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3.1	 �Biomechanics

Athletes competing in track and fields sustain 
huge impact forces, which need to be trans-
ported through the body. The basic function of 
the tendons is to transmit the force created in 
the muscle to the bone, thus making joint and 
limb movement possible [4]. To do this effec-
tively, tendons must be capable of resisting 
high tensile forces with limited elongation [8]. 
Tendons tolerate extreme tensile forces during 
sprinting and jumping. Already during normal 
walking forces of about 2 times, body weight is 
acting on the Achilles tendon. With increased 
speed, these forces increase up to 12.5 times the 
body weight [5].

The top values reach 1.4 tons (calculated for 
the high jump world record of 2.45 m). Reference 
values of in  vivo loads on the Achilles tendon 
during various sports activities are shown in 
Table 3.1.

Comparably, forces acting on the patellar ten-
don sometimes reach extremely high values 
(Fig. 3.1). For example, maximum forces of up to 

17.5 times body weight were calculated during 
weightlifting [7]. In jumping, forces on the patel-
lar tendon are about 2000  Nm in take-off and 
3000  Nm in landing, which corresponds to a 
force equivalent of approx. 200 kg and 300 kg, 
respectively. In general, these huge stresses can 
be well compensated by the special microarchi-
tecture of the tendons and by their enormous 
adaptability with a gradual increase in stress. 
However, in the presence of specific risk factors 
(Fig. 3.2) or pre-damage of the tendon, the risk of 
structural damage increases even without the 
maximum force values having to be achieved. 
The primary tear force of the tendon is described 
for the Achilles tendon with 1.8 tons or 25 times 
the body weight. Basically, all tendons are sub-
ject to a so-called stress–strain mechanism, 
whereby their elongation capacity up to struc-
tural injury is about 8%. Crucially, their stiffness/
softness is determined by tendon quality, training 
condition, and various other influencing factors.

3.2	 �Anatomy

Tendons are composed of collagen fibers and 
tenocytes, which lie in parallel rows in the extra-
cellular matrix that contains proteoglycans. It 
forms a dense connective tissue whose purpose 
usually is to connect muscle and bone and con-
secutively stabilizes joints and allows for move-
ment through storage and release of energy.
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Collagen fibers provide resistance to tensional 
stress, whereas proteoglycans add viscoelasticity 
to the tendon. From smallest to largest, the units 
forming the tendon are tropocollagen < collagen 
< fibril < fiber < fascicle. Multiple fascicles are 
surrounded by endotenon, which connects them 
to form the tendon. It allows for gliding of the 
fascicles to each other. Epitenon encircles the 
entire tendon and prevents adhesion to surround-
ing tissue.

The paratenon finally is the outermost layer 
further reducing friction between tendon and sur-
rounding tissue [9, 10]. Endotenon and epitenon 
allow blood vessels and nerves to reach the 
deeper structures within the unit and prevent sep-
aration of the fascicles under stress. At the junc-
tion of tendon to bone, the enthesis represents a 

complex structure with different tissue properties 
including chondrocytes [11], vulnerable to asym-
metrical load and potential of building hetero-
topic/intratendinous ossification (Fig. 3.3).

3.3	 �Mechanobiology

Adaptation of tendons to repetitive loading has 
been increasingly understood in recent years, 
especially the fact that load is important for 
remodeling and/or healing of tendons. While ten-
dons in the past were primarily considered poorly 
vascularized, bradytrophic tissue, their high 
adaptability to physical stress and their outstand-
ing mechanical properties have recently been 
increasingly recognized. The latter make them at 
the same time highly resistant and elastic [13]. 
The interaction between the mechanical stresses 
and the responses at the cellular level takes place 
via a complex homeostatic, mechanobiological 
feedback [14]. It has long been assumed that the 
adaptability of tendons in terms of blood circula-
tion and implementation of the extracellular 
matrix under load are very low. Today, however, 
it is known that the metabolism of the collagen 
and the remaining connective tissue adapts to the 
load and the metabolic activity changes accord-
ing to the physical activity. Various clinical–
experimental works have shown that the oxygen 
and glucose uptake of the tendon increases under 

Table 3.1  In vivo forces acting on the Achilles tendon 
during different activities and track and fields [6]

Activity
Force 
(kN) Author

Walking 1.3–1.5 Finni et al. (1998)
Counter movement 
jump

1.9–2.0 Fukashiro et al. (1995)

Squat jump 1.9–2.2 Fukashiro et al. (1995)
Drop jump 3.5–5.0 Brüggemeann et al. 

