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Abstract 

 
     The attachment of dissimilar materials is a major engineering challenge. Stress concentrations would 
arise at the interface of a compliant tendon and a stiff bone unless the interface was tuned to this 
mechanical mismatch. The functionally graded tissue that develops postnatally between tendon and bone 
provides a robust attachment that alleviates potential stress concentrations. This unique transitional tissue is 
not recreated during healing, so surgical reattachment of these two tissues often fails. “Mechanobiology”, the 
response of cells to changes in their mechanical environment, plays an important role in the development 
and homeostasis of musculoskeletal tissues. This Perspective reviews work examining structure-function 
relationships at the tendon-to-bone insertion and the role of mechanobiology in the development and healing 
of the tendon-to-bone insertion site. Results indicate that the tendon-to-bone insertion is a functionally 
graded material with regard to its extracellular matrix composition, its structural organization, its mineral 
content, and its mechanical properties. Animal models examining the development of the insertion indicate 
that mechanical loading is necessary for the maturation of the insertion into a functionally graded material. 
The role of loading tendon-to-bone during healing is more complex; low levels of load are beneficial and high 
levels of load are detrimental to healing. A better understanding of mechanobiology at the insertion may lead 
to rehabilitation and tissue engineering strategies for enhancing tendon-to-bone healing. IBMS BoneKEy. 
2011 June;8(6):271-285.  
2011 International Bone & Mineral Society 
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Introduction 
 
Tendons insert into bone across either 
fibrous or fibrocartilaginous transitions (the 
“enthesis”) (1). Fibrous transitions are 
characterized by broad insertions (effectively 
distributing the forces over large areas and 
reducing stresses) and by perforating 
mineral fibers (“Sharpey’s fibers”) (2). 
Examples of these attachments include the 
tibial insertion of the medial collateral 
ligament and the deltoid tendon insertion 
into the humeral head. Examples of the 
more common fibrocartilaginous insertions 
include the rotator cuff tendon insertions and 
the Achilles tendon insertion. The structure, 
function, development, and healing of 
fibrocartilaginous tendon-to-bone insertions 
will be the focus of this Perspective. These 
insertions are characteristically short and 
occur across distinct fibrocartilage regions  

with gradations in collagen structural 
organization, extracellular matrix 
composition, mineral content, and 
mechanical behavior (Fig. 1) (1). A high 
incidence of recurrent failure has been 
reported following surgical repair of tendon 
to bone (3;4). The high failure rates are 
likely due to an inability to reconstruct the 
complexity of the uninjured enthesis during 
healing (5-7). Mechanobiology plays a 
critical role in the development, 
maintenance, and healing of 
musculoskeletal tissues. This has been 
demonstrated most clearly in bone, but is 
also apparent in tendon, cartilage, and 
muscle. Mechanobiology plays a role at all 
of the tendon-to-bone insertion site 
hierarchical levels: at the organ level, the 
architecture of the insertion has been shown 
to provide stress transfer that reduces the 
stress concentrations that normally arise at 
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bi-material interfaces (8;9); at the tissue 
level, a continuous gradation is seen in 
structure, composition, and mechanical 
properties (8;10); at the fiber level, 
gradations lead to well-defined mechanical 
functions (11); and at the micro-scale, 
mechanical factors have been shown to 
control cell behavior (12). Animal models 
have demonstrated that mechanobiologic 

factors are central to the formation of a 
gradation in properties from tendon to bone 
during development and critically affect 
healing (7;13-15). This Perspective presents 
work that examines the role of the 
mechanical environment in the development 
and healing of the tendon-to-bone insertion 
site. 

 

 
Fig. 1. Tendon attaches to bone across a functionally graded fibrocartilaginous transition site (toluidine blue-
stained section from a rat supraspinatus tendon-to-bone insertion is shown; scale bar = 200mm). (Figure 
modified, with permission, from: Thomopoulos S, Hattersley G, Rosen V, Mertens M, Galatz L, Williams GR, 
Soslowsky LJ. The localized expression of extracellular matrix components in healing tendon insertion sites: 
an in situ hybridization study. J Orthop Res. 2002 May;20(3):454-63). 
 
Structure-Function Relationships 
 
The mechanical challenge of attaching 
tendon to bone 
 
The mechanical properties of tendon are 
vastly different from those of bone (16;17). 
The tensile modulus of tendon is ~200MPa 
in the direction of muscle force, but buckles 
in compression (i.e., it behaves like a “rope”) 
(17). In contrast, bone has a modulus of 
20GPa in both tension and compression 
(16). Stress concentrations can be expected 
to arise at the attachment point of these two 
disparate materials unless the insertion is 
optimized to overcome the stiffness 
mismatch. The tendon-to-bone insertion site 
overcomes this challenge via gradations in 
its composition and structure, leading to a 
functional gradation in mechanical 

