
SECTION III
REGULAR AND SPECIAL FEATURES

Biomechanical Basis for Tendinopathy
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Tendinopathy affects millions of people in athletic and occu-
pational settings and is a nemesis for patients and physicians.
Mechanical loading is a major causative factor for tendi-
nopathy; however, the exact mechanical loading conditions
(magnitude, frequency, duration, loading history, or some
combinations) that cause tendinopathy are poorly defined.
Exercise animal model studies indicate that repetitive me-
chanical loading induces inflammatory and degenerative
changes in tendons, but the cellular and molecular mecha-
nisms responsible for such changes are not known. Injection
animal model studies show that collagenase and inflamma-
tory agents (inflammatory cytokines and prostaglandin E1

and E2) may be involved in tendon inflammation and degen-
eration; however, whether these molecules are involved in
the development of tendinopathy because of mechanical
loading remains to be verified. Finally, despite improved
treatment modalities, the clinical outcome of treatment of
tendinopathy is unpredictable, as it is not clear whether a
specific modality treats the symptoms or the causes. Re-
search is required to better understand the mechanisms of
tendinopathy at the tissue, cellular, and molecular levels and
to develop new scientifically based modalities to treat tendi-
nopathy more effectively.

Tendons transmit muscular forces to bone. As a result,
tendons are subjected to mechanical loads. Similar to
other connective tissues such as bone, tendons alter their
structure and composition in response to changes in me-
chanical loading conditions. As a result of this adaptive

response to mechanical forces, tendons also are suscep-
tible to pathologic changes.32,84,139 To describe the patho-
logic conditions of tendons, numerous terms have been
used (Table 1), which reflects our poor understanding of
the pathogenesis of tendinopathy. For example, the term
tendinitis, or tendonitis, is used to describe tendon
inflammation, whereas the term tendinosis describes
asymptomatic tendon degeneration with various histologic
features.31,69,133 The term tendinopathy also has been pro-
posed.110 This term provides a generic descriptor of clini-
cal conditions affecting tendons, characterized mainly by a
combination of pain, swelling, and impaired performance.
Therefore, it has been suggested that the terms tendinitis
(tendonitis) and tendinosis be used only after biopsy and
histopathologic confirmation.110,131,139

Tendinopathy is a serious health problem for people in
occupational and athletic settings.15,72,109,112,131 Many oc-
cupational activities result in development of tendinopathy
with clinical symptoms, including pain and signs of in-
flammation (such as swelling), which impair the ability to
work.131 Furthermore, participation in recreational sports
activities has increased during the past few years,12,112

which, in addition to a sedentary lifestyle, has contributed
to a greater incidence of tendinopathy in the general popu-
lation. The etiology of tendinopathy is considered to be
multifactorial,84,106,131,139 and the pathogenesis of tendi-
nopathy is unclear.139,148 However, numerous studies
have shown that mechanical loading plays a major role in
the development of tendinopathy. With this theme in
mind, we will review published studies based on the fol-
lowing considerations: (1) established work in tendon bio-
mechanics; (2) studies that used implantable devices to
measure in vivo mechanical loads of tendons that are sus-
ceptible to repetitive motion injuries, including the
Achilles tendon, patellar tendon, and finger flexor tendon;
(3) established work regarding the training effect on
changes in the tendon’s mechanical properties and the pro-
duction of inflammatory mediators, including lipid prod-
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ucts [eg, prostaglandin E2 (PGE2)] and degradative en-
zymes [eg, matrix metalloproteinase-1 (MMP-1)]; and (4)
animal models of tendinopathy used to study the biologic
effects of repetitive mechanical loading and agents, in-
cluding collagenase, cytokines, and prostaglandins, on the
tendons.

In selecting clinical studies for review, we considered
whether the studies involved a large number of patients
and whether there was long-term followup, whether the
studies were retrospective or perspective, whether they
were randomized and had control groups in their design,
and whether the studies were based on the findings of
basic science research.

Although we strove to provide an overview of the lit-
erature regarding the biomechanical basis for tendinopathy
and the current treatments and provided limitations in
these regards in the literature, we did not attempt to assess
the quality of invidual studies cited in this review. A recent
review175 provides a general description of tendon mecha-
nobiology, including the mechanobiologic responses (eg,
training and disuse effects on tendons) and healing process
of traumatically injured tendons, and a discussion of cel-
lular mechanotransduction mechanisms. In this review, we
discuss the role of mechanical loading in the genesis of
tendinopathy at the tissue, cell, and molecular levels,
evaluate current treatment options for tendinopathy from
the biomechanical perspective, and offer future directions
for research of tendinopathy and potential treatment op-
tions based on basic science research for clinical manage-
ment of tendinopathy.