(2000)
Running 3.7–3.9 Komi et al. (1990)
Hopping 3.7–4.0 Fukashiro et al. (1995)
Sprint Up to 

9.0
Komi et al. (1990)

Fig. 3.1  Sprint starts with visualization of the enormous soleus activity (40% push-off capacity) during knee flexion 
positions going over to gastrocnemius action (33% push-off capacity [5]) while stretching the knee
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mechanical stress [13]. A recently published 
meta-analysis impressively summarized how 
enormously adaptable the tendon is in terms of its 
mechanical, morphological, and structural prop-
erties [15]. Sustainable adaptation can be 
achieved in particular through high-load training 
and high intensities over a longer period of time 
(>12 weeks). On the other hand, the training or 

contraction form of the muscles (isometric/con-
centric/eccentric) seems to play a subordinate 
role.

Current data demonstrate that chronic expo-
sure of the AT to elevated jumping loads results 
in adaptation of its mechanical and material 
properties. The Achilles tendon in the jump leg of 
male collegiate-level jumping athletes had 17.8% 

Exposition

external risk factors:

• Sports-specific factors

  (coaching, rules, referees)

• Protective equipment

  (helmet, shin guards)

• Sports equipment (shoes,

  skis, ...)

• Environmental influences

  (weather, soil conditions, ...)

• Medication (Cortisone,

  Ciprofloxacin, ...

Internal risk factors:

• Age

• Sex

• BMI

• Personal anamnesis (pre-

  injury, joint instability, co-

  morbidities)

• Physical Fitness (Muscle

  Strength, VO2 Max, Joint

  ROM

• Anatomy (Alignment, ...)

• Skills (sport-specific

  technique)

• Psychological factors

  (motivation, risk-taking,

  competitive experience, ...)

Triggering event:

• Playing Situation

• Player/Opponent

  Behavior

• Accident mechanism

  (biomechanics whole

  body, joint, ...)

Risk factors for tendon injury Injury mechanism

Injury
Vulnerable

Athlete

Predisposed

Athlete

Fig. 3.2  Risk factors to be taken into account in the occurrence of sports/tendon injuries (modified according to 
Meeuwisse [6, 8]). A distinction is made between external and internal risk factors

Fig. 3.3  Unique anatomical structure of the Achilles ten-
don with a twist of 90°, from a frontal and a lateral point 
of view. Soleus fibers aim to the medial calcaneus, which 

is important to recognize for the biomechanical under-
standing of the Achilles tendon function (with kind per-
mission by Robert Smigielski, Poland) from Ref. [12]
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greater stiffness and a 24.4% greater Young’s 
modulus (compared to the contralateral lead 
(non-jump) leg, respectively). The side-to-side 
differences in jumpers were greater than observed 
in a cohort of athletic controls, suggesting that 
they are not simply due to limb dominance [16].

Jumpers also had 35.3% and 76.7% greater 
tendon stiffness and Young’s modulus in their 
jump leg compared to that in the jump leg of ath-
letic (non-jumping) controls [17].

The greater AT Young’s modulus and stiffness 
in the jump leg of jumpers represent a favorable 
adaptation. During jumping, a structurally and 
materially stiffer tendon enables an improved 
ability to transmit muscle-generated forces, 
which improved explosive activity performance 
(jump force and height).

From a pathological standpoint, a stiffer ten-
don is exposed to greater stress, which may be 
considered potentially dangerous. However, ten-
don ultimate stress (i.e., the stress at which a ten-
don fails) is directly correlated with the tendon 
Young’s modulus [18]. Thus, the increase in 
Young’s modulus observed in jump leg of jump-
ers would be associated with the tendon being 
able to tolerate more stress before failure.

3.4	 �Pathophysiology

Pathophysiological processes have to be divided 
into different subgroups: “Tendinosis” a group of 
chronic-degenerative conditions usually of the 
midsubstance tendon caused by repetitive micro-
trauma. No inflammatory process can be made 
accountable for this condition. “Tendinitis” on 
the other hand is a painful inflammatory process 
mediated by cytokines and matrix metallopro-
teinases (MMPs). “Tenosynovitis” is a term 
describing inflammation of the paratenon with or 
without additional tendinosis. Lastly, a “rupture” 
or “tendon tear” is the loss of continuum of the 
tendon resulting in significant loss of function 
[19]. As already mentioned with the term “tendi-
nosis,” classic inflammatory changes can rarely 
be histologically detected. Terms such as “epi-
condylitis humeri lateralis” or “patellar tendon-

itis” should therefore be abandoned and named 
“-tendinosis” or “-tendinopathy” instead [20].

