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Introduction

Whatever your role within sports medicine and science, 
an understanding of mechanobiology (how the body 
senses and responds to mechanical stimuli1) is critical. 
Understanding how load can have a positive or negative 
effect on the tendon is critical. From a clinical perspective, 
negative consequences to load may result in tendon 
pathology and in turn pain and compromised function (the 
clinical presentation of tendinopathy). Positive responses 
include increasing the tendon’s capacity to tolerate load, 

or rehabilitating a painful tendon. Similarly, sports/
exercise scientists are interested in tendon adaptation to 
improve tissue or athletic performance. 

Tendons were initially considered to be metabolically 
inert to mechanical stimuli2. However, numerous studies 
have shown that the tendon responds both in vitro3,4 and in 
vivo5,6 to mechanical stimuli. There are extensive narrative 
and systematic reviews that have collated the current 
evidence of how tendons respond to mechanical stimuli 
that should be referred to7-10. While these reviews establish 
that tendons are responsive to mechanical stimuli in a 
myriad of ways, they do not provide insight into how these 
complex biochemical/mechanical responses contribute to 
positive adaptation of the tendon or person. This paper 
will attempt to define the mechanoresponses potentially 
related to adaptation of the normal and pathological 
tendon, how they may relate to improved load capacity or 
function, and pose questions for future research to better 
understand tendon adaptation. 

Abstract

Understanding how tendons adapt to load is crucial to understanding how training can improve performance, minimise 
the risk of injury and aid rehabilitation. Adaptation is the positive response of an organism or tissue to benefit its function. 
In tendons, numerous tissue responses to load have been identified in vivo. Changes in tendon dimensions, structure on 
imaging, mechanical properties, and blood flow have been reported in response to mechanical stimuli. However, research 
has focused on tissue level changes with little understanding of how changes at the tissue level affect the person, their 
athletic performance or injury risk. Tendons can have a paradoxical response to load, load can induce positive adaptation, 
however it is also a major factor in the development of tendon pathology and pain. Tendon pathology is a risk factor for 
developing symptoms, yet the high rate of asymptomatic pathology suggests that the pathological tendon must adapt to 
be able to tolerate load. Similarly, there is mounting evidence to suggest that tendon remodelling or repair is not necessary 
for a positive clinical outcome following rehabilitation, suggesting that the tendon must adapt via other mechanisms. This 
narrative review synthesises evidence of how normal and pathological tendons adapts to load, and how this relates to 
adaptation of load capacity and function of the individual.
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What is adaptation?

Adaptation is how an organism, organ system, or tissue 
alters its structure or function to best suit its environment. 
Tendon adaptation is primarily driven by the application, 
or absence, of mechanical stimuli – either tensile strain, 
compression, or shear-stress solely or in combination. While 
adaptation is a commonly used term it has been poorly 
defined, with different meanings utilized depending on the 
authors view. The term adaptation can be separated into 
two broad categories; person-level changes or tissue-level 
changes. Person-level markers (ie athletic performance 
or load tolerance to activity or tendon loading activities) 
measure the capacity of a number of tissues and systems 
within the kinetic chain. While person-level changes are easy 
to quantify, it is not specific to any one tissue or structure. 
Tissue-level changes, such as changes in the structural, 
mechanical, or biochemical properties are quantifiable 
and specific to the tissue, yet their role in contributing to 
adaptation at a person-level is unclear. 

From the perspective of the individual, adaptation results 
in improved load capacity. In tendons, most simply this 
results in improved athletic performance. Adequate load 
capacity also theoretically reduces the susceptibility of 
developing tendon pathology and/or clinical symptoms; 
though a number of other factors are also involved in this. 
Load capacity has been defined as being “able to perform 
functional movements at the volume and frequency required 
without exacerbating injury or causing tissue injury”11, 
which is potentially mediated through changes in tendon 

properties and/or kinetic chain function. Load capacity was 
proposed to be a dynamic phenomena, where load capacity 
can be increased with the appropriate application of load or 
decreased in the absence of any load. 

The concept of load capacity is analogous to the 
‘mechanostat point’ proposed for bone12. While load 
capacity is a person-level change and ‘mechanostat point’ 
is a tissue-level change, both suggest that there is a tissue-
based threshold that determines whether the applied load 
induces an adaptive or maladaptive response. Using tendon 
cell cultures, the application of 6% tensile strain produced 
a potential adaptive response from the tendon (increase in 
collagen I mRNA and an inhibition of degradation enzymes), 
where an absence of load induced markers of degradation 
(increase in matrix metalloproteinases and collagenase 
enzymes) (Figure 1)3,13,14. Critically, the ‘mechanostat point’, 
or level at which load induces a positive or negative response, 
is fluid and influenced by long-term load. Lavagnino & 
Arnoczky13 showed that long-term stress deprivation induced 
a maladaptive response; where the same load produces 
different responses due to the change in ‘mechanostat point’. 
It is proposed that while long-term under-stimulation can 
result in maladaptation, appropriate loading results in an 
adaptive response and a positive change in the ‘mechanostat 
point (Figure 2).

