptible to damage and suffer age-related changes [13, 14]. In pathological 
states, they could even contribute to fatty degeneration, fibrosis, and heterotopic 
ossifications [15, 16].

Treatment of tendinopathy still represents an unsolved challenge. Mainly, the 
use of strict rehabilitation exercise regimens is sufficiently evidence based [17, 18]. 
Anti-inflammatory drugs are frequently used, but they do not only counteract the 
active inflammation but also its resolution [19]. Biologicals such as platelet rich 
plasma have also received much attention, but clinical evidence is not convincing 
[17, 20, 21]. Research also focuses on the potential of endogenous tendon progeni-
tor cells [22], which may be a promising strategy but will not be addressed in this 
review.

Multipotent mesenchymal stromal cells (MSCs) represent a therapeutic tool 
which might meet the clinical need of an adaptive treatment that simultaneously 
addresses different aspects of the disease. MSCs reside in virtually any tissue, in 
close proximity to the vasculature [23, 24]. MSCs derived from bone marrow and 
adipose tissue (BMSC and ASC, respectively) have been most extensively character-
ized [25, 26]. The fibroblast-like cells have been defined by a set of inclusion and 
exclusion antigens, their plastic-adherence, and trilineage differentiation potential 
in vitro [26]. While their differentiation potential into mesenchymal cell types, 
including tenocytes [27], has led to their extensive use in tissue engineering, it has 
become evident that their therapeutic potential by far exceeds cell replacement 
[24, 28]. While proof of MSC engraftment is often lacking, MSC-based cell therapy 
has shown beneficial effects in diverse scenarios in animal models, mostly medi-
ated by immunomodulatory and trophic mechanisms [29–33]. Particularly, the 
immunomodulatory potential is extensively being researched and already exploited 
clinically, e.g., for treatment of graft-versus-host disease [34–36].

The use of MSC for tendon repair was first suggested in 1998 [37] and, interest-
ingly, has been published as a case report on an equine patient as early as 2003 [38]. 
Since then, several experimental animal studies—the recent ones being reviewed 
here—and case series in equine patients [39–41] have raised hope that local 
implantation of MSC into acute tendon defects improves healing. However, trans-
lational progress into human orthopedics is underwhelming, and although equine 
patients are being treated and few first-in-man clinical trials have been performed 
or initiated [42–44], convincing evidence from randomized, controlled clinical 
studies has neither been obtained in equine nor in human patients so far [45]. This 
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may in part be due to our still limited understanding of the MSC mechanisms of 
action in tendon healing, which delays the development of targeted treatment 
approaches.

The aim of this review was to collect the evidence for the different possible MSC 
mechanisms of action in the treatment of tendon disease. In vitro and in vivo stud-
ies published within the last 5 years were screened and their results were compiled, 
focusing on MSC-based cell therapy using BMSC or ASC.

2. Tendon regeneration and defect models

2.1 In vitro and ex vivo models

In vitro and ex vivo models relevant to MSC mechanisms of action in tendon 
regeneration comprise two major groups, with some overlap (Figure 1). The 
first includes the wide range of models for tenogenic differentiation [10, 46–94]. 
Among these, approaches in three-dimensional dynamic cultures appear most 
representative for MSC mechanisms in vivo [57, 58, 64, 70, 74, 77, 79, 83, 84, 86, 87]. 
Typically assessed parameters following tenogenic differentiation include the 
expression of tenogenic transcription factors (scleraxis and, in the more recent 
studies, mohawk), the transmembrane glycoprotein tenomodulin, as well as the 
expression and deposition of extracellular matrix components (e.g., collagen I, 
collagen III, decorin, and tenascin-C) and biomechanical parameters in case of 
tissue engineered constructs. Upregulation of matrix components such as collagen 
I or tenascin-C and improved construct strength do not only suggest tenogenic dif-
ferentiation but also indicate ECM-modulating activities of the MSC. However, it 
should be acknowledged that no truly specific tendon marker has yet been identi-
fied, and that only expression patterns of combined marker sets, e.g., collagen I, 
scleraxis, and tenascin-C, discriminate healthy tendon from diseased tendon or 
other musculoskeletal tissues [95].

The second group includes models investigating the interaction of MSC with teno-
cytes and/or the tendon ECM, using co-cultures of MSC and tenocytes, their respec-
tive conditioned media, or tendon explants [48, 69, 74, 75, 88, 91, 92, 94, 96–105]. 

Figure 1. 
In vitro models.



Tendons

70

and degeneration, culminating in ECM deterioration. Key molecules involved 
include vascular endothelial growth factor (VEGF), interleukin (IL)-1, tumor 
necrosis factor (TNF)-α, prostaglandin (PG)E2, glutamate, and substance P 
[5, 6]. These mediators foster the ingrowth of blood vessels and nerves and the 
activation of nociceptive pathways. They are also implicated in the upregula-
tion and activation of matrix metalloproteinases (MMP) and downregulation 
of their endogenous inhibitors (tissue inhibitors of matrix metalloproteinases; 
TIMP) [7]. This entails ECM degradation which successively alters and weakens 
the ECM structure [6]. When the accumulated damage and sensitization reach 
a threshold, clinical manifestation of tendinopathy comprises classical signs of 
inflammation including pain. Furthermore, provoked by new overload events, 
massive tissue trauma can occur. The resolution of inflammation is crucial to 
limit tissue damage, yet this mechanism often fails. Promoting fibrosis, a lack 
of pro-resolving signals, and persistence of macrophages entails the continuing 
activation of fibroblasts [8, 9]. Furthermore, macrophages could further contrib-
ute to ECM degradation via MMP secretion. Once at a diseased state, the intrinsic 
regenerative capacity of tendons is poor. Although endogenous mesenchymal 
stem-like cells with high tenogenic potential reside within tendons [10–12], these 
are susceptible to damage and suffer age-related changes [13, 14]. In pathological 
states, they could even contribute to fatty degeneration, fibrosis, and heterotopic 
ossifications [15, 16].

Treatment of tendinopathy still represents an unsolved challenge. Mainly, the 
use of strict rehabilitation exercise regimens is sufficiently evidence based [17, 18]. 
Anti-inflammatory drugs are frequently used, but they do not only counteract the 
active inflammation but also its resolution [19]. Biologicals such as platelet rich 
plasma have also received much attention, but clinical evidence is not convincing 
[17, 20, 21]. Research also focuses on the potential of endogenous tendon progeni-
tor cells [22], which may be a promising strategy but will not be addressed in this 
review.

Multipotent mesenchymal stromal cells (MSCs) represent a therapeutic tool 
which might meet the clinical need of an adaptive treatment that simultaneously 
addresses different aspects of the disease. MSCs reside in virtually any tissue, in 
close proximity to the vasculature [23, 24]. MSCs derived from bone marrow and 
adipose tissue (BMSC and ASC, respectively) have been most extensively character-
ized [25, 26]. The fibroblast-like cells have been defined by a set of inclusion and 
exclusion antigens, their plastic-adherence, and trilineage differentiation potential 
in vitro [26]. While their differentiation potential into mesenchymal cell types, 
including tenocytes [27], has led to their extensive use in tissue engineering, it has 
become evident that their therapeutic potential by far exceeds cell replacement 
[24, 28]. While proof of MSC engraftment is often lacking, MSC-based cell therapy 
has shown beneficial effects in diverse scenarios in animal models, mostly medi-
ated by immunomodulatory and trophic mechanisms [29–33]. Particularly, the 
immunomodulatory potential is extensively being researched and already exploited 
clinically, e.g., for treatment of graft-versus-host disease [34–36].

The use of MSC for tendon repair was first suggested in 1998 [37] and, interest-
ingly, has been published as a case report on an equine patient as early as 2003 [38]. 
Since then, several experimental animal studies—the recent ones being reviewed 
here—and case series in equine patients [39–41] have raised hope that local 
implantation of MSC into acute tendon defects improves healing. However, trans-
lational progress into human orthopedics is underwhelming, and although equine 
patients are being treated and few first-in-man clinical trials have been performed 
or initiated [42–44], convincing evidence from randomized, controlled clinical 
studies has neither been obtained in equine nor in human patients so far [45]. This 

71

Mechanisms of Action of Multipotent Mesenchymal Stromal Cells in Tendon Disease
DOI: http://dx.doi.org/10.5772/intechopen.83745

may in part be due to our still limited understanding of the MSC mechanisms of 
action in tendon healing, which delays the development of targeted treatment 
approaches.

The aim of this review was to collect the evidence for the different possible MSC 
mechanisms of action in the treatment of tendon disease. In vitro and in vivo stud-
ies published within the last 5 years were screened and their results were compiled, 
focusing on MSC-based cell therapy using BMSC or ASC.

2. Tendon regeneration and defect models

2.1 In vitro and ex vivo models

In vitro and ex vivo models relevant to MSC mechanisms of action in tendon 
regeneration comprise two major groups, with some overlap (Figure 1). The 
first includes the wide range of models for tenogenic differentiation [10, 46–94]. 
Among these, approaches in three-dimensional dynamic cultures appear most 
representative for MSC mechanisms in vivo [57, 58, 64, 70, 74, 77, 79, 83, 84, 86, 87]. 
Typically assessed parameters following tenogenic differentiation include the 
expression of tenogenic transcription factors (scleraxis and, in the more recent 
studies, mohawk), the transmembrane glycoprotein tenomodulin, as well as the 
expression and deposition of extracellular matrix components (e.g., collagen I, 
collagen III, decorin, and tenascin-C) and biomechanical parameters in case of 
tissue engineered constructs. Upregulation of matrix components such as collagen 
I or tenascin-C and improved construct strength do not only suggest tenogenic dif-
ferentiation but also indicate ECM-modulating activities of the MSC. However, it 
should be acknowledged that no truly specific tendon marker has yet been identi-
fied, and that only expression patterns of combined marker sets, e.g., collagen I, 
scleraxis, and tenascin-C, discriminate healthy tendon from diseased tendon or 
other musculoskeletal tissues [95].

The second group includes models investigating the interaction of MSC with teno-
cytes and/or the tendon ECM, using co-cultures of MSC and tenocytes, their respec-
tive conditioned media, or tendon explants [48, 69, 74, 75, 88, 91, 92, 94, 96–105]. 

Figure 1. 
In vitro models.



Tendons

72

Outcome parameters assessed in these studies are more diverse and include cell 
viability, proliferation, and metabolic parameters, expression and/ or release of growth 
factors, cytokines, MMPs and TIMPs, expression of ECM receptors and cytoskeleton 
formation, ECM protein release or deposition, or modulatory effects on immune cells 
(e.g., macrophage M1/M2 switch). Consequently, these studies provide insight into 
MSC trophic effects, immunomodulatory, or matrix-modulatory mechanisms.

The figure gives an overview of the in vitro models included in this review, illus-
trating the overlap between tenogenic differentiation models and coculture models, 
and summarizes the most commonly assessed outcome parameters. Note that in 
this context, the term “coculture” is used to summarize the models investigating the 
interplay between tenocytes and MSC, thus it does not exclusively refer to cocul-
tures of different cell types but also includes cell culture models using conditioned 
media or tendon explants.

2.2 In vivo models

In vivo studies on MSC-based tendon therapies need to be discriminated with 
respect to the animal model used (small vs. large, type of disease or defect model) 
and the treatment approach (strategy for MSC delivery, possible adjuvant treat-
ments, timing of treatment, MSC source, and cell numbers applied).

Animal species used comprise small (rats [54, 106–118] and rabbits [119–122]) 
and large animals (dogs [123–126], sheep [127–129], and horses [130–141]). 
Interestingly, there appears to be a fair balance between small and large animal 
studies. This suggests preclinical progress, but it is also due to the interest in the 
equine species within the veterinary community. The tendon defects were created 
surgically in the majority of studies, with full thickness transections or segmental 
defects (mostly in the Achilles tendon) used in small animals or dogs and surgically 
created core lesions in the superficial digital flexor tendons in the equine model. 
Although there is reason to believe that enzymatical induction of tendon lesions 
better mimics the ECM degeneration and inflammation in tendon disease, only few 
among the recent studies used collagenase-based tendinopathy models [106, 108, 
110, 129, 137, 139]. Still, neither surgical nor enzyme-based approaches fully reflect 
the complex tendon pathophysiology. In this light, providing particularly valuable 
information, some studies in the equine species were performed using horses suf-
fering from naturally occurring tendinopathy [134, 138, 141] (Figure 2).

Figure 2. 
In vivo models.
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The diagram displays the numbers of studies performed in different animal 
species which were included in this review and indicates the types of tendon defect 
models used in the respective species.

Approaches for MSC implantation include local delivery of MSC suspensions, 
mostly via (ultrasound-guided) injection [106–112, 119, 120, 127–133, 136–141], 
coating of suture materials with MSC [113], MSC delivery in fibrin-based vehicles 
[54, 114, 124] or cell sheets [54, 123, 125, 126], and the use of diverse constructs of 
MSC and scaffold materials [115–118, 121, 122]. Interestingly, while the delineation 
between MSC-scaffold constructs for MSC delivery and for tendon replacement 
is sketchy, it is remarkable that construct-based approaches are almost exclusively 
used in small animals. This indicates that translational progress using these 
approaches is poor, possibly due to their incapability to meet the biomechanical 
demands in large animals or humans.

Further aspects of the treatment approach are likely to influence MSC mecha-
nisms of action and complicate the coherent interpretation of findings from 
different studies. Adjuvant treatments, e.g., simultaneous growth factor delivery, 
or pre-treatment of the MSC, such as pre-differentiation or inflammatory licens-
ing before cell delivery, may support certain mechanisms synergistically but may 
negatively interfere with other mechanisms. For example, bone morphogenetic 
protein (BMP)-12 promotes MSC tenogenic differentiation but reduces their 
immunomodulatory potential [93]. Next, the timing of the treatment is of great 
importance as different mechanisms of action of MSC are likely to be relevant dur-
ing different stages of tendon healing. Furthermore, the dosage, i.e., the numbers 
of MSC applied, may not only play a role with respect to treatment efficacy but 
also with respect to supporting specific mechanisms of action [120]. For example, 
interactions between MSC and immune cells depend on the ratio of MSC to leuko-
cytes present [142].

Last not least, the MSC source is likely to influence their mechanisms of action, 
which is an issue with equal relevance for in vitro findings. On the one hand, this 
applies to the choice of donor in terms of age and health status [143] and in terms 
of autologous, allogeneic or, in case of many small animal models, even xenogeneic 
use of MSC. On the other hand, the tissue origin of MSC as well as the donor spe-
cies impact on the cell characteristics [57, 140, 144] and thus potentially on their 
mechanisms of action. Therefore, mainly studies focusing on the well-characterized 
BMSC and ASC were included and their tissue origin discriminated where appro-
priate. Furthermore, it was attempted to compile only studies which enabled the 
discrimination of MSC effects from those of possible additional treatments. In this 
line, in vivo studies using genetically engineered MSC for other purposes than cell 
tracking were not included in this review.

3. Engraftment and tenogenic differentiation

The assumption that MSC engraftment and their tenogenic differentiation after 
implantation into a tendon lesion lead to the replacement of damaged tenocytes 
dates back to the earlier days of MSC research and mirrors the general conception 
of MSC at that time [27, 38]. In the following years, the fact that MSC persistence 
at the site of tissue damage could not be achieved in models for a wide variety of 
diseases led to the assumption that differentiation and cell replacement might not 
even contribute to the regenerative effects observed after MSC transplantation 
[28]. This hypothesis was fostered by the compelling finding that paracrine factors 
released by the MSC can lead to similar beneficial effects as the MSC themselves, 
leading to the concept of cell-free MSC-based therapies [145]. Still, the situation 
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line, in vivo studies using genetically engineered MSC for other purposes than cell 
tracking were not included in this review.
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dates back to the earlier days of MSC research and mirrors the general conception 
of MSC at that time [27, 38]. In the following years, the fact that MSC persistence 
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might be slightly different in tendon pathologies, and at the moment, it cannot 
be excluded that tenogenic differentiation of engrafted cells could contribute 
to regeneration, perhaps as a basis for further trophic and ECM-modulatory 
mechanisms.

3.1 In vitro evidence

An extensive body of recent literature describes the tenogenic differentiation of 
MSC in response to a wide range of stimuli, although unfortunately, no generally 
accepted in vitro model or standard tenogenic differentiation assay exists. Current 
concepts of tenogenic differentiation are reviewed in detail elsewhere [146, 147]. 
The most commonly used stimuli to induce tenogenesis in MSC include growth fac-
tors, scaffolds with specific topography, and cyclic mechanical loading, with most 
studies combining two or more of these approaches, based on earlier studies in the 
field of tissue engineering [37, 148–150].

Growth factors used for induction of tenogenic differentiation mainly 
include transforming growth factor-β family members (TGF-β [47, 51, 53, 60, 
66, 86, 88] and the growth differentiation factors GDF-5/BMP-14 [60, 67, 68, 
70, 82, 151], GDF-6/BMP-13 [72], GDF-7/ BMP-12 [56, 60, 80, 93], and GDF-8 
[71, 78]) but also fibroblast growth factors (FGF) [49, 89, 90], insulin-like 
growth factor-1 [53], vascular endothelial growth factor (VEGF) [60], or 
epidermal growth factor [49]. A promising stepwise differentiation approach 
has also been reported using TGF-β1 followed by connective tissue growth 
factor (CTGF) [54]. Growth factors are commonly delivered as culture medium 
supplements, but, e.g., FGF-2-transduced MSCs have been used as well [89]. 
Further tenogenic differentiation approaches based on genetic modifications 
include the forced expression of the tenogenic transcription factors scleraxis 
[10, 152] or mohawk [52, 116].

Currently used scaffolds comprise decellularized tendon matrices [57, 58, 64, 
65, 83, 84, 88] and (synthetic) scaffolds with specifically designed topography 
and stiffness [59, 61–63, 68, 70, 72–75, 79, 81, 87], both being used based on evi-
dence that physical cues such as scaffold anisotropy and stiffness direct MSC fate. 
Decellularized tendon matrices provide biochemical cues at the same time. A differ-
ent approach to exploit the natural tendon biochemical composition is to use tendon 
ECM or tenocytic extracts as a culture supplement [46, 47, 91].

Mechanical loading of cell cultures, typically MSC-seeded scaffolds, is 
performed in bioreactors, most commonly by uniaxial cyclic stretching [46, 57, 
58, 64, 66, 70, 74, 77, 79, 83, 84, 86, 87]. Different frequencies and strain rates 
have been used. While results are consistent in that cyclic stretching supports 
tenogenic differentiation, there is a discrepancy regarding the extent of stretch-
ing, with some studies highlighting moderate strain rates of 2 or 3% as beneficial 
for tenogenic induction [58, 77], while others support the use of higher strain 
rates (e.g. 10%) [55, 153]. Further approaches to tenogenic differentiation by 
physical stimulation include the use of extracorporeal shock waves [76], pulsed 
electromagnetic fields [85], and the activation of mechanosensitive membrane 
receptors [50].

In addition to using growth factors, scaffolds, and mechanical loading, teno-
genic differentiation of MSC has also been reported in co-cultures with tenocytes 
[48, 69, 74, 75, 92] or in tenocyte-conditioned medium [48].

This overview illustrates that a wide range of stimuli can induce a tenogenic 
phenotype in MSCs (BMSCs as well as ASCs), although the quality of differen-
tiation cannot be directly compared between studies and certainly varies. With 
respect to possible MSC tenogenic differentiation in vivo, the studies relying 
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on physiological stimuli, such as mechanical loading, biomimetic scaffolds, or 
cross-talk with tenocytes, are most insightful. In contrast, the use of growth 
factors (typically at concentrations exceeding those found in vivo) or genetic 
modifications is suitable for mechanistic studies and may be helpful for teno-
genic pre-differentiation prior to MSC implantation but does not reflect the 
in vivo situation. To understand if physiological stimuli could promote the same 
distinct tenogenic phenotype as artificial TGF-β concentrations, it would be 
helpful to gain further insight into the downstream signaling networks and their 
possible interfaces. So far, however, tenogenic signaling has mainly been inves-
tigated following growth factor stimulation [67, 82, 89, 90]. Only few studies 
have attempted to elucidate the signaling pathways activated in MSC in response 
to mechanical load or scaffold topographical cues, focusing on the role of rho/
ROCK [154, 155].