Mechanical Behavior of Tendons
The mechanical response of tendons can be characterized
by its stress-strain curve, which is obtained by in vitro
mechanical testing of tendon specimens.36 A typical ten-
don stress-strain curve has three phases (Fig 1). In the
resting phase, tendons have a wavy or crimped configura-
tion because of the crimped shape of collagen fibers,
which disappears when the strain exceeds 2%. After this
initial toe region of as much as 4% strain, the tendon can

return to its original length. Between 4% and 8% strain,
there are microscopic collagen fiber ruptures. Beyond this
level of strain, there are macroscopic tears, which eventu-
ally lead to complete tendon rupture at approximately 12%
strain.36,43,72 These classic values of tendon strains, how-
ever, could be underestimated. Using a modern testing
technique, Devkota and Weinhold reported that avian
flexor tendons can be stretched elastically as much as
14%.46

There is a large gap between strains experienced in vivo
during physiologic activities (less than 4%) and strains that
cause tendon failure. Tendons usually are loaded as much
as 1⁄4 or 1⁄3 of the ultimate tensile load before the tendon
ruptures.48,87,116 However, repetitive submaximal loading
can cause microscopic injuries to collagen fibrils or fibers,
which reduce the effective cross-sectional area of the ten-
don for transmitting muscular forces.121 Consequently,
these microscopic injuries make the tendons more suscep-
tible to failure.83

In addition to the strain level, strain rate is an essential
parameter to characterize the mechanical behavior of ten-
dons because they are a viscoelastic material.36,65,114,170

Therefore, tendons are easily deformed at low strain rates.
As a result, tendons absorb more energy but are less ef-
fective in transmitting loads. At high strain rates, they
become stiffer and less deformable but are more effective
in moving large loads in vivo.

Mechanical Loads of Tendons
Tendons (eg, Achilles tendon and patellar tendon) transmit
muscular forces, and as a result, are subjected to tensile
forces. However, compressive and shear forces also act on
some tendons, including the rotator cuff, the long head of
the biceps tendon, the extensor carpi radialis brevis, and
the tibialis posterior.16,43

To understand pathophysiologic features of tendons, it
is necessary to determine the mechanical forces acting on
tendons during normal activity. Therefore, tendon forces
in vivo in animals and in humans were measured using
implantable devices,49-51,86,137,146 or estimated using non-

TABLE 1. Terminology for Pathologic Conditions of Tendons

Term Definition Reference

Tendinitis or tendonitis Tendon inflammation 15, 40, 43, 99, 145
Tendinosis Asymptomatic tendon degeneration 69, 133
Tendinopathy Generic descriptor of tendon disorders 81, 110, 139
Paratenonitis Inflammation of the paratenon 69, 72, 110
Peritendinitis (tenosynovitis, tenovaginitis) Inflammation of the peritendon (peritenon and tendon sheath) 72, 110
Spontaneous tendon rupture Rupture without any preinjury signs or symptoms 74
Partial rupture Partial tear of the tendon 76, 77, 110, 134
Enthesopathy or enthesitis Tendon-bone junction disorders 31, 90, 110
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invasive imaging techniques, such as ultrasonography and
magnetic resonance imaging.66,92,114,115,123,149,172,173

Using an implantable force transducer, the force on the
patellar tendon in adult goats was measured during various
activities. It was found that the average patellar tendon
force was 207 N during standing, but it reached a maxi-
mum of 800 N during walking and 1000 N during trot-
ting.87 In rabbits, forces on the Achilles tendons increased
from 16.3 N during rest to 57.7 N and 76.6 N during level
and inclined hopping, respectively. It also was reported
that peak tensile forces increased significantly with incli-
nation (0°–12°) and that the rate of change in tendon
forces increased significantly with speed (0.04–0.13
m/second) and inclination.73,180 In human subjects, Achil-
les tendon forces during walking, running, and jumping
have been measured. The Achilles tendon forces reached a
maximum of 9 kN when the subject ran at 6 m/second,
which corresponded to forces equal to 12.5 times the body
weight.86 In another study, it was found that in the break-
ing phase of contact in running, maximum Achilles tendon
forces were 1608 N and 1758 N at speeds of 3 m/second
and 5 m/second, respectively.92 Also, using an optic fiber
technique, the peak Achilles tendon force was measured at
three speeds (1.1, 1.5, and 1.8 m/second) and found to be
1430 N on average, which was rather insensitive to walk-
ing speed (1320, 1480, and 1490 N for 1.1, 1.5, and 1.8
m/second, respectively). On the contrary, the rate of Achil-
les tendon force development increased 32% from slow to