Significant changes can, however, be found 
histologically, indicating a dysfunctional healing 
response after microtrauma: thinning, disrupted 
collagen fibers, neoangiogenesis resulting in 
increased vascularity and cellularity, granulation 
tissue, and increased proteoglycan content [21]. 
Adams et al. already demonstrated in 1974 that 
age-related changes like tenocyte degeneration, 
accumulation of lipid amorphous extracellular 
matrix, and hydroxyapatite deposits could be 
found in early age affecting different tendons 
throughout the human body [22]. In comparison 
with normal tendon with well-aligned parallel 
and compact collagen fibers with adjacent teno-
cytes, the most prominent changes occur in the 
disorganization of the tendon matrix represented 
by discontinuous, crimped, and thinned collagen 
fibers with loss of their typical organized struc-
ture. Pathological tendons reveal loss of matrix 
integrity by reduction in total collagen content 
and increased production of extracellular matrix 
components that result in tendon stiffening [23].

Sonographic evaluation can reveal intra- and 
peritendinous changes including collagen disorga-
nization and hypoechogenicity. Neovascularization 
can be found in combination with these degenera-
tive changes, which are accompanied by nerve 
sprouting and hypersensitivity [24]. Jumpers are at 
high risk to be affected by tendinopathy of the 
patellar tendon as shown above. That is why it is 
also termed “jumper’s knee.” It can be classified 
depending on the location: The inferior pole of the 
patella is predisposed to injury due to maximum 
tensional stress during loading [25]. Less often but 
still relevant are the midportion and insertion at the 
tibial tuberosity [26]. It is important to detect 
coexisting changes in the Hoffa fat pad to initiate 
the correct therapy [27].

High levels of tendon strain are associated 
with a micromorphological deterioration of the 
collagenous network in the proximal patellar ten-
don of adolescent jumping athletes. Further, ath-
letes suffering from or developing tendinopathy 
demonstrated both greater levels of tendon strain 
and lower levels of fascicle packing and align-
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ment, which lends support to the idea that 
mechanical strain is the primary mechanical fac-
tor for tendon damage accumulation and the pro-
gression of overuse [28]. Finally, tendon rupture 
is associated with degenerative changes and also 
linked to the impairment of native repair mecha-
nisms to defend the tendon from degeneration 
and ultimately rupture [29].

3.5	 �Pathomechanics

When classifying tendon injury mechanisms, 
acute injuries have to be distinguished from 
overload-associated damage and chronic-
degenerative injuries (tendinopathy).

3.5.1	 �Acute Injury Patterns

Acute injuries mainly occur when large eccentric 
force acts on the tendon. A tendon is a remark-
ably strong tissue. Its in vitro tensile strength is 
about 50–100  N/mm2. The cross-sectional area 
and the length of the tendon affect their mechani-

cal behavior. The greater the tendon cross-
sectional area, the larger loads can be applied 
prior to failure (increased tendon strength and 
stiffness). A tendon with a cross-sectional area of 
1 cm2 is capable of supporting a weight of 500–
1000 kg. Athletes who subject their Achilles ten-
don to repetitive loads as habitual runners have 
shown larger Achilles tendon cross-sectional area 
than control subjects [12, 13]. An increased ten-
don cross-sectional area would reduce the aver-
age stress of the tendon, thereby decreasing the 
risk of acute tensile tendon rupture.

The breaking force of the Achilles tendon 
in vivo is as high at 18`000 Newton (equivalent to 
about 1.8 tons) or 25 times body weight. However, 
this only applies to axial load on the tendon. 
Brüggemann and Segesser were able to demon-
strate a different tensile behavior with nonaxial 
strains act on the tendon and postulate it as a risk 
factor for Achilles tendon ruptures [7] and possi-
ble risk factor for overuse (Fig. 3.4).

This can be illustrated by the example of 
the tensile load of a sheet of paper. As long as 
the paper is pulled straight, it is very resistant. 
If the tension is applied asymmetrically, side-

Fig. 3.4  Asymmetrical load on the Achilles tendon during high jump push-off and pronation position of the foot
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ways, the paper tears with significantly less 
effort. Thus, it is also easy to understand that 
pre-damaged tendons are particularly at risk 
for acute (partial) ruptures in the case of 
asymmetric tensile loads. The decrease in the 
tear force of symptomatic Achilles tendons 
with detectable pathological structural 
changes was illustrated in a prospective study 
by Nehrer et  al. 28% of patients with sono-
graphically detectable degenerations showed 
spontaneous ruptures within the following 
4  years. Achilles tendon tears, however, are 
not limited to the structure of the tendon, but 
also extend to adjacent structures. Thus, more 
than 80% of the acute Achilles tendon rup-
tures also have lesions of the M. soleus usu-
ally found at the level of the soleus insertion. 
This could be caused by an asymmetric ten-
sile load between gastrocnemius and soleus 
muscles.

