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� Tendon injuries often result from excessive or insufficient mechanical loading, impairing the ability of the local
tendon cell population to maintain normal tendon function.

� The resident cell population composing tendon tissue is mechanosensitive, given that the cells are able to alter
the extracellular matrix in response to modifications of the local loading environment.

� Natural tendon healing is insufficient, characterized by improper collagen fibril diameter formation, collagen fibril
distribution, and overall fibril misalignment.

� Current tendon repair rehabilitation protocols focus on implementing early, well-controlled eccentric loading
exercises to improve repair outcome.

� Tissue engineers look toward incorporating mechanical loading regimens to precondition cell populations for the
creation of improved biological augmentations for tendon repair.

Tendon Structure and Function
Tendons connect muscle to bone for the transmission of forces
producing joint movement. Composed of primarily type-I col-
lagen fibers in a parallel alignment1, tendons are viscoelastic,
possessing both solid and fluid-like characteristics and ex-
hibiting changes to the stress-strain relationship with respect
to the rate at which they are loaded2. In addition to type-I col-
lagen, tendons are composed of minor collagens3, including type
III, an immature fibrillar collagen that matures into type-I col-
lagen, and type-X collagen, a short-chained collagen found lo-
calized in the tendon-to-bone insertion site3. Given the highly
organized, hierarchical collagen structure (Fig. 1), tendons ex-
hibit high tensile strength4-6, allowing for the efficient trans-
mission of large loads, a result of the local cell population to
adapt to changes in loading conditions7. Further contributing

to the structure and biomechanical properties are proteoglycans
and glycoproteins, which function to regulate the process of
collagen fibrillogenesis and control fibril diameter through-
out tendon development and homeostasis8-13. Studies using
genetically manipulated mouse models, in which decorin has
been knocked out, have investigated the role of decorin, a
small leucine-rich proteoglycan important to tendon struc-
ture, and have shown that the absence of decorin results in
improper collagen fibril formation and decreases mechanical
properties13. Undoubtedly, proper tendon structure relies on
the interaction of a number of factors to establish normal tendon
function.

Tendon fibroblasts, also referred to as tenoyctes, are the
primary cell type regulating tendon homeostasis. These spindle-
shaped cells, located along collagen fibers, interact with one
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another and adjacent collagen fibers, allowing for the formation
of collagen cross-links and recognition of chemical and me-
chanical changes in the extracellular environment14. Tenocytes
are mechanosensitive since they can respond to mechanical
loading events by modulating the extracellular environment
through the formation and degradation of matrix proteins
via a process termed mechanotransduction14,15. This process
involves interactions among extracellular matrix proteins,
cell surface receptors, the internal actin cytoskeleton, and sig-
naling molecules, which ultimately regulate protein expression
in response to loading alterations15. While normal physiologic
loads are necessary for appropriate tendon development and
maintenance, abnormal loading inhibits the capacity of the
cell population to maintain homeostasis, contributing to injury16.
Reestablishing these mechanotransductive processes may be key
to improving repair outcome following tendon injury16.

The Role of Loading in Tendon Development and
Homeostasis
Tendon Development
Mechanical forces during development are vital to successful limb
and musculoskeletal tissue formation during embryogenesis17-24.

Given limitations in technologies and model systems to isolate
single mechanical events, investigating the role of tendon loading
during embryogenesis is difficult17. Nevertheless, investigators
have shown through in vivo embryonic immobilization studies in
chicks that synovial joint development is impaired in the absence
of physiologic loads18. For example, the menisci of the tibiofem-
oral joint and the plantar tarsal sesamoid of the tibiotarsal joint fail
to form, suggesting the inability of tendinous structures to form
properly in the absence of mechanical loading and the importance
of mechanical stress for proper musculoskeletal development18.

It is postulated that embryonic and early postnatal growth
of tendon relies on the generation of two types of stresses: rapid
muscular activity and slow, growth-related elongation of bone21.
Early in tendon development, the collagen fibril diameter is
characterized as a homogeneous distribution of small fibrils
(ranging from approximately 40 to 75 nm). Through tendon
maturation and force generation during early postnatal growth,
the tendon develops a distribution of both large (approximately
100 to 150 nm) and small fibrils (approximately 40 to 75 nm)23,24.
The formation of large fibrils provides the majority of resistance
to tensile strength, while the small fibrils negate creep and sup-
port improved interfibrillar binding24. Using an in vitro model of

Fig. 1

The tendon’s hierarchical structure begins at the molecular level with tropocollagen1. Approximately five tropocollagen molecules form a microfibril, which

then aggregate to create a subfibril1. Several subfibrils form a single fibril. Multiple fibrils form a tendon fascicle, and fascicles, separated by the endotenon,

join to form the macroscopic tendon1. Tendon fibroblasts, or tenocytes, are found on collagen fibers allowing for the regulation of the extracellular

environment in response to chemical and mechanical cues. (Reproduced, with permission of Elsevier, from: Silver FH, Freeman JW, Seehra GP.