fast walking speeds (6570 to 9670 N/second for 1.1
m/second to 1.8 m/second, respectively).51 In addition, the
influence of a specific activity on the forces of different
tendons was studied. It was estimated that the patellar
tendon force produced during squat jumping was 3200 ±
1463 N, whereas the Achilles tendon force was 1305 ± 811
N.50

In addition to tensile loads, compressive loads act on
some tendons such as the rotator cuff, which is subjected
to compression perpendicular to the tendon.32 These ten-
dons change direction by passing under pulleys or reti-
nacula. At these sites, tendons are subjected to compres-
sion and also shearing forces. It was estimated that this
compressive force is approximately twice that of the ten-
sion in the tendon multiplied by 1⁄2 the sine of the angle
through which it changes direction.18

Arndt et al,22 in an in vivo study, examined the occur-
rence of nonuniform forces over Achilles tendon substance
during isometric plantar flexion at nine different knee
angles. Using an implantable optic fiber technique, the
gastrocnemius and soleus muscles were found to contrib-
ute separately under individual activation patterns in ten-
sile force of Achilles tendons. A force discrepancy of 967
N was measured between these two muscles, which cor-
responds to a stress discrepancy of 21 N/mm2 over the
cross-sectional area of the Achilles tendon. This indicates
that different loads act on different parts of the tendon at
the same time. Consequently, apart from these different

Fig 1. The mechanical response of the tendon is defined by the stress-strain curve. With increased strain levels, the tendon risks
being injured from microinjuries at small strains (4% to 8%) to complete rupture (> 12%). (Adapted with permission from Wang
JH. Mechanobiology of tendon. J Biomech. July 4, 2005 Epub ahead of print.)
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tensile loads, additional frictional forces exist between
these adjacent intratendon sections and their collagen fi-
bers, which may represent an additional mechanism that
causes tendon injury.

Moreover, the position of the adjacent joint influences
generation of tendon forces. Flexor tendons in the fingers
withstand tensile forces ranging from 0.7 to 3.2 times the
fingertip key strike during typical piano key strike posi-
tions. However, Harding et al found that flexor tendon
tension is reduced using a curved finger position with a
large metacarpophalangeal joint flexion angle and a small
proximal interphalangeal joint flexion angle.61

Therefore, several factors affect the mechanical forces
that act on tendons in vivo. First, tendons at different
locations in the body are subjected to different levels of
mechanical loads. A typical example is the Achilles ten-
don, which withstands greater tensile forces than those of
the tibialis anterior.114,115 Second, the mechanical stress of
the tendon depends on the level of muscle contraction and
the tendon’s relative size. For example, the greater the
cross-sectional area of a muscle, the greater the force it
produces and the larger the tendon stress (eg, patellar ten-
don versus hamstrings tendons). Third, different types of
activity also induce different levels of forces on ten-
dons.22,73,87,116 Similarly, varying the rate and frequency
of mechanical loading result in different levels of tendon
forces.51,92 Finally, stance or motion of the adjacent joint
and activity of the antagonist muscles influence the mag-
nitude of tendon forces.61,101,102

Biologic Response of Tendons to Mechanical Loading
It is known that the structure, composition, and mechanical
properties of the tendon change in response to altered me-
chanical loading conditions.168,169 For example, in rabbits,
40 weeks of training increased the ultimate load at failure
of the peroneus brevis tendon.168,169 In other animal mod-
els, long-term training or exercise enhanced the strength of
the insertion site of digital flexor tendons183 and the cross-
sectional area (164% after 16 weeks), but decreased the
maximum stress of failure (51% to 63% of control
value).154 In addition, vigorous exercise in trained athletes
was found to induce the net production of collagen
Type I in the Achilles tendon.93,94,96 However, stress
deprivation by immobilization for a certain period de-
creased the tendon’s total weight, stiffness, and tensile
strength.17,162,163,184