Yet, although physiological stimuli have repeatedly been shown to induce 
tenogenic differentiation in MSC, it should not be anticipated that this mechanism 
is analogously activated when MSCs are implanted into a tendon lesion. Self-
evidently, the tendon lesion does not provide a physiological but rather a patho-
physiological environment, which may have an entirely different impact on the 
MSCs. Unfortunately, this issue is still underrepresented in the current literature. 
Recently, we investigated ASC tenogenic properties in response to physiological 
tenogenic and simultaneous inflammatory stimulation [84]. This study demon-
strated that ASC tenogenic properties are compromised not only in the presence 
of the pro-inflammatory cytokines IL-1β and TNF-α but also in the presence of 
leukocytes. Similarly, IL-1β and IL-6 inhibited tenogenic differentiation in tendon-
derived stem cells [156, 157]. Furthermore, again in tendon-derived stem cells, stiff 
matrices impeded tenogenic differentiation [158]. Together, these findings suggest 
that MSC tenogenic differentiation may be impaired in a pathophysiological in vivo 
environment, which can comprise inflammatory stimuli as well as stiff (fibrotic) 
ECM, depending on the stage of disease.

3.2 In vivo evidence

Although extensively investigated in vitro, there is no distinctive evidence of 
tenogenic differentiation following MSC implantation in vivo. One conceivable 
explanation is that MSC differentiation is in fact impaired in the pathophysi-
ological lesion environment. Nevertheless, in contrast to studies in other disease 
models, MSCs have been repeatedly localized in treated tendon lesions, provid-
ing a basis for long-term regenerative effects, possibly including differentiation 
and cell replacement. Furthermore, there is some evidence of homing of MSCs 
to tendon lesions, although not unambiguous. The mechanism of homing may 
be of minor importance with respect to cell delivery at the macroscale, as the 
cells are almost exclusively delivered locally in MSC-based tendon therapies. 
Yet, the capability of homing is still indicative of MSCs that are capable of iden-
tifying regions of tissue damage at the microscale, where they would actively 
integrate.

None of the small animal studies included in this review specifically 
addressed MSC homing to tendon lesions. However, when bursal tissue was 
implanted in rotator cuff tendon lesions in a rat model, the green fluorescent 
protein-labeled mesenchymal stem cells from this tissue infiltrated the healing 
tendons [159], demonstrating the presence of homing signals. Accordingly, 
ASC infiltration into the tendons was also evident when cell sheets were used as 
delivery vehicle in a canine model [126]. However, when injected into  
the tendon sheath, BMSC homed to synovial structures but were not attracted  
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to the tendon lesions in an ovine model of intrasynovial tendon healing [127]. 
In the equine large animal model, homing of MSC to tendon lesions has been 
addressed in more detail. Scintigraphic short-term in vivo tracking of tech-
netium-labeled BMSC showed that the cells homed to the tendon lesion after 
administration by regional limb perfusion, although local administration by 
direct intralesional injection was more effective, and no homing was observed 
after intravenous administration. These findings were consistent between 
artificial tendon lesions [135] and natural tendinopathy [134]. Interestingly, 
intraarterial limb perfusion showed greater accumulation of BMSC in the 
lesion on day 10 after surgical lesion induction than on day 3 [135]. This find-
ing illustrates that the stage of tendon disease is of importance to MSC homing 
mechanisms. However, scintigraphic tracking also revealed that even after local 
injection, only a relatively small proportion of the injected BMSC remains at the 
injury site (24% after 24 h) [134]. In accordance with this, we and others dem-
onstrated that ASCs are distributed via the bloodstream within the first few days 
after their injection into equine tendon lesions, possibly as they are washed away 
before they can home and attach [136, 139]. We additionally observed that the 
ASCs were subsequently also found in nontreated tendon lesions, indicating their 
capability of homing [139].

Engraftment of MSC within treated tendon lesions was demonstrated in several 
studies, albeit results are not conclusive as to the numbers of surviving cells in 
relation to the cell numbers administered. In rat Achilles tendon defects, BMSC or 
ASC could be identified histologically at 2, 4, and 8 weeks after cell implantation 
(injection) [107, 109, 112], as well as 3 weeks after implantation of a BMSC-seeded 
collagen scaffold [116]. Complementing these small animal studies, MSCs have 
been traced in large animal studies, including longitudinal in vivo cell tracking. In 
sheep, green or red fluorescent protein-labeled BMSCs were detected histologically 
at 1, 2, 3, 4, and 6 weeks following their implantation [128, 129]. In the equine  
model, we and others could trace superparamagnetic iron oxide-labeled ASC by 
magnetic resonance imaging during follow-up periods of up to 24 weeks after 
implantation into artificial tendon lesions [132, 139] and umbilical cord tissue-
derived MSCs during a follow-up period of 8 weeks in naturally occurring tendi-
nopathy [138]. In the experimental tendon lesions, histological results confirmed 
the presence of the simultaneously fluorochrome-labeled ASC until week 24 [132, 
139]. This provides evidence for a remarkable long-term persistence of part of the 
locally injected MSC, yet it has neither been proved nor disproved whether these 
cells commit to a tenogenic fate.

4. Extracellular matrix modulation

The restoration of the ECM architecture and functionality is a major goal in 
regenerative tendon therapies. Based on the early hypothesis of MSC engraftment 
and tenogenic differentiation, it was assumed that the differentiated cells would 
subsequently synthesize new tendon ECM. Indeed, MSCs are capable to synthesize 
a considerable amount of extracellular matrix even in an undifferentiated state 
[160]. Furthermore, the composition of the ECM synthesized by differentiated 
MSC reflects the respective tissue lineage, which is well-established for their chon-
drogenic or osteogenic differentiation. Corresponding in vitro data exist for the 
differentiation into the tenogenic lineage, although not always consistent between 
studies. There is also in vivo evidence that MSC transplantation improves tendon 
ECM structure. However, this is not necessarily due to ECM synthesis by the MSC 
themselves but might also be a consequence of protective and stimulatory effects on 
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tenocytes, which in turn might be capable to synthesize the new ECM. Moreover, 
importantly, there is not simply a lack of ECM in tendinopathy but rather a dysfunc-
tional ECM composition and structure, due to the imbalance of remodeling activi-
ties. Particularly, in later stages of the disease, chondroid degeneration and fibrosis 
impair ECM functionality, thus effective ECM regeneration would also comprise 
its remodeling and the restoration of physiological remodeling activity within the 
tendon.

4.1 In vitro evidence

As most tenogenic differentiation studies investigated the expression and/
or deposition of tendon-specific extracellular matrix molecules as a marker 
for successful differentiation, there is quite extensive evidence that the ECM 
synthesis by MSC is altered during tenogenic differentiation. However, there 
is some discrepancy between different studies as to whether the ECM molecule 
expression pattern of tenogenic MSC truly corresponds to that of healthy tendon 
tissue.

Collagen I, the most abundant protein in healthy tendons, was shown to 
be upregulated by ectopic mohawk or scleraxis expression [52], in response to 
treatment with TGF-β superfamily growth factors [60, 67, 88, 93] or scaffold 
stiffness and alignment [61–63, 74, 81], as well as in three-dimensional dynamic 
cultures with uniaxial cyclic loading [58, 64, 77, 87]. Furthermore, co-culture 
with tenocytes in hypoxic conditions or integration of integrin-binding peptides 
in the scaffold increased collagen I expression on mRNA as well as protein level 
[69, 72]. However, in other studies, no collagen I upregulation was observed in 
response to growth factors such as TGF-β [49] or cyclic loading in two-dimen-
sional ASC or BMSC cultures, respectively [66]. Data are particularly conflicting 
with regard to whether the presence of tendon ECM components promotes or 
counteracts collagen I expression [46, 47, 58, 64, 65, 83, 84, 88]. Furthermore, 
even if collagen I is upregulated, which would enable the MSC to contribute to 
tendon ECM synthesis, this often occurs in conjunction with the upregulation of 
other extracellular matrix molecules, such as collagen III, decorin, tenascin-C, 
or cartilage oligomeric matrix protein [60, 61, 69, 70, 72, 74, 77, 83]. While these 
molecules are important components of native tendon ECM, contributing to 
collagen organization and fibrillogenesis, their increased presence is also indica-
tive of tendon degeneration or fibrosis [161–163]. Therefore, in order to achieve 
a beneficial ECM replacement by MSC, their ECM synthesis would have to be 
highly balanced. It is not yet sufficiently proven that this can be achieved by 
inducing tenogenic differentiation.

With respect to the hypothesis of active ECM remodeling by MSC, com-
paratively few data exist so far. Treatment with BMP-12 induced an enhanced 
secretion of MMP-1 and -8 by ASC [93]. Similarly, ASC culture in collagen 
scaffolds increased MMP-1, -2, -8, -9, and -13 gene expression and MMP activity 
compared to two-dimensional culture [46]. For tendon-derived stem cells, it was 
also found that cyclic mechanical loading did not only upregulate ECM-related 
genes but also the integrins α1, -α2, and -α11, as well as MMP-9, -13, and -14 
[164]. Thus, tenogenic stimuli may increase expression and activation of MMP 
by MSC. Furthermore, it was found that BMSC inhibits MMP activity in the cell 
culture medium through secretion of TIMP-1 and TIMP-2, even in an inflamma-
tory environment [165], but that BMSC as well as ASC accumulate active MMP at 
their cell surface [166]. Although these latter two studies did not focus on tendon 
therapies, they suggest that MSCs could contribute to matrix remodeling in a 
highly targeted manner.
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Some studies also provide first insight into the interplay of MSC and tenocytes/
tendon ECM in matrix remodeling and will therefore be addressed in more detail. 
In direct co-cultures of ASC and tenocytes, a different temporal regulation of 
MMP and ECM components was observed compared to tenocytes alone [105]. 
This included the upregulation of collagen I and tenascin-C gene expression at day 
7 and downregulation of tenascin-C and collagen III at later time points (14 and 
21 days, respectively) and a higher collagen I to collagen III ratio on protein level 
at day 7. MMP-1, -2 and -3, as well as TIMP-1 gene expression, increased over time 
in tenocytes alone but showed a different temporal regulation pattern in the co-
cultures with a significantly increased MMP-3 expression at day 7 [105]. A different 
study from the same group investigated the indirect co-culture of ASC and tendon 
explants [104]. Here, total protease activity was increased in the co-cultures at day 
3, as were the collagenases (putatively MMP-1 and -14) but not the stromelysins 
MMP-3 and -10. Furthermore, collagen III and tenascin-C deposition by ASC were 
reduced at day 7. Histology also suggested that ASCs had protective effects on the 
explant structure, but this was not consistent between donors [104]. However, 
seemingly in contrast to these findings, MMP-8, -9, and -13 expression by ASC in 
collagen scaffolds was lower upon stimulation with tendon ECM extract [46], and 
microvesicles from amniotic membrane mesenchymal cells induced a downregula-
tion of MMP-1, -9, and -13 in tenocytes [101]. Thus, while it can be assumed that 
MSC actively contribute to and/or modulate tendon ECM remodeling, the exact 
temporal regulation and context-sensitivity of this mechanism need to be addressed 
in future studies.

4.2 In vivo evidence

Several in vivo studies have investigated the effect of MSC treatment on 
tendon ECM composition and structure, as well as on tendon biomechanical 
parameters. In most of these studies, including an equine large animal study 
with a follow-up of 45 weeks, the ECM composition was improved by BMSC 
and ASC treatment, with higher expression of collagen I on gene and/or protein 
level [106, 114, 120, 122, 140]. Collagen III expression was found to be decreased 
after ASC implantation [110, 125, 126] but increased after BMSC implantation 
[106, 122]. Tenascin-C and decorin were found to be increased following BMSC 
and ASC treatment [112, 114, 140], and glycosaminoglycans were decreased after 
BMSC treatment [141]. Based on these data, MSCs appear to increase collagen 
I deposition in healing tendons. Furthermore, as an increase of human-specific 
collagen I and tenascin-C was demonstrated in a rat model after human ASC 
implantation, there is also some evidence that MSCs actively contribute to the 
synthesis of new ECM [114]. The contribution of collagen III, tenascin-C, and 
decorin synthesis/modulation to tendon healing is to be considered controver-
sially, as illustrated above, and certainly depends on its balance with regard 
to other ECM components. Yet, beyond mere collagen I synthesis, BMSC and 
ASC have also repeatedly been shown to improve the structural organization of 
healing tendons, again including the study with a 45-week follow-up, as well as 
an experimental trial in horses with naturally occurring tendinopathy [108, 115, 
121, 140, 141]. In conjunction with the synthesis and protection of desired ECM 
components such as collagen I, this could be due to active ECM remodeling and 
the contribution of synthesized small ECM molecules to collagen fibrillogenesis. 
Still, it should be acknowledged that some studies in the equine model could 
demonstrate only few compositional or structural improvements 5 months after 
ASC treatment [133, 137]. Moreover, despite generally improved ECM structure 
and collagen I synthesis, collagen II deposits and areas staining positive for 
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alizarin red were found in BMSC-treated tendons [106], suggesting that errone-
ous MSC differentiation toward the chondrogenic and osteogenic lineage had 
occurred. Nevertheless, functional testing of BMSC- and ASC-treated tendons 
indicated an improvement of functional parameters in the majority of studies 
[107, 108, 112–115, 117, 119, 121, 122], which represents a beneficial effect that 
can be attributed to ECM regeneration [3].

So far, very few in vivo studies have investigated the effect of MSC on the 
presence and activation of matrix-remodeling enzymes and their endogenous 
inhibitors. In the equine model, MMP-13 activity was decreased 6 months after 
BMSC treatment [141], and MMP-3 gene expression was upregulated in the heal-
ing tendons 45 weeks after BMSC treatment [140]. Together, these results might 
suggest that collagen degradation could be inhibited while degradation of small 
ECM components is promoted. However, there is much overlap regarding MMP 
substrates [167], and other studies found no significant differences in MMP and 
TIMP expression due to ASC treatment [112]. Further studies have to substantiate 
this hypothesis.

When MSCs were combined with tenogenic growth factors, conflicting results 
were reported. Treatment with ASC and GDF-5 decreased MMP-2 and TIMP-2 
expression and resulted in inferior biomechanical properties compared to ASC 
treatment alone [112]. Treatment with ASC and BMP-12 promoted ECM degrada-
tion, which was interpreted as a side effect of the fibrin-based delivery vehicle 
[124], but improved tendon ECM regeneration when delivered as cell sheets 
without fibrin [123]. Interestingly, the latter study showed that this may have been 
mediated by modulating the ECM remodeling activity of macrophages [123]. A 
further study from the same group demonstrated beneficial effects of combined 
ASC and CTGF treatment, although not evaluating effects of ASC alone [125]. A 
different study showed that predifferentiated BMSC sheets, induced by stepwise 
stimulation with TGF-β1 and CTGF, resulted in superior tendon regeneration, 
including improved biomechanical properties than BMSC alone [54]. However, in 
this study, again, fibrin was used for delivery of noninduced cells, which may have 
contributed to the differences observed. Thus, although some data suggest that the 
additional use of growth factors potentiates the beneficial effects of MSC on ECM 
regeneration, more evidence supporting this hypothesis is required. It should also 
be acknowledged that growth factor supplementation might impair other regenera-
tive mechanisms of MSC at the same time [93].

5. Immunomodulation

There is a substantial body of evidence that demonstrates the immunomodula-
tory potential of MSC. While not all underlying mechanisms have been elucidated 
in detail yet, it is well-understood that MSCs suppress T cell proliferation and 
promote the modulatory M2 macrophage phenotype [168]. Furthermore, small 
ECM molecules synthesized by the MSC, such as tenascin-C and decorin, could 
contribute to immunomodulation [163, 169]. Therefore, it is likely that immuno-
modulation plays an important role in MSC-based tendon therapies. Against that 
background, it appears surprising that relatively few studies have addressed the 
interplay between MSC and the immune system in the context of tendon disease. 
This may be due to the long-existing perception that inflammation is absent 
during most stages of tendon disease, which, however, has been changing [5, 170]. 
While so far existing findings are summarized in the following, immunomodu-
lation in the context of tendon disease will remain a promising field of future 
research.
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While so far existing findings are summarized in the following, immunomodu-
lation in the context of tendon disease will remain a promising field of future 
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5.1 In vitro evidence

In vitro evidence for MSC immunomodulation in tendon disease is scarce. 
The most comprehensive study investigated whether ASCs influence the effects 
of differently polarized macrophages on tenocytes in a tri-culture system [98]. In 
co-cultures of M1 macrophages and tenocytes, release of inflammatory mediators, 
such as PGE2 and IL-1β, was increased compared to M1 macrophage cultures alone 
or compared to co-cultures with M0 or M2 macrophages, suggesting inflammatory 
tenocyte activation. When ASCs were directly co-cultured with the macrophages 
for 5 days, with the tenocytes added for the last 24 h, tenocyte activation was 
decreased, with significantly lower release of TNF-α and IL-1β in tri-cultures with 
M1 macrophages. At the same time, the presence of ASC had increased CD206 
expression in M0 and M1 macrophage populations, indicating a switch toward the 
anti-inflammatory M2 macrophage phenotype and providing insight into the sup-
pressive mechanism. However, ASCs did not effectively counteract inflammatory 
activation of tenocytes by IL-1β, even when ASCs had been primed with IFN-γ [98].

Interestingly, it has also been shown that tenogenic differentiation of BMSC 
induced by GDF-5 involves arachidonic acid production and signaling pathways 
[67], suggesting a link between differentiation and inflammatory processes. In 
this line, addition of BMP-12 increased IL-6 secretion by ASC and attenuated 
the suppressive effect of ASC in a mixed lymphocyte reaction [93]. Microvesicles 
from amniotic membrane mesenchymal cells downregulated TNF-α expression in 
tenocytes but in contrast to conditioned medium, they had no effect on peripheral 
blood mononuclear cell proliferation [101, 171]. These studies provide preliminary 
insight into the modulation of inflammatory tenocyte activation by MSC, while 
they also suggest that their immunomodulatory potential may be higher when 
not tenogenically differentiated. Yet, MSC immunomodulation is highly context-
specific and influenced by a variety of factors including three-dimensional culture 
environments as well as inflammatory priming/licensing [172, 173]. Therefore, it 
remains crucial to perform further studies specifically mimicking aspects of tendon 
pathophysiology.

5.2 In vivo evidence

The most insightful studies were performed by the same group, shedding light 
on ASC-mediated immunomodulation in tendon healing in the canine model 
[123–126]. Corresponding to the group’s in vitro findings, ASC alone, delivered via 
cell sheets, stimulated the anti-inflammatory M2 macrophage phenotype in heal-
ing tendons and reduced total mononuclear cell infiltration. The M2 macrophage 
markers CD163, MRC1, and CD204 were increased on mRNA and/or protein 
level, as well as IL-4, prostaglandin reductase-1, and VEGF [123, 126]. Combined 
administration of ASC and BMP-12 promoted these effects, particularly with 
respect to IL-4 expression [123]. Furthermore, combined treatment with ASC and 
CTGF decreased IL-1β, IL-6, and IFN-γ and increased IL-4 expression [125]. These 
latter findings challenge the hypothesis that tenogenic differentiation decreases 
the MSC immunomodulatory potential. However, when the inflammatory reac-
tion at the tendon repair site was promoted by a fibrin-based delivery vehicle, ASC 
and BMP-12 further fostered these unwanted effects [124]. This might indicate 
that strong inflammation alters the MSC immunomodulatory properties toward 
a proinflammatory phenotype. In contrast, priming with TNF-α increased the 
anti-inflammatory effects of BMSC: While nonprimed as well as primed BMSC 
increased IL-10 and reduced IL-1α, primed BMSC also reduced IL-12 and the num-
bers of M1 macrophages and increased IL-4 and the numbers of M2 macrophages in 
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rat Achilles tendon defects [118]. Further evidence of anti-inflammatory effects of 
BMSC in tendon healing was demonstrated in a rat model, in which TNF- 
α, IFN-γ, and IL-1β were reduced, along with an increase of IL-2 and growth 
factors, including VEGF [111]. Apparently in contrast to most of these findings, 
however, we observed that clinical signs of inflammation were increased by ASC 
treatment in the equine model, although this effect was transient [137]. This again 
illustrates that MSCs can also adopt a pro-inflammatory phenotype and raises ques-
tions as to how and whether this should be controlled. When addressing this issue, 
it should be acknowledged that a certain extent of inflammation is required to drive 
resolution. In this respect, macrophages and their M2 polarization driven by MSC 
may play a particularly important role.