Collagen self-assembly and the development of tendon mechanical properties. J. Biomech. 2003 Oct;36(10):1529-33, Copyright 2003; and Wang JH.

Mechanobiology of tendon. J Biomech. 2006;39(9):1563-82, Copyright 2006.)
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embryonic tendon formation, Kalson et al. found that applying a
slow, steady strain rate to embryonic chick metatarsal tendon
cells produced an increase in collagen fibril diameter and fibril
volume fraction, improved cell elongation, and led to increases in
both Young’s modulus and ultimate tensile stress compared with
unstretched controls21.

Tendon Homeostasis
Normal, physiologic loads are required to maintain tendon
homeostasis and prevent excessive degradation of the extra-
cellular matrix25-27. Nabeshima et al. found that culturing non-
tensioned rabbit patellar tendon explants in the presence of
collagenase over a period of twenty hours significantly decreased
linear stiffness (p < 0.0001), elongation to failure (p < 0.002), and
maximum failure force (p < 0.002) by 80% compared with ex-
plants tensioned with constant 4% strain26. Further, Flynn et al.
found that reconstituted type-I collagen micronetworks, strained
between micropipettes, degraded significantly slower (p < 0.05)
than unloaded controls when exposed to mammalian collagenase
matrix metalloproteinase 827. These experiments support the
beneficial effect of mechanical load and the need for its incor-
poration in both clinical postoperative rehabilitation protocols
and in tissue-engineering applications27.

It is hypothesized that the cell population of a tendon
responds to the application of mechanical stress and modula-
tion of the extracellular matrix through the activation and/or
effects of a number of growth factors, including transforming
growth factor-b1 (TGF-b1), connective tissue growth factor,
and interleuken-6 (IL-6)28-30. Type-I collagen synthesis and
deposition have been linked to increasing expression levels of
TGF-b1 both in human Achilles tendon studies and studies
investigating the effects of cyclic loading on TGF-b1 expression
in human tendon fibroblasts29,30.

Scleraxis has been identified as a DNA-binding transcrip-
tion factor critical to embryonic limb tendon formation31,32. It is
the primary regulator of tenocyte differentiation and overall
tendon phenotype, while also modulating type-I collagen syn-
thesis in response to the application of stress33-37. Scott et al. found
that applying cyclic load to a bioartificial tendon over a three-
week period produced higher scleraxis and type-I collagen ex-
pression compared with the nonstimulated control35. Mendias
et al. subjected reporter mice that expressed green fluorescent
protein under the control of a scleraxis promoter to a six-week
treadmill-training program and showed an upregulation of
scleraxis and type-I collagen expression for the exercised mice
compared with the controls36. Mechanical stress is key in pro-
moting and maintaining a tendon-specific phenotype, and
scleraxis may play a role in the adaptation of tendon to phys-
iologic loading37.

Mechanisms of Tendon Injury, Natural Healing,
and Repair
Mechanisms of Tendon Injury
The type and prevalence of tendon injuries are dependent on
a number of factors including sex, age, normal daily activity
levels, overall health, and the circumstances contributing to

the injury38-41. Tendon impairments typically result from an
internal tensile overloading event, with acute injuries occurring
after one isolated, overloading event and chronic injuries oc-
curring over time through repetitive, excessive loading events39,41.
In contrast, others have suggested that acute injuries are indic-
ative of an underlying chronic impairment that contributed to
the injury41.

Overuse tendon injuries, commonly involving the patellar
tendon, Achilles tendon, and the origin of the extensor carpi
radialis brevis (tennis elbow), account for 7% (66,575 of 889,980
office visits in 2002) of the musculoskeletal disorders in the
United States42. Tendinopathy is characterized by a loss of normal
tendon architecture, changes to normal tenocyte morphology
and apoptosis, alterations in the collagen fibril distribution pro-
file, and neovascularization43-47. Chronic tendon impairments are
frequently attributed to repetitive motion and/or overuse.
Excessive loading events lead to microtear formation in the
tendon48, which, if not repaired properly, may lead to the initi-
ation of inflammatory and degenerative responses. This results
in an overall weakened structure and increased propensity for
tendon rupture48-50. In an in vivo tendinopathy model, Nakama
et al. found that when the New Zealand White rabbit flexor
digitorum profundus muscle was stimulated repetitively for
eighty hours, microtears were found in all tendon regions
and were significantly greater (p < 0.0001) in the loaded limb
compared with the unloaded limb50. Other investigators have
claimed that underuse of a damaged segment of a tendon may
be the source of the chronic impairment49. Egerbacher et al.
found that a loss of homeostatic tension following stress depri-
vation correlated with increased cell apoptosis in a rat tail tendon
model49. Ultimately, tendinopathy may result from a combina-
tion of overuse and underuse mechanisms, with overloading
creating microtears leading to decreased loading of the cell
population resident on the damaged collagen fibers.