properties. In a series of studies examining 
the rat supraspinatus tendon-to-bone 
insertion, gradations were demonstrated in 
extracellular matrix gene expression, 
collagen fiber orientation, mineral content, 
and mechanical properties (8;10;11;18). 
Localized gene expression was determined 
using in situ hybridization (10). The 
expression of fibrillar collagens varied along 
the insertion: tendon fibroblasts expressed 
type I collagen, fibrochondrocytes in the 
transitional tissue between tendon and bone 
expressed type II and X collagen, and 
osteoblasts in bone expressed type I 
collagen. Consistent with a fibrocartilaginous 
morphology, aggrecan expression was also 
localized to the insertion site. Using a 
quantitative polarized microscopy technique, 
collagen fibers were found to be less 
oriented at the insertion compared to the 
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tendon (10). In a separate study, mineral 
content along the insertion was determined 
using Raman microprobe analyses (18). 
Based on the intensity of the phosphate 
peak relative to a collagen-specific organic 
peak, it was determined that there was an 
approximately linear increase in mineral 
content across the interface, from tendon to 
bone. Biomechanical tests demonstrated 
that the tensile stiffness (i.e., the slope of the 
linear portion of the stress-strain plot) of the 
insertion was approximately half that of 
tendon. Stiffness therefore decreases 
significantly as the tendon inserts into bone 
before increasing to the level of bone. This 
compliant region may serve to dissipate 
stress concentrations that would otherwise 
arise at the interface between the two 
mechanically dissimilar materials. These 
results in the rat supraspinatus tendon 
enthesis are consistent with reports 
examining other soft tissue-to-bone 
attachments (19-21). At the anterior cruciate 
ligament-to-bone insertion, 
microcompression was performed to 
determine the mechanical properties and 
energy dispersive x-ray analysis was 
performed to determine mineral content 
(20). The calcified regions of the insertion 
exhibited significantly greater compressive 
moduli than the noncalcified regions. Similar 
results were reported for meniscal 
attachments to bone (22;23). Based on 
these studies, it is apparent that the tendon-
to-bone insertion site varies dramatically 
along its length in collagen structural 
arrangement, extracellular matrix 
composition, mineral content, and 
mechanical properties. The complex 
composition, structure, and mechanical 
behavior of the tendon-to-bone insertion 
results in a particularly difficult challenge for 
effective response to injury. 

 
Mechanisms for overcoming the mechanical 
mismatch between tendon and bone 
 
Four distinct strategies have been identified 
for achieving effective load transfer between 
tendon and bone: 1) a shallow attachment 
angle at the insertion of tendon into bone; 2) 
shaping of tissue morphology of the 
transitional tissue; 3) interdigitation of 
transitional tissue with bone; and 4) 

functional grading of transitional tissue 
between tendon and bone (8;9;11). The 
degree of the stress singularity at an 
interface between tendon and bone depends 
on the angle of attachment; a shallow angle 
of attachment ameliorates the stress 
singularity. Peak stresses are also reduced 
via optimization of the gross shape of the 
insertion. Interlocking of the tissues through 
interdigitation (24) increases the toughness 
of the interface. The variation in structure 
and composition along the insertion results 
in a unique grading of mechanical 
properties. A mechanical model of the 
insertion demonstrated that two of these 
features, mineral content and collagen 
organization, combine to produce a 
functionally graded insertion (11). The linear 
increase in mineral accumulation on 
collagen fibers provides significant stiffening 
of the fibers, but only for concentrations of 
mineral above a “percolation threshold” 
corresponding to formation of a 
mechanically continuous mineral network. 
The decrease in collagen fiber orientation is 
a second major determinant of tissue 
stiffness. The combination of these two 
factors results in the previously reported 
variation of stiffness over the length of the 
tendon-to-bone insertion. The four 
mechanisms described above provide a 
nano- through macro-mechanical 
understanding of how a robust tendon-to-
bone attachment is achieved. This 
understanding may guide surgical and tissue 
engineering strategies for improving tendon-
to-bone healing. 

 
The Role of Mechanobiology During 
Development 
 
The role of mechanobiology in 
musculoskeletal tissue development and 
homeostasis 
 
Biophysical cues influence fetal joint 
development (25-28). Abnormal loading 
during fetal or early postnatal timepoints can 
result in a number of pathologies. For 
example, traction injury to the brachial 
plexus during the birth process results in a 
muscle imbalance across the developing 
shoulder and leads to a number of 
complications (29). The response of adult 
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musculoskeletal tissues to mechanical 
loading is also well-described (30;31). 
Experimental and modeling studies 
demonstrated that the architecture of 
trabecular bone and the thickness of cortical 
bone were highly dependent on the stress 
environment (31;32). A similar 
responsiveness to the mechanical 
environment was demonstrated in tendon. 
Removal of load resulted in rapid 
deterioration of tendon strength and a 
change in structure and composition (33-
36). A change in the stress mode has also 
been shown to affect tendon properties. 
Areas of tendon that were subjected to 
compression (e.g., the portion of the rotator 
cuff directly under the acromion and 
locations where flexor tendons wrap around 
bony pulleys) produced significant amounts 
of proteoglycans to resist deformation in the 
direction of compression (37;38). As all of 
the cell types found along the tendon-to-
bone insertion are sensitive to their 
mechanical environment, a role for 
mechanobiology is expected at the 
developing enthesis. 

 
The role of mechanobiology in tendon-to-
bone insertion development 

 
The enthesis forms through endochondral 
ossification, with expression of Indian 
hedgehog, parathyroid hormone-related 
peptide receptor, and collagen X seen at 
various stages of development (39-45). Blitz 
et al. demonstrated that this process occurs 
through two phases: initiation is regulated by 
biologic signals from the tendon and growth 
is regulated by mechanical signals from the 
muscle (40). The transcription factor 
scleraxis regulates the growth factor bone 
morphogenetic protein 4 to initiate the 
formation of the enthesis at the deltoid 
tuberosity in a muscle-independent manner. 
Muscle loads are only necessary for the 
subsequent growth and maturation stages of 
enthesis development. In situ hybridization 
studies have also revealed the spatial and 
temporal expression patterns of extracellular 
matrix genes during rotator cuff tendon 
enthesis development. Expression patterns 
for collagen I (characteristic of fibroblasts 
and osteoblasts), collagen II (characteristic 
of chondrocytes), and collagen X 

(characteristic of hypertrophic chondrocytes) 
have been studied (45). Neotendon was 
evident adjacent to bone at 15.5 days post-
conception. A transition zone between the 
tendon and bone began to form 7 days 
postnatally and reached a mature 
morphology by 21 days postnatally. The 
fibroblasts of the tendon expressed type I 
collagen at all timepoints. The chondrocytes 
in the unmineralized bone expressed type II 
collagen until 14 days postnatally. The 
chondrocytes near the insertion became 
hypertrophic at this point and began 
expressing type X collagen. Type I collagen 
and type II collagen were expressed by two 
adjacent populations of cells: collagen I was 
expressed by the fibroblasts on the tendon 
end of the insertion, while collagen II was 
expressed by the chondrocytes on the bony 
end of the insertion. Type X collagen 
expression was not turned on until 14 days 
postnatally. Notably, many of the critical 
events in rotator cuff tendon-to-bone 
insertion development occurred at postnatal 
timepoints. Similar results have been 
reported for the anterior cruciate ligament 
enthesis (39) and for the Achilles tendon 
enthesis (43;44). 
 