6. Trophic support and pro-angiogenetic effects

In addition to the direct effects of MSC on ECM composition and immune cells, 
trophic support and protection of resident cells are likely to contribute to beneficial 
effects of MSC in tendon healing. Tenocytes and tendon stem cells rescued by the 
MSC may be enabled to promote ECM regeneration and counteract inflammation. 
Furthermore, a MSC-mediated increase in vascularity may be beneficial at least 
in some stages of tendon healing, as it would improve energy and oxygen supply, 
as well as disposal of metabolites, thus reduce oxidative and metabolic stress. The 
presence of vascular endothelial cells, as well as the combination of tenogenic 
growth factors with VEGF, has also been shown to promote tenogenic differentia-
tion [60, 74]. However, increased vascularity is also associated with tendinopathy 
pathogenesis and may foster neurogenic inflammation [6], thus this issue is dis-
cussed controversially.

Trophic effects on tenocytes were demonstrated in vitro, when ASC and BMSC, 
as well as BMSC-conditioned medium, promoted the proliferation of tenocytes 
[94, 102, 103]. Furthermore, ASC as well as BMSC-conditioned medium promoted 
tenocyte migration [102, 103], and ASC promoted healing in a microwound model 
[92]. In vivo, results are inconsistent as to whether BMSC and ASC decrease [137, 
141] or increase [117] cellularity within healing tendons. However, the rate of 
apoptosis was lower following BMSC treatment [107], suggesting protective effects 
of the MSC. Moreover, ASC combined with CTGF locally increased the numbers of 
CD146-positive tendon stem cells, suggesting an activation and possible rescue of 
this endogenous cell population [125].

Pro-angiogenetic effects were observed in small, as well as large animal studies, 
which demonstrated that BMSC and ASC implantation increased vascularity [106, 
129, 131], likely mediated by an increase in VEGF (see below). Yet, the opposite 
effect was observed in horses suffering from naturally occurring tendinopathy 
following implantation of BMSC [141].

With respect to possible growth factor signaling, in vitro, higher TGF-β bio-
activity was found in the BMSC secretome compared to tenocytes [100]. Upon 
tenogenic differentiation of ASC using BMP-12, VEGF secretion was significantly 
increased, although no effect on TGF-β was observed [93]. First in vivo evidence 
regarding the contribution of growth factors in tendon healing following BMSC or 
ASC implantation was obtained in rat models, in which VEGF, TGF-β, and hepa-
tocyte growth factor expression were increased in the MSC treatment groups [106, 
111, 112]. Yet, these studies did not comprehensively reveal whether these factors 
were released by the MSC or other cells within the tendon lesion.

The brevity of this subsection illustrates that the insight into trophic and protec-
tive mechanisms, as well as growth factor release by MSC, in the context of tendon 
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therapies is still limited. Further research is crucial to improve our ability to exploit 
these effects and, last not least, to prevent potential negative effects associated with 
some growth factors, such as hypervascularization in response to VEGF or fibrosis 
in response to TGF-β.

7. Discussion

This review aimed to compile the evidence supporting specific mechanisms of 
action that may contribute to tendon regeneration in MSC-based cellular thera-
pies. The analysis of the recent literature demonstrated an imbalance between 
the numbers of studies investigating tenogenic differentiation in vitro and ECM 
regeneration in vivo and the numbers of studies elucidating other potential 
mechanisms. This is conceivable as most studies investigating MSC in the context 
of tendon disease did not specifically aim at clarifying the mechanisms of action. 
Particularly, the in vivo studies mostly addressed MSC efficacy, at which ECM 
characteristics are reasonable outcome parameters. Still, despite the overlap with 
tissue engineering, the overrepresentation of tenogenic differentiation studies 
may reflect a delay in the field of tendon research. Tendon pathophysiology itself 
is still not well-understood, making it challenging to transfer the rapidly chang-
ing perception of MSC into experimental settings relevant to tendon disease in a 
timely manner. Yet, it can be anticipated that the general understanding of MSC 
mechanisms will be successively incorporated into tendon research in the follow-
ing years.

Taking into account the existing data, the best-evidenced beneficial effect of 
MSC in tendon regeneration is the improved ECM regeneration. MSCs may also 
protect and rescue resident tendon cells, but only few data support this hypothesis 
so far. Both, ECM regeneration and tendon cell protection, are likely to be medi-
ated by a range of mechanisms acting in concert. These may be active over long 
periods of time, as the engraftment of MSC within tendon lesions was repeatedly 
demonstrated.

The possible mechanisms mediating ECM regeneration include ECM 
synthesis and targeted remodeling by the engrafted MSC, inhibition of MMP 
over-activation, modulation of immune cells with suppression of macrophage-
mediated matrix degradation, and modulation of growth factor signaling. Last 
but not least, the rescue of resident tendon cells could prevent ongoing ECM 
degeneration, and their trophic support and stimulation by MSC-derived growth 
factors could re-initiate ECM synthesis and a healthy state of ECM remodeling 
driven by the tenocytes. A varying extent of evidence supports these differ-
ent mechanisms, with the collectively most convincing data available for ECM 
synthesis, immunomodulation, and VEGF-mediated angiogenesis. Figure 3 
illustrates the possible interplay between the different mechanisms and their 
potential synergies.

The figure summarizes the currently known mechanisms of MSC that may con-
tribute to tendon regeneration. Mechanisms for which there is conclusive evidence 
from in vivo studies are designated in bold typeface.

However, there may also be antagonisms between different mechanisms, 
although the evidence is not yet entirely conclusive. Perhaps, tenogenic differentia-
tion and immunomodulation may not occur at the same time. Tenogenic differen-
tiation was shown to interfere with the immunomodulatory potential of MSC [93], 
and inflammatory environment compromised tenogenic MSC properties [84]. Yet, 
some in vivo studies revealed anti-inflammatory effects of combined MSC and 
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tenogenic growth factor administration [123, 125], although it remained unclear if 
the MSCs had undergone tenogenic differentiation. It is possible that the context, 
i.e., the stage of tendon disease, may favor one mechanism over the other. For 
example, immune cells such as macrophages are not predominating during sub-
clinical stages [6], and the macrophage polarization pattern is distinct in acute vs. 
chronic disease [8], which will certainly impact on the activation of MSC immuno-
modulatory mechanisms.

A range of limitations impedes a coherent interpretation of the existing data. 
These include the different treatment approaches chosen and models used, 
which make it difficult to elucidate specific reasons for contradictory findings. 
Inter-donor variability is a further issue that may obscure clarity of findings in 
studies using human or large animal MSCs [100, 143]. Furthermore, although 
tenogenic differentiation has extensively been studied, there is neither a consen-
sus on differentiation protocols nor have specific markers for tenogenic dif-
ferentiation been used consistently. Next, the limited understanding of tendon 
(patho)physiology makes it difficult to judge whether certain effects observed 
are beneficial or rather detrimental, e.g., with respect to MMP or TGF-β activ-
ity. Last but not least, the illustrated imbalance between evidence levels for 
particular mechanisms makes it difficult to draw a comprehensive picture at the 
moment.

Figure 3. 
Mechanisms of action of MSC in tendon healing.
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therapies is still limited. Further research is crucial to improve our ability to exploit 
these effects and, last not least, to prevent potential negative effects associated with 
some growth factors, such as hypervascularization in response to VEGF or fibrosis 
in response to TGF-β.

7. Discussion

This review aimed to compile the evidence supporting specific mechanisms of 
action that may contribute to tendon regeneration in MSC-based cellular thera-
pies. The analysis of the recent literature demonstrated an imbalance between 
the numbers of studies investigating tenogenic differentiation in vitro and ECM 
regeneration in vivo and the numbers of studies elucidating other potential 
mechanisms. This is conceivable as most studies investigating MSC in the context 
of tendon disease did not specifically aim at clarifying the mechanisms of action. 
Particularly, the in vivo studies mostly addressed MSC efficacy, at which ECM 
characteristics are reasonable outcome parameters. Still, despite the overlap with 
tissue engineering, the overrepresentation of tenogenic differentiation studies 
may reflect a delay in the field of tendon research. Tendon pathophysiology itself 
is still not well-understood, making it challenging to transfer the rapidly chang-
ing perception of MSC into experimental settings relevant to tendon disease in a 
timely manner. Yet, it can be anticipated that the general understanding of MSC 
mechanisms will be successively incorporated into tendon research in the follow-
ing years.

Taking into account the existing data, the best-evidenced beneficial effect of 
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synthesis, immunomodulation, and VEGF-mediated angiogenesis. Figure 3 
illustrates the possible interplay between the different mechanisms and their 
potential synergies.
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from in vivo studies are designated in bold typeface.
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and inflammatory environment compromised tenogenic MSC properties [84]. Yet, 
some in vivo studies revealed anti-inflammatory effects of combined MSC and 

83

Mechanisms of Action of Multipotent Mesenchymal Stromal Cells in Tendon Disease
DOI: http://dx.doi.org/10.5772/intechopen.83745

tenogenic growth factor administration [123, 125], although it remained unclear if 
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i.e., the stage of tendon disease, may favor one mechanism over the other. For 
example, immune cells such as macrophages are not predominating during sub-
clinical stages [6], and the macrophage polarization pattern is distinct in acute vs. 
chronic disease [8], which will certainly impact on the activation of MSC immuno-
modulatory mechanisms.

A range of limitations impedes a coherent interpretation of the existing data. 
These include the different treatment approaches chosen and models used, 
which make it difficult to elucidate specific reasons for contradictory findings. 
Inter-donor variability is a further issue that may obscure clarity of findings in 
studies using human or large animal MSCs [100, 143]. Furthermore, although 
tenogenic differentiation has extensively been studied, there is neither a consen-
sus on differentiation protocols nor have specific markers for tenogenic dif-
ferentiation been used consistently. Next, the limited understanding of tendon 
(patho)physiology makes it difficult to judge whether certain effects observed 
are beneficial or rather detrimental, e.g., with respect to MMP or TGF-β activ-
ity. Last but not least, the illustrated imbalance between evidence levels for 
particular mechanisms makes it difficult to draw a comprehensive picture at the 
moment.
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Mechanisms of action of MSC in tendon healing.
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8. Conclusion

This review demonstrates progress but also substantial weaknesses which still 
exist in our understanding of MSC-based cellular tendon therapy and the MSC 
mechanisms of action in tendon healing. Therefore, considering the low level of 
clinical evidence, at the moment, MSC-based treatment of tendinopathy appears 
only justified in the framework of clinical studies. Otherwise, although clinical 
translation appears temptingly close, it may be wiser to slow down the pace and 
focus on research into MSC mechanisms in relevant disease models to eventually be 
able to coax the MSCs toward targeted tendon regeneration.
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Chapter 7

Physiology of Flexor Tendon
Healing and Rationale for
Treatment Protocols
Justin Yousef

Abstract

The hand functions as both a vital tactile organ and a grasping mechanism that is
tempered by finely controlled accuracy. Essential to these functions are the delicate
movements of the extrinsic flexor tendons. Repair of the injured flexor tendon in
the hand to achieve normal function remains a difficult task, and controversy exists
as to what postoperative rehabilitation protocols should be utilised. This chapter
will focus on the pathophysiology of repair when flexor tendons are ruptured, the
unique anatomy of flexor tendons, the latest molecular updates, repair principles,
initial management procedures and the rationale for the various postoperative
rehabilitation protocols that are used.

Keywords: flexor tendon injury, rehabilitation, tendon healing, molecular updates,
complications

1. Introduction

An accurate understanding of the physiology of flexor tendon healing is essential
to maximising patient outcomes and justifying the current treatment regimens of
surgical repair and postoperative rehabilitation protocols. Our current understand-
ing of flexor tendon healing is a continually evolving area. Therefore, this chapter
aims to instruct the reader of the current understanding of flexor tendon basic
science, the latest molecular updates, justifications for various surgical and rehabil-
itation regimens and future research trends. The reader is strongly encouraged to
seek alternative resources for more detail regarding flexor tendon anatomy as this
will be covered briefly in this chapter. Secondary flexor tendon reconstruction will
not be discussed.

2. Macroscopic flexor tendon anatomy

This section will focus only on the flexor sheath and vascular supply. The reader
is strongly encouraged to seek the vast array of anatomy texts to familiarise them-
selves with flexor tendon anatomy, paying attention to the:

• Flexor digitorum superficialis (FDS)
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• Flexor digitorum profundus (FDP)

• Flexor pollicis longus (FPL)

• Flexor sheath and pulley system

• Vascular supply

2.1 Flexor sheath and pulleys

The extrinsic flexor tendons of the hand possess true fibro-osseous tunnels in the
digits, called the “flexor sheath”. Their purpose is to provide very efficient lubrica-
tion in an area subject to a change of direction and increase in friction [1]. Proximal
to the metacarpophalangeal (MCP) joints, the flexor tendons enter the flexor
sheath. This tunnel functions to hold the tendons in close proximity to the phalan-
ges to prevent “bowstringing” and to increase the efficiency of tendon glide [2].

Condensations in the sheath are called pulleys—these almost encircle the flexor
tendons to form a fibro-osseous channel that keeps the tendons adjacent to the
phalanges [3]. In effect, the pulleys enable the transfer of a translational force
generated from the muscle tendon unit into a rotational moment on the phalanges
[3]. Pulleys are classified on the basis of their shape—annular or cruciate. There are
five annular pulleys (named A1–A5 from proximal to distal) and three cruciate
pulleys (named C1–C3 from proximal to distal). The A2 and A4 pulleys insert
directly onto the bone over the proximal and middle phalanges, respectively [3].
Traditionally, A2 and A4 are considered to be the pulleys that prevent bowstringing.
However, it has now been shown that partial distal excisions of 25% of the A2
pulley, up to 75% of the A4 pulley and 25% of combined A2 and A4 have no
significant effect on digit range of motion or work of flexion [4, 5]. The A1, A3 and
A5 pulleys are located over the MCP, proximal interphalangeal (PIP) and distal
interphalangeal (DIP) joints, respectively [3]. Proximal to the A1 pulley is the
palmar aponeurosis (PA) pulley which has been implicated in the aetiology of
trigger finger [6].

The cruciate pulleys lie between the A2–A3, the A3–A4 and the A4–A5 pulleys,
respectively [3]. These pulleys function like accordions, allowing the sheath to
expand and compress with flexion and extension.

Traditionally, it was once thought that the thumb had three pulleys—A1, oblique
and A2 [3]. The A1 pulley lies over the MCP joint, the oblique pulley runs from
proximal ulnar to distal radial over the proximal phalanx and the A2 pulley is
located over the interphalangeal (IP) joint [3]. A fourth pulley, the variable annular
pulley, was first reported in 2012 where it was found to be present in 93% of
cadaver specimens [7]. It can have three orientations—transverse, oblique or
continuous [7].

2.2 Vascular supply of the extrinsic hand flexors

Both FDP and FDS tendons in the digits receive dual nutritional supply from
vascular perfusion and synovial diffusion [8]. There is some variation in the vascu-
lar system, but, generally speaking, the flexor tendons receive their blood supply via
two vincula each—a short and long vinculum [9]. Vincula are folds of mesotenon
carrying blood to the tendons [9]:

• The vinculum longus superficialis (VLS) arises from the radial or ulnar side of
the base of the proximal phalanx. It receives its blood supply from the
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transverse communicating branch of the digital arteries at the base of the
proximal phalanx.

• The vinculum brevis superficialis (VBS) arises from the volar plate of the PIP
joint and attached to the decussation of the FDS. The source vessels are from
the proximal transverse digital artery.

• The vinculum brevis profundus (VBP) arises along the distal two thirds of the
middle phalanx (whose source arteries are from both the interphalangeal and
distal transverse digital arteries) to insert dorsally on the FDP.

• The vinculum longus profundus generally originates at the level of insertion of
the FDS tendon (through the decussation of the FDS) and attaches to the FDP
directly, and its source is the proximal transverse digital artery.

3. Microscopic aspects of flexor tendon anatomy

3.1 Collagen

Tendons consist of mostly Type I collagen and elastin embedded in a
proteoglycan-water matrix [1]. Collagen contributes 65–85% of the dry mass of the
tendon [1]. The collagen, elastin and proteoglycan-water matrix are formed by
tenoblasts and tenocytes (refer to Section 3.4). These cells are elongated fibroblasts
and fibrocytes which lie between the collagen fibres and are organised in a complex
hierarchal scheme to form the tendon proper [10]. Soluble tropocollagen molecules
form cross-links to create insoluble collagen molecules, which then aggregate pro-
gressively into microfibrils and then into visible units under the electron micro-
scope called collagen fibrils [1].

3.2 Collagen fibres, fibre bundles and fascicles

The collagen fibrils in turn aggregate together to form the basic tendon unit—
the collagen fibre. The collagen fibre is defined as the smallest tendon unit visible
using light microscopy [1]. Aggregates of collagen fibres form a primary fibre
bundle called a subfascicle, and a group of primary fibre bundles form a secondary
fibre bundle called a fascicle. A group of secondary fascicles in turn form a tertiary
bundle; it is the tertiary bundles that contribute to the full tendon and are
surrounded by epitenon (refer to Section 3.3).

Both the fascicles and tertiary tendon bundles show a spiral formation along the
course of the tendon [1]. In the resting state, the collagen fibres and fibrils show a
wavy configuration that appears as regular bands across the fibre surface [11]. This
configuration disappears when the tendon is stretched—here the collagen fibres
straighten. When the stretching forces are removed, the tendon resumes its normal
wavy appearance. If an acute stress causes an elongation of 8% or more, the tendon
is likely to rupture [1].

Fibres along the tendon are not only parallel. Jozsa et al. [12] demonstrated that
there are five types of fibre crossings—parallel running fibres, simply crossing
fibres, crossing of two fibres with one straight running fibre, a plait formation with
three fibres and an up-tying of parallel running fibres with one fibre. The ratio
of longitudinal to transverse running fibres ranges between 10:1 and 26:1 [13].
Within one collagen fibre, the fibrils are oriented longitudinally and transversely.
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there are five types of fibre crossings—parallel running fibres, simply crossing
fibres, crossing of two fibres with one straight running fibre, a plait formation with
three fibres and an up-tying of parallel running fibres with one fibre. The ratio
of longitudinal to transverse running fibres ranges between 10:1 and 26:1 [13].
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The longitudinal fibres not only run parallel but also cross each other to form
spirals [13].

The complex microstructure of the tendons correlates with their function to
transmit the force created by the muscle to the bone and to make joint movement
possible. During phases of various movements, the tendons are exposed to a
number of forces—longitudinal, transversal and rotational as well as withstanding
an array of pressures. Therefore, the internal structure of the tendon described
serves as a buffer against forces of various directions, thus preventing damage and
disconnection of the fibres [13].

3.3 Epitenon and endotenon

An entire flexor tendon is surrounded by a fine connective tissue sheath called
the epitenon. Histologically, the epitenon consists of relatively dense network of
collagen with strands of 8–10 nm in thickness [1]. It contains longitudinal, oblique
and transverse fibrils. The outer surface of the epitenon is contiguous with the
flexor sheath and inner surface with the endotenon. The endotenon resides inside
the tendon; it invests each tendon fibre and also binds individual fibres as well as
larger fibre bundles. In contrast to the epitenon, the endotenon consists of a thin
reticular network of connective tissue inside the tendon with a crisscross pattern of
collagen fibrils [1, 11]. The functions of the endotenon are to [10, 11]:

• Bind tendinous collagen fibres.

• Allow fibre groups to glide on each other.

• Carry blood vessels, nerves and lymphatics to the deeper portion of the tendon.

3.4 Tendon cells

Tendon cells are either tenoblasts or tenocytes which comprise 90–95% of the
cells of the tendon [1]. The other 5–10% are chondrocytes (at the pressure and
insertion sites), synovial cells of the tendon sheath (on the tendon surface) and
vascular cells (capillary endothelial cells and smooth muscle cells of the arterioles).
In pathological conditions, other cells can be observed in the tendon tissue such as
inflammatory cells, macrophages and myofibroblasts [13].

Tenoblasts and tenocytes represent differing maturations of the tendon cell.
Newborn tendons are called tenoblasts and have different shapes and sizes. In young
individuals, the tenoblasts begin to resemble each other being spindle shaped. In
adults, the cells are called tenocytes and are very elongated [13]. Tenoblasts and
tenocytes are metabolically active cells and synthesise collagen and other matrix
components [13, 14]. The metabolic pathways utilised for energy production change
from aerobic to anaerobic with increasing age [10, 13]. The low metabolic rate of the
tendon tissue, in addition to well-developed anaerobic energy production, is essential
for the function of the tendon to carry loads and remain in tension for periods of time
without the risk of ischaemia or necrosis [1]. A likely drawback of this low metabolic
rate is the slow rate of recovery and healing after injury [15].