Although appropriate training or exercise produces
positive effects on tendons, excessive loading of tendons
during vigorous physical exercise, such as application of a
very high mechanical load or a low but repetitive mechani-
cal load with a high frequency and/or long duration, may
induce tendon degeneration.138,147 In rats, 4 weeks of ex-
tensive training decreased the elastic modulus of the su-

praspinatus tendon to 52% of the control value. Extensive
training also decreased the maximum stress of failure to
51% of the control value.154

In vivo measurements in human Achilles tendons indi-
cate a remarkable increase of inflammatory mediators in
response to exercise. Prostaglandin E2 and thromboxane
B2 increased from 0.6 ng/mL and 4.8 ng/mL at rest to 1.4
ng/mL and 8.1 ng/mL during exercise, respectively. Pros-
taglandin E2 and thromboxane B2 still increased after a
recovery period of 60 minutes (1.3 ng/mL for PGE2 and
5.9 ng/mL for thromboxane B2).95 These activities could
be a part of normal tendon response to mechanical loading,
but excessive production of PGE2 could be a contributing
factor to the onset of tendinopathy.104,176

Conversely, in other studies, no significant changes
were found in the amount of PGE2 in the Achilles tendon,
patellar tendon, or extensor carpi radialis in healthy human
subjects or in subjects with clinical symptoms of tendi-
nopathy.3,5,6,11 However, these measurements were done
on a small number of subjects (four patients with chronic
Achilles tendinosis, five patients with chronic patellar ten-
dinosis or jumper’s knee, and four with tennis elbow),
mostly during resting periods. The measurements also had
large variations, which reduced statistical power.

Substance P and glutamate also have been reported to
have nociceptive activity in animal and human ten-
dons.2,4,5,11 Rats were subjected to eccentric exercise of
the hind paw three times a week for 1 hour while under
general anesthesia to induce Achilles tendon disorders.
Tendons from the exercised limb showed, in the majority
of cases, hypervascularization, an increased number of
nerve filaments, and increased immunoreactivity for sub-
stance P and calcitonin gene-related peptide, compared
with tendons from the nonstimulated limbs, which looked
normal.119 In humans, patients with tennis elbow were
found to have increased immunoreactivity of substance P
and calcitonin gene-related peptide at the origin of the
extensor carpi radialis brevis muscle.105 Therefore, it has
been suggested that frequent mechanical loading affects
the production of the substance P and calcitonin gene-
related products, and these substances may mediate
adaptive responses to mechanical strain, including noci-
ception, microvascular leakage, local edema formation,
and tendon matrix gene and enzyme (eg, MMP-1) modu-
lation.1,57,62,63,105

The modulation of MMP-1 gene expression also was
studied in rat tail tendons in culture.23 Increasing static
tensile stresses as much as 2.6 MPa gradually inhibited the
MMP-1 mRNA expression, whereas stress-deprivation for
24 hours resulted in a significant up-regulation of MMP-1
expression. Arnoczky et al23 also reported that a 1% strain
decreased MMP-1 mRNA expression, whereas 3% and
6% strain completely inhibited it. This strain effect on
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MMP-1 mRNA expression was dependent on stretching
frequency.97

Because tendon fibroblasts are a dominant cell type in
tendons, there is little doubt that these cells are primarily
responsible for the tendon’s physiologic or pathologic
changes in response to mechanical loads. Fibroblasts in
tendons are linked via actin-associated adherent gap junc-
tions along the tendon long axis.135 The presence of a
three-dimensional network of cells in tendons, via cell
processes and gap junctions, facilitates cell to cell com-
munication, which allows cells to detect and coordinate
their responses to mechanical loads.27,118,165 These adap-
tive cellular responses lead to the remodeling of tendon
structure28 and affect reparation and remodeling of injured
tendons.171 However, the cellular biologic response to me-
chanical loading conditions may lead to pathophysiologic
changes in tendons, such as tendinopathy (Fig 2).99 This
possibility was seen in some in vitro studies. For instance,
repetitive mechanical loading of human tendon fibroblasts
alters cell proliferation and collagen synthesis185 and af-
fects MMP-1 and MMP-3 gene expression and COX-2.20

Mechanical stretching of human tendon fibroblasts also
increased production of PGE2 and LTB4.13,14,176 Because
PGE2 and LTB4 are known to be present in inflamed or
injured tissues such as tendons, it is thought that they may
be involved in the development of tendinopathy.82,104,176