Natural Healing
On the basis of studies on horses, rabbits, and rats39,40,51-56, given
that obtaining human biopsy samples can be difficult, it has
been shown that following tendon injury, the natural healing
process forms scar tissue via a three-stage process: inflamma-
tion, matrix production, and remodeling and maturation39,40.
The inflammatory stage initiates the response to injury, typi-
cally throughout the first week39. The process is characterized
by the development of a fibrin clot to stabilize the site; hemo-
stasis; migration of neutrophils, macrophages, and erythrocytes;
and subsequent neovascularization39. The matrix production
stage initiates as matrix-producing fibroblasts localized to the
injury site begin synthesizing collagen and other extracellular
matrix proteins throughout approximately one to four weeks
following injury39,40. Substantial cellular proliferation and matrix
production occur; however, the collagen produced is highly dis-
organized40. The final stage, remodeling and maturation, begins
approximately four weeks following injury and continues until
the tissue is repaired through scar formation39. During this phase,
the extracellular matrix is remodeled to create a more organized
structure through collagen turnover, realignment, and formation
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of collagen cross-links39. Cell density and vascularity decrease as
the tissue further repairs40.

Studies have shown that natural healing leads to tendon
biomechanical properties that fail to match normal levels at up
to eight weeks, twenty-six weeks, and twelve months following
injury in a murine and rabbit central patellar tendon model,
and sheep Achilles tendon model, respectively51-53. Investiga-
tors have suggested the poor mechanical properties result
from predominantly small fibrils in the resulting repair tissue,
compared with the normal distribution of both large and
small fibrils observed in normal adult human tendon54,55, but
conflicting results exist. Matthew and Moore showed that,
following an extensor digitorum longus tendon transection
in a rat model, the collagen fibril diameter distribution re-
mained at approximately 40 nm up to 240 days following
injury55. In contrast, Lavagnino et al. found that there was no
difference between control and stress-deprived rat tail ten-
dons in the number of fibrils per tendon counted, mean fibril
diameter, density, or size distribution when cultured in vitro56.
This may imply that the collagen fibril diameter distribution is
not solely responsible, although more work investigating the
mechanisms contributing to the ultimate decrease in mechanical
properties is needed.

Repair
After tendon injury, operative intervention is often necessary
to restore function. Previous work has shown inferior healing
when operative repair is delayed following injury57-59. While
current therapies produce functional outcomes in the short
term, long-term repair outcome varies with respect to type of
injury, injury location, and severity38,40. A large number of
tendon injuries result from ruptures at the tendon-to-bone
insertion site. This complex, zonal interface is characterized
by the integration of a tendon’s collagen fibers transitioning
through a fibrocartilaginous region into the mineralized bone.
The differences in material properties of the soft and hard tissue
lead to high stress concentrations at this site, contributing to
injury60-64. In an effort to improve tendon-to-bone healing,
the application of static or cyclic loading at the insertion site
may be necessary to restore the zonal phenotype60,65-67. Addi-
tionally, the repair tension, the amount of tension placed on a
tendon to reattach it to bone, is important in recreating the
insertion site59. Stasiak et al. developed a knee joint fixation
system to study tendon and ligament-to-bone healing in a rat
model of anterior cruciate ligament reconstruction65. The system
applies a cyclic stimulus to the knee joint while monitoring the
forces generated across the joint. The system has been validated
in a preclinical experimental setting but has yet to be im-
plemented clinically65. Brophy et al. investigated the effect of
cyclic, axial displacement of the femur and tibia on an an-
terior cruciate ligament reconstruction and found no healing
impairment with the application of cyclic load, although the
inflammatory response increased in comparison with non-
stimulated controls66. Further work is needed to elucidate the
effects of loading on insertion site repair prior to implementation
in a clinical setting.

Clinical Applications
Normal tendon development and homeostasis is closely linked
to the degree and pattern of mechanical loading to which the
tissue is exposed47,67. Likewise, tendon injury and degener-
ation may be related to alterations in the physiologic loading
profile14,47,68-70. Manipulation of the mechanical environment
of healing tendon may exert a biologic effect through the
mechanotransduction mechanism and holds promise for pro-
moting a repair process that restores normal tendon structure
and function. Clinical applications of mechanobiological
principles following tendon injury form the basis of rehabili-
tation protocols71-73. Programs emphasizing tendon loading may
be applied for the reversal of age and disuse-related tendon
dysfunction, rehabilitation following tendon overuse injury,
and in the development of postoperative physical therapy
regimens that optimize healing and function following surgical
repair.