4. Flexor tendon healing: cellular concepts

In the 1960s, flexor tendon healing was thought to rely on the invasion of
peripheral cells and blood vessels which lead to the formation of restrictive
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adhesions [16, 17]. This concept was contested over the next two decades when
bodies of biologic and molecular evidence confirmed that tenocytes actively partic-
ipate in tissue repair and that tendons are capable of healing from injury [18].
Tendon healing undergoes overlapping inflammation, proliferation and
remodelling [19] via two mechanisms—extrinsic and intrinsic [8]. The proliferation
of tenocytes and production of their extracellular matrix are the hallmark of the
intrinsic process [20, 21]. Extrinsic healing on the other hand involves the invasion
of fibroblasts and inflammatory cells into the site of injury from the surrounding
synovium, paratenon and tendon sheath [8, 22].

4.1 Intrinsic healing

Intrinsic healing involves only the tenocytes (fibroblasts) within the tendon
itself and depends on the migration and proliferation of cells from the epitenon and
endotenon [8, 22]. Epitenon tenocytes produce collagen earlier than those of the
endotenon. Tenocytes of the endotenon produce large and more mature collagen
than epitenon cells. In any event, both endotenon and epitenon tenocytes establish
an extracellular matrix and internal neovascular network. Intrinsic healing results in
improved biomechanics within the sheath, including tendon gliding. Movement of
the tendon within the sheath improves synovial circulation and therefore the
delivery of nutrients.

4.2 Extrinsic healing

Extrinsic healing involves the invasion of fibroblasts and inflammatory cells into
the site of injury from the surrounding synovium, paratenon and tendon sheath
[8, 22]. This produces scarring and peritendinous adhesions which may impair
tendon movement, gliding and nutrition (refer to Section 4.5). It is thought that
extrinsic healing predominates in the earlier stages of tendon healing. Extrinsic
healing also predominates when tendons are immobilised after injury or repair. The
extrinsic mechanism is activated earlier and is responsible for initial adhesions, the
highly cellular collagen matrix and the high-water content of the injury site [8, 22].
The intrinsic mechanism then causes tenocytes from within the tendon to invade
the defect and produce collagen which reorganises and aligns longitudinally to
maintain fibrillar continuity and produce a healed tendon [23].

4.3 Early healing stage

After tendon injury, two intricately related and balanced processes take place—
tenocyte apoptosis and tenocyte proliferation [18, 24]. Wu et al. [25] specifically
examined apoptosis and proliferation of a repaired digital flexor tendon in a chicken
model. In uninjured tendons, only 3 � 2% of the tenocytes showed signs of apopto-
sis, and 1 � 1% showed signs of active proliferation. The percentage of apoptotic
cells went up to more than 40% at days 3–7 after tendon injury; on day 3, the
number of inflammatory cells in the wound site also peaked. The number of mainly
inflammatory cells as well as tenocytes peaked during the very early days in the
healing process (at days 3 and 7) in the chicken model. In addition, the number of
proliferating cell nuclear antigen cells (PCNA) and Bcl-2 (an antiapoptotic protein)
—markers of proliferation—did not significantly increase until day 7 and peaked
during days 7–21. Thus, it was established that tenocyte apoptosis is accelerated
within several days after injury, followed by increase in proliferation of tenocytes in
2–4 weeks with activation of molecular events to inhibit apoptosis.
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4.4 Middle and late healing stages

Wu et al. then further quantified cell apoptosis and proliferation during the
middle and late stages of healing [26]. The percentage of apoptotic tenocytes was
generally higher on the surface of the tendon than that in the core, indicating a
greater need for cellular clearance and surface remodelling in the surface region in
the middle-to-late periods. Their findings also indicated that active tendon
remodelling persists through the very late tendon healing period, especially on the
surface because:

• The total cell population did not start to decline until after day 56 (2 months).
The percentage of apoptotic tenocytes ranged from 30 to 40% in the total cell
population.

• Cell apoptosis persisted at a relatively high level on the tendon surface at
3 months.

• Cell apoptosis in the core region declined after 2 months.

In sharp contrast to apoptosis, proliferation of tenocytes in the middle and late
healing stages [26]:

• Declined drastically after week 4 (less than 5% of the PCNA-positive cells were
found in the tendon).

• PCNA-positive cells were at normal levels at weeks 8–12.

The above two points indicated that tenocyte apoptosis is the dominant event in
the middle and late tendon healing period.

In areas distant from the junction site, apoptosis is more prominent in the
tendon surface than in the tendon core—this is thought to be associated with the
clearance of excess cells, which serves to promote formation of smooth gliding
surfaces by remodelling adhesions [26].

4.5 Adhesions

The primitive processes by which tissues repair after injury are indiscriminate to
tissue types and lead to fibrotic scarring [27]. Flexor tendon tissue is not exempted
from this. Injury to flexor tendons through trauma or surgery can result in prob-
lematic tendon adhesion formation. Adhesions affect the normal tendon gliding that
occurs within a narrow flexor tendon sheath. Fibreoptic studies of surgical patients
have demonstrated that the tendons, sheath, soft tissues and skin glide across each
other in vascularised interconnecting tissue planes during finger flexion, with scar-
ring of these planes affecting the fingers’ ability to flex [28]. When two dynamic
gliding planes are affected by injury, such as the tendon and sheath, the result is
adhesions [28]. A landmark 1960 study by Lindsay and Thomson [29] had shown
that immobilisation was key to adhesion formation after systematic wounding of
the tendon, sheath, skin, soft tissue and vinculum complex. Further studies have
shown that damage to the skin, sheath, soft tissues and vinculum alone is insuffi-
cient to form adhesions [28]. Additionally, keeping the damaged tendon and dam-
aged soft tissue in relatively close approximation appears to be required for
adhesions to form [29]. For these reasons, early active mobilisation is encouraged
following tendon surgical repair [30].
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Using a murine model, Wong et al. [28] demonstrated that the scarring between
two damaged surfaces—i.e. the extrinsic healing process—was responsible for
adhesions due to the increased inflammatory activity in the tissue surrounding the
flexor tendons. They found that [28]:

• Adhesion formation was propagated by immobilisation of the digit.

• Inflammatory cells predominated in the surrounding tissues in the early phases
of healing but appeared in the tendon proper during the remodelling phase.

• Proliferative activity occurred in both the surrounding tissues and tendon but
was greater in the surrounding tissues.

• Collagen synthesis in the tendon and subcutaneous tissue is temporally
different.

• Pericyte and myofibroblast activity predominates in the subcutaneous tissue
and not tendon.

• In adhesion forming tendon wounds after 21 days, there were two distinct cell
phenotypes observed. The first was a large cell with multiple cytoplasmic
protrusions, which were seen to enclose large and small diameter fibrils or even
multiple fibrils. The second phenotype was similar to those seen in the
developing tendon, with small cytoplasmic protrusions and small fibrils being
deposited by “fibripositors” (small fibrils in embryonic tendon fibroblasts
which are enclosed in cytoplasmic processes). The number of fibripositors was
greater than those seen in development.

What is clear is that the interactions between the damaged tissues and the
processes that lead to adhesions are complex. The varying multicellular temporal
and spatial expression involved in flexor tendon healing is far more intricate than
that proposed by the intrinsic and extrinsic concepts of healing alone.

4.6 Microdynamics of adhesions at different stages of tendon healing

The mechanical characteristics of adhesion tissues determine tendon gliding, but
this relationship is difficult to ascertain. Wu et al. [18] performed an in vivo study to
determine the microdynamic features of adhesions in the middle and late healing
periods (postoperative weeks 4–8). They found that the ability of adhesion tissues to
resist tension decreased over time, whereas their flexibility increased; they
hypothesised that this phenomenon determined the sliding amplitude of the tendon.

It was also found that, in a chicken toe flexor tendon that was surgically repaired
and immobilised for 3 weeks, the percentage of apoptotic cell increased from the
tendon core, to the tendon surface, to the adhesion-tendon interface and to the
adhesion core [26]. Furthermore, tendons with more severe adhesions, i.e. those
with less excursion, see greater apoptosis in their adhesions and adhesion-tendon
interfaces.

In summary, it appears that the microdynamics of adhesions and tenocyte apo-
ptosis are associated—as apoptosis of the cells in the adhesions continues, the adhesions
are more easily broken up after the adhesions are loaded [18]. This would help, in part,
explain why early active mobilisation is beneficial after tendon repair. Wu et al. [18]
hypothesise that the external force applied to move the tendon during digital
motion transfers to shear force over the adhesions and adhesion-tendon gliding
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interface. This continuously stimulates cellular apoptosis, in turn reducing the
density and strength of the adhesion fibres, resulting in an increasingly greater
elasticity and breakup of the adhesion fibres in the late healing stage.

4.7 Research trends

Recent research has examined methods to augment intrinsic biological healing of
the flexor tendon whilst minimising adhesions.

• Transforming growth factor β (TGF-β): Small amounts of TGF-β are found
in the uninjured tendon [31]. The isoform TGF-β1 increases significantly after
tendon injury [32, 33]. TGF-β1 has the highest association with adhesion
formation and is therefore a major treatment target [31]. A neutralising
antibody to TGF-β was shown to control scarring in rat dermal wounds
[34, 35]. Furthermore, the same antibodies increased the total range of motion
after flexor tendon repair in a rabbit model [36]. Additionally, the TGF-β1
receptor inhibitor SD208 can prevent progression and can improve tendon
mechanical strength and decrease rupture rates [31]. However, suppression of
TGF-β has been shown to decrease strength of tendon repair [37, 38]. This
seems to be supported by gene therapy studies. Decreased TGF-β was
examined by deleting the TGF-β inducible early gene (Tieg1)—this resulted in
decreased collagen I deposition in an in vitro model of tendon healing [39].

• Vascular endothelial growth factor (VEGF): It is known that tenocytes
secrete VEGF and are present in synovial fibroblasts [8]. The VEGF family
consists of several isoforms (VEGF-A, VEGF-B, VEGF-C, VEGF-D and VEGF-
E and placenta growth factor), and these isoforms exert their effects through 3
tyrosine kinase receptors [31]. VEGF has been implicated in wound healing
through epithelialization, collagen deposition and angiogenesis [40]. During
flexor tendon repair, Boyer et al. showed that VEGF mRNA is increased during
flexor tendon repair. It is postulated that the increased VEGF expression is
associated with neovascularization [31]. VEGF genes delivered by adeno-
associated virus (AAV) vectors in a chicken model demonstrated that healing
strength was improved without increased adhesion formation [41].

• Basic fibroblast growth factor (bFGF): bFGF, found within the tendon and
tendon sheath, has been shown to influence wound healing due to its role in
fibroblast chemotaxis, proliferation and angiogenesis [42]. However, its role in
tendon healing remains unclear. Delivery of bFGF to injured tendons via
adenoviral vector demonstrated improved tendon healing and increased
strength with reduced adhesions [42].

• Tissue engineering: In their study, using a devitalised acellular allograft tendon
containing recombinant AAV expressing growth and differentiation factor-5,
Basile et al. [43] were able to repopulate the graft, decrease scar tissue and enhance
the gliding property relative to the control graft. Tissue-engineered synovial
membranes [44] have also been shown to decrease peritendinous adhesions.

5. Flexor tendon repair principles

This section will focus on repair principles. The reader is encouraged to seek
alternative resources regarding specific repair techniques.
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All suture tendon repair methods have been shown to significantly increase the
gliding resistance compared to the intact tendon [45]. Gliding resistance is affected
by [18, 46, 47]:

• The number of exposed suture loops and knots outside on the tendon surface

• The suture calibre

• The suture material

• Tendon bulkiness (from both oedema and surgical repair)

• Smoothness of tendon gliding surface

• The presence of intact annular pulleys

• Oedema

• Adhesions

• Joint stiffness

• Repaired flexor digitorum superficialis

Therefore, the ideal method of flexor tendon repair should allow a healing
response precisely at the tendon ends but not between the tendon and its sur-
roundings, create a repair site with minimal bulk and low friction and place enough
force across the repair to promote motion and remodelling [22].

Strickland described the characteristics of an ideal tendon repair [48], and these
were supported by further studies [22]. These are:

• Core sutures easily placed in tendon

• Secure knots

• Smooth junctions

• Minimal gapping

• Minimal interference with tendon vascularity

• Sufficient strength to permit application of early motion stress during the
healing process

• Motion at the repair site to increase the amount of collagen deposited at the site
of injury

• Equal tension across all suture strands

5.1 Repair strength

Initially, the strength of tendon repair depends solely on the repair technique
[45]. It is postulated that postoperative tenomalacia may develop at the suture

109

Physiology of Flexor Tendon Healing and Rationale for Treatment Protocols
DOI: http://dx.doi.org/10.5772/intechopen.86064



interface. This continuously stimulates cellular apoptosis, in turn reducing the
density and strength of the adhesion fibres, resulting in an increasingly greater
elasticity and breakup of the adhesion fibres in the late healing stage.

4.7 Research trends

Recent research has examined methods to augment intrinsic biological healing of
the flexor tendon whilst minimising adhesions.

• Transforming growth factor β (TGF-β): Small amounts of TGF-β are found
in the uninjured tendon [31]. The isoform TGF-β1 increases significantly after
tendon injury [32, 33]. TGF-β1 has the highest association with adhesion
formation and is therefore a major treatment target [31]. A neutralising
antibody to TGF-β was shown to control scarring in rat dermal wounds
[34, 35]. Furthermore, the same antibodies increased the total range of motion
after flexor tendon repair in a rabbit model [36]. Additionally, the TGF-β1
receptor inhibitor SD208 can prevent progression and can improve tendon
mechanical strength and decrease rupture rates [31]. However, suppression of
TGF-β has been shown to decrease strength of tendon repair [37, 38]. This
seems to be supported by gene therapy studies. Decreased TGF-β was
examined by deleting the TGF-β inducible early gene (Tieg1)—this resulted in
decreased collagen I deposition in an in vitro model of tendon healing [39].

• Vascular endothelial growth factor (VEGF): It is known that tenocytes
secrete VEGF and are present in synovial fibroblasts [8]. The VEGF family
consists of several isoforms (VEGF-A, VEGF-B, VEGF-C, VEGF-D and VEGF-
E and placenta growth factor), and these isoforms exert their effects through 3
tyrosine kinase receptors [31]. VEGF has been implicated in wound healing
through epithelialization, collagen deposition and angiogenesis [40]. During
flexor tendon repair, Boyer et al. showed that VEGF mRNA is increased during
flexor tendon repair. It is postulated that the increased VEGF expression is
associated with neovascularization [31]. VEGF genes delivered by adeno-
associated virus (AAV) vectors in a chicken model demonstrated that healing
strength was improved without increased adhesion formation [41].

• Basic fibroblast growth factor (bFGF): bFGF, found within the tendon and
tendon sheath, has been shown to influence wound healing due to its role in
fibroblast chemotaxis, proliferation and angiogenesis [42]. However, its role in
tendon healing remains unclear. Delivery of bFGF to injured tendons via
adenoviral vector demonstrated improved tendon healing and increased
strength with reduced adhesions [42].

• Tissue engineering: In their study, using a devitalised acellular allograft tendon
containing recombinant AAV expressing growth and differentiation factor-5,
Basile et al. [43] were able to repopulate the graft, decrease scar tissue and enhance
the gliding property relative to the control graft. Tissue-engineered synovial
membranes [44] have also been shown to decrease peritendinous adhesions.

5. Flexor tendon repair principles

This section will focus on repair principles. The reader is encouraged to seek
alternative resources regarding specific repair techniques.

108

Tendons

All suture tendon repair methods have been shown to significantly increase the
gliding resistance compared to the intact tendon [45]. Gliding resistance is affected
by [18, 46, 47]:

• The number of exposed suture loops and knots outside on the tendon surface

• The suture calibre

• The suture material

• Tendon bulkiness (from both oedema and surgical repair)

• Smoothness of tendon gliding surface

• The presence of intact annular pulleys

• Oedema

• Adhesions

• Joint stiffness

• Repaired flexor digitorum superficialis

Therefore, the ideal method of flexor tendon repair should allow a healing
response precisely at the tendon ends but not between the tendon and its sur-
roundings, create a repair site with minimal bulk and low friction and place enough
force across the repair to promote motion and remodelling [22].

Strickland described the characteristics of an ideal tendon repair [48], and these
were supported by further studies [22]. These are:

• Core sutures easily placed in tendon

• Secure knots

• Smooth junctions

• Minimal gapping

• Minimal interference with tendon vascularity

• Sufficient strength to permit application of early motion stress during the
healing process

• Motion at the repair site to increase the amount of collagen deposited at the site
of injury

• Equal tension across all suture strands

5.1 Repair strength

Initially, the strength of tendon repair depends solely on the repair technique
[45]. It is postulated that postoperative tenomalacia may develop at the suture
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tendon junction, therefore decreasing initial repair strength [49]. The initial
strength of the repair depends on the material properties and knot security of the
sutures as well as on the holding capacity of the suture grips of the tendon [45].
Immobilisation significantly decreases the strength of repair within the first 3 weeks
of healing [50], whereas early passive and early active motion have been shown to
prevent the initial weakening, leading to progressively increased repair strength,
starting from the time of repair [50–52]. The initial strength of the repair depends
on the material of the suture itself, knot security of the suture and the holding
capacity of the suture grips on the tendon [45]. Therefore, the biomechanical
properties of the suture can be improved by:

• Increasing the number of strands crossing the repair site [53]

• Increasing the suture calibre [54]

• The number, size and configuration of the grips [45, 53]

5.2 Suture terminology

The flexor tendon repair is a composite of the core and peripheral sutures [55].
The core suture is the suture placed within the substance of the tendon proper and
consists of at least two of three components—longitudinal, transverse and link. All
core suture techniques have a longitudinal and link component.

• The link component is that part of the suture at the junction between
longitudinal and the transverse components or between two longitudinal
components. The link component lies outside the tendon.

• The longitudinal and transverse components are usually placed within the
tendon substance, i.e. they are intratendinous.

• The transverse and/or link components convert the longitudinal pull of the
suture to a transverse compressive force and prevent the longitudinal
component from pulling out.

• The longitudinal component in turn allows placement of the transverse and/or
link components away from the divided end of the tendon.

Pennington [56] first described the relationship of the transverse and longitudi-
nal components when he outlined his locking-loop technique. Locking suture con-
figurations tighten around bundles of tendon fibres with tension [56]; it can only do
this when the transverse component crosses just superficial to the longitudinal part
of the suture. The result is a loop of suture locking around a small bundle of tendon
fibres so that when more tension is applied to the repair site, the tighter the grip of
the suture loop on these fibre bundles [56]. Grasping loops on the other hand have
the transverse component passing deep to the longitudinal constituent so that the
suture does not pass around or lock a bundle of tendon fibres [57]. Locking loops
improve the ultimate force and gap resistance compared to grasping loops in flexor
tendon repair [45]. Several studies have demonstrated that locking loops improve
the ultimate force and gap resistance compared to grasping loops in flexor tendon
repair [45, 58]. However, the biomechanical advantage of the locking loops is
obtained only with 3–0 or larger suture [45]. This is because with 4–0 suture, the
material strength is inferior to the holding capacity of the suture grips of the tendon
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leading to failure by suture rupture before the true biomechanical properties of the
locking loops are obtained [45]. Additionally, the size of the locking loop influences
the biomechanical properties of the repair technique [59–61]. In the modified
Pennington technique, increasing the cross-sectional area of each loop from 5 to
15% improved the ultimate force, whilst further increase did not improve strength,
and the tendency for gap formation increased [60]. In the four-strand cruciate
repair, the locking loops of 25% reached the highest gap force, ultimate force and
stiffness [59].

Variations in the construction of the link component—arc, loop or knot—result
in a sliding or an anchored suture on each half of the divided tendon [55].

• A sliding suture allows the suture to slide within the tendon substance when
tension is applied to one of the longitudinal components. An arc link
component results in sliding suture. When sliding sutures are used, tension is
equally distributed among the different longitudinal strands.

• An anchored suture does not allow the suture to move independent of the
tendon. A knot link component results in an anchored suture. When anchored
sutures are used, the longitudinal strands are fixed. However, any slack in the
suture will result in uneven distribution of tension and gapping at the tendon
ends.

5.3 Suture principles

The length of the core suture purchase in the tendon logically determines how
much of the segment of the tendon is incorporated into the repair. The optimal range
of core suture purchase has been determined as 1.0 cm with increased gap force, ultimate
force and stiffness [62, 63]. The purchase of 0.4 cm results in very weak repairs,
whilst any increase over 1 cm does not improve the biomechanical properties [63].