Thus, the injury of the medial musculoten-
dinous junction of the gastrocnemius head is 
easily comprehensible when there is an unnat-
ural position of the calcaneus. If an increased 
varus position of the calcaneus is added with 
activated gastrocnemius muscles, the medial 
gastrocnemius fibers are maximally stressed. 
Because the corresponding tendon fibers of the 
medial gastrocnemius portion insert distally 
and laterally at the calcaneus, they have the 
largest lever arm of the triceps surae muscles 
and the longest fibers. The eccentric braking 
movement in this strain position and the maxi-
mum, partly asymmetric pull lead to an 
increased risk of injury. Very high forces asso-
ciated with a high risk of complete tendon tear-
ing act on the patellar tendon in knee 
dislocations, whereby chronic-degenerative 
overload damage at the patellar tendon is still 
much more common than ruptures. Typical 
tendon ruptures still occur as an injury to the 
most eccentrically loaded tendons and as bony 
apophysis tears in adolescence. Other acute 
forms of injury are tendon dislocations, mainly 
on the peroneal tendons (in ankle sprain) and 
biceps femoris (in knee dislocation) and tibia-
lis posterior (in pronation trauma).

3.5.2	 �Chronic Injury Patterns

Chronic tendinopathies belong to the category of 
overload damage, which is very common in 
sports, but is often perceived only poorly or even 
belatedly [30]. The tendons are often subject to a 
disproportion of high loads with too low regen-
eration times. Depending on the type and quan-
tity of the load acting on the tissue, dye 
distinguished a zone of homeostasis, a zone of 
supraphysiological overload, and a zone of over-
load, which can cause structural tissue damage. 
Repetitive loads are associated with immense 
force values. For example, in a marathon run in 
world record time, the Achilles tendon is charged 
at an average speed of more than 20 km/h at each 
step with approx. 9000 Nm (900 kg) [31], which 
in total at approx. 800 steps per km, to 42  km 
(approx. 33,000 steps), corresponds to an equiva-
lent weight force of about 33,000 times the 
weight of a small car (900  kg) acting on the 
Achilles tendons. Another example is the total 
load of approx. 150 tons per patellar tendon dur-
ing volleyball training with approx. 300 jumps.

It should be noted that an optimally dosed and 
axis appropriate training can lead to a structural 
adaptation of the tendon (mechanobiology) and 
to an enlarged tendon cross section, as Couppe 
et al. (2009) have shown for the patellar tendon 
[32]. Here, 30% larger tendon cross sections in 
the jumping leg of female athletes compared to 
the nondominant leg and 20% larger tendon 
cross sections in male athletes in jumping and 
running sports compared to nonstressing sports 
(kayak) [33]. In order to prevent tendon injuries, 
therefore, in sports medicine and sports science, 
monitoring of stress or symptoms is increasingly 
being used [34–36]. The risk constellation for 
tendon injuries in old age is controversially dis-
cussed. Although the tendons of older persons 
have histopathologically 30% lower collagen 
concentrations, they nevertheless show the same 
mechanical strength due to compensatory 
increase in the collagen cross-connections 
(“crosslinks”) [37]. It should also be noted that 
tendon adaptation can work through ideal train-
ing even in old age. Accordingly, one cannot 
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assume an aging process alone, but rather an 
inactivity process. This is naturally due to 
comorbidities, such as movement-limiting car-
diovascular diseases, arthrosis of the joints, gout, 
diabetes mellitus or other metabolic pathologies, 
and increased drug requirements (Fig.  3.2). A 
very plausible explanation of pathomechanisms 
was recently postulated by Kjaer et al. [38]. They 
showed the expression of growth factors and 
inflammatory mediators that affect collagen syn-
thesis and proteoglycan activity in the periten-
dineum. The tendons most commonly affected 
by overload damage (tendinopathies) are the 
Achilles tendon (usually called midportion ten-
dinopathies in the middle of the tendon, rarer 
than insertion tendinopathies at the calcaneus 
approach), the patellar tendon (“jumper’s knee”), 
the quadriceps tendon, the plantar fascia, and the 
proximal tendons of the ischiocrural muscles. 
On average, 36% of volleyball players complain 
of knee pain over the course of a season, most 
often due to tendinopathy of the patellar tendon 
[35]. For a sustainable treatment of affected ath-
letes, a good biomechanical understanding of the 
load and the knowledge of the intrinsic and 
extrinsic risk factors are of enormous impor-
tance. For the tendinopathy of the patellar ten-
don, nine specific factors could be identified. 
These include male sex [39], high weight [40], 
high training volume [41, 42], high muscle 
strength of the quadriceps [43, 44], high bounce 
[36] and training on asphalt [42], sports special-
ization [45], and reduced flexibility of quadri-
ceps [46] and hamstrings [46, 47]. Frequently 
attempts have been made to prove a link between 
axis abnormalities and disturbances of the kine-
matic chain and the occurrence of patellar ten-
don tendinopathies (PTs), as it is obvious that 
these can lead to asymmetric tensile forces and 
thus increased loads of the patellar tendon and 
cause damage similar to the finding of Segesser 
and Brüggemann in the Achilles tendon. While 
no clear link has been established for the often 
accused pathological Q-angle (e.g., [42]), there 
is evidence that both leg length differences, a 
flattened arch [48, 49], a patella alta [50], and a 
disturbed patella tracking [51] can be accompa-
nied by patellar tendon tendinopathies. Van der 