To examine the role of mechanical loading 
on the postnatal development of the tendon-
to-bone insertion, rotator cuff muscles were 
paralyzed using either intramuscular 
injections of botulinum toxin A (“BTX” group) 
or laceration of the upper trunk of the 
brachial plexus (“neurotomy group”) (13;46-
48). The neurotomy group was used to 
determine if there were any direct effects of 
botulinum toxin on rotator cuff development 
(i.e., other than the effects of muscle 
unloading). Paralysis was induced within 24 
hours of birth. In the botulinum toxin-injected 
mice, the muscles of contralateral shoulders 
were injected with saline to serve as controls 
(“saline” group). Local paralysis in these 
mice was maintained until sacrifice through 
repeated botulinum toxin injections. A 
separate group of neonatal mice was 
injected with saline in both shoulders and 
served as fully mobile controls (“normal” 
group). 
 
Geometric and functional assessment of 
muscles demonstrated that both methods of 
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muscle paralysis led to dramatic decreases 
in loading across the developing 
supraspinatus tendon-to-bone insertion (48). 
The mass and volume of supraspinatus 
muscles injected with botulinum toxin was 
decreased by more than 66% compared to 
the contralateral saline-injected muscles at 
56 days. Similar changes in muscle volume 
were seen in the neurotomy group (47). 
Decreases in muscle mass and volume 
corresponded to decreases in muscle force 
generation. After 28 and 56 days of 
postnatal paralysis, saline-injected and 
normal supraspinatus muscles generated 

dramatically higher forces compared to 
botulinum-injected muscles. 

 
Reduced muscle loading impairs mineral 
deposition, fibrocartilage formation, and 
leads to disorganized fiber distribution and 
inferior mechanical properties at the tendon 
enthesis 
 
The accumulation of mineral in the humeral 
head during postnatal development was 
decreased when loading was removed (Fig. 
2) (13;47).  

 

 
Fig. 2. Bony deformities were evident radiographically in the humeral head of botulinum toxin-injected 
shoulders after 56 days of postnatal development. Bone volume and trabecular architecture were 
significantly different in the botulinum toxin-injected group compared to the saline-injected and normal 
groups (*p < 0.05 saline-injected vs. botulinum toxin-injected, #p < 0.05 saline-injected or botulinum toxin-
injected vs. normal). (Figure modified, with permission, from: Thomopoulos S, Kim HM, Rothermich SY, 
Biederstadt C, Das R, Galatz LM. Decreased muscle loading delays maturation of the tendon enthesis 
during postnatal development. J Orthop Res. 2007 Sep;25(9):1154-63). 
 
Micro-computed tomography analysis 
revealed dramatic differences in the amount 
of mineralized bone when comparing saline-
injected to botulinum toxin-injected 
shoulders, demonstrating the sensitivity of 
bone to its mechanical environment. Similar 
results were found after neurotomy. 
Interestingly, no differences were seen in 
any bone measure when comparing saline 
and BTX at 14 days. However, differences 
between the two groups were significant for 
most measures at the later timepoints. The 
lack of mineral accrual in unloaded 

insertions was at least in part due to 
increased levels of bone resorption, as 
evidenced by increased osteoclast numbers 
in the BTX group compared to the saline 
group. To further test the role of osteoclast 
activity in this process, osteoclast activity 
was suppressed in a group of animals using 
alendronate (a bisphosphonate that blocks 
osteoclast activity). Increasing levels of 
alendronate led to higher bone volume and 
higher connectivity density in a dose- 
dependent manner in the BTX group 
compared to the saline group, partially 
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rescuing the defects caused by unloading 
(Fig. 3). These results demonstrate the 
sensitivity of mineralization to mechanical 

loading in the developing tendon-to-bone 
insertion.

 

 
Fig. 3. Increasing levels of alendronate (a bisphosphonate that suppresses osteoclast activity) led to higher 
bone volume and higher connectivity density in a dose-dependent manner, partially rescuing the detrimental 
effects of botulinum toxin-induced unloading. There was no apparent effect of alendronate on muscle 
volume. (*p < 0.05 botulinum toxin-injected vs. saline-injected, #p < 0.05 for dose effect; doses: 0.125, 1, 
and 2 mg/kg/week). 
 
A zone of hypertrophic chondrocytes was 
evident between the supraspinatus tendon 
and its humeral head insertion until 14 days 
postnatally, regardless of loading conditions 

(13). By 21 days, however, there were clear 
differences in fibrocartilage maturation when 
comparing the BTX group to the saline 
group (Fig. 4).  

 

 
Fig. 4. Fibrocartilage development was dramatically delayed in the botulinum toxin-injected group compared 
to the saline-injected group. Hypertrophic chondrocytes were seen at the insertion (indicated by the arrow) 
at 14 days in both groups and at 21 days in the Botox group (i, tendon-to-bone insertion; s, supraspinatus 
tendon; a, articular surface of the humeral head; h, humeral head; gp, growth plate; scale bar = 200mm). 
Sections are stained with Toluidine blue; cell nuclei are stained blue and fibrocartilage matrix is stained 
purple. (Figure modified, with permission, from: Thomopoulos S, Kim HM, Rothermich SY, Biederstadt C, 
Das R, Galatz LM. Decreased muscle loading delays maturation of the tendon enthesis during postnatal 
development. J Orthop Res. 2007 Sep;25(9):1154-63). 
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The fibrochondrocytes at the insertion were 
arranged in a columnar pattern 
perpendicular to the subchondral bone plate. 
Contralateral botulinum toxin-injected 
shoulders showed no fibrocartilage between 
the tendon and bone. A layer of 
disorganized mesenchymal-like cells and 
hypertrophic chondrocytes was present at 
the insertion site. The tendon enthesis was 
fully developed in the saline group by 56 
days. In contrast, the tendon enthesis in the 
BTX group remained disorganized with a 
sparse amount of fibrocartilage. Consistent 
with the previous study examining mineral 
accumulation, removal of mechanical 
loading cues postnatally dramatically 
impaired the fibrocartilage formation at the 
tendon-to-bone insertion. 
 