Increasing the suture calibre has been shown to increase the ultimate force in static
testing and fatigue strength in dynamic testing; however, it has not been shown to
improve the yield force or gap resistance of the repairs [45]. The strength of the 4–0
suture has been reported to be less than the holding capacity of several locking and
grasping repair techniques with failure occurring mostly by suture rupture [54, 64].
A 3–0 suture failure due to suture rupture and pullout has been reported [54, 64].
Therefore, the use of 3–0 suture is generally recommended to offer safety over the
4–0 suture by increasing the material strength [45, 54, 64].

The ideal suture material for flexor tendon repair should be strong enough;
prevent gapping; be easy to use and knot; be absorbable but maintain its tensile
properties until tendon repair has achieved adequate strength; and have minimal
tissue response [65]. Non-absorbable, synthetic sutures, (especially coated braided
polyester), monofilament nylon and monofilament polypropylene are used in flexor
tendon repair [45]. Coated braided polyester suture is the most common core suture
material, though nylon is also used, especially in repairs performed with looped
suture. Monofilament polypropylene is mainly used in the peripheral sutures.
Coated braided polyester suture demonstrates significantly higher tensile strength
and stiffness than monofilament nylon and polypropylene sutures and maintains its
tensile properties in the body temperature, whilst the stiffness of both polypropyl-
ene and nylon suture has been shown to decrease significantly [66, 67]. A braided
polyblend polyethylene suture (Fiberwire®) has been introduced for flexor tendon
repair. It has significantly higher ultimate force and stiffness than coated braided
polyester, monofilament nylon and polypropylene sutures and a similar ultimate
force but higher stiffness than braided stainless steel [66]. Bioabsorbable suture
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tendon junction, therefore decreasing initial repair strength [49]. The initial
strength of the repair depends on the material properties and knot security of the
sutures as well as on the holding capacity of the suture grips of the tendon [45].
Immobilisation significantly decreases the strength of repair within the first 3 weeks
of healing [50], whereas early passive and early active motion have been shown to
prevent the initial weakening, leading to progressively increased repair strength,
starting from the time of repair [50–52]. The initial strength of the repair depends
on the material of the suture itself, knot security of the suture and the holding
capacity of the suture grips on the tendon [45]. Therefore, the biomechanical
properties of the suture can be improved by:

• Increasing the number of strands crossing the repair site [53]

• Increasing the suture calibre [54]

• The number, size and configuration of the grips [45, 53]

5.2 Suture terminology

The flexor tendon repair is a composite of the core and peripheral sutures [55].
The core suture is the suture placed within the substance of the tendon proper and
consists of at least two of three components—longitudinal, transverse and link. All
core suture techniques have a longitudinal and link component.

• The link component is that part of the suture at the junction between
longitudinal and the transverse components or between two longitudinal
components. The link component lies outside the tendon.

• The longitudinal and transverse components are usually placed within the
tendon substance, i.e. they are intratendinous.

• The transverse and/or link components convert the longitudinal pull of the
suture to a transverse compressive force and prevent the longitudinal
component from pulling out.

• The longitudinal component in turn allows placement of the transverse and/or
link components away from the divided end of the tendon.

Pennington [56] first described the relationship of the transverse and longitudi-
nal components when he outlined his locking-loop technique. Locking suture con-
figurations tighten around bundles of tendon fibres with tension [56]; it can only do
this when the transverse component crosses just superficial to the longitudinal part
of the suture. The result is a loop of suture locking around a small bundle of tendon
fibres so that when more tension is applied to the repair site, the tighter the grip of
the suture loop on these fibre bundles [56]. Grasping loops on the other hand have
the transverse component passing deep to the longitudinal constituent so that the
suture does not pass around or lock a bundle of tendon fibres [57]. Locking loops
improve the ultimate force and gap resistance compared to grasping loops in flexor
tendon repair [45]. Several studies have demonstrated that locking loops improve
the ultimate force and gap resistance compared to grasping loops in flexor tendon
repair [45, 58]. However, the biomechanical advantage of the locking loops is
obtained only with 3–0 or larger suture [45]. This is because with 4–0 suture, the
material strength is inferior to the holding capacity of the suture grips of the tendon
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leading to failure by suture rupture before the true biomechanical properties of the
locking loops are obtained [45]. Additionally, the size of the locking loop influences
the biomechanical properties of the repair technique [59–61]. In the modified
Pennington technique, increasing the cross-sectional area of each loop from 5 to
15% improved the ultimate force, whilst further increase did not improve strength,
and the tendency for gap formation increased [60]. In the four-strand cruciate
repair, the locking loops of 25% reached the highest gap force, ultimate force and
stiffness [59].

Variations in the construction of the link component—arc, loop or knot—result
in a sliding or an anchored suture on each half of the divided tendon [55].

• A sliding suture allows the suture to slide within the tendon substance when
tension is applied to one of the longitudinal components. An arc link
component results in sliding suture. When sliding sutures are used, tension is
equally distributed among the different longitudinal strands.

• An anchored suture does not allow the suture to move independent of the
tendon. A knot link component results in an anchored suture. When anchored
sutures are used, the longitudinal strands are fixed. However, any slack in the
suture will result in uneven distribution of tension and gapping at the tendon
ends.

5.3 Suture principles

The length of the core suture purchase in the tendon logically determines how
much of the segment of the tendon is incorporated into the repair. The optimal range
of core suture purchase has been determined as 1.0 cm with increased gap force, ultimate
force and stiffness [62, 63]. The purchase of 0.4 cm results in very weak repairs,
whilst any increase over 1 cm does not improve the biomechanical properties [63].

Increasing the suture calibre has been shown to increase the ultimate force in static
testing and fatigue strength in dynamic testing; however, it has not been shown to
improve the yield force or gap resistance of the repairs [45]. The strength of the 4–0
suture has been reported to be less than the holding capacity of several locking and
grasping repair techniques with failure occurring mostly by suture rupture [54, 64].
A 3–0 suture failure due to suture rupture and pullout has been reported [54, 64].
Therefore, the use of 3–0 suture is generally recommended to offer safety over the
4–0 suture by increasing the material strength [45, 54, 64].

The ideal suture material for flexor tendon repair should be strong enough;
prevent gapping; be easy to use and knot; be absorbable but maintain its tensile
properties until tendon repair has achieved adequate strength; and have minimal
tissue response [65]. Non-absorbable, synthetic sutures, (especially coated braided
polyester), monofilament nylon and monofilament polypropylene are used in flexor
tendon repair [45]. Coated braided polyester suture is the most common core suture
material, though nylon is also used, especially in repairs performed with looped
suture. Monofilament polypropylene is mainly used in the peripheral sutures.
Coated braided polyester suture demonstrates significantly higher tensile strength
and stiffness than monofilament nylon and polypropylene sutures and maintains its
tensile properties in the body temperature, whilst the stiffness of both polypropyl-
ene and nylon suture has been shown to decrease significantly [66, 67]. A braided
polyblend polyethylene suture (Fiberwire®) has been introduced for flexor tendon
repair. It has significantly higher ultimate force and stiffness than coated braided
polyester, monofilament nylon and polypropylene sutures and a similar ultimate
force but higher stiffness than braided stainless steel [66]. Bioabsorbable suture
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materials are not widely used in flexor tendon repair due to the lack of sufficient
tensile strength half-life and potential increased tissue reaction and adhesion for-
mation [45].

The original peripheral or epitendinous suture was thought of a “tidying up”
suture to improve tendon gliding within the flexor sheath [68]. It has now been
shown that the peripheral suture improves the gap resistance and strength of repair
[45, 58]. The simple running peripheral suture is the most investigated and used
technique in flexor tendon repair because of its simplicity [45]. The strength and
stiffness of the running peripheral suture can be increased by:

• Taking deeper suture grasps [69]

• Increasing suture purchase from 1 to 2 or 3 mm [70]

• Increasing the number of suture passes [71]

The location and number of knots influence the strength of the tendon repair
[72]. Ex vivo studies show that decreasing the number of knots and placing them
outside the repair on the tendon surface increase the strength of the repair com-
pared to knots placed between the tendon ends [45]. However, in in vivo studies,
the knots placed inside the repair sites were stronger than those outsiders after
6 weeks [72].

6. Postoperative rehabilitation following flexor tendon repair

An understanding of the postoperative rehabilitation regimen after flexor ten-
don repair is of equal importance to the repair itself. Noncompliance with rehabil-
itation may lead to poor outcomes including repair rupture, decreased range of
motion and joint stiffness. Current postoperative protocols for patients with flexor
tendon injuries are immobilisation, early passive mobilisation and early active
mobilisation [73, 74].

6.1 Immobilisation

The benefits of early mobilisation on the repair strength, tenocyte healing and
formation of adhesions are widely known [22, 75–79]. Immobilisation, however, has
its role in certain situations, particularly in patients who are noncompliant with
early mobilisation protocols, paediatric patients, patients with cognitive deficits and
patients with concurrent injuries that may be worsened with early active
mobilisation (fractures, nerves and vessels) [73, 74].

It is difficult to encourage early mobilisation in children under the age of 6 [80].
O’Connell et al. showed outcomes were equal among children who were
immobilised and those who underwent early mobilisation for 4 weeks [81]. How-
ever, immobilisation for more than 4 weeks resulted in functional deterioration of
the repaired tendon [81].

The protocol of Cifaldi, Collins and Schwarze may be used for the noncompliant
adult [73, 82]. This protocol involves 3–4 weeks of immobilisation in a forearm-
based dorsal splint or cast (20° wrist flexion, MP joints in 50° flexion and the IP
joints in full extension) followed by a weaning programme (it may also be used in
children) [74, 82]. “Weaning” refers to modifying the splint in such a way that the
wrist is in neutral and then instructing the patient to remove the splint every hour
to passively flex and extend the injured digit for 10 repetitions. Splint wear is then
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discontinued at 6 weeks. From here, differential FDS and FDP gliding exercises are
performed every hour for 10 repetitions [74]:

• To isolate FDP gliding, both the MP and PIP joints are held in extension, and
the patient flexes the distal interphalangeal (DIP) joint. This prevents FDS
glide.

• The FDS tendon glide exercise is achieved by isolating all fingers in extension,
whilst the patient actively flexes the PIP joint of the affected finger. Holding
the fingers in extension ensures that the common muscle belly of the FDP is
held to its full length, preventing it from assisting in flexion.

• At postoperative week 8, sustained grip activities are added to the programme
with resistance increasing over the next 4 weeks. Heavy resistive exercises are
avoided before 12 weeks due to the risk of tendon rupture.

6.2 Early passive mobilisation

The inhibition of adhesion formation, promotion of intrinsic healing and pro-
duction of a stronger repair can be encouraged with early passive mobilisation
[77–79, 82–84]. The best known early passive mobilisation protocols are the Duran
and Houser and Kleinert regimens [73, 74].

In the Duran and Houser protocol:

• A postoperative dorsal blocking splint holds the MP joints at 50° of flexion and
the wrist at 20° of flexion. The following regimen is followed twice daily to
ensure that 3–5 mm of tendon excursion occurs to prevent firm tendon
adhesions [73].

• The patient uses the opposite hand to bring the PIP and the DIP joints from full
flexion to full extension. This is done for eight repetitions for each joint.

• Then, the patient performs eight repetitions of composite MP, PIP and DIP
flexion. The protocol continues through the fourth postoperative week.

• At 5 weeks, the patients begin active extension exercises with the use of a
wristband. A rubber band is attached from the tip of the finger to the
wristband, providing passive flexion and active extension. During this time,
the patient also performs blocking and FDS gliding exercises.

• The late stage begins 8 weeks postoperatively. Progressive strength building is
encouraged.

In the Kleinert protocol:

• A dorsal plaster splint is applied immediately at surgery. This splint blocks the
wrist and MP joint in flexion. The wrist is placed at approximately 45° of
flexion, the MP joints rest at approximately 20° of flexion and the IP joints are
in neutral.

• One week following surgery, the plaster is replaced with a thermoplastic splint
that maintains the same flexion angles as above.
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materials are not widely used in flexor tendon repair due to the lack of sufficient
tensile strength half-life and potential increased tissue reaction and adhesion for-
mation [45].

The original peripheral or epitendinous suture was thought of a “tidying up”
suture to improve tendon gliding within the flexor sheath [68]. It has now been
shown that the peripheral suture improves the gap resistance and strength of repair
[45, 58]. The simple running peripheral suture is the most investigated and used
technique in flexor tendon repair because of its simplicity [45]. The strength and
stiffness of the running peripheral suture can be increased by:

• Taking deeper suture grasps [69]

• Increasing suture purchase from 1 to 2 or 3 mm [70]

• Increasing the number of suture passes [71]

The location and number of knots influence the strength of the tendon repair
[72]. Ex vivo studies show that decreasing the number of knots and placing them
outside the repair on the tendon surface increase the strength of the repair com-
pared to knots placed between the tendon ends [45]. However, in in vivo studies,
the knots placed inside the repair sites were stronger than those outsiders after
6 weeks [72].

6. Postoperative rehabilitation following flexor tendon repair

An understanding of the postoperative rehabilitation regimen after flexor ten-
don repair is of equal importance to the repair itself. Noncompliance with rehabil-
itation may lead to poor outcomes including repair rupture, decreased range of
motion and joint stiffness. Current postoperative protocols for patients with flexor
tendon injuries are immobilisation, early passive mobilisation and early active
mobilisation [73, 74].

6.1 Immobilisation

The benefits of early mobilisation on the repair strength, tenocyte healing and
formation of adhesions are widely known [22, 75–79]. Immobilisation, however, has
its role in certain situations, particularly in patients who are noncompliant with
early mobilisation protocols, paediatric patients, patients with cognitive deficits and
patients with concurrent injuries that may be worsened with early active
mobilisation (fractures, nerves and vessels) [73, 74].

It is difficult to encourage early mobilisation in children under the age of 6 [80].
O’Connell et al. showed outcomes were equal among children who were
immobilised and those who underwent early mobilisation for 4 weeks [81]. How-
ever, immobilisation for more than 4 weeks resulted in functional deterioration of
the repaired tendon [81].

The protocol of Cifaldi, Collins and Schwarze may be used for the noncompliant
adult [73, 82]. This protocol involves 3–4 weeks of immobilisation in a forearm-
based dorsal splint or cast (20° wrist flexion, MP joints in 50° flexion and the IP
joints in full extension) followed by a weaning programme (it may also be used in
children) [74, 82]. “Weaning” refers to modifying the splint in such a way that the
wrist is in neutral and then instructing the patient to remove the splint every hour
to passively flex and extend the injured digit for 10 repetitions. Splint wear is then
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discontinued at 6 weeks. From here, differential FDS and FDP gliding exercises are
performed every hour for 10 repetitions [74]:

• To isolate FDP gliding, both the MP and PIP joints are held in extension, and
the patient flexes the distal interphalangeal (DIP) joint. This prevents FDS
glide.

• The FDS tendon glide exercise is achieved by isolating all fingers in extension,
whilst the patient actively flexes the PIP joint of the affected finger. Holding
the fingers in extension ensures that the common muscle belly of the FDP is
held to its full length, preventing it from assisting in flexion.

• At postoperative week 8, sustained grip activities are added to the programme
with resistance increasing over the next 4 weeks. Heavy resistive exercises are
avoided before 12 weeks due to the risk of tendon rupture.

6.2 Early passive mobilisation

The inhibition of adhesion formation, promotion of intrinsic healing and pro-
duction of a stronger repair can be encouraged with early passive mobilisation
[77–79, 82–84]. The best known early passive mobilisation protocols are the Duran
and Houser and Kleinert regimens [73, 74].

In the Duran and Houser protocol:

• A postoperative dorsal blocking splint holds the MP joints at 50° of flexion and
the wrist at 20° of flexion. The following regimen is followed twice daily to
ensure that 3–5 mm of tendon excursion occurs to prevent firm tendon
adhesions [73].

• The patient uses the opposite hand to bring the PIP and the DIP joints from full
flexion to full extension. This is done for eight repetitions for each joint.

• Then, the patient performs eight repetitions of composite MP, PIP and DIP
flexion. The protocol continues through the fourth postoperative week.

• At 5 weeks, the patients begin active extension exercises with the use of a
wristband. A rubber band is attached from the tip of the finger to the
wristband, providing passive flexion and active extension. During this time,
the patient also performs blocking and FDS gliding exercises.

• The late stage begins 8 weeks postoperatively. Progressive strength building is
encouraged.

In the Kleinert protocol:

• A dorsal plaster splint is applied immediately at surgery. This splint blocks the
wrist and MP joint in flexion. The wrist is placed at approximately 45° of
flexion, the MP joints rest at approximately 20° of flexion and the IP joints are
in neutral.

• One week following surgery, the plaster is replaced with a thermoplastic splint
that maintains the same flexion angles as above.
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• The new splint allows for passive flexion of the digits and active extension of
the digits against dynamic traction using rubber bands to facilitate the traction
mechanism. These bands are placed on the volar aspect of the splint and
directed towards the distal nail plate from just proximal to the wrist.

• Early passive ROM exercises are started within the dorsal splint.

• At 1 month, the splint is removed, and active flexion and extension exercises
begin. However, the dorsal splint must be worn when these exercises are not
being performed.

• At 6 weeks, the dorsal splint is discontinued, and blocking exercises
commence.

• Two months following the repair, resistive exercises are incorporated into the
regimen.

• Resumption of normal activities occurs approximately 3 months following the
surgical repair.

A major issue with the Kleinert protocol is the development of flexion contrac-
tures of the PIP joint [85]. These can be treated with continued intermittent
splinting of the IP joints in neutral [86]. In recent years, rubber band traction has
been almost completely abandoned, largely because of the problems arising from
the flexed resting position of the PIP joint [87].

Continuous passive motion (CPM) uses devices that allow for joints to move
through a predetermined arc of motion [73]. The goal is to increase the duration and
repetition of exercises. A randomised control comparing traditional early passive
motion to CPM exercises [88] showed that, at 6 months, the CPM group had
significantly greater range of motion. However, further research in evaluating the
CPM following flexor tendon repair is lacking.

6.3 Early active mobilisation

An early active mobilisation (EAM) protocol refers to active contraction of the
repaired muscles [89, 90]. EAM has been shown to promote the formation of large
diameter fibrils, and it demonstrates the greatest cellular response to injury [83].
There are many different EAM regimens in the literature [91, 92]. Gratton [93]
combined the Belfast and Sheffield practices [89] to form a widely used regimen:

• A thermoplastic dorsal blocking splint is applied at postoperative day 2–5 with
the wrist positioned in 20° of flexion, the MCP joints in 80° of flexion and the
IP joints in full extension. Active ROM exercises are delayed until day 5 if there
is significant oedema which should be treated with compression and elevation.

• In the absence of significant oedema, exercises begin with passive flexion of
the digits and active extension to the constraints of the dorsal splint.

• At the completion of the above exercises, active flexion exercises begin. Here, a
finger of the opposite hand is placed in the palm of the affected hand, and the
patient flexes the affected fingers against the contralateral fingers aiming to
progress one finger width per week.
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• By the end of week 1, the patient is expected to have full passive flexion, full
active extension and PIP active flexion to 30°.

• Discontinuation of the splint occurs between weeks 4 and 6—week 4 for
patients with poor tendon gliding and 6 for those who have excellent ROM
(defined as full active fist at week 2). At this time, exercises consist of passive
ROM and active ROM.

• From week 6, blocking exercises of the individual joint is commenced. If
flexion contractures are evident, these will need to be corrected with a splint.

• Progressive strengthening exercises begin 3 weeks after the dorsal block splint
is discontinued. Resistance should increase so as to allow the patient to have
full hand function by week 12.

It should be noted that EAM protocols should be individualised to the patient
[73, 94] because advancement to the next phase of a protocol may be hindered or
augmented based on the level of oedema, passive versus active flexion lags and
adhesion formation [94].

Irrespective of whether or not a passive or active protocol is used, it has been
shown that initiating a mobilisation therapy by postoperative day 5 decreases the
rate of secondary procedures and decreases the costs of treatment [95].

7. Conclusion

The fine, tailored movements of the flexor tendon are essential to hand function.
It is clear that the consequences of extrinsic healing of flexor tendons must be
overcome to achieve optimal outcomes in patients who have injured their flexor
tendons. Until the intrinsic healing process can be biologically augmented, surgical
repair and rehabilitation of the injured flexor tendon will remain the mainstays of
treatment. It is therefore essential that the surgeon bear in mind the basic tenets of
tendon healing and the foundational principles of surgical repair.
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• The new splint allows for passive flexion of the digits and active extension of
the digits against dynamic traction using rubber bands to facilitate the traction
mechanism. These bands are placed on the volar aspect of the splint and
directed towards the distal nail plate from just proximal to the wrist.