It is important to note that adaptation in one tissue or 
system may not explain adaptation of the individual. Changes 
within the tendon may contribute to, but not fully explain, 
improved athletic performance. The musculature, nervous 
system and other connective tissues contribute to person-

Figure 1. Schematic representation of the ‘mechanostat point’ for tendons. Mechanical stimulus within a certain level maintains 
homeostasis and potential adaptation of the tendon. Mechanical stimulus below this level (ie no strain, 1% cyclic strain) produces a 
maladaptive response due to increases in digestive enzymes. Conversely, large cyclic strains (ie 9% and over) produces increase in 
inflammatory cytokines and markers of apoptosis consistent with maladaptation. Figure adapted from3,13,14,99.
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level adaptation15,16. While it needs to be acknowledged 
that these systems contribute to adaptation, this paper will 
primarily focus on tendon tissue properties and how they 
relate to adaptation.

How do tendons adapt?

Tendon size

Changes in tendon dimensions in response to load have 
been extensively investigated to explain tendon adaptation. 
With collagen being the principal load-bearing component 
of tendon, its mRNA and protein expression has been a 
focus of considerable investigation. In vivo studies have 
shown increases in collagen synthesis markers 24-hours 
post-exercise, both in the tendon and in the space between 
the tendon and peritendinous sheath6,17,18. While it was 
suggested this increase in collagen synthesis may lead to 
an increase in tendon dimensions, a concomitant increase 
in collagen degradation markers and digestive enzymes 
have been detected within the same 24-72 hours post-
exercise period18,19. Increases in collagen mRNA or protein 
may not necessarily result in the synthesised collagen being 
integrated into the tendon matrix, as collagen degradation 
can occur both intra- or extra-cellular prior to integration20. 

Collagen turnover, or the integration of new collagen, in 
the tendon appears to be limited after skeletal development. 
Thorpe et al21 observed that 0.25% of collagen was turned-
over each year in skeletally mature horses, equating to a 
collagen half-life of ~200 years. Heinemeier et al22 utilised 
the carbon-14 (14C) bomb-pulse technique to show that 14C 
levels within the tendon reflected the atmospheric 14C during 

the first 17 years of life, suggesting that tendon turnover is 
limited after adolescence. Tissue-based adaptation through 
increases in tendon dimensions may only be possible during 
puberty. This limited turnover in skeletally mature animals and 
humans may explain the equivocal results when investigating 
in vivo changes in tendon dimension in response to load. 

Cross-sectional studies have found that high habitual tendon 
loading is associated with greater tendon dimensions23-25. 
However, it is unclear at what age these participants began 
this habitual loading, with early sport specialization during 
adolescence potentially driving these tissue-based adaptive 
changes. Bohm et al7 revealed a small overall effect for an 
increase in cross-sectional area (CSA) in response to various 
exercise (eg isometric, eccentric, concentric and eccentric 
combined, etc)(weighted average effect size of 0.24 (CI 
0.07-0.42). Importantly, 25 of the 33 interventions included 
in the meta-analysis showed no significant change in CSA. 
Increases in tendon dimensions in response to exercise have 
been consistently observed in younger participants (mean 
age <25 years old)26-29. In participants over 60 years old, 
no significant change in tendon CSA has been observed30-32. 
However, there are limited studies that have investigated the 
elderly population, with further work needed to determine 
whether increases in tendon dimensions through exercise 
are age-dependent and limited post-skeletal development. 

It is logical to assume that increases in tendon CSA are 
adaptive and increase load capacity, as it decreases the stress 
placed on the tendon for the same force (stress = force/CSA). 
However, a link between increased tendon dimensions and a 
reduced risk of injury has not been established. Puberty may 
provide a critical window of opportunity where the tendon 

Figure 2. Schematic representation of re-calibration of the ‘mechanostat point’ following stress deprivation or overload. Maladaptation 
results in a shift of the ‘mechanostat point’, where stress deprivation now results in an adaptive/homeostatic process. Adaptation 
results an increase in load capacity and the ‘mechanostat point’. Where overload once triggered a maladaptive response, the change in 
‘mechanostat point’ now results in an adaptive process.
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can adapt by building new collagen tissue and be conditioned 
to tolerate high loads later in life. Inactivity during puberty 
may be a risk factor for the development of tendinopathy, 
as the individual may not have developed enough tendon 
tissue to tolerate high loads33. It is important to state that an 
absence of change in tendon CSA does not reflect an absence 
of tissue-based adaptation. The tendon may adapt via other 
mechanisms post-skeletal maturation, such as alteration of 
mechanical properties, or make up of the extracellular matrix. 

Mechanical properties

Tendon mechanical properties have traditionally been 
quantified at the intra-muscular aponeurosis due to the 
difficulty in quantifying changes in length of the free 
tendon (ie lack of two clearly defined points where change 
in length can be measured)34. Currently, the term ‘tendon 
mechanical properties’ has been used to encompass both 
the aponeurosis and free-tendon. However, studies that 
have compared changes in mechanical properties between 
the two regions suggest that changes observed at the 
aponeurosis cannot be translated to the free tendon35-37. 
Techniques such as 3-dimensional ultrasound38,39, speckle-
tracking ultrasound40, or shear-wave elastography41 may 
allow for a better understanding of mechanical changes of 
the free tendon in response to exercise and how this relates 
to performance and injury42. 