Collagen fibers in both the tendon and the 
insertion were less organized in the BTX 
group compared to the saline group at 28 
and 56 days. Tensile mechanical loading 
therefore plays a critical role in directing 
collagen alignment at the insertion. 
Biomechanical testing of the tendon-to-bone 
insertion demonstrated that the mechanical 
properties of the BTX group were 
significantly inferior to those of the saline 
group at 56 days. In summary, the formation 
of a functionally graded transition between 
tendon and bone requires the presence of 
physiologic muscle loading. 
 

The Uncertain Role of Mechanobiology 
During Healing 
 
The influence of the loading environment on 
tendon-to-bone healing is unclear 

 
Tendon-to-bone healing is characterized by 
the formation of connective tissue with vastly 
inferior mechanical properties compared to 
the normal, uninjured tendon enthesis (7). 
Rotator cuff injuries, which make up the 
majority of soft tissue injuries to the upper 
extremity, commonly require repair of one or 
more tendons to humeral head bone (49). 
Anterior cruciate ligament reconstruction 
techniques typically use tendon grafts that 
must heal in tibial and femoral bone tunnels 
(50). In most cases of tendon-to-bone 
healing, clinical outcomes have been 
disappointing. At the rotator cuff, for 
example, the recurrence of tears to repaired 
tendons has been reported to range from 
24-94% (3;4). Studies in the rabbit (51), the 
goat (52), and the rat (5;7) have 
demonstrated that the mechanical properties 
of the healed tissue are dramatically weaker 
than normal. While the poor healing is likely 
due to a number of factors, including bone 
loss (53;54) and lack of collagen integration 
into bone, the most dramatic observation in 
these animal models was the lack of a 
transitional zone between the tendon and 
bone (Fig. 5) (5-7).  

 

 
Fig 5. Tendon-to-bone repair results in a fibrovascular scar tissue interface rather than regeneration of a 
functionally graded insertion (toluidine blue-stained section is shown for a repaired supraspinatus tendon-to-
bone insertion after 28 days of healing). (Figure modified, with permission, from: Thomopoulos S, Hattersley 
G, Rosen V, Mertens M, Galatz L, Williams GR, Soslowsky LJ. The localized expression of extracellular 
matrix components in healing tendon insertion sites: an in situ hybridization study. J Orthop Res. 2002 
May;20(3):454-63). 
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The role of mechanobiology during the 
healing process is unclear. Increased static 
stress was shown to be beneficial to the 
properties of the healing medial collateral 
ligament (MCL) in one animal study (55). 
Increased cyclic stress, on the other hand, 
was found to be detrimental to healing in a 
rabbit MCL mid-substance model (56). 
Increased passive motion applied to flexor 
tendon mid-substance injuries, on the other 
hand, has been shown to be beneficial to 
healing (7;57). While all three components 
of the insertion site (tendon, fibrocartilage, 
and bone) are responsive to load when 
healthy, their response to load during 
tendon-to-bone healing has required further 
study. 
 
Cast immobilization is beneficial to tendon-
to-bone healing compared to exercise 
 
In order to examine the role of mechanical 
loading on tendon-to-bone healing, 
supraspinatus tendons of rats were 
detached and repaired to their bony 
insertions (7;14;58;59). Post-operative 
activity level was controlled in three groups: 
cast immobilization, unrestrained cage 
activity, and treadmill exercise. A separate 
group of uninjured animals served as 
normal, un-operated controls. The healing 
interface consisted of a fibrovascular scar 
tissue in all groups. Recreation of a 
functionally graded transition was not seen 
in any case. Geometrically, the cross-
sectional area was significantly increased in 
all injury groups compared to the uninjured 
control. As expected, increased activity 
stimulated matrix formation, leading to larger 
cross-sectional area in the exercised group 
compared to the cast-immobilized group. 
Biomechanically, there were significant 
changes in mechanical properties due to 
injury and due to activity level. The 
mechanical properties in all injury groups 
were dramatically lower than those of the 
uninjured group. Surprisingly, increased 
activity led to lower mechanical properties. 
Collagen fiber organization approached 
normal by 16 weeks of healing in the 
immobilized group, while the exercised 
group remained poorly organized. When 
examining composition, the expression of 
extracellular matrix genes was closest to 

normal in the cast-immobilized group. 
Importantly, increases in joint stiffness due 
to immobilization were transient; shoulder 
range of motion returned to normal in the 
long-term (58). Attempts to modulate the 
post-operative loading regimen in this 
animal model did not result in any 
improvements in healing. Immediate loading 
after repair via passive motion (rather than 
exercise) resulted in increases in joint 
stiffness (59). Using a rat model of anterior 
cruciate ligament reconstruction, studies on 
tendon-to-bone healing implicated cytokines 
produced by infiltrating macrophages as 
likely contributors to poor healing outcomes 
(60). Macrophage depletion following 
anterior cruciate ligament reconstruction 
resulted in improved healing at the tendon-
to-bone interface (61). Recent work has 
demonstrated that improved healing via 
immobilization is in large part due to a 
suppression of macrophage accumulation, 
leading to improved tendon-bone integration 
(62). 
 