• Early passive ROM exercises are started within the dorsal splint.

• At 1 month, the splint is removed, and active flexion and extension exercises
begin. However, the dorsal splint must be worn when these exercises are not
being performed.

• At 6 weeks, the dorsal splint is discontinued, and blocking exercises
commence.

• Two months following the repair, resistive exercises are incorporated into the
regimen.

• Resumption of normal activities occurs approximately 3 months following the
surgical repair.

A major issue with the Kleinert protocol is the development of flexion contrac-
tures of the PIP joint [85]. These can be treated with continued intermittent
splinting of the IP joints in neutral [86]. In recent years, rubber band traction has
been almost completely abandoned, largely because of the problems arising from
the flexed resting position of the PIP joint [87].

Continuous passive motion (CPM) uses devices that allow for joints to move
through a predetermined arc of motion [73]. The goal is to increase the duration and
repetition of exercises. A randomised control comparing traditional early passive
motion to CPM exercises [88] showed that, at 6 months, the CPM group had
significantly greater range of motion. However, further research in evaluating the
CPM following flexor tendon repair is lacking.

6.3 Early active mobilisation

An early active mobilisation (EAM) protocol refers to active contraction of the
repaired muscles [89, 90]. EAM has been shown to promote the formation of large
diameter fibrils, and it demonstrates the greatest cellular response to injury [83].
There are many different EAM regimens in the literature [91, 92]. Gratton [93]
combined the Belfast and Sheffield practices [89] to form a widely used regimen:

• A thermoplastic dorsal blocking splint is applied at postoperative day 2–5 with
the wrist positioned in 20° of flexion, the MCP joints in 80° of flexion and the
IP joints in full extension. Active ROM exercises are delayed until day 5 if there
is significant oedema which should be treated with compression and elevation.

• In the absence of significant oedema, exercises begin with passive flexion of
the digits and active extension to the constraints of the dorsal splint.

• At the completion of the above exercises, active flexion exercises begin. Here, a
finger of the opposite hand is placed in the palm of the affected hand, and the
patient flexes the affected fingers against the contralateral fingers aiming to
progress one finger width per week.
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• By the end of week 1, the patient is expected to have full passive flexion, full
active extension and PIP active flexion to 30°.

• Discontinuation of the splint occurs between weeks 4 and 6—week 4 for
patients with poor tendon gliding and 6 for those who have excellent ROM
(defined as full active fist at week 2). At this time, exercises consist of passive
ROM and active ROM.

• From week 6, blocking exercises of the individual joint is commenced. If
flexion contractures are evident, these will need to be corrected with a splint.

• Progressive strengthening exercises begin 3 weeks after the dorsal block splint
is discontinued. Resistance should increase so as to allow the patient to have
full hand function by week 12.

It should be noted that EAM protocols should be individualised to the patient
[73, 94] because advancement to the next phase of a protocol may be hindered or
augmented based on the level of oedema, passive versus active flexion lags and
adhesion formation [94].

Irrespective of whether or not a passive or active protocol is used, it has been
shown that initiating a mobilisation therapy by postoperative day 5 decreases the
rate of secondary procedures and decreases the costs of treatment [95].

7. Conclusion

The fine, tailored movements of the flexor tendon are essential to hand function.
It is clear that the consequences of extrinsic healing of flexor tendons must be
overcome to achieve optimal outcomes in patients who have injured their flexor
tendons. Until the intrinsic healing process can be biologically augmented, surgical
repair and rehabilitation of the injured flexor tendon will remain the mainstays of
treatment. It is therefore essential that the surgeon bear in mind the basic tenets of
tendon healing and the foundational principles of surgical repair.
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Injuries in Hand
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Abstract

Peculiar anatomy of human hand with flexing fingers and opposing thumb 
give human beings clear edge over other existing living beings. We use hands for 
carrying out most of our daily activities. But at the same time this makes our hands 
vulnerable for getting traumatized. Hand injuries which involve underlying ten-
dons make digits dysfunctional, which in turn affects overall precise functioning 
of hand. In this chapter we will briefly discuss related surgical anatomy of flexor 
tendons and associated structures, features of flexor tendon injuries at different 
zonal levels, surgical methods involved and different post-operative protocols used 
for management of these flexor tendon injuries.

Keywords: flexor tendon injuries, flexor digitorum superficialis, hand injuries,  
flexor digitorum profundus, tenorrhaphy

1. Introduction

Philosophically, physiologically and anatomically, the interaction of the brain 
and the hand give unique identification to Homo sapiens. The progress of mankind 
has been credited for large extent to evolution of mobile and strong upper limb 
having independently opposing thumb with cognitive power of using it. The 
precision, balance and its specialization give human hand a central functional as 
well as communicative role. The aim of surgical treatment for the injured, diseased 
or dysfunctional hand is to retain its maximal useful length, stable motion and 
unimpaired mobility of sensate parts.

All functions of hand are executed with the help of digits, and tendons in turn 
execute the movement of digits.

Flexion of fingers is done by two tendons viz. flexor digitorum superficialis 
(FDS) and flexor digitorum profundus (FDP). Flexor digitorum superficial splits 
into radial and ulnar slips prior to insertion on middle phalanx. Flexor digitorum 
profundus passes between the two slips of flexor digitorum superficialis, through 
a space called “Camper’s chiasm”. Flexor digitorum profundus is inserted on volar 
aspect, near the base, of distal phalanx of the respective finger.

The Flexor digitorum superficialis and profundus tendons glide together in a 
fibro-osseous tunnel. This fibro-osseous tunnel is composed of five annular pulleys 
(A1–A5) and three cruciate pulleys (C1–C3). These pulleys prevent bowstringing and 
the increase mechanical effectiveness of pull across the joints.

Annular pulleys A2 and A4 pulleys are the most critical to finger function and are 
located in proximal part of proximal phalanx and middle part of middle phalanx, 
respectively.
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and the hand give unique identification to Homo sapiens. The progress of mankind 
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precision, balance and its specialization give human hand a central functional as 
well as communicative role. The aim of surgical treatment for the injured, diseased 
or dysfunctional hand is to retain its maximal useful length, stable motion and 
unimpaired mobility of sensate parts.

All functions of hand are executed with the help of digits, and tendons in turn 
execute the movement of digits.

Flexion of fingers is done by two tendons viz. flexor digitorum superficialis 
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into radial and ulnar slips prior to insertion on middle phalanx. Flexor digitorum 
profundus passes between the two slips of flexor digitorum superficialis, through 
a space called “Camper’s chiasm”. Flexor digitorum profundus is inserted on volar 
aspect, near the base, of distal phalanx of the respective finger.

The Flexor digitorum superficialis and profundus tendons glide together in a 
fibro-osseous tunnel. This fibro-osseous tunnel is composed of five annular pulleys 
(A1–A5) and three cruciate pulleys (C1–C3). These pulleys prevent bowstringing and 
the increase mechanical effectiveness of pull across the joints.

Annular pulleys A2 and A4 pulleys are the most critical to finger function and are 
located in proximal part of proximal phalanx and middle part of middle phalanx, 
respectively.
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Annular pulleys A1, A3 and A5 pulleys are located at the metacarpo-phalangeal, 
proximal interphalangeal and distal interphalangeal joints, respectively. Three 
cruciate pulleys C1, C2 and C3 are located between A2–A3, A3–A4 and A4–A5 pulleys, 
respectively.

Thumb has three pulleys A1, oblique and A2 pulley located over metacarpo-pha-
langeal joint, proximal phalanx and inter-phalangeal joint respectively. The oblique 
pulley is the most mechanically important pulley among them.

Flexor tendons of hand are divided into five zones:
Zone I: Extends from finger top to insertion of flexor digitorum superficialis.
Zone II: This extends from insertion of flexor digitorum superficialis up to distal 

palmar crease.
Zone III: Extends from distal palmar crease up to flexor retinaculum.
Zone IV: This zone lies under flexor retinaculum.
Zone V: Extends from proximal border of flexor retinaculum to musculo-tendi-

nous junction of flexor muscles.
Flexor tendon within fibro-osseous canal (zone II) receives nutrition from two 

distinct sources i.e. vascular and synovial. Four digital arches are formed by the 
anastomosis of branches from the two digital arteries. These arches are located at 
the base and the neck of proximal and middle phalanx. A vinculum arises from each 
of these arches (V1–V4). Vinculae V1 and V2 supply the flexor digitorum superficia-
lis, whereas V3 and V4 supply flexor digitorum profundus tendon.

The surface of the tendon that is not compressed during flexion is supplied by 
perfusion with arterial blood, the surface that is compressed i.e. the palmar surface, 
is supplied by diffusion of synovial fluid. Diffusion is a more significant nutritive 
pathway than perfusion. The exact proportions of the two have been estimated to be 
2:1 in flexor digitorum superficialis, and 5:1 in the flexor digitorum profundus.

Microscopically, tendons are composed of collagen bundles (mainly type I) ori-
ented in regular, spiraling pattern with very few tendon cells (tenocytes), synovial 
cells and fibroblasts. ‘Endotenon’ encloses tendon bundles. If the tendon is within a 
synovial sheath, the outer layer of tendon is called the ‘Epitenon’ and if the tendon 
is outside the sheath (extra-synovial), outer loose areolar adventitial layer is called 
the ‘Paratenon’, through which blood vessels run longitudinally.

Tendons heal by intrinsic and extrinsic mechanism. Extrinsic mechanism of 
healing is by fibroblast cells in surrounding tissues and is responsible for adhesion 
formation, while as intrinsic mechanism of healing is because of tenocytes present 
within the tendon. Tendon gliding exercises after tendon repair promotes intrin-
sic mechanism of healing and inhibits the extrinsic mechanism of healing, thus 
preventing post tendon repair adhesion formation.

Flexor tendon injuries are common but a difficult problem for the patient, hand 
surgeon and the therapist. The incidence of flexor tendon injuries in industrialized 
countries is estimated to be 1 in 7000. The impact to patients may include loss of 
function, stiffness, vocational impairment and associated social and economical 
hardships.

1.1 Pulley system

The synovial sheath is reinforced by a fibrous pulley system delimiting the 
digital canal. This system is composed of five annular pulleys and three cruciform 
pulleys [1–3]. The first, third and fifth annular pulleys arise respectively from the 
volar plate of the metacarpophalangeal (MCP) joint, proximal interphalangeal 
(PIP) joint and distal interphalangeal (DIP) joint. The remaining two annular 
pulleys second and the fourth one arise respectively from the proximal and middle 
phalanx; these two pulleys are thicker and broader than the rest. Between the 
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second and third annular pulleys is located the first cruciform pulley; between 
the third and fourth annular pulleys is present the second cruciform pulley; and the 
third cruciform pulley is located just proximal to the DIP joint. The cruciform pul-
leys play a role in the production of synovial fluid. The palmar aponeurosis pulley 
located at distal part of the transverse fibers of the palmar aponeurosis, just close to 
the beginning of the membranous synovial sheath, should be considered part of the 
finger pulley system; on each side of the synovial sheath the vertical fibers anchor it 
to the deep transverse metacarpal ligament. The digital fibrous pulley system keeps 
the flexor tendons close to the bone thus allowing complete flexion of the finger. 
The importance of palmar aponeurosis pulley increases significantly in case of 
absence of any annular pulley. The palmar aponeurosis having breaking strength of 
16.5 kg is superior to the A2 pulley with breaking strength of 14 kg [4]. If A2 and A4 
pulleys are absent there is significant loss of finger flexion.

1.2 Healing process of tendons

The two processes are involved in the healing process of tendons: the extrinsic 
healing mechanism involving the surrounding tissues, and the intrinsic healing 
mechanism, that involves the tendon itself and its synovial sheath. Vascular and 
cellular ingrowths from the surrounding tissues enhance the extrinsic healing. The 
callus formed allows the cicatrization of the tendon but at the same time restricts 
its mobility, especially in zone II. To prevent formation of these adhesions, agents 
like steroids, anti-inflammatory drugs, hyaluronic acid and anti-histaminics 
have been proposed [5, 6]. However, for decreasing the risk of adhesion forma-
tion microsurgical techniques and new suture materials along with an atraumatic 
approach has been very effective. But many factors, such as associated lesions (skin 
loss, vascular, nerve injury or fracture) and the nature of the trauma (avulsion, 
crush injuries, blunt injury) play a significant role in increasing chance of adhesion 
formation. Gelberman and colleagues [7] reported the benefits of gliding function 
and protected passive mobilization on the tensile strength as compared to complete 
immobilization of repaired tendons.

Studies have shown that the tendon cells (tenocytes) themselves have a poten-
tial of healing. Lundborg et al. [8] showed that a flexor tendon that is isolated 
and kept in a synovial fluid environment, without any vascular supply, is able to 
survive and heal without any formation of adhesions. Therefore, its emphasized 
that during process of tendon repair, as much as possible synovial sheath should be 
preserved [9–11].

2. Surgical techniques for primary flexor tendon repair

2.1 General considerations

Usually flexor tendon repair is performed in an emergency setup. In cases such 
as dirty trauma or crush injuries, debridement should be done to convert contami-
nated wound into a cleaner wound. All the injuries (fracture, skin loss, neurovascu-
lar bundles) are repaired simultaneously along with flexor tendon repair. However, 
if the surgeon does not possess enough expertise to treat such lesions, it’s advisable 
to delay the repair till next appropriate time [12]. All injured flexor tendons should 
be repaired using proper instruments and under magnification in an operating 
room thus allowing atraumatic repair of such tendons. Cleaning of wound before 
tenorrhaphy and in certain circumstances administration of intravenous antibiot-
ics just before, during and 6 hours after surgery is indicated. The tendon repair 
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Annular pulleys A1, A3 and A5 pulleys are located at the metacarpo-phalangeal, 
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tial of healing. Lundborg et al. [8] showed that a flexor tendon that is isolated 
and kept in a synovial fluid environment, without any vascular supply, is able to 
survive and heal without any formation of adhesions. Therefore, its emphasized 
that during process of tendon repair, as much as possible synovial sheath should be 
preserved [9–11].
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2.1 General considerations

Usually flexor tendon repair is performed in an emergency setup. In cases such 
as dirty trauma or crush injuries, debridement should be done to convert contami-
nated wound into a cleaner wound. All the injuries (fracture, skin loss, neurovascu-
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if the surgeon does not possess enough expertise to treat such lesions, it’s advisable 
to delay the repair till next appropriate time [12]. All injured flexor tendons should 
be repaired using proper instruments and under magnification in an operating 
room thus allowing atraumatic repair of such tendons. Cleaning of wound before 
tenorrhaphy and in certain circumstances administration of intravenous antibiot-
ics just before, during and 6 hours after surgery is indicated. The tendon repair 
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is performed under axillary block anesthesia along with a pneumatic tourniquet 
applied at the level of the arm. The tourniquet is released Just before the wound clo-
sure in order to perform hemostasis and hence preventing formation of hematoma, 
infection, potential adhesion and fibrosis.

2.2 Incisions for exposure

In order to provide better visibility and to allow atraumatic repair of injured 
tendons, the skin wound should be debrided and enlarged. The position of the 
finger and the shape of the initial lesion govern the method of extension of wound 
for exposure; a palmar zigzag approach (Bruner’s incision) can be used to extend 
an oblique skin laceration; a midlateral approach can be used to extend transverse 
skin laceration. A palmar zigzag incision provides an excellent exposure but at the 
same time can lead to adhesions as well as scar tissue formation over the repaired 
tendon. The midlateral approach allows a direct repair of the injured flexor tendon 
and also preserves vascular transverse branches of neurovascular bundle. Mid-
palmar incisions and straight incisions that cross flexor creases should be avoided, 
as sharp angle in the raised skin flaps can result in tip necrosis. The wound needs 
to be extended in distal direction if tendon injury has occurred while fingers where 
in flexion and similarly wound needs to be extended proximally if at time of injury 
fingers where in extension.

Mid palmar transverse incision become sometimes necessary when proximal end 
of tendon has retracted to palmar level and if flexor tendon massage or flexion of wrist 
fails to deliver retracted proximal tendon end (Figure 1). The silicone tube is passed in 
retrograde direction into the palm, from superficialis chiasma up to proximal stump. 
The proximal end of injured tendon is attached to the silicone tube and pulled distally, 
delivering it back into wound. This procedure helps in avoiding traumatic injury to 
digital sheath and hence preventing adhesion formation (Figure 2) [13].

With an L-shaped incision (Lister’s technique) the digital flexor tendon sheath is 
opened in between the annular pulleys [9]. to prevent bowstringing Annular pulleys 
(especially A2 and A4) should be spared and repaired if they are traumatized. The 
sheath should be closed using a fine suture material after completion of repair of 
severed flexor tendon. In case of severe damage to the sheath, it may be necessary 
to excise the portion of the sheath over the repaired tendon site to prevent trigger 
finger or an impingement. In cases where tendon injury is not a result of sharp cut, 
the tendon ends needs to be refreshed using a sharp blade, this debridement should 
be minimal to avoid any tension over the tenorrhaphy site. A needle can be used to 
fix proximal end in place while performing tenorrhaphy, this allows tension free 
approximation of two injured tendon ends (Figure 3).

Figure 1. 
Bruner’s incision with palmar incision to expose the tendon stumps.

127

Management of Flexor Tendon Injuries in Hand
DOI: http://dx.doi.org/10.5772/intechopen.83483

2.3 Suturing technique

Various suturing techniques have been defined. Among these the modified 
Kessler suture using two sutures [14] and a ‘grasping’ suture [15, 16] having knots 
inside the cross-section have been widely accepted. A running fine epitendinous 
sutures increase the tensile strength and also allows smooth gliding of the repaired 
tendon within the digital sheath. However, immediate active rehabilitation is not 
possible after using these suturing techniques. Therefore, number of studies has 
been carried out to improve the suturing technique as well as the suturing material.

The ‘ideal’ suturing material should be strong, pliable but non-reactive, and 
of small caliber. It is advisable to use Nylon 3/0 for the central suture and for the 
epitendinous running suturing its recommended to use nylon 5/0 or 6/0 [17]. The 
‘locking’ or a ‘grasping’ suture [18, 19] with four or six strand sutures [20, 21] is 
considered to be ideal for central core suturing along with running epitendinous 
locking sutures [22]. This allows an immediate active rehabilitation programme as 
this suturing technique provides double strength than usual traditional suturing 
methods. Tsuge’s suture [23] is easy method of performing ‘locking’ sutures, but it 
leaves a knot outside over the tendon repair site, which in turn can affect smooth 
gliding of flexor tendons within the synovial sheath or the pulley system. This new 
suturing method by virtue of strong repair, allows early active motion with minimal 
risk of gap formation or early tendon rupture. A new material has been reported 
which is characterized by its high traction resistance: it consists of two intratendi-
nous, stainless steel anchors that are joined by a multifilament stainless steel suture. 

Figure 2. 
A silicone tube to bring the proximal tendon stump to the desired level to avoid potential formation of 
adhesions.

Figure 3. 
Temporary fixation of the proximal tendon stump with a needle to facilitate repair.
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This permanent implant is intended to hold the repaired ends of tendon in close 
approximation until healing is completed. Protected passive tendon mobilization 
exercises are carried out after completion of tendon repair.

2.4 Postoperative management

postoperatively, A dorsal plaster splint is applied, from the proximal forearm 
to the fingertips in ‘intrinsic position’: the wrist is kept with 20° of palmar flexion, 
the MP joints in 60° flexion while as PIP and DIP joints are placed in full extension 
in order to avoid development of any flexion contracture. Two possible options as 
post-operative protocol are: to immobilize operated hand for 4 weeks or to start 
early mobilization according to specific exercise protocol. Immobilization is better 
option in non-cooperative patients and in case of children, in these patients mobi-
lization is started in fifth week, with combination of both active as well as passive 
motions with dorsal blocking splint in place; seventh week onwards mobilization 
against resistance is initiated. The complications like tendon rupture or gaping of 
repair are very low with this protocol, but there are increased chances of adhesion 
formation, which usually requires tenolysis. Strickland and Glogovac [24] and 
Lister et al. [25] studied the benefits of early mobilization for tendon healing with 
better final end results especially in zone II flexor tendon repairs. In these stud-
ies using controlled passive mobilization post-operatively excellent results were 
obtained in 36% patients, 24% patients had poor results and only 4% had tenorrha-
phy ruptures; while as no excellent results were obtained in cases of immobilization 
protocol, poor results were observed in 44% patients and 16% had tenorrhaphy site 
ruptures. Gelberman et al. [26, 27] also obtained superior results with early mobili-
zation protocol and additional advantages like: improved tendon gliding (due to low 
rate of soft tissue adherence), enhancement of intrinsic healing mechanism, with 
enhanced tensile strength thereby decreasing risk of gap formation. The highest 
risk of tenorrhaphy rupture is between 5th and 10th postoperative day, during this 
period the hand therapist should be very cautious while doing during active motion 
exercises.