Disuse muscle atrophy and weakness are causes of
impaired function in older individuals74-78. While age-related
sarcopenia has been repeatedly documented, the effect of
aging on tendon biomechanical properties is inconclusive74,79-83.
Methodological differences make study comparisons difficult,
although the majority of investigators have suggested that col-
lagen loss occurs in older individuals84-86. A substantial compo-
nent of age-related strength loss may be the result of inactivity
and can be modified by an appropriate exercise program87-92.
Studies have shown that collagen and elastin production, along
with collagen fibril diameter and collagen cross-linking, decrease
as a result of age82. Consequently, tendon tensile strength and
stiffness decrease, contributing to injury. Others have shown that
while aging does result in decreased tendon mechanical proper-
ties, collagen fibril morphology, packing fraction, and collagen
cross-linking remain relatively constant over time93,94. An in vivo
study comparing the patellar tendons of twenty-seven and sixty-
five- year-old men found decreased collagen content with in-
creased age, yet there was no difference in the degree of collagen
cross-linking between age groups, indicating that alterations in
mechanical properties may be a result of other factors, such as
reduction in glycoprotein and proteoglycan levels or the inability
of the tissue to interact with water appropriately93,94.

Disuse following immobilization has been associated
with decreased levels of extracellular matrix protein expression,
alterations in tenocyte morphology, and loss of normal extra-
cellular matrix architecture, resulting in impaired function and
healing capacity14,95-98. Exercise improves the mechanical prop-
erties following age and disuse changes99-101. The ideal exercise
program seeks to avoid injury while providing a biologic stim-
ulus to maintain tendon homeostasis and function. Resistance
training utilizing 80% of the five-repetition maximum three
times per week for fourteen weeks in elderly individuals was
shown to result in a 65% to 70% increase in tendon stiffness102.
Similarly, resistance training following a ninety-day period of
simulated weightlessness resulted in improved tendon me-
chanical properties, although this regimen did not fully restore
function to the levels before the period of weightlessness95. These
data suggest that to ameliorate the loss of tendon strength due to
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aging and/or disuse, incorporating resistance training into ex-
ercise regimens may be beneficial95.

Eccentric strengthening exercise programs have been
advocated as effective treatments for tendon overuse injuries
and prevention of reinjury100-108. Arampatzis et al. demon-
strated that exercises involving high tendon strain (mean and
standard deviation, 4.72% ± 1.08%) were more effective than
those producing low tendon strain (mean, 2.97% ± 0.47%) in
triggering an adaptive response in human Achilles tendon100.
Stanish et al. suggested that eccentric exercises prepare patients
for return to functional, sports-related activities better than those
that emphasize concentric muscle strengthening108. Multiple
studies have demonstrated eccentric exercise regimens to be ef-
fective for the treatment of tendinopathy103,109-115. Ohberg et al.
found decreased Achilles tendon thickness and normal ten-
don structure in response to a twelve-week eccentric training
program in patients with chronic Achilles tendinosis103.

While the mechanism of action of eccentric exercise is
poorly understood, it is theorized that eccentric exercise loads
the tendon to a greater magnitude compared with concentric
contraction, thereby stimulating a more effective repair re-
sponse108,110. Further, eccentric exercise may facilitate remodeling
by increasing the number of collagen cross-linkages109. However,
more recently, a study comparing concentric and eccentric ex-
ercises for Achilles tendinopathy found no differences in the
magnitude of peak tendon load or tendon length change between
the regimens116. The authors described the presence of high-
frequency oscillations in tendon force during eccentric con-
tractions, which are rare with concentric exercises. These
oscillations may modulate the therapeutic effects attributed
to eccentric exercise regimen116. While many have advocated
eccentric exercise programs, others have suggested that under-
standing the mechanisms involved in these regimens is necessary
to support the efficacy of these programs for treatment117,118.
The optimal load, speed of movement, number of repetitions,
and duration of contraction remain to be determined and
require further investigation109,116.

While tendon overuse rehabilitation protocols still re-
quire optimization, current therapeutic protocols often employ
primarily eccentric exercises. However, for the treatment of lat-
eral elbow tendinopathy (tennis elbow), one proposed muscle-
strengthening regimen incorporates a combination of both
eccentric and concentric contraction exercises119. In this regi-
men, the patient undergoes a series of daily, ten-repetition
maximum exercises using a light weight (1 to 2-lb [0.45 to
0.91-kg] dumbbell) to strengthen the wrist extensor muscles119.
Combining eccentric contractions, in which the muscle group
lengthens with wrist palmar flexion, and concentric contractions,
in which the muscle group shortens with wrist dorsiflexion, results
in a protocol that may decrease muscle tension, leading to a re-
duction in muscle and tendon soreness119.