However, there are some limitations in these stud-
ies,13,14,176 including lack of an extracellular matrix sur-
rounding the tendon fibroblasts in these culture models,
and an unclear understanding of how these loading proto-
cols represent in vivo situations, such as low magnitudes
of mechanical loads with repetitive application (eg, train-
ing and exercise). Nevertheless, the cellular production of
inflammatory mediators such as PGE2 seems consistent
with those from human subject studies under repetitive
mechanical loading conditions.95

Although the magnitude of mechanical loads on ten-
dons is crucial in the induction of pathophysiologic
changes of the tendon such as tendinopathy, the manner
and history of loading are equally important. A mechanical
overload of tendons can be caused not only by a large
magnitude of stress, but also as a result of a tensile force

Fig 2. The biologic responses of tendon fibroblasts to repetitive mechanical loading conditions are shown. Depending on
mechanical loading conditions, the cellular mechanobiologic responses may lead to tendon physiologic remodeling or pathologic
changes such as tendinopathy.
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exerted at a high rate and short duration. Similarly, long-
term repetitive loading may have accumulative effects on
tendons, such as microinjuries and production of inflam-
matory mediators (eg, PGE2 and LTB4), nociceptive fac-
tors (eg, substance P), and degradative enzymes (eg,
MMP-1 and MMP-3). Collectively, these may result in
tendon overuse injuries even if these loads are within the
strength limits of the tendon.48,71,72,84,85 In addition, re-
petitive compressive overloading can produce overuse in-
juries in compressed tendons (eg, rotator cuff, long head
biceps, and flexor hallucis longus).19,35,153,154,167,181Also,
mechanical loading is only one factor in the development
of tendinopathy; other factors such as vascular supply, age,
and genetics also can participate in its pathogenesis.139

This may explain why tendinopathy also occurs in seden-
tary people.164,186

Animal Model Studies of Tendinopathy
Efforts have been made to create animal models of tendi-
nopathy. In rabbits, after passive exercise for 5 to 6 weeks
on the hind paw, with a rate of 150 flexions and extensions
per minute for 2 hours, three times a week, there were
degenerative changes in the Achilles tendon, including an
increased number of capillaries and increased infiltration
of inflammatory cells, edema, and fibrosis in the para-
tenon.26 In another study, a voluntary forelimb repetitive
reaching and grasping task in rats was evaluated. After rats
reached for food at a rate of 4 reaches/minute for 2
hours/day and 3 days/week for as much as 8 weeks, it was
found that the number of macrophages increased markedly
in the tendons of the upper extremity and collagen fibrils
became frayed.29 Finally, in a treadmill study using
rats,154 it was found that the number of cells in the supra-
spinatus tendon increased, and collagen fibers became dis-
organized and damaged at 8 weeks. In addition, cross-
sectional area of the tendon increased significantly but
maximum stress decreased significantly. These results
suggest that repetitive mechanical loading of tendons
causes tendon inflammation and destruction via mechani-
cal damage, biochemical mediators, or more likely,
both.175

Because of the cost and sometimes inconsistent results
of exercise animal models for tendinopathy,21 efforts have
been made to develop injection animal models. One such
model involves injecting bacterial collagenase into animal
tendons.44,64,151,152 For instance, it was found that colla-
genase injection caused infiltration of lymphocytes and
macrophages and disruption of collagen matrix in ten-
dons.64 This type of animal model seems to represent a
typical tendon healing response attributable to a traumatic
insult to the tendon, which is contrary to the fact that
development of tendinopathy is an insidious process and
the tendon with tendinopathy often does not heal.139,148

In another study, cell activating factor (CAF), which is
composed of inflammatory cytokines [eg, interleukin-1
(IL-1), IL-6, and tumor necrosis factor (TNF)] and other
unknown factors, was used for injections in rabbit patellar
tendons.157 It was found that injection of CAF increased
cellularity around the injection site and decreased failure
loads of the patellar tendons. However, there are some
limitations to this model. First, the CAF in the model was
produced by synovial fibroblasts in response to phorbol
myristate, an inflammatory agent, and not in response to
repetitive mechanical loading. It is likely that the factors
produced by mechanically stimulated tendon fibroblasts
would be different from the CAF produced by chemically
treated synovial fibroblasts. Second, the exact composition
of the CAF was unknown; therefore, the model may be
difficult to reproduce. This limits the reliability of its use
in studying the developmental mechanisms of tendinopa-
thy. Third, because the CAF is not defined, it is not clear
from this model which factors are responsible for the de-
velopment of tendinopathy.