Kleinert et al. [28] proposed active and passive mobilization with dorsal block-
ing plaster splint keeping wrist in flexion of 20°, MP joint in flexion of 70° and 
allowing complete extension of fingers. An elastic traction band is attached to a 
loop, which is fixed to nail, keeping fingers in flexion but at same time allowing 
active extension within the range of dorsal blocking splint (Figure 4). D first 
4 weeks, the patients is asked to perform active extension of the fingers many times 
for half an hour periods every day at different intervals. For the rest of the day and 
during the night the rubber band traction is detached in order to prevent develop-
ment of flexion contracture in interphalangeal joint. At the beginning, the exercises 
should be guided by the hand therapist keeping patients elbow flexed and pronated 
in order to relax the flexor muscles. Between the fifth and sixth post-operative 
weeks, active flexion is begun with dorsal blocking splint in place. This technique is 
excellent but highly demanding for the therapist, surgeon as well as patient, and a 
control at every step is necessary to prevent a rupture or a gap at the tendon repair 
site. A palmar pulley situated at the level of the distal palmar crease significantly 
improves the range of flexion of the fingers and hence better results have been 
reported. After repairing the flexor pollicis longus (FPL) in the thumb MP and IP 
joints are kept in 20° of flexion.

Duran and Hauser [29] proposed controlled passive motion for the post-operative 
flexor tendon repaired lesions in zone II. The wrist is kept in 20–30° of flexion, 
the MP joint in 60° of flexion while as PIP and DIP joints are placed in extension. 
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For first 4 weeks controlled passive motion is used, by the hand therapist, twice 
a day with each session of six to eight motions for each tendon. This method uses 
3–5 minute exercise movements at the repair site for preventing any firm adhesion 
formation. For a week, a rubber band traction is attached to the wrist and active 
exercises are done for 2 weeks with dorsal blocking splint in place.

Duran’s technique was modified by Strickland [15]. He increased the duration 
and frequency of the passive daily exercises. The PIP and DIP joints are separately 
mobilized with repeated motions of full passive extension and flexion. An occu-
pational therapist works closely with the operating hand surgeon and guides the con-
trolled passive motion protocol during first 5 weeks. For starting the active flexion 
exercises after 5th week, the block technique advised by Bunnel [30] can be utilized: 
the PIP joint is actively flexed while the MP joint is blocked in extension; similarly 
while the DIP joint is actively flexed, the PIP joint is blocked in extension. Beyond 
6 weeks, If the extension of the finger is limited, dynamic splinting may be neces-
sary. Six months is the minimal period before considering any tenolysis and this is 
the time period that is required to obtain complete motion (especially in children).

Excellent results were reported by Chow et al. [31] in a multicenter study carried 
out for zone II flexor tendon injuries. They utilized rubber band traction with a 
palmar pulley at distal palmar crease level thus increasing passive flexion at the 
MP and PIP joints. This modification increases the differential gliding between 
superficialis and profundus tendon and in addition increases tendon excursion 
in the sheath as well. Full passive extension and flexion were performed for the 
first 4 weeks under the supervision of a hand therapist, in addition to the active 
extension exercise programme against the rubber band traction. The rubber band 
traction is removed for the fifth and sixth week and active and passive full flexion 
and extension exercises are performed. To prevent development of any contracture 
at the level of interphalangeal joints the supervision of both hand therapist and a 
hand surgeon is very important.

Many authors have reported their results using early active flexion exercises 
after performing flexor tendon repair in zone II [32–34]. to perform this reha-
bilitation programme it’s important to Improve the quality as well as resistance 
of the suture, in order to prevent rupture or a gap of the tendon at the repair site. 
Indications for using early motion protocol is limited to motivated and intelligent 
patients having clean cut tendon injury, with a specialized hand therapist working 
in close collaboration with a hand surgeon.

Magnetic resonance imaging (MRI) is very useful for diagnosing many post-
operative complications especially in differentiating gap from adhesion formation, 
especially in zone II after tenorrhaphy of FDS and FDP tendon injuries.

Figure 4. 
Kleinert’s technique for passive flexion and active extension.
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This permanent implant is intended to hold the repaired ends of tendon in close 
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4 weeks, the patients is asked to perform active extension of the fingers many times 
for half an hour periods every day at different intervals. For the rest of the day and 
during the night the rubber band traction is detached in order to prevent develop-
ment of flexion contracture in interphalangeal joint. At the beginning, the exercises 
should be guided by the hand therapist keeping patients elbow flexed and pronated 
in order to relax the flexor muscles. Between the fifth and sixth post-operative 
weeks, active flexion is begun with dorsal blocking splint in place. This technique is 
excellent but highly demanding for the therapist, surgeon as well as patient, and a 
control at every step is necessary to prevent a rupture or a gap at the tendon repair 
site. A palmar pulley situated at the level of the distal palmar crease significantly 
improves the range of flexion of the fingers and hence better results have been 
reported. After repairing the flexor pollicis longus (FPL) in the thumb MP and IP 
joints are kept in 20° of flexion.

Duran and Hauser [29] proposed controlled passive motion for the post-operative 
flexor tendon repaired lesions in zone II. The wrist is kept in 20–30° of flexion, 
the MP joint in 60° of flexion while as PIP and DIP joints are placed in extension. 
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For first 4 weeks controlled passive motion is used, by the hand therapist, twice 
a day with each session of six to eight motions for each tendon. This method uses 
3–5 minute exercise movements at the repair site for preventing any firm adhesion 
formation. For a week, a rubber band traction is attached to the wrist and active 
exercises are done for 2 weeks with dorsal blocking splint in place.
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mobilized with repeated motions of full passive extension and flexion. An occu-
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while the DIP joint is actively flexed, the PIP joint is blocked in extension. Beyond 
6 weeks, If the extension of the finger is limited, dynamic splinting may be neces-
sary. Six months is the minimal period before considering any tenolysis and this is 
the time period that is required to obtain complete motion (especially in children).

Excellent results were reported by Chow et al. [31] in a multicenter study carried 
out for zone II flexor tendon injuries. They utilized rubber band traction with a 
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Figure 4. 
Kleinert’s technique for passive flexion and active extension.
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2.5 Zone wise features of primary tendon repair

2.5.1 Zone I

Only the FDP is involved in traumatic lesion of this zone. As the intact vincular 
system limits the retraction of the tendon hence the severed proximal stump is easy 
to find. The end to end tenorrhaphy can be done directly if the distal stump is more 
than 1 cm in length. In case the distal stump is less than 1 cm in length, it is recom-
mended to reinsert the proximal tendon end into the distal phalanx. It is done as 
double attachment: At the base of the distal phalanx to a subperiostal flap from 
the palmar aspect and second attachment is distally at the mid nail plate level after 
passing through the distal phalanx (Figure 5) [35]. A4 pulley should be preserved to 
prevent bowstringing but the A5 pulley is frequently partially opened.

Avulsion injury of the FDP is relatively a common injury in athletes but often 
the diagnosis is made late. As any finger can be involved in such injury but the ring 
finger is most commonly involved. The diagnosis is made in an emergency set up, 
when an athlete is unable to actively flex the distal phalanx. A lateral radiograph 
should be carried out routinely, to look for a small bone at the level of the PIP or 
DIP joint that is actually avulsed from the base of distal phalanx. Three main factors 
govern the prognosis in such lesion:

1. Remaining nutritional supply to the avulsed tendon and the degree of retrac-
tion of the avulsed tendon.

2. Any diagnostic delay.

3. The size of the bony fragment avulsed.

This injury is classified into three types as per Leddy and Parker [36]:

• Type I: complete destruction of the vincular system with FDP retracted into 
the palm. In an emergency setup, it is advisable to carry out a reinsertion of the 
severed FDP, but there is significant risk of adherence formation and causing 
dysfunction of the intact FDS. Alternatively, conservative method of not re-
inserting severed FDP tendon and excising the FDP tendon with fusion of the 
DIP joint can be chosen.

• Type II: FDP is retracted to the level of the PIP joint and in this type the vin-
cular system is intact. From all the three this is commonest one. A small bone 

Figure 5. 
Reinsertion of the avulsed tendon through the distal phalanx and fixed on the nail plate.
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fragment blocked into the A3 or A2 pulley can be seen in the lateral radiograph. 
Early reinsertion should be performed or later but within period of 3 months 
provided vascular supply of the severed tendon is preserved. Satisfactory 
results can obtained after repair in this type.

• Type III: in this type a large bony fragment is avulsed from the distal phalanx 
and caught at the level of A5 or A4 pulley. As the retraction is limited hence 
vascularization of the severed tendon is spared. There is excellent prognosis 
once proper repair is done in this type of injury.

Immediately after repair an active rehabilitation programme should be started 
with dorsal protective splint in place.

Type IIIA lesion as reported by Robins and Dobyns [37]: In this a large bony frag-
ment is fractured from the distal phalanx base and FDP is retracted to the level of PIP 
joint. Treatment comprises of reduction and an internal fixation of the distal phalanx 
along with reinsertion of the avulsed FDP tendon. If an avulsion injury is missed in 
early period, later the treatment will depend upon the degree of motivation of the 
patient and presence of symptoms (pain, swelling, tenderness and tumefaction) and 
If the patient has pain or difficulty in movement at the base of the finger it is advisable 
to excise the FDP tendon. Tenodesis or fusion of the DIP joint can be considered if the 
distal phalanx is unstable with weak pinch and an excessive dorsal extension.

Two stage flexor tendon reconstruction of the FDP tendon in zone I is indicated 
in selective patients; skilled technicians and musicians. It is important to explain the 
patients the possibility of complications like PIP joint contracture, adhesion forma-
tion or worsening of intact FDS tendon functioning.

In the thumb, if the direct repair is not possible, proximal tendon stump can be 
lengthened by 1–3 cm using tendinous lengthening procedures. A Z-lengthening 
at the wrist level [38] can give 2–3 cm of advancement and more proximally at the 
musculo-tendinous junction a fractional lengthening [39] produces an advance-
ment of about 1 cm. The A2 pulley can be partially excised if required without any 
functional loss but Al pulley should be preserved.

2.5.2 Zone II

Traumatic lesion in this zone of the finger involves both FDP and FDS tendons, 
which are most often retracted into the palm (Figures 6 and 7). It is recommended 
to repair both the injured tendons as repairing the FDS tendon preserves the 
vinculum system which ensures blood supply to the FDP tendon and in addition it 
maintains a smooth bed for FDP gliding. If only the FDP tendon is repaired and the 
FDS tendon is excised, it removes the vinculum system at the same time. However, 
in case both tendons are repaired there are significant chances of developing adhe-
sions between the two tendons especially at the repair site and it may make tenolysis 
necessary after 6 months of repair.

In the thumb zone II injury causes the FPL trauma, which slips into the palm, 
and its retrieval gets difficult. In order to locate the proximal stump a small incision 
is made at the wrist level. This simple approach is adopted to avoid any damage to 
the carpal tunnel, the thenar eminence and to the cutaneous branch of the median 
nerve. A similar technique of passing the silicone tube as that used for retrieval 
of the FDS and the FDP tendons in fingers is used to bring the FPL tendon atrau-
matically into the initial wound for tenorrhaphy. It is recommended to preserve 
the A1 or oblique pulley and in case these pulleys are traumatized they need to be 
reconstructed using the abductor pollicis brevis aponeurosis for prevention of any 
bowstringing or limitation in thumb motion.



Tendons

130

2.5 Zone wise features of primary tendon repair

2.5.1 Zone I

Only the FDP is involved in traumatic lesion of this zone. As the intact vincular 
system limits the retraction of the tendon hence the severed proximal stump is easy 
to find. The end to end tenorrhaphy can be done directly if the distal stump is more 
than 1 cm in length. In case the distal stump is less than 1 cm in length, it is recom-
mended to reinsert the proximal tendon end into the distal phalanx. It is done as 
double attachment: At the base of the distal phalanx to a subperiostal flap from 
the palmar aspect and second attachment is distally at the mid nail plate level after 
passing through the distal phalanx (Figure 5) [35]. A4 pulley should be preserved to 
prevent bowstringing but the A5 pulley is frequently partially opened.

Avulsion injury of the FDP is relatively a common injury in athletes but often 
the diagnosis is made late. As any finger can be involved in such injury but the ring 
finger is most commonly involved. The diagnosis is made in an emergency set up, 
when an athlete is unable to actively flex the distal phalanx. A lateral radiograph 
should be carried out routinely, to look for a small bone at the level of the PIP or 
DIP joint that is actually avulsed from the base of distal phalanx. Three main factors 
govern the prognosis in such lesion:

1. Remaining nutritional supply to the avulsed tendon and the degree of retrac-
tion of the avulsed tendon.

2. Any diagnostic delay.

3. The size of the bony fragment avulsed.

This injury is classified into three types as per Leddy and Parker [36]:

• Type I: complete destruction of the vincular system with FDP retracted into 
the palm. In an emergency setup, it is advisable to carry out a reinsertion of the 
severed FDP, but there is significant risk of adherence formation and causing 
dysfunction of the intact FDS. Alternatively, conservative method of not re-
inserting severed FDP tendon and excising the FDP tendon with fusion of the 
DIP joint can be chosen.

• Type II: FDP is retracted to the level of the PIP joint and in this type the vin-
cular system is intact. From all the three this is commonest one. A small bone 

Figure 5. 
Reinsertion of the avulsed tendon through the distal phalanx and fixed on the nail plate.

131

Management of Flexor Tendon Injuries in Hand
DOI: http://dx.doi.org/10.5772/intechopen.83483

fragment blocked into the A3 or A2 pulley can be seen in the lateral radiograph. 
Early reinsertion should be performed or later but within period of 3 months 
provided vascular supply of the severed tendon is preserved. Satisfactory 
results can obtained after repair in this type.

• Type III: in this type a large bony fragment is avulsed from the distal phalanx 
and caught at the level of A5 or A4 pulley. As the retraction is limited hence 
vascularization of the severed tendon is spared. There is excellent prognosis 
once proper repair is done in this type of injury.

Immediately after repair an active rehabilitation programme should be started 
with dorsal protective splint in place.

Type IIIA lesion as reported by Robins and Dobyns [37]: In this a large bony frag-
ment is fractured from the distal phalanx base and FDP is retracted to the level of PIP 
joint. Treatment comprises of reduction and an internal fixation of the distal phalanx 
along with reinsertion of the avulsed FDP tendon. If an avulsion injury is missed in 
early period, later the treatment will depend upon the degree of motivation of the 
patient and presence of symptoms (pain, swelling, tenderness and tumefaction) and 
If the patient has pain or difficulty in movement at the base of the finger it is advisable 
to excise the FDP tendon. Tenodesis or fusion of the DIP joint can be considered if the 
distal phalanx is unstable with weak pinch and an excessive dorsal extension.

Two stage flexor tendon reconstruction of the FDP tendon in zone I is indicated 
in selective patients; skilled technicians and musicians. It is important to explain the 
patients the possibility of complications like PIP joint contracture, adhesion forma-
tion or worsening of intact FDS tendon functioning.

In the thumb, if the direct repair is not possible, proximal tendon stump can be 
lengthened by 1–3 cm using tendinous lengthening procedures. A Z-lengthening 
at the wrist level [38] can give 2–3 cm of advancement and more proximally at the 
musculo-tendinous junction a fractional lengthening [39] produces an advance-
ment of about 1 cm. The A2 pulley can be partially excised if required without any 
functional loss but Al pulley should be preserved.

2.5.2 Zone II

Traumatic lesion in this zone of the finger involves both FDP and FDS tendons, 
which are most often retracted into the palm (Figures 6 and 7). It is recommended 
to repair both the injured tendons as repairing the FDS tendon preserves the 
vinculum system which ensures blood supply to the FDP tendon and in addition it 
maintains a smooth bed for FDP gliding. If only the FDP tendon is repaired and the 
FDS tendon is excised, it removes the vinculum system at the same time. However, 
in case both tendons are repaired there are significant chances of developing adhe-
sions between the two tendons especially at the repair site and it may make tenolysis 
necessary after 6 months of repair.

In the thumb zone II injury causes the FPL trauma, which slips into the palm, 
and its retrieval gets difficult. In order to locate the proximal stump a small incision 
is made at the wrist level. This simple approach is adopted to avoid any damage to 
the carpal tunnel, the thenar eminence and to the cutaneous branch of the median 
nerve. A similar technique of passing the silicone tube as that used for retrieval 
of the FDS and the FDP tendons in fingers is used to bring the FPL tendon atrau-
matically into the initial wound for tenorrhaphy. It is recommended to preserve 
the A1 or oblique pulley and in case these pulleys are traumatized they need to be 
reconstructed using the abductor pollicis brevis aponeurosis for prevention of any 
bowstringing or limitation in thumb motion.
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2.5.3 Zone III

Injury in this zone is usually associated with damage to the neurovascular 
bundles, which must be repaired along with the tenorrhaphy of the FDS and the 
FDP tendons and it is recommended to preserve the transverse palmar fascia  
(A0 pulley).

2.5.4 Zone IV

As this zone is protected anteriorly by the thick transverse carpal ligament 
hence tendon injuries are rare in this zone. But in case of crush injury in this zone, 
multiple tendons can get traumatized simultaneously, as they are bunched together 
in small space of carpal tunnel, in addition median nerve (sensory and motor 
branches), palmar branch of ulnar nerve can get injured as well. In order to repair 
all the lesions it is recommended to completely open the carpal tunnel for better 
access.

2.5.5 Zone V

Injury in this zone may involve ulnar artery, radial artery, median nerve, ulnar 
nerve and multiple tendons. The prognosis after proper repair of the injuries in 
zone III, IV and V is better and the return of complete motion is expected [40] after 
6 months. As compared to zone II tendon adherences or tenorrhaphy rupture or 
need of secondary tenolysis are rare in this zone.

Figure 6. 
Flexor tendon injuries in zone II, Bunnell’s “no man’s land”.

Figure 7. 
Result in flexion after 6 months of modified Kessler suture and Kleinert’s rehabilitation.
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2.6 Difficult situations in primary tendon repair

In major trauma where flexor tendon injury is associated with phalanx fracture, 
skin loss, tendon loss and neurovascular lesions, regular tenorrhaphy without 
traction is not possible. Two options are available in case the advancement proce-
dures are not sufficient, in zone III, IV or V a bridge graft can be used to restore 
tendon continuity. A regional or local flap is utilized to cover the repair site and 
hence decreasing the potential adhesion formation. In zone II, if pulley and the 
flexor tendon sheath are damaged, it makes placement of transitory silicone tube 
(Hunters rod) necessary for creation of new digital sheath with smooth gliding 
potential. This procedure is labeled as “two stage tendon reconstruction”, during 
the first operation in addition to placement of silicone tube, repair of the neurovas-
cular bundle and skin is done along with reconstruction of the damaged pulleys. A 
second operation consists of replacement of silicone rod by a tendon graft through 
limited exposure (Hunter procedure).

The question of whether or not to repair an isolated FDP injury in zone II, it 
is necessary to assess the level of retraction of proximal stump. If contusion of 
surrounding soft tissue is limited and the proximal stump is not retracted into the 
palm, a direct atraumatic repair of the FDP tendon is recommended. But if the 
proximal stump is retracted into palm with avulsion of vinculum system, there are 
high chances of local fibrosis and adhesion formation after the FDP repair, therefore 
in such cases it is preferable to go for DIP tenodesis or fusion rather than to primary 
repair of the injured FDP tendon.

In case of partial flexor tendon laceration, the surgical technique depends on the 
total percentage of cross-sectional area of tendon involved: if the laceration involves 
less than 20% of the total diameter of the tendon, the tendon should be rounded 
off by local flap resection; to avoid a trigger finger, a partial resection of the pulley 
could helpful [41]; if the laceration involves between 20 and 50% of total diameter, 
a running simple peripheral suture should be sufficient; if the laceration is involv-
ing more than 50% of the diameter, a core suture through the injured part of the 
tendon with fine peripheral running suture is recommended.