Joint mobilization with protection of the newly repaired
tendon is a mainstay of rehabilitation following tendon repair120-122.
Depending on injury type and location, controlling joint range
of motion restricts the amount of loading possible, thereby
preventing reinjury. Joint contractures following flexor tendon

repair are a major potential source of functional impairment. A
canine model of joint mobilization following tendon repair
found that early motion resulted in fewer adhesions with im-
proved tendon gliding and superior tensile strength compared
with postoperative immobilization120-122. Multiple rehabilita-
tion protocols ranging from those emphasizing passive motion,
those that incorporate active finger flexion, and those that in-
corporate combinations of the two, have been utilized post-
operatively and are effective in restoring joint motion123,124. Kitis
et al. found improved grip strength, range of motion, and hand
function (Disabilities of the Arm, Shoulder and Hand score125)
when patients were treated with active mobilization with a
dynamic splinting protocol compared with those treated with a
controlled passive movement regimen126. A 2004 Cochrane
review failed to detect outcome-based differences when the
various controlled motion and/or loading rehabilitation proto-
cols were compared, finding that all produced acceptable and
comparable outcomes127. While the optimal rehabilitative pro-
tocol after repair has yet to be determined, it is clear that con-
trolled tendon loading and movement within a synovial sheath
provide a mechanical environment that is beneficial to flexor
tendon repair and results in improved functional restoration.

Early mobilization protocols with controlled weight-
bearing have been employed following operative and nonop-
erative treatment of Achilles tendon rupture. This approach is
supported by several animal models, in which early motion
accelerates the repair process and results in superior tissue
quality128. Twaddle and Poon found comparable functional
results and no significant difference in rerupture rate when
controlled early motion was instituted following immobilization
for ten days in patients treated with or without surgery129. These
findings have been investigated in other studies in which accel-
erated rehabilitation protocols have resulted in improved func-
tional recovery and low rerupture rates130-133.

Mechanical Loading in Tissue-Engineering Applications
Tissue engineers are incorporating mechanical stimulation to
enhance tendon tissue augmentations and replacements134-146.
By mechanically preconditioning the tissue-engineered con-
struct cell population prior to in vivo implantation, the cells may
be better equipped to enhance the repair since they have been
exposed to the appropriate mechanical environment134,135. Fur-
ther elucidating the cellular processes involved in the response to
the normal and abnormal mechanical environments will im-
prove tissue engineering therapies.

Given the importance of physiological loading to maintain
tendon homeostasis, investigators have shown that applying load
promotes a tendon-like phenotype in both two and three-
dimensional culture conditions139-146. Ralphs et al. showed that
when tendon cells are cultured on a two-dimensional substrate
and subjected to biaxial strain at 1 Hz for eight hours per day
for a total of ninety-six hours, cells link together using actin
adherens junctions along the principal line of strain to monitor
tensile load142. Garvin et al. found, after seven days of loading,
improved biomechanical properties (mean and standard devi-
ation, 327.65 ± 172.03 MPa versus 112.20 ± 6.07 MPa), gene
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expression results that trended toward normal tendon tissue,
and improved cellular alignment and contraction for the loaded
bioartificial tendon compared with unstimulated controls146.

Others have sought to improve tendon repair by creating
tissue-engineered constructs using autologous progenitor cells
derived from the bone marrow of New Zealand White rabbits
seeded on a bovine-derived type-I collagen sponge and incor-
porating a mechanical stimulation profile at a frequency of 1 Hz,
for eight hours per day, at a peak strain of 2.4% for a total of
twelve days134. The tissue-engineered constructs were implanted
into defects in the central third of rabbit patellar tendons, and
repair tissues were harvested at twelve weeks following surgery.
The results showed that mechanical stimulation improved repair
tissue maximum force, linear stiffness, maximum stress, and
linear modulus to 70%, 85%, 70%, and 50%, respectively, of
the values in the normal, uninjured central third of patellar
tendons134. Mechanical stimulation increased collagen type-I
and type-III gene expression three and four times greater
than in nonstimulated controls, respectively135. Additionally,
the stimulated tissue-engineered constructs were 2.5 times
stiffer than nonstimulated controls135.

Overview
Tendons are dynamic tissues composed of a cell population
capable of responding to mechanical cues by altering the extra-
cellular matrix. While it is known that loading and tension play a
large role in overall tendon function, it is still necessary to