These data suggest that cast immobilization 
is beneficial to tendon-to-bone healing 
compared to exercise. Increased loading 
may be effective in stimulating matrix 
synthesis, but it is ineffective in improving 
the mechanical properties of the repair. 
More material of lesser quality was 
produced when loading was increased. The 
insertion site failed to heal properly, with 
long-term biomechanical, structural, and 
compositional properties significantly 
different from uninjured controls. A key 
feature of the failed healing response was 
the lack of a functionally graded transition 
between the tendon and the bone (Fig. 5). 
Instead, the transition zone was composed 
of disorganized scar tissue. These studies 
demonstrated that the tendon-to-bone 
insertion site heals poorly but is sensitive to 
its mechanical environment.  

 
Complete removal of load is detrimental to 
tendon-to-bone healing 

 
The positive outcomes in the cast-
immobilized group led to further 
investigations of the role of mechanical 
loading in tendon-to-bone healing. Cast 
immobilization, while significantly reducing 
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the load across the healing repair site, does 
not result in a zero loading state. The 
supraspinatus muscle was fully innervated, 
and therefore able to generate load across 
the repair site in the absence of shoulder 
motion. The effect of complete removal of 
load on tendon-to-bone healing was 
examined using two animal models (63-65). 
It was hypothesized that complete unloading 
would be detrimental to healing due to the 
lack of mechanical signals to guide matrix 
synthesis and collagen fiber alignment. In 
the first animal model, the supraspinatus 
tendons of rats were injured and repaired 
(63;65). The healing supraspinatus muscle 
was then paralyzed with botulinum toxin and 

the shoulder was cast-immobilized post-
operatively. The combination of muscle 
paralysis with cast immobilization was 
detrimental to healing, as evidenced by 
decreased mechanical properties (Fig. 6). 
The structural properties of the healed 
tendons were significantly greater in the 
saline-injected specimens compared to the 
botulinum toxin-injected specimens. This 
study showed that when all load is removed 
from the healing tendon (by paralyzing the 
supraspinatus muscle and casting the 
shoulder) the cross-sectional area and the 
structural properties are decreased 
compared to protective cast-immobilization 
alone.

 

 
Fig. 6. Ultimate load was higher in the saline-injected/casted group at 21 and 56 days compared with the 
botulinum toxin-injected and botulinum toxin-injected/casted groups. Load in the botulinum toxin-injected 
group was significantly higher than the botulinum toxin-injected/casted group at 56 days (*p < 0.05). (Figure 
modified, with permission, from: 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). 
 
The effect of complete removal of load on 
tendon-to-bone healing was also examined 
using a canine flexor tendon injury and 
repair model (64). Repaired tendons were 
either cut proximally to remove load from the 
distal phalanx repair site or left intact 
proximally. All paws were cast-immobilized 
post-operatively. Specimens were tested to 
determine range of motion, mechanical 
properties, repair-site gapping, and bone 
mineral density. As with the rat rotator cuff 
study, complete removal of load across the 
repair site was detrimental to healing, as 
evidenced by decreased range of motion 
and decreased mechanical properties. 

Loading did not affect bone mineral density 
or gapping. Although reduced loading (e.g., 
through cast immobilization) can be 
beneficial to healing (presumably by 
eliminating excessive motion at the repair 
site), some load applied to the site via 
normal muscle contraction is necessary for 
effective healing.  
 
Controlled periods of immobilization and re-
mobilization after tendon-to-bone repair 
 
To further elucidate the relationships 
between mechanical loading and tendon-to-
bone healing, Stasiak et al. developed a 
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knee joint fixation/distraction system to apply 
controlled loads to in vivo rat anterior 
cruciate ligament reconstructions (66). The 
system was used to examine the effect of 
controlled axial loading on tendon-to-bone 
healing (67;68). Controlled cyclic axial 
loading was applied after a period of 
immobilization; this rehabilitation protocol 
led to improved tendon-to-bone healing 
compared to immediate axial loading or 
prolonged immobilization. Improved 
properties were likely due to significantly 
fewer inflammatory macrophages and 
significantly more resident macrophages at 
the healing tendon-bone interface in the 
delayed-loading group compared with the 
immediate-loading and immobilization 
groups. In contrast to these results, exercise 
following a short immobilization period led to 
increases in joint stiffness and decreases in 
repair-site mechanical properties in a rat 
rotator cuff model (69). These studies 
demonstrate the difficulty in modulating 
tendon-to-bone healing through 
mechanobiology. 
 
Conclusion 
 
The attachment of tendon to bone presents 
a major mechanical challenge due to the two 
orders-of-magnitude difference in the 
mechanical properties of the two tissues. 
The natural tendon enthesis overcomes this 
mechanical mismatch by attaching the two 
tissues across a functionally graded 
transitional tissue. This unique transition 
develops between tendon and bone post-
natally, and is driven in large part by 
mechanical factors. In the absence of 
muscle loading during development, mineral 
deposition is decreased, fibrocartilage does 
not form, collagen fiber deposition is 
disorganized, and mechanical properties are 
decreased. Tendon-to-bone healing is 
characterized by the formation of a 
fibrovascular scar without the regeneration 
of a functionally graded insertion. This 
results in repaired attachments that are 
prone to rupture. The healing insertion is 
also sensitive to its mechanical environment. 
Studies in animal models, however, have 
demonstrated that a fine balance must be 
reached between too much load (which can 
lead to microdamage) and too little load 

(which can lead to a catabolic environment) 
to maximize tendon-to-bone healing. 
Ultimately, approaches for improving 
tendon-to-bone healing must focus on 
recreation of a functionally graded transition 
between tendon and bone, either through 
manipulation of the loading environment or 
though an engineered construct. 
 
Acknowledgment 
 
Grants from the National Institutes of Health 
(AR055580), the National Science 
Foundation (CAREER 844607), and the 
Orthopaedic Research and Education 
Foundation supported this work. 
 
Conflict of Interest: None reported. 
 
Peer Review: This article has been peer-reviewed. 
 
References 
 
1. Benjamin M, Kumai T, Milz S, Boszczyk 

BM, Boszczyk AA, Ralphs JR. The 
skeletal attachment of tendons--tendon 
"entheses". Comp Biochem Physiol A 
Mol Integr Physiol. 2002 
Dec;133(4):931-45. 