2.7 Evaluation of results after repairing flexor tendon injuries

For evaluating the results after tendon repair, many methods have been 
reported. American Society of Hand Surgery in 1976, proposed a method which 
measured the active flexion at MP, PIP and DIP joints and decreases in loss of 
extension for each joint. This value was then compared to the contralateral healthy 
finger.

Buck-Gramko [42] measured the distance from pulp-palmar, total active motion 
(TAM) and active extension loss of the finger. This method is lengthy and difficult 
to reproduce for each patient on every consultation.

Tubiana et al. [43] proposed a method of evaluation which was based on the PIP 
joint motion. This method evaluated the second phalanx position as compared to 
the metacarpal position; then the loss of active extension and active flexion of the 
finger can be precisely measured. This method evaluates the global function of the 
finger but does not measure the arc of mobility.

Strickland [16] reported a simple method, which counted the total active motion 
(TAM) of PIP and DIP joints. This method does not take movement across MP joint 
into consideration; based on the fact that flexion of MP joint is not under the con-
trol of only flexor tendons. TAM measured is compared to the contralateral finger to 
obtain a percentage of motion.
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3. Conclusions

Many advances have been made in the understanding of tendinous healing 
mechanism—e.g. rehabilitation programmes, suture technique—but it is important 
to consider the various other factors related to injury itself that can significantly 
affect the final outcome, these include: the type of initial injury (clean cut, avulsion 
or contusion), associated injuries (phalangeal fractures, skin loss or any neurovas-
cular bundle injury) and extent of injury to tendon sheath and pulley system, espe-
cially in zone II. However, the maneuvers which help in achieving better end results 
should essentially be followed, which include: an atraumatic handling of structures 
preferably under microscope and use of an anatomic suture with high potential of 
resistance thereby allowing to start immediate active motion and last but not least a 
well-motivated patient who understands and follows postoperative physiotherapy 
protocol under the supervision of a hand therapist and an operating surgeon.
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Chapter 9

The Injectable rhBMP- 
2-containing Collagen Gel for 
Tendon Healing in a Rabbit Extra-
Articular Bone Tunnel Model
Kwang-Il Lee, Ju-Woong Jang and Kwang-Won Lee

Abstract

This rabbit animal study has a hypothesis that the collagen gel, which is inject-
able easily, can be an effective carrier for recombinant human bone morphogenetic 
protein 2 (rhBMP-2) for the tendon healing in a bone tunnel. The cut upper long 
digital extensor tendon of each rabbit was inserted into the proximal tibia bone 
tunnel, and rhBMP-2 conjugated collagen gel was injected into the tendon-bone 
tunnel interface using a syringe. Biomechanical and histological performances were 
analyzed at 3 and 6 weeks after surgery. The collagen sol at room temperature was 
transformed to a gel at 37°C. The rhBMP-2 was slowly released from the collagen gel 
for more than 4 weeks. The in vivo experiment showed the enhanced new fibrocar-
tilage and bone tissue formation at 6 weeks after injecting the rhBMP-2-containing 
collagen gel. The calcification and enthesis-like tissue were detected radiologically 
in the repaired tendon-bone junction. The viscous collagen gel-containing rhBMP-2 
increased the fusion rate of the repaired tendon in the bone tunnel. This study 
showed that viscous collagen gel can be an effective carrier for rhBMP-2 for tendon 
healing in the bone tunnel. The rhBMP-2-containing collagen gel will be promising 
for tendon-bone interface healing in the future.

Keywords: rhBMP-2, tendon, bone tunnel, enthesis, ligament injury

1. Introduction

Tendon healing in the bone tunnel is the one of the most critical points for 
tendon repair [1]. Various types of tendon grafts such as peroneus longus, tibialis, 
gracilis, semitendinosus, and Achilles tendons can be transplanted for replacing 
the ruptured ligament/tendon tissues [2]. However, the failure rate after surgery 
has still remained the cause of poor recovery capacity, so more strategic studies are 
necessary [3]. One of the main reasons for poor healing is because the mechani-
cal stresses keep affecting repaired tendon-bone tunnel junction [4]. The unique 
transitional tissue, the enthesis which is a fibrocartilage tissue, is generated with a 
connected region between tendon and bone tissue [5]. Thus, for successful tendon/
ligament reconstruction, osteointegration of inserted tendon grafts in the bone 
tunnel is strongly recommended [6].
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Recombinant human bone morphogenetic protein-2 (rhBMP-2) is a well-known 
growth factor for new bone formation [7–9]. This promotes the differentiation 
of undifferentiated mesenchymal cells into chondrogenic or osteogenic lineages 
that support new bone formation [10, 11]. This differentiation also needs in 
the reconstructed tendon-bone tunnel region for postnatal enthesis formation. 
There have been many studies about an effective rhBMP-2 delivery system using 
collagen-based materials such as sponge and gel for sustained release [12–15]. In 
the previous studies, rhBMP-2 was used for bone-tendon interface healing using a 
collagen sponge [16, 17]. However, the collagen sponge system had a limitation of 
rhBMP-2 localization to the only targeted region and minimizing leakage from the 
bone tunnel [18].For the enhanced delivery of rhBMP-2 into the targeted surgical 
sites, a viscous collagen gel may be useful. Another previous study had performed 
a comparative study of the osteogenic effects using two different rhBMP-2 delivery 
systems such as collagen sponge and collagen gel in a rat spinal fusion model [19]. 
The results showed that rhBMP-2 containing a collagen sponge had side effects of 
leakage BMP. To overcome this limitation, viscous collagen gel was applied to rabbit 
tendon-bone tunnel regions in this study.

The purpose of this translational study is to investigate whether the rhBMP-
2-containing collagen gel can localize in the surgical site and improve new enthesis 
formation within reconstructed tendon-bone tunnel after the surgery.

2. Materials and methods

2.1 Conjugation of collagen gel and rhBMP-2

1% (w/v) collagen gel originated from porcine skin was mixed with 50 μg/ml 
rhBMP-2. This concentration had been confirmed from our previous rat and rabbit 
animal studies [20–23]. To check temperature dependency of collagen’s sol-gel 
phase transition, the optical density of 1% collagen gel at 37°C was read at 313 nm 
in an absorbance microplate reader at 10, 20, and 30-minute time points. For the 
release kinetics analysis of rhBMP-2-containing collagen gel, it was plated on 
12-well plate and incubated in 1 ml phosphate-buffered saline (pH 7.4) at 37°C for 
28 days. At each time point of 1, 3, 5, 7, 14, and 28-day time points, each supernatant 
was collected and stored at −80°C until reading. Then, the rhBMP-2 was quanti-
tated using an enzyme-linked immunosorbent assay kit and a cumulative release 
curve was plotted.

2.2 Animal study design and operative procedure

Healthy adult New Zealand White rabbits (n = 36, 3.0–3.5 kg) were used for this 
study. The animal treatment was followed by the Guidelines for Care and Use of 
Laboratory Animals, and this animal experiment was approved by the Committee 
of Experimental Animal Sciences. The rabbits were classified with three different 
groups: saline injection only (control group), collagen gel injection only without 
rhBMP-2 (collagen gel group), and rhBMP-2-conjugated collagen gel injection 
(rhBMP-2-collagen gel group). Rabbits were anesthetized with ketamine, 40 mg/kg 
IM; xylazine, 5 mg/kg IM.

The rabbits underwent an operative procedure for an extra-articular tendon-
bone healing model at the rerouted long digital extensor tendon. The knee joint 
was accessed through a lateral para-patellar incision. The long digital extensor 
tendon was identified and then detached from its insertion at the lateral femoral 
condyle by sharp dissection. The free tendon was tied with 3-0 Vicryl. Then, the 
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anterior tibia muscle was retracted laterally. A bone tunnel was created in the 
proximal tibia metaphysis with 30° angle relative to the long-bone axis using a drill 
(diameter: 2 mm). The finalized bone tunnel size after drilling was an average of 
2.09 ± 0.04 mm-diameter and 5.13 ± 0.05 mm-length, which was measured by 
scanned microcomputed tomography images. The cut long digital extensor tendon 
was relocated. It was pulled manually through the bone tunnel and sutured to the 
periosteum and soft tissue at the medial proximal tibia with 3-0 nylon (Figure 1).

Each 200μl of rhBMP-2-containing collagen gel was injected into the tendon-
bone tunnel junction. The joint capsule, fascia, and subcutaneous tissue were closed 
with 3-0 Vicryl and skin was closed with 3-0 nylon.

2.3 Analysis of three-dimensional computed tomography (CT) and bone mineral 
density (BMD)

The BMD and mineralized tissue ingrowth inside the tendon-bone tunnel junc-
tion were quantified by using CT system. Specimens were scanned perpendicular 
to the long-bone axis covering the entry and exit of the bone tunnel. The sections 
were reconstructed using the 3D software. To quantify the amount of newly 
formed mineralized tissue over time, the regions of interest (ROI) was chosen and 

Figure 1. 
Operative procedure of the long digital extensor tendon sutured to the periosteum and soft tissue of rabbit 
medial tibia.
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Figure 1. 
Operative procedure of the long digital extensor tendon sutured to the periosteum and soft tissue of rabbit 
medial tibia.
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reconstructed using the 3D software. After thresholding, the BMD (mg/cm3) of the 
mineralized tissue inside the tendon-bone tunnel junction was calculated.

2.4 Biomechanical testing

Rabbit knee joints including the tendon-bone tunnel site were collected. 
To analyze the tensile mechanical properties, tensile strength was measured 
by a universal testing machine. The specimen was fixed vertically on a 5000 N 
load-cell, and tensile strength was measured by pulling each specimen at a load 
displacement rate of 10 mm/min. The failure load and ultimate strength (N) were 
recorded.

2.5 Histologic and histomorphometric analyses

Rabbit knee joints were collected and fixed in a neutralized formalin solution for 
2 days and decalcified in 10% formic acid until being cut. The specimens were sliced 
into 4-um-thickness in an orientation parallel to the bone tunnel, and each section 
was stained with Masson’s trichrome, and visualized using an optical microscope. 
Healing of the tendon in the bone tunnel was graded histomorphologically by two 
blinded observation methods.

Histomorphometric analysis was assessed for tendon healing in the bone tunnel. 
Quantitative histomorphometric analysis was performed by two blinded observa-
tions, which apportioned 0–3 points based on histomorphologic criteria, represent-
ing fibrocartilage formation, new bone formation, and tendon graft bonding to 
adjacent tissue (Table 1).

Table 1. 
Histomorphometric analysis to assess healing of the tendon within the bone tunnel (full score = 9 points).
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2.6 Statistical analysis

The data were averaged from at least triplicated samples. The same experiments 
were repeated for three times to ensure the reproducibility of the methods used. All 
statistical analyses were performed using SPSS version 15.0. The post hoc Scheffé 
test was sued to analyze the significant difference between groups, with significance 
levels at *p < 0.05 and ** < 0.01.

3. Results

The turbidity of collagen gel at 37°C was significantly increased between the 
time points of 10 (OD: 0.953) and 20 (OD: 4.099) minutes (Figure 2). The half 
release from the total rhBMP-2 quantity from the collagen gel was done within 
5 days from incubation. And the rest half was released slowly for over 28 days 
when it was released 89.3% totally. The rhBMP-2 conjugated collagen gel showed a 
sustained release phase (Figure 3).

In the 3D-CT analysis, new bone formation was detected at the interface 
between the tendon and tibia bone tunnel in the rhBMP-2-collagen gel group after 
3 weeks even though the normal distal epiphyseal plate of rabbits has a limited can-
cellous bone. However, the control and collagen gel groups did not show new bone 
formation (Figure 4). At 6 weeks after the surgery, the rhBMP-2-collagen gel group 

Figure 2. 
Ultraviolet turbidity of 1% collagen gel at each time point, dependent on temperature; average of triplicates at 
each time point, which is 0, 10, 20, and 30 min at 37°C incubation.



Tendons

142

reconstructed using the 3D software. After thresholding, the BMD (mg/cm3) of the 
mineralized tissue inside the tendon-bone tunnel junction was calculated.

2.4 Biomechanical testing

Rabbit knee joints including the tendon-bone tunnel site were collected. 
To analyze the tensile mechanical properties, tensile strength was measured 
by a universal testing machine. The specimen was fixed vertically on a 5000 N 
load-cell, and tensile strength was measured by pulling each specimen at a load 
displacement rate of 10 mm/min. The failure load and ultimate strength (N) were 
recorded.

2.5 Histologic and histomorphometric analyses

Rabbit knee joints were collected and fixed in a neutralized formalin solution for 
2 days and decalcified in 10% formic acid until being cut. The specimens were sliced 
into 4-um-thickness in an orientation parallel to the bone tunnel, and each section 
was stained with Masson’s trichrome, and visualized using an optical microscope. 
Healing of the tendon in the bone tunnel was graded histomorphologically by two 
blinded observation methods.

Histomorphometric analysis was assessed for tendon healing in the bone tunnel. 
Quantitative histomorphometric analysis was performed by two blinded observa-
tions, which apportioned 0–3 points based on histomorphologic criteria, represent-
ing fibrocartilage formation, new bone formation, and tendon graft bonding to 
adjacent tissue (Table 1).

Table 1. 
Histomorphometric analysis to assess healing of the tendon within the bone tunnel (full score = 9 points).

143

The Injectable rhBMP-2-containing Collagen Gel for Tendon Healing in a Rabbit…
DOI: http://dx.doi.org/10.5772/intechopen.82471

2.6 Statistical analysis

The data were averaged from at least triplicated samples. The same experiments 
were repeated for three times to ensure the reproducibility of the methods used. All 
statistical analyses were performed using SPSS version 15.0. The post hoc Scheffé 
test was sued to analyze the significant difference between groups, with significance 
levels at *p < 0.05 and ** < 0.01.

3. Results

The turbidity of collagen gel at 37°C was significantly increased between the 
time points of 10 (OD: 0.953) and 20 (OD: 4.099) minutes (Figure 2). The half 
release from the total rhBMP-2 quantity from the collagen gel was done within 
5 days from incubation. And the rest half was released slowly for over 28 days 
when it was released 89.3% totally. The rhBMP-2 conjugated collagen gel showed a 
sustained release phase (Figure 3).

In the 3D-CT analysis, new bone formation was detected at the interface 
between the tendon and tibia bone tunnel in the rhBMP-2-collagen gel group after 
3 weeks even though the normal distal epiphyseal plate of rabbits has a limited can-
cellous bone. However, the control and collagen gel groups did not show new bone 
formation (Figure 4). At 6 weeks after the surgery, the rhBMP-2-collagen gel group 

Figure 2. 
Ultraviolet turbidity of 1% collagen gel at each time point, dependent on temperature; average of triplicates at 
each time point, which is 0, 10, 20, and 30 min at 37°C incubation.



Tendons

144

Figure 4. 
3D CT images of the enthesis generated by transfer of the toe flexor or rhBMP-2+ or rhBMP-2− bone complex to 
the proximal tibia at 3 and 6 weeks.

Figure 3. 
Release profile of rhBMP-2 from 1% collagen solution; average of triplicates at each time point for 4 weeks.
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showed higher new bone formation than the other groups. In addition, the BMD of 
the rhBMP-2-collagen gel groups was significantly higher than the control group at 
3 and 6 weeks after the surgery (Figure 5). The BMD of the collagen gel group was 
slightly higher than the control group; however, it was not significant.

In the biomechanical test result, the ultimate failure load of the rhBMP-
2-collagen gel group was significantly higher than the other groups at 3 and 6 weeks 
(Figure 6). After 3 weeks, the ultimate failure load of the rhBMP-2-collagen gel 
group was 2.5-fold higher than the control group. After 6 weeks, the thBMP-
2-collagen gel group was 1.8-fold higher than the control group. However, there was 
no significance between the collagen gel group and control group.

Figure 5. 
Bone mineral density of the enthesis generated by transfer of the toe flexor or rhBMP-2+ or rhBMP-2− bone 
complex to the proximal tibia at 3 and 6 weeks.

Figure 6. 
Ultimate failure loads of the enthesis generated by transfer of the toe flexor or rhBMP-2+ or rhBMP-2− bone 
complex to the proximal tibia at 3 and 6 weeks.
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complex to the proximal tibia at 3 and 6 weeks.
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In the histology results, Masson’s trichrome staining showed that collagen fibers 
and fibrous cartilage were widely detected in the tendon-bone interface of the 
rhBMP-2-collagen gel group at 3 weeks. The new bone was partly detected between 
the tendon and host bone (Figure 7). After 6 weeks, there was increased fibrous 
cartilage and new bone tissues between the tendon and the bone. Moreover, the new 
Sharpey-like fibers were detected in the rhBMP-2-collagen gel group (Figure 8).

Figure 7. 
Masson’s trichrome staining of the enthesis generated by transfer of the toe flexor or rhBMP-2+ or rhBMP-
2− bone complex to the proximal tibia at 3 weeks: (A–C) control; (D–F) collagen only; (G–I) collagen with 
rhBMP-2; CF, collagen fibers; FC, fibrocartilage; HB, host bone; NB, new bone; S, Sharpey-like fibers; and T, 
tendon.

Figure 8. 
Masson’s trichrome staining of the enthesis generated by transfer of the toe flexor or rhBMP-2+ or rhBMP-
2− bone complex to the proximal tibia at 6 weeks: (A–C) control; (D–F) collagen only; (G–I) collagen with 
rhBMP-2; CF, collagen fibers; FC, fibrocartilage; HB, host bone; NB, new bone; S, Sharpey-like fibers; and T, 
tendon.
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In the histomorphometric analysis results, the histologic score about enthesis 
formation in the rhBMP-2-collagen gel group was significantly higher than the other 
groups (Figure 9). Moreover, the results after 6 weeks were higher in score in the 
rhBMP-2-collagen gel group than the score in the other groups after 3 weeks.

4. Discussion

The healing process after tendon or ligament reconstruction needs stable enthe-
sis generation at the interface between the inserted tendon and drilled bone tunnel, 
which is one of the most important conditions [4, 24]. rhBMP-2 may be useful as a 
growth factor for new bone formation by inducing differentiation of osteoprogeni-
tor cells to osteoblasts [25]. For the effective soft tissue healing, rhBMP-2 applica-
tion will be the ideal method for new bone formation between the inserted tendon 
and the drilled bone tunnel. However, rhBMP-2 requires a carrier for embedding 
itself [26, 27]. It is important to establish the rhBMP-2 delivery system with 
immobilization for the sustained release in the surgical site. The immobilization of 
rhBMP-2 can enhance the host cell infiltration into the surgical site and stimulating 
cellular activity for new tissue formation [28, 29].

We used viscous and elastic collagen gel for the minimum loss and sustained 
release of rhBMP-2. Collagen gel is easy to inject and biocompatible for drug delivery. 
Collagen gel also has been employed as a scaffold in tissue engineering and regenera-
tive medicine [30]. When the collagen gel is injected into the surgical site, it will be 
easy to use due to its viscous solution state. After its implantation, the gel becomes 
semisolid at body temperature. This thermos-sensitive state can make the injected gel 
stable and good for sustained release of a growth factor for soft tissue reconstruction.

In this study, a rabbit extra-articular bone tunnel model was used to investigate 
the tendon/ligament healing in the drilled bone tunnel. We developed an advanced 
viscous rhBMP-2-conjugated collagen gel for the soft tissue reconstruction. This gel 
system will be useful as a void filler between the tendon graft and host bone tunnel.

Collagen showed temperature-responsive gelation at the body temperature. This 
demonstrates that collagen gel can be effective for the stable filling into the surgical 

Figure 9. 
Histological score of the enthesis generated by transfer of the toe flexor or rhBMP-2+ or rhBMP-2− bone 
complex to the proximal tibia at 3 and 6 weeks.
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site and rhBMP-2 will be effectively and slowly released from the stable gel with-
out any loss by irrigation during the surgery. The phase transformation will also 
affect the degradation rate of the collagen gel and the time course of stimulation of 
osteogenesis [18].

In vivo test results showed that the rhBMP-2-collagen gel group increased the 
fusion rate between the grafted tendon and host bon tunnel. BMD analysis results 
also showed the enhanced new bone formation by rhBMP-2.

In conclusion, the injectable rhBMP-2-containing collage gel induced earlier 
and more new bone formation at the tendon-bone tunnel interface. This study 
demonstrated that the mixture of the rhBMP-2 and collagen gel can accelerate the 
healing process of the grafted tendon in the host bone tunnel. The clinical use of the 
injectable rhBMP-2-collagen gel will be promising for the enhancement of tendon/
ligament reconstruction in the future.
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