determine the most suitable methods of incorporating these
findings toward improving tendon repair. How does a tendon
naturally heal and when is the most effective phase to implement
repair procedures and/or intervention? When is the optimal time
for incorporating loading regimens in patient rehabilitation
protocols? How much and how often should loading regimens
be implemented in a clinical setting? Should it be based on type
of injury and/or location? How can loading parameters be in-
corporated when creating tissue-engineered constructs that are
best primed for in vivo tendon repair? To answer these questions,
further investigation with a focus on improving clinical outcomes
is needed. n
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34. Léjard V, Brideau G, Blais F, Salingcarnboriboon R, Wagner G, Roehrl MH, Noda
M, Duprez D, Houillier P, Rossert J. Scleraxis and NFATc regulate the expression
of the pro-a1(I) collagen gene in tendon fibroblasts. J Biol Chem. 2007 Jun 15;
282(24):17665-75.
35. Scott A, Danielson P, Abraham T, Fong G, Sampaio AV, Underhill TM.
Mechanical force modulates scleraxis expression in bioartificial tendons.
J Musculoskelet Neuronal Interact. 2011 Jun;11(2):124-32.
36. Mendias CL, Gumucio JP, Bakhurin KI, Lynch EB, Brooks SV. Physiological
loading of tendons induces scleraxis expression in epitenon fibroblasts. J Orthop
Res. 2012 Apr;30(4):606-12.
37. Eliasson P, Andersson T, Aspenberg P. Rat Achilles tendon healing: mechanical
loading and gene expression. J Appl Physiol. 2009 Aug;107(2):399-407.
38. Lin TW, Cardenas L, Soslowsky LJ. Biomechanics of tendon injury and repair.
J Biomech. 2004 Jun;37(6):865-77.
39. Sandrey MA. Acute and chronic tendon injuries: factors affecting the healing
response and treatment. J Sport Rehabil. 2003;12:70-91.
40. Sharma P, Maffulli N. Tendon injury and tendinopathy: healing and repair. J Bone
Joint Surg Am. 2005 Jan;87(1):187-202.
41. Maganaris CN, Narici MV, Almekinders LC, Maffulli N. Biomechanics and
pathophysiology of overuse tendon injuries: ideas on insertional tendinopathy.
Sports Med. 2004;34(14):1005-17.
42. Rutland M, O’Connell D, Brismée JM, Sizer P, Apte G, O’Connell J. Evidence-
supported rehabilitation of patellar tendinopathy. N Am J Sports Phys Ther. 2010
Sep;5(3):166-78.
43. Maffulli N, Khan KM, Puddu G. Overuse tendon conditions: time to change a
confusing terminology. Arthroscopy. 1998 Nov-Dec;14(8):840-3.
44. Maffulli N, Longo UG, Franceschi F, Rabitti C, Denaro V. Movin and Bonar scores
assess the same characteristics of tendon histology. Clin Orthop Relat Res. 2008
Jul;466(7):1605-11.
45. Ohberg L, Lorentzon R, Alfredson H. Neovascularisation in Achilles tendons with
painful tendinosis but not in normal tendons: an ultrasonographic investigation.
Knee Surg Sports Traumatol Arthrosc. 2001 Jul;9(4):233-8.
46. Perry SM, McIlhenny SE, Hoffman MC, Soslowsky LJ. Inflammatory and angio-
genic mRNA levels are altered in a supraspinatus tendon overuse animal model.
J Shoulder Elbow Surg. 2005 Jan-Feb;14(1)(Suppl S):79S-83S, doi:10.1016/j.jse.
2005.09.020.
47. Arnoczky SP, Lavagnino M, Egerbacher M. The mechanobiological aetiopatho-
genesis of tendinopathy: is it the over-stimulation or the under-stimulation of tendon
cells? Int J Exp Pathol. 2007 Aug;88(4):217-26.
48. Fung DT, Wang VM, Andarawis-Puri N, Basta-Pljakic J, Li Y, Laudier DM, Sun HB,
Jepsen KJ, Schaffler MB, Flatow EL. Early response to tendon fatigue damage ac-
cumulation in a novel in vivo model. J Biomech. 2010 Jan 19;43(2):274-9.
49. Egerbacher M, Arnoczky SP, Caballero O, Lavagnino M, Gardner KL. Loss of
homeostatic tension induces apoptosis in tendon cells: an in vitro study. Clin Orthop
Relat Res. 2008 Jul;466(7):1562-8.
50. Nakama LH, King KB, Abrahamsson S, Rempel DM. Evidence of tendon mi-
crotears due to cyclical loading in an in vivo tendinopathy model. J Orthop Res. 2005
Sep;23(5):1199-205.
51. Dyment NA, Kazemi N, Aschbacher-Smith LE, Barthelery NJ, Kenter K, Gooch C,
Shearn JT, Wylie C, Butler DL. The relationships among spatiotemporal collagen
gene expression, histology, and biomechanics following full-length injury in the
murine patellar tendon. J Orthop Res. 2012 Jan;30(1):28-36. Epub 2011 Jun 22.
52. Awad HA, Boivin GP, Dressler MR, Smith FN, Young RG, Butler DL. Repair of
patellar tendon injuries using a cell-collagen composite. J Orthop Res. 2003
May;21(3):420-31.