Because it is known that tendons or tendon fibroblasts
produce inflammatory mediators in response to mechani-
cal loading as shown in in vivo and in vitro investiga-
tions,13,95,104 studies have been done in which inflamma-
tory agents were injected into animal tendons. In one such
study, a peritendinous injection of PGE1 around the rat
Achilles’ tendon was found to induce inflammation and
degeneration around and within the tendon.158 A subse-
quent study showed that injection of PGE2 into the mid-
substance of the tendon induces profound degenerative
changes in the tendon matrix.82 Because PGE2 induces
metalloproteinase synthesis and inhibits collagen synthesis
in fibroblasts,41,166 it is possible that the production of
PGE2 may be an upstream event before collagenase pro-
duction in tendons subjected to repetitive mechanical load-
ing.

Although these studies showed that the injection animal
model is a reliable, cost-effective approach to studying the
molecular mechanisms of tendinopathy, use of the injec-
tion animal model may be improved by using multiple
inflammatory mediators that are biologically produced by
tendon fibroblasts in response to various mechanical load-
ing conditions. In addition, if a tendon with microinjuries
undergoes the same healing response as that of traumatic
injuries, proinflammatory cytokines such as IL-1� and
TNF-� should be considered in the injection animal
model.

Treatment Options for Tendinopathy
Because the pathogenesis of tendinopathy is not well un-
derstood, how to treat it is debatable. Nonoperative, con-
servative treatment is the initial and most-recommended
approach.8,10,43,72,80,91,144,179 First and foremost, the goal
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is to relieve the symptoms and then, if possible, to identify
and correct any causative factors.7 However, many con-
servative and surgical treatments are based largely on em-
pirical experience and attempt to control or enhance the
tendon’s healing response.72,144

Structural damage in tendinopathy may include partial
tearing of the collagen fibers; therefore, rest offers time for
the tendon tissue to heal. However, lower tendon meta-
bolic activity (only 13% of the oxygen uptake of muscle)
causes an extended healing period.187 In addition, it has
been postulated that tissue damage already is advanced
when the symptoms appear, therefore, more rest is needed
to allow enough time for injured tendons to repair.98 If the
clinical condition is not severe (eg, mild pain, swelling,
and tenderness), the advice may be to simply decrease the
intensity, frequency, and duration of the activity that
caused the injury.109 Because controlled mobilization en-
hances the tendon’s structural and mechanical proper-
ties,162,171,184 Stanish et al suggested the “drop and stop”
regimen, which implies a gradual increase of the speed and
intensity of exercises as the pain disappears.156

Nonsteroidal antiinflammatory drugs (NSAIDs) are the
most frequently used pharmacologic substances for treat-
ment of tendinopathy.99,103,125,143,178,179 Healing of acute
soft tissue injuries is slightly more rapid, and inflammation
might be better controlled with the use of NSAIDs.178

However, although the efficacy of NSAIDs is controver-
sial, the possibility remains that NSAIDs could benefit
patients because they reduce tendon inflammation.12,177 In
addition, NSAIDs are known to reduce pain and therefore,
have been used for short periods to facilitate rehabilitation
after tendon injuries.144

The role of corticosteroids in the treatment of tendi-
nopathy also is controversial.15,80 Some investigators ob-
served that intratendinous injections of corticosteroids led
to cell death, tendon atrophy, and negative mechanical
effects (eg, reduced tensile strength and loss of viscoelas-
ticity) on tendons.78,128 However, Kannus and Jozsa found
that there were no greater pathologic changes in ruptured
tendons that had received corticosteroid injections when
compared with tendons that had not received injections.74

Therefore, efficacy of corticosteroid injections for treat-
ment of tendinopathy remains unclear.150

Some other pharmaceutical agents, such as aprotinin (a
protease inhibitor) and glycosaminoglycan polysulphate,
one of the constituents in ground substance, also have been
proposed in therapies for tendon disorders.37,38,47,159

Based on the hypothesis that neovascular development in
a chronically painful tendon is accompanied by prolifera-
tion of nerves that are responsible for the pain, sclerosing
agent injections were administrated to Achilles tendons
with tendinopathy and relieved pain.3,129

Furthermore, training errors33,34,68,179 and improper
equipment (eg, athletic shoes, skis, racquets)33,34,70 report-
edly can cause mechanical overloading of tendons. There-
fore, correct technique, equipment, braces, and supports
are used to decrease the load that is placed on the tendon.