Worp et al. (2014) [49] also showed that the hor-
izontal landing phase of jumps forward is crucial 
for the development of patellar tendinopathy. 
Patients with patellar tendon tendinopathies 
often end up with more bent knee and hip joints, 
so that further hip and knee flexion and thus a 
cushioning of the eccentric forces are less pos-
sible. The landing is therefore “harder” and is 
coined with higher peak forces in the patellar 
tendon. In summary, it can be said that both a 
thorough orthopedic examination and a biome-
chanical analysis of the movement patterns in 
chronic patellar tendon tendinopathies are of 
great importance (Table 3.2).

3.6	 �Biomechanical Diagnostics 
and Therapy

According to these explanations, which are simi-
larly transferable to other tendinopathies, both the 
stress pattern and the therapy should be biome-
chanically analyzed or verified and causal mal-
functions should be eliminated. The latter can be 
done, for example, by adaptation of the move-
ment patterns, e.g., by shoe insert supply or spe-
cific muscular stabilization forms. The 
biomechanical diagnosis of tendon injuries should 
be one of the standard examination methods 
today, as should imaging methods. It includes 
stabilometry, isokinetic force measurements 
(maximum force and rate of force development), 
running analysis, gait analysis, jump measuring 

Table 3.2  Specific intrinsic risk factors for tendinopa-
thies [27]

• Male sex
• Diabetes mellitus
• Metabolic disorders (e.g., hypercholesterolemia)
• Cortisone medication (local or oral)
• Quinolone antibiotics (e.g., Cipro and levofloxacin)
• Blood group 0
• �>6000 km of running, > 10 years of running 

experience, training range > 60 km/week
• Increased tendon stiffness
• Expression of interleukins and metalloproteinases
• Decorin reduction
• Degeneration of tendon in old age
• Movement pattern
• Soleus lesion

3  Tendons and Jumping: Anatomy and Pathomechanics of Tendon Injuries
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plate, and isokinetic video analysis for the lower 
extremity. For the upper limb, these are isokinetic 
force measurements, video analysis, physiothera-
peutic verification of scapula coordination, and 
muscle length measurement. Due to the explained 
biomechanical and mechanobiological aspects, 
the individualized therapy of the causal disorder 
should also be adapted and include various treat-
ment approaches such as training adaptation, 
technology optimization, material equipment 
(shoe equipment, inserts), axis training, elimina-
tion of disruptive influencing factors (where pos-
sible), and “heavy slow resistance” training, 
“heavy load eccentric training,” and “tendon neu-
roplastic training” (TNT) [52–56]. Summary ten-
dons are subject to extremely large force effects, 
which are well-tolerated under normal conditions 
and even lead to tendon adaptation with improve-
ment of the mechanical properties of the tendon 
during ideal training. Various influencing factors 
of an intrinsic and extrinsic nature can make the 
tendon susceptible for overload damage (tendi-
nopathies). An asymmetrically eccentric load is 
particularly dangerous for the tendons. These 
pathomechanical aspects in the development of 
tendon pathologies must be diagnosed and elimi-
nated in order to ensure a sustainable freedom of 
complaint for the patients concerned.
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