53. Bruns J, Kampen J, Kahrs J, Plitz W. Achilles tendon rupture: experimental
results on spontaneous repair in a sheep-model. Knee Surg Sports Traumatol
Arthrosc. 2000;8(6):364-9.
54. Williams IF, Craig AS, Parry DAD, Goodship AE, Shah J, Silver IA. Development of
collagen fibril organization and collagen crimp patterns during tendon healing. Int
J Biol Macromol. 1985;7(5):275-82.
55. Matthew CA, Moore MJ. Collagen fibril morphometry in transected rat extensor
tendons. J Anat. 1991 Apr;175:263-8.
56. Lavagnino M, Arnoczky SP, Frank K, Tian T. Collagen fibril diameter distribution
does not reflect changes in the mechanical properties of in vitro stress-deprived
tendons. J Biomech. 2005 Jan;38(1):69-75, doi:10.1016/j.jbiomech.2004.
03.035.
57. Thomopoulos S, Genin GM, Galatz LM. The development and morphogenesis of
the tendon-to-bone insertion - what development can teach us about healing -.
J Musculoskelet Neuronal Interact. 2010 Mar;10(1):35-45.
58. Boyer MI, Goldfarb CA, Gelberman RH. Recent progress in flexor tendon healing.
The modulation of tendon healing with rehabilitation variables. J Hand Ther. 2005
Apr-Jun;18(2):80-5, quiz :86.
59. Galatz LM, Rothermich SY, Zaegel M, Silva MJ, Havlioglu N, Thomopoulos S.
Delayed repair of tendon to bone injuries leads to decreased biomechanical
properties and bone loss. J Orthop Res. 2005 Nov;23(6):1441-7.
60. Bedi A, Kovacevic D, Fox AJS, Imhauser CW, Stasiak M, Packer J, Brophy RH,
Deng XH, Rodeo SA. Effect of early and delayed mechanical loading on tendon-to-
bone healing after anterior cruciate ligament reconstruction. J Bone Joint Surg Am.
2010 Oct 20;92(14):2387-401.
61. Galatz LM, Charlton N, Das R, Kim HM, Havlioglu N, Thomopoulos S. Complete
removal of load is detrimental to rotator cuff healing. J Shoulder Elbow Surg. 2009
Sep-Oct;18(5):669-75.
62. Gimbel JA, Van Kleunen JP, Lake SP, Williams GR, Soslowsky LJ. The role of
repair tension on tendon to bone healing in an animal model of chronic rotator cuff
tears. J Biomech. 2007;40(3):561-8.
63. Hettrich CM, Rodeo SA, Hannafin JA, Ehteshami J, Shubin Stein BE. The effect
of muscle paralysis using Botox on the healing of tendon to bone in a rat model.
J Shoulder Elbow Surg. 2011 Jul;20(5):688-97.
64. Thomopoulos S, Zampiakis E, Das R, Silva MJ, Gelberman RH. The effect of
muscle loading on flexor tendon-to-bone healing in a canine model. J Orthop Res.
2008 Dec;26(12):1611-7.
65. Stasiak M, Imhauser C, Packer J, Bedi A, Brophy R, Kovacevic D, Jackson K,
Deng XH, Rodeo S, Torzilli P. A novel in vivo joint loading system to investigate the
effect of daily mechanical load on a healing anterior cruciate ligament reconstruc-
tion. J Med Device. 2010;4(1):15003.
66. Brophy RH, Kovacevic D, Imhauser CW, Stasiak M, Bedi A, Fox AJS, Deng XH,
Rodeo SA. Effect of short-duration low-magnitude cyclic loading versus immobiliza-
tion on tendon-bone healing after ACL reconstruction in a rat model. J Bone Joint Surg
Am. 2011 Feb 16;93(4):381-93.
67. Gelberman RH, Woo SL, Lothringer K, Akeson WH, Amiel D. Effects of early
intermittent passive mobilization on healing canine flexor tendons. J Hand Surg Am.
1982 Mar;7(2):170-5.
68. Jozsa LG, Kannus P. Overuse injuries of tendons. Human tendons: anatomy,
physiology, and pathology. Champaign: Human Kinetics; 1997. p 164-253.
69. Jones GC, Corps AN, Pennington CJ, Clark IM, Edwards DR, Bradley MM,
Hazleman BL, Riley GP. Expression profiling of metalloproteinases and tissue in-
hibitors of metalloproteinases in normal and degenerate human achilles tendon.
Arthritis Rheum. 2006 Mar;54(3):832-42.
70. Archambault JM, Wiley JP, Bray RC. Exercise loading of tendons and the de-
velopment of overuse injuries. A review of current literature. Sports Med. 1995
Aug;20(2):77-89.
71. Pettengill KM. The evolution of early mobilization of the repaired flexor tendon.
J Hand Ther. 2005 Apr-Jun;18(2):157-68.
72. Strickland JW. The scientific basis for advances in flexor tendon surgery. J Hand
Ther. 2005 Apr-Jun;18(2):94-110, quiz :111.
73. Grewal R, Chan Saw SS, Varitimidus S, Bastidas JA, Sotereanos DG, Fischer KJ.
Evaluation of passive and active rehabilitation and of tendon repair for partial tendon
lacerations after three weeks of healing in canines. Clin Biomech (Bristol, Avon).
2006 Oct;21(8):804-9. Epub 2006 Jun 27.
74. Koopman R, van Loon LJ. Aging, exercise, and muscle protein metabolism.
J Appl Physiol. 2009 Jun;106(6):2040-8.
75. Narici MV, Maganaris C, Reeves N. Myotendinous alterations and effects of
resistive loading in old age. Scand J Med Sci Sports. 2005 Dec;15(6):392-401.
76. Baumgartner RN, Koehler KM, Gallagher D, Romero L, Heymsfield SB, Ross RR,
Garry PJ, Lindeman RD. Epidemiology of sarcopenia among the elderly in New
Mexico. Am J Epidemiol. 1998 Apr 15;147(8):755-63.
77. Melton LJ 3rd, Khosla S, Crowson CS, O’Connor MK, O’Fallon WM, Riggs BL.
Epidemiology of sarcopenia. J Am Geriatr Soc. 2000 Jun;48(6):625-30.
78. Wolfson L, Judge J, Whipple R, King M. Strength is a major factor in balance,
gait, and the occurrence of falls. J Gerontol A Biol Sci Med Sci. 1995 Nov;50(Spec
No):64-7.