2. Quain J. Elements of Anatomy. 6th ed. 
London: Walton and Maberly; 1856. 

3. Harryman DT 2nd, Mack LA, Wang KY, 
Jackins SE, Richardson ML, Matsen FA 
3rd. Repairs of the rotator cuff. 
Correlation of functional results with 
integrity of the cuff. J Bone Joint Surg 
Am. 1991 Aug;73(7):982-9. 

4. Galatz LM, Ball CM, Teefey SA, 
Middleton WD, Yamaguchi K. The 
outcome and repair integrity of 
completely arthroscopically repaired 
large and massive rotator cuff tears. J 
Bone Joint Surg Am. 2004 Feb;86-
A(2):219-24. 

5. Galatz LM, Sandell LJ, Rothermich SY, 
Das R, Mastny A, Havlioglu N, Silva MJ, 
Thomopoulos S. Characteristics of the 
rat supraspinatus tendon during tendon-
to-bone healing after acute injury. J 
Orthop Res. 2006 Mar;24(3):541-50. 



IBMS BoneKEy. 2011 June;8(6):271-285 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/271 
doi: 10.1138/20110515 
 

   
281 

 
Copyright 2010 International Bone & Mineral Society 

 

6. Thomopoulos S, Hattersley G, Rosen V, 
Mertens M, Galatz L, Williams GR, 
Soslowsky LJ. The localized expression 
of extracellular matrix components in 
healing tendon insertion sites: an in situ 
hybridization study. J Orthop Res. 2002 
May;20(3):454-63. 

7. Thomopoulos S, Williams GR, 
Soslowsky LJ. Tendon to bone healing: 
differences in biomechanical, structural, 
and compositional properties due to a 
range of activity levels. J Biomech Eng. 
2003 Feb;125(1):106-13. 

8. Thomopoulos S, Marquez JP, 
Weinberger B, Birman V, Genin GM. 
Collagen fiber orientation at the tendon 
to bone insertion and its influence on 
stress concentrations. J Biomech. 
2006;39(10):1842-51. 

9. Liu Y, Birman V, Chen C, Thomopoulos 
S, Genin GM. Mechanisms of bimaterial 
attachment at the interface of tendon to 
bone. J Eng Mater Techol. 2011 
Jan;133(1):011006. 

10. Thomopoulos S, Williams GR, Gimbel 
JA, Favata M, Soslowsky LJ. Variation 
of biomechanical, structural, and 
compositional properties along the 
tendon to bone insertion site. J Orthop 
Res. 2003 May;21(3):413-9. 

11. Genin GM, Kent A, Birman V, Wopenka 
B, Pasteris JD, Marquez PJ, 
Thomopoulos S. Functional grading of 
mineral and collagen in the attachment 
of tendon to bone. Biophys J. 2009 Aug 
19;97(4):976-85. 

12. Benjamin M, Ralphs JR. Fibrocartilage 
in tendons and ligaments--an adaptation 
to compressive load. J Anat. 1998 
Nov;193(Pt 4):481-94. 

13. Thomopoulos S, Kim HM, Rothermich 
SY, Biederstadt C, Das R, Galatz LM. 
Decreased muscle loading delays 
maturation of the tendon enthesis during 
postnatal development. J Orthop Res. 
2007 Sep;25(9):1154-63. 

14. Gimbel JA, Van Kleunen JP, Williams 
GR, Thomopoulos S, Soslowsky LJ. 
Long durations of immobilization in the 
rat result in enhanced mechanical 
properties of the healing supraspinatus 
tendon insertion site. J Biomech Eng. 
2007 Jun;129(3):400-4. 

15. 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. 

 
16. Bostrom MG, Boskey A, Kauffman JK, 

Einhorn TA. Form and function of bone. 
In: Buckwalter JA, Einhorn TA, Simon 
SR, eds. Orthopaedic Basic Science. 
2nd ed. Rosemont, IL: AAOS; 2000:319-
70. 

17. Woo SL, An K, Frank CB, Livesay GA, 
Ma CB, Zeminski JA, Wayne JS, Myers 
BS. Anatomy, biology, and 
biomechanics of tendon and ligament. 
In: Buckwalter JA, Einhorn TA, Simon 
SR, eds. Orthopaedic Basic Science. 
2nd ed. Rosemont, IL: AAOS; 2000:581-
616. 

 
18. Wopenka B, Kent A, Pasteris JD, Yoon 

Y, Thomopoulos S. The tendon-to-bone 
transition of the rotator cuff: a 
preliminary Raman spectroscopic study 
documenting the gradual mineralization 
across the insertion in rat tissue 
samples. Appl Spectrosc. 2008 
Dec;62(12):1285-94. 

19. Stouffer DC, Butler DL, Hosny D. The 
relationship between crimp pattern and 
mechanical response of human patellar 
tendon-bone units. J Biomech Eng. 
1985 May;107(2):158-65. 

20. Moffat KL, Sun WH, Pena PE, Chahine 
NO, Doty SB, Ateshian GA, Hung CT, 
Lu HH. Characterization of the structure-
function relationship at the ligament-to-
bone interface. Proc Natl Acad Sci U S 
A. 2008 Jun 10;105(23):7947-52. 

 
21. Waggett AD, Ralphs JR, Kwan AP, 

Woodnutt D, Benjamin M. 



IBMS BoneKEy. 2011 June;8(6):271-285 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/271 
doi: 10.1138/20110515 
 

   
282 

 
Copyright 2010 International Bone & Mineral Society 

 

Characterization of collagens and 
proteoglycans at the insertion of the 
human Achilles tendon. Matrix Biol. 
1998 Mar;16(8):457-70. 

22. Villegas DF, Maes JA, Magee SD, 
Donahue TL. Failure properties and 
strain distribution analysis of meniscal 
attachments. J Biomech. 
2007;40(12):2655-62. 