Understanding the temporal sequence of changes in 
mechanical properties in response to load is critical7,43. A 
reduction in stiffness, both at the aponeurosis and free tendon, 
has been consistently demonstrated to occur immediately 
post-exercise43. Numerous authors have suggested that these 
transient (hours to days) changes increase the susceptibility 
of the tendon pain and pathology43-46, with little supporting 
evidence. These changes may be as result of tendon creep 
due to the tendon’s viscoelastic properties, and does not 
necessarily reflect mechanical fatigue. Furthermore, these 
changes may simply be a normal physiological response to 
load that normalises within ~24 hours47,48.

Interestingly, exercise interventions produce contrasting 
effects when investigated over differing time frames. A 
decrease in aponeurosis/free tendon stiffness has been 
observed in the short-term (<24hours), however a meta-
analysis of 37 medium- to long-term exercise interventions 
(total participants = 264) showed a significant increase in 
tendon stiffness and Young’s modulus7. The majority of these 
studies suggested that these increases in tendon stiffness are 
adaptive, yet is unclear whether these changes contribute, 
and to what level they contribute, to person-level adaptation.

Few prospective studies have established a link 
between changes in tissue-level mechanical properties 
and improved athletic performance. Based on data from 
cross-sectional studies, a significant positive correlation 
has been reported between aponeurosis stiffness and both 
squat and countermovement jump height49. Interestingly, 
a large correlation was observed between rate of torque 
development and aponeurosis stiffness. Stiffening the 

aponeurosis may optimize its ability to transmit contractile 
forces from the muscle, leading to improvements in power 
tasks (ie jumping). In contrast, improved jump performance 
related to greater energy storage capability has been 
demonstrated in the more compliant aponeurosis50. A more 
compliant tendon may allow for greater elongation, greater 
storage of elastic energy, resulting in improved athletic 
performance (ie running, jumping, agility tasks). However, 
whether a stiffer or more compliant tendon is advantageous 
to physical performance is unclear.

The mechanical adaptations that improve performance 
may be sport specific, with the optimum mechanical 
properties of tendon likely to fall within a bell-curve, where 
too soft or too stiff a tendon will increase the risk of injury. 
An increase in stiffness may be beneficial for power athletes 
where transference of contractile forces through the tendon 
needs to be optimized. Kubo et al36 demonstrated that 
isometric squat training increased quadriceps aponeurosis 
stiffness, along with increases in squat jump height. While 
not specific to the tendon, leg stiffness during a hopping task 
has been shown to influence maximum sprinting velocity51,52. 
Conversely, decreases in tendon stiffness and a more 
compliant tendon may be beneficial for endurance athletes 
who require the optimization of tendon elastic storage to 
keep the metabolic cost low53. While making theoretical 
sense, current evidence does not support this as strength 
training in runners resulted in an increase in aponeurosis 
stiffness, while reducing the energy cost during running54. 

The link between tendon mechanical properties and 
maladaptation has not been established. Chang and Kulig55 
reported decreased stiffness in the tendinopathic Achilles 
tendon, yet participants had similar levels of physical 
activity to structurally normal pain-free tendons. One of the 
few prospective studies that has attempted to answer this 
question has shown that medial gastrocnemius aponeurosis 
stiffness was not a risk factor for the development of Achilles 
tendon pain56. Measures of musculotendinous unit flexibility, 
which may be related to tendon stiffness, have found that 
reduced muscle flexibility in both the attached muscle and 
the antagonist is a risk factor for the development of Achilles 
and patellar tendinopathy57-59. As all of these studies have 
quantified aponeurosis or musculotendinous unit flexibility 
and it is unclear how these findings apply to the free tendon 
where injury occurs.

There is substantial evidence to suggest person-level 
adaptation is influenced by aponeurosis and/or tendon 
mechanical properties. However, it is unclear what specific 
tissue-level changes are required to induce specific person-
level adaptation, for example it is unclear whether a stiffer 
or less stiff tendon is desirable for endurance athletes. 
Of particular interest, loading interventions that isolate 
the target musculotendinous unit tend to have a greater 
effect on mechanical properties. Changes to aponeurosis/
tendon mechanical properties do not appear to occur at 
the same degree following multi-joint, functional activities 
(ie plyometric training, running)7,43. This may be due to the 
fact that multi-joint tasks do not apply adequate load to that 
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musculo-tendinous unit to induce adaptation. While there are 
studies that have reported changes in mechanical properties 
following multi-joint exercises60,61, it appears that targeting 
the specific musculotendinous unit with isolated, single-joint 
tasks provides the greatest opportunity to induce adaptive 
changes to the tendon. 

Internal tendon structure

Studies investigating in vivo changes in structure in 
response to load have been limited to imaging studies due 
to the difficulties in obtaining tissue. These studies can 
identify changes in structural integrity, but what specific 
proteins are involved is unknown (ie collagen fibre type and 
alignment, water content, proteoglycans etc). New imaging 
techniques that allow for semi-quantitative analysis