1626

TH E J O U R N A L O F B O N E & JO I N T SU R G E RY d J B J S . O R G

VO LU M E 95-A d NU M B E R 17 d S E P T E M B E R 4, 2013
TH E RO L E O F ME C H A N I C A L LOA D I N G I N TE N D O N

DE V E LO P M E N T, MA I N T E N A N C E , IN J U RY, A N D RE PA I R



79. Haut RC, Lancaster RL, DeCamp CE. Mechanical properties of the canine pa-
tellar tendon: some correlations with age and the content of collagen. J Biomech.
1992 Feb;25(2):163-73.
80. Nielsen HM, Skalicky M, Viidik A. Influence of physical exercise on aging rats. III.
Life-long exercise modifies the aging changes of the mechanical properties of
limb muscle tendons. Mech Ageing Dev. 1998 Feb 16;100(3):243-60.
81. Shadwick RE. Elastic energy storage in tendons: mechanical differences related
to function and age. J Appl Physiol. 1990 Mar;68(3):1033-40.
82. Dressler MR, Butler DL, Boivin GP. Age-related changes in the biomechanics
of healing patellar tendon. J Biomech. 2006;39(12):2205-12.
83. Vogel HG. Influence of maturation and age on mechanical and biochemical
parameters of connective tissue of various organs in the rat. Connect Tissue Res.
1978;6(3):161-6.
84. Vogel HG. Species differences of elastic and collagenous tissue—influence
of maturation and age. Mech Ageing Dev. 1991 Jan;57(1):15-24.
85. Vilarta R, Vidal BdeC. Anisotropic and biomechanical properties of tendons
modified by exercise and denervation: aggregation and macromolecular order in
collagen bundles. Matrix. 1989 Jan;9(1):55-61.
86. Johnson GA, Tramaglini DM, Levine RE, Ohno K, Choi NY, Woo SL. Tensile
and viscoelastic properties of human patellar tendon. J Orthop Res. 1994 Nov;
12(6):796-803.
87. Petrella RJ, Chudyk A. Exercise prescription in the older athlete as it applies
to muscle, tendon, and arthroplasty. Clin J Sport Med. 2008 Nov;18(6):522-30.
88. Ferri A, Scaglioni G, Pousson M, Capodaglio P, Van Hoecke J, Narici MV.
Strength and power changes of the human plantar flexors and knee extensors in
response to resistance training in old age. Acta Physiol Scand. 2003 Jan;177(1):
69-78.
89. Fiatarone MA, Marks EC, Ryan ND, Meredith CN, Lipsitz LA, Evans WJ. High-
intensity strength training in nonagenarians. Effects on skeletal muscle. JAMA. 1990
Jun 13;263(22):3029-34.
90. Frontera WR, Meredith CN, O’Reilly KP, Knuttgen HG, Evans WJ. Strength
conditioning in older men: skeletal muscle hypertrophy and improved function.
J Appl Physiol. 1988 Mar;64(3):1038-44.
91. Galloway MT, Jokl P. Aging successfully: the importance of physical activity in
maintaining health and function. J Am Acad Orthop Surg. 2000 Jan-Feb;8(1):37-44.
92. Galloway MT, Kadoko R, Jokl P. Effect of aging on male and female master
athletes’ performance in strength versus endurance activities. Am J Orthop (Belle
Mead NJ). 2002 Feb;31(2):93-8.
93. Wood LK, Arruda EM, Brooks SV. Regional stiffening with aging in tibialis anterior
tendons of mice occurs independent of changes in collagen fibril morphology. J Appl
Physiol. 2011 Oct;111(4):999-1006, doi:10.1152/japplphysol.00460.2011.
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