23. Hauch KN, Oyen ML, Odegard GM, 
Haut Donahue TL. Nanoindentation of 
the insertional zones of human meniscal 
attachments into underlying bone. J 
Mech Behav Biomed Mater. 2009 
Aug;2(4):339-47. 

24. Milz S, Rufai A, Buettner A, Putz R, 
Ralphs JR, Benjamin M. Three-
dimensional reconstructions of the 
Achilles tendon insertion in man. J Anat. 
2002 Feb;200(Pt 2):145-52. 

25. Carter DR, van der Meulen MC, 
Beaupre GS. Mechanobiologic 
regulation of osteogenesis and 
arthrogenesis. In: Buckwalter J, Ehrlich 
HP, Sandell LJ, Trippel SB, eds. 
Skeletal Growth and Development: 
Clinical Issues and Basic Science 
Advances. Rosemont, IL: AAOS; 
1998:99-130. 

 
26. Mikic B, Isenstein AL, Chhabra A. 

Mechanical modulation of cartilage 
structure and function during 
embryogenesis in the chick. Ann 
Biomed Eng. 2004 Jan;32(1):18-25. 

27. Mikic B, Johnson TL, Chhabra AB, 
Schalet BJ, Wong M, Hunziker EB. 
Differential effects of embryonic 
immobilization on the development of 
fibrocartilaginous skeletal elements. J 
Rehabil Res Dev. 2000 Mar-
Apr;37(2):127-33. 

28. Slack C, Flint MH, Thompson BM. The 
effect of tensional load on isolated 
embryonic chick tendons in organ 
culture. Connect Tissue Res. 1984;12(3-
4):229-47. 

29. Birch R. Obstetric brachial plexus palsy. 
J Hand Surg Br. 2002 Feb;27(1):3-8. 

30. Wolff J. Das Gesetz der Transformation 
der Knochen (Berlin A. Hirchwild). 
Translated as: The Law of Bone 
Remodeling. Maquet P, Furlong R, eds. 
Berlin: Springer-Verlag; 1892. 

31. Goldstein SA. The mechanical 
properties of trabecular bone: 
dependence on anatomic location and 
function. J Biomech. 1987;20(11-
12):1055-61. 

32. Mullender MG, Huiskes R. Proposal for 
the regulatory mechanism of Wolff's law. 
J Orthop Res. 1995 Jul;13(4):503-12. 

33. Amiel D, Woo SL, Harwood FL, Akeson 
WH. The effect of immobilization on 
collagen turnover in connective tissue: a 
biochemical-biomechanical correlation. 
Acta Orthop Scand. 1982 
Jun;53(3):325-32. 

34. Woo SL, Gomez MA, Woo YK, Akeson 
WH. Mechanical properties of tendons 
and ligaments. II. The relationships of 
immobilization and exercise on tissue 
remodeling. Biorheology. 
1982;19(3):397-408. 

35. Woo SL, Gomez MA, Sites TJ, Newton 
PO, Orlando CA, Akeson WH. The 
biomechanical and morphological 
changes in the medial collateral 
ligament of the rabbit after 
immobilization and remobilization. J 
Bone Joint Surg Am. 1987 
Oct;69(8):1200-11. 

36. Walsh S, Frank C, Hart D. 
Immobilization alters cell metabolism in 
an immature ligament. Clin Orthop Relat 
Res. 1992 Apr;(277):277-88. 

37. Vogel KG, Koob TJ. Structural 
specialization in tendons under 
compression. Int Rev Cytol. 
1989;115:267-93. 

38. Vogel KG, Ordög A, Pogány G, Oláh J. 
Proteoglycans in the compressed region 



IBMS BoneKEy. 2011 June;8(6):271-285 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/271 
doi: 10.1138/20110515 
 

   
283 

 
Copyright 2010 International Bone & Mineral Society 

 

of human tibialis posterior tendon and in 
ligaments. J Orthop Res. 1993 
Jan;11(1):68-77. 

39. Wang IE, Mitroo S, Chen FH, Lu HH, 
Doty SB. Age-dependent changes in 
matrix composition and organization at 
the ligament-to-bone insertion. J Orthop 
Res. 2006 Aug;24(8):1745-55. 

40. Blitz E, Viukov S, Sharir A, Shwartz Y, 
Galloway JL, Pryce BA, Johnson RL, 
Tabin CJ, Schweitzer R, Zelzer E. Bone 
ridge patterning during musculoskeletal 
assembly is mediated through SCX 
regulation of Bmp4 at the tendon-
skeleton junction. Dev Cell. 2009 
Dec;17(6):861-73. 

41. Chen X, Macica CM, Dreyer BE, 
Hammond VE, Hens JR, Philbrick WM, 
Broadus AE. Initial characterization of 
PTH-related protein gene-driven lacZ 
expression in the mouse. J Bone Miner 
Res. 2006 Jan;21(1):113-23. 

42. Chen X, Macica C, Nasiri A, Judex S, 
Broadus AE. Mechanical regulation of 
PTHrP expression in entheses. Bone. 
2007 Nov;41(5):752-9. 

43. Fujioka H, Wang GJ, Mizuno K, Balian 
G, Hurwitz SR. Changes in the 
expression of type-X collagen in the 
fibrocartilage of rat Achilles tendon 
attachment during development. J 
Orthop Res. 1997 Sep;15(5):675-81. 

44. Shaw HM, Vázquez OT, McGonagle D, 
Bydder G, Santer RM, Benjamin M. 
Development of the human Achilles 
tendon enthesis organ. J Anat. 2008 
Dec;213(6):718-24. 

45. Galatz L, Rothermich S, VanderPloeg K, 
Petersen B, Sandell L, Thomopoulos S. 
Development of the supraspinatus 
tendon-to-bone insertion: localized 
expression of extracellular matrix and 
growth factor genes. J Orthop Res. 
2007 Dec;25(12):1621-8. 