Other modalities such as ultrasound, laser photostimu-
lation, deep heat, pulsed magnetic and electromagnetic
fields, and electrical stimulation also are used to treat ten-
dinopathy.43,54,58,100,130,140 Application of these modali-
ties is intended to affect the stiffness of newly formed scar
tissue inside the tendon, either through the mechanical
effect of high-frequency sound waves or increase of local
heat and blood flow. In addition, there is evidence that
ultrasound treatment increases collagen synthesis of ten-
don fibroblasts and enhances tensile strength of the healing
tendon.67,144 After Achilles’ tenotomies in rabbits, colla-
gen concentration in tendons that had received laser pho-
tostimulation increased by 26%, compared with con-
trols.136 Tasto et al proposed that bipolar radiofrequency
can be used on the basis of its ability to stimulate angio-
genesis and regulate various growth factors.160 Based on
studies that proved the analgesic effect of an extracorpo-
real shock wave, use of this technique was proposed as an
alternative for alleviation of tendinopathy symp-
toms.39,55,142,155,174 However, the effectiveness of these
treatment modalities is questionable as their results are
controversial, especially regarding long-term clinical ben-
efits.72,140

A remarkable treatment for tendinopathy is stretching
and strengthening, particularly eccentric exercise. This
modality has been advocated as part of the treatment for
tendinopathy since the 1980s.42,43,156 Heavy loading of a
tendon in a chronic tendinopathy condition has been re-
ported to provide relief of symptoms.3,7,8,113 It is not clear,
however, how applying forces to a chronically overloaded
and painful tendon can benefit the tissue. One suggested
mechanism is that mechanical loading with certain mag-
nitudes and frequencies enhances tendon repair and re-
modeling by stimulating fibroblast activities (eg, increased
collage synthesis).75

When conservative treatments are not effective, opera-
tive treatment for tendinopathy is considered. The choice
of operative treatment depends on the patient’s age, dura-
tion of symptoms, and occurrence of histologic changes.91

There are numerous surgical options. The excision of the
macroscopically hypertrophic pieces or the abnormal sites
inside the tendon substance after a longitudinal tenotomy
is one option.9,99,122,127,145,182 Multiple percutaneous in-
cisions at the site of the disease also have been used to
increase blood circulation, enhance oxygen uptake, and
induce migration of macrophages, which remove damaged
cells and extracellular matrix (ECM) and release growth
factors. This, in turn, stimulates fibroblast proliferation
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and collagen synthesis.111 Nirschl proposed that good sur-
gical results should achieve resection of the pathologic
tissue, maintenance of attachment of normal tissues, and
good postoperative rehabilitation.128

DISCUSSION

Tendinopathy is a common problem for professional and
recreational athletes. There is also an increased incidence
of tendinopathy in occupational settings.30,59,72,109,161 Nu-
merous studies have been devoted to investigating tendi-
nopathy.15 Consistent findings of these studies include
tendon inflammation, mucoid degeneration, and fibrinoid
necrosis in the tendon. Microtearing and areas of repair
with proliferation of the tendon fibroblasts and thin-walled
vessels also have been observed.80,117 These studies, how-
ever, are limited in that the understanding of tendinopathy
is based primarily on histologic analyses of human tissue
samples taken during surgery. Therefore, they do not shed
light on the developmental mechanisms of tendinopathy at
the cellular and molecular levels.

Exercise animal models have been developed to study
the effect of repetitive mechanical loading on tendons.
Studies using these animal models showed that tendons
that were repetitively loaded were grossly inflamed, infil-
trated with inflammatory cells, and had an increase in
vascularity26 and degenerative changes.154 Although there
are inconsistent data from exercise animal model stud-
ies,21 these studies in general confirm the crucial role of
repetitive mechanical loading in the development of ten-
dinopathy.29 However, these animal studies are limited in
that cellular and molecular mechanisms responsible for
development of tendinopathy cannot be deduced.

Efforts also have been made to develop injection animal
models to study tendinopathy.44,64,82,151,152,157,158 Studies
using these animal models showed that injection of colla-
genase, PGE1, and PGE2 caused tendon inflammation and
degeneration; however, there is still uncertainty regarding
whether these factors are produced physiologically by ten-
don cells in vivo under repetitive mechanical loading con-
ditions and whether they are individually or collectively
responsible for onset and progression of tendinopathy. In
addition, determination of physiologic dosages of these
agents for injections is a challenge.

As indicated in this review, repetitive mechanical load-
ing is considered one of the major causative factors in the
development of tendinopathy. However, although there are
numerous published studies in which mechanical forces of
tendons have been measured during various activities,
there are few studies that have investigated the influence
of different mechanical loading conditions (magnitude,
frequency, duration, or loading history) on the occurrence
of tendinopathy.

Also, it generally is thought that mechanical loading
induced tendinopathy via tendon microinjuries. Although
this premise is intuitively reasonable, little scientific data
exist to support it. Therefore, studies examining whether
such tendon microinjuries exist should be done on an ani-
mal model under repetitive mechanical loading conditions
using novel noninvasive technology. If microinjuries in
tendons exist, then we should examine whether tendon
microinjuries trigger the same healing response as trau-
matic injuries to tendons and the effects of continued re-
petitive mechanical loading on the tendon’s healing re-
sponse.

Furthermore, although it is known that repetitive me-
chanical loading causes structural and biochemical
changes in tendons, such as induction of inflammatory
mediators and collagen degradation,11,29,79,95,124 whether
mechanical loading interacts with intrinsic factors (eg, age
and blood supply) to trigger the onset of tendinopathy is
not known. Additional research is necessary.

To better understand the mechanisms that cause tendi-
nopathy, the effects of different mechanical loading con-
ditions (eg, stretching magnitude, frequency, and duration)
on collagen and other ECM structural protein synthesis in
intact tendons, the role of mechanical loads in the repair of
injured tendons,27,88 the interaction between the produc-
tion of inflammatory mediators (eg, PGE2 and IL-1�) and
mechanical loading in inflamed or injured tendons, and the
combined effects of drug treatment and tissue engineering
approaches (see below) with a loading protocol such as
eccentric exercise should be studied.42,43 Additionally, al-
though in vivo measurements of tendon forces provide
data at a specific time during the tendon’s pathogenetic
process, the measurement interferes with the results if it is
invasive (eg, implanted mechanotransducers). Therefore,
noninvasive approaches must be devised to monitor the
developmental process of tendinopathy on an animal
model.

Effective protocols to treat tendinopathy also must be
developed. Current nonsurgical treatment regimens for
tendinopathy, including NSAIDs, corticosteroids, and
physical therapy, offer only largely temporary relief of
symptoms (eg, pain). Some surgical techniques for tendi-
nopathy have been proposed, but none offers consistent
results.127,132,141,145 Additionally, numerous studies re-
garding efficacy of new modalities for tendinopathy were
retrospective, had a small sample size, or had short-term
followup.10,38,55,113,129,130,155,160

A few possible treatment options that have been pro-
posed include application of growth factors that stimulate
cell proliferation and ECM synthesis in tendons with ten-
dinopathy.56,60,120,126 Injection of insulinlike growth fac-
tor-I (IGF-I) in injured or degenerative animal tendons
increases collagen synthesis and improves functional prop-
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erties, such as improved walking pattern.44,89 Cartilage-
derived morphogenetic protein-2 (CDMP-2) was shown to
increase the ultimate tensile strength of injured tendons
after transection.52 Bone morphogenic proteins (BMP-13
and BMP-14) were shown to increase the amount of ten-
don callus in transected rat Achilles tendon,24 and recom-
binant BMP-12 added to human patellar tendon fibroblast
cultures increased cell proliferation and gene expression of
procollagen Types I and III.53 Gene therapy can be used to
improve the tendon’s structural properties.107,108 Mesen-
chymal stem cells25 and small intestinal submucosa45 were
used to treat injured tendons in animal models and showed
promising results. These tissue engineering approaches
may be useful to promote or enhance healing of degen-
erative tendons during the late phases of tendinopathy and
enhance their structural and mechanical properties.

Appropriate mechanical loading conditions for optimal
efficacy of the above approaches to treat tendinopathy
should be investigated. It is our opinion that mechanical
loads with inappropriate loading magnitudes, durations,
and frequencies are major causative factors in the devel-
opment of tendinopathy. However, our understanding of
the biomechanical basis for development of tendinopathy
is incomplete. Research is needed to elucidate the role of
mechanical loading in the pathogenesis of tendinopathy at
the tissue, cellular, and molecular levels so that new mo-
dalities based on scientific evidence can be developed to
prevent and treat tendinopathy more effectively.
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