46. Kim HM, Galatz LM, Patel N, Das R, 
Thomopoulos S. Recovery potential 

after postnatal shoulder paralysis. An 
animal model of neonatal brachial 
plexus palsy. J Bone Joint Surg Am. 
2009 Apr;91(4):879-91. 

 
47. Kim HM, Galatz LM, Das R, Patel N, 

Thomopoulos S. Musculoskeletal 
deformities secondary to neurotomy of 
the superior trunk of the brachial plexus 
in neonatal mice. J Orthop Res. 2010 
Oct;28(10):1391-8. 

48. Das R, Rich J, Kim HM, McAlinden A, 
Thomopoulos S. Effects of botulinum 
toxin-induced paralysis on postnatal 
development of the supraspinatus 
muscle. J Orthop Res. 2011 
Feb;29(2):281-8. 

 
49. Iannotti JP, Naranja RJ, Gartsman GM. 

Surgical treatment of the intact cuff and 
repairable cuff defect: Arthroscopic and 
open techniques. In: Norris TR, ed. 
Orthopaedic Knowledge Update: 
Shoulder and Elbow. Rosemont, IL: 
AAOS; 1994:151-5. 

50. Fu FH, Bennett CH, Lattermann C, Ma 
CB. Current trends in anterior cruciate 
ligament reconstruction. Part I: Biology 
and biomechanics of reconstruction. Am 
J Sports Med. 1999 Nov-Dec;27(6):821-
30. 

51. Waggy CA, Blaha JD, Lobosky DA, 
Beresford WA, Clovis E. Healing of 
tendon to bone insertion site in rabbits: 
a model of the effect of partial 
disruption. Trans Orthop Res Soc. 
1994;40:39. 

52. St Pierre P, Olson EJ, Elliott JJ, O'Hair 
KC, McKinney LA, Ryan J. Tendon-
healing to cortical bone compared with 
healing to a cancellous trough. A 
biomechanical and histological 
evaluation in goats. J Bone Joint Surg 
Am. 1995 Dec;77(12):1858-66. 

53. Ditsios K, Boyer MI, Kusano N, 
Gelberman RH, Silva MJ. Bone loss 
following tendon laceration, repair and 
passive mobilization. J Orthop Res. 
2003 Nov;21(6):990-6. 



IBMS BoneKEy. 2011 June;8(6):271-285 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/271 
doi: 10.1138/20110515 
 

   
284 

 
Copyright 2010 International Bone & Mineral Society 

 

54. Cadet ER, Vorys GC, Rahman R, Park 
SH, Gardner TR, Lee FY, Levine WN, 
Bigliani LU, Ahmad CS. Improving bone 
density at the rotator cuff footprint 
increases supraspinatus tendon failure 
stress in a rat model. J Orthop Res. 
2010 Mar;28(3):308-14. 

55. Gomez MA, Woo SL, Amiel D, Harwood 
F, Kitabayashi L, Matyas JR. The effects 
of increased tension on healing medial 
collateral ligaments. Am J Sports Med. 
1991 Jul-Aug;19(4):347-54. 

56. Kamps BS, Linder LH, DeCamp CE, 
Haut RC. The influence of 
immobilization versus exercise on scar 
formation in the rabbit patellar tendon 
after excision of the central third. Am J 
Sports Med. 1994 Nov-Dec;22(6):803-
11. 

57. 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. 

58. Sarver JJ, Peltz CD, Dourte L, Reddy S, 
Williams GR, Soslowsky LJ. After rotator 
cuff repair, stiffness--but not the loss in 
range of motion--increased transiently 
for immobilized shoulders in a rat model. 
J Shoulder Elbow Surg. 2008 Jan-
Feb;17(1 Suppl):108S-113S. 

59. Peltz CD, Dourte LM, Kuntz AF, Sarver 
JJ, Kim SY, Williams GR, Soslowsky LJ. 
The effect of postoperative passive 
motion on rotator cuff healing in a rat 
model. J Bone Joint Surg Am. 2009 
Oct;91(10):2421-9. 

60. Kawamura S, Ying L, Kim HJ, Dynybil 
C, Rodeo SA. Macrophages accumulate 
in the early phase of tendon-bone 
healing. J Orthop Res. 2005 
Nov;23(6):1425-32. 

61. Hays PL, Kawamura S, Deng XH, 
Dagher E, Mithoefer K, Ying L, Rodeo 
SA. The role of macrophages in early 
healing of a tendon graft in a bone 

tunnel. J Bone Joint Surg Am. 2008 
Mar;90(3):565-79. 

62. Dagher E, Hays PL, Kawamura S, 
Godin J, Deng XH, Rodeo SA. 
Immobilization modulates macrophage 
accumulation in tendon-bone healing. 
Clin Orthop Relat Res. 2009 
Jan;467(1):281-7. 

63. 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. 

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. 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. 2010 
Dec 29. [Epub ahead of print] 

66. 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 
reconstruction. J Med Device. 
2010;4(1):15003. 

67. Bedi A, Kovacevic D, Fox AJ, 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. 

68. Brophy RH, Kovacevic D, Imhauser CW, 
Stasiak M, Bedi A, Fox AJ, Deng XH, 
Rodeo SA. Effect of short-duration low-
magnitude cyclic loading versus 
immobilization on tendon-bone healing 
after ACL reconstruction in a rat model. 
J Bone Joint Surg Am. 2011 
Feb;93(4):381-93. 



IBMS BoneKEy. 2011 June;8(6):271-285 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;8/6/271 
doi: 10.1138/20110515 
 

   
285 

 
Copyright 2010 International Bone & Mineral Society 

 

69. Peltz CD, Sarver JJ, Dourte LM, 
Würgler-Hauri CC, Williams GR, 
Soslowsky LJ. Exercise following a short 
immobilization period is detrimental to 
tendon properties and joint mechanics in 
a rat rotator cuff injury model. J Orthop 
Res. 2010 Jul;28(7):841-5. 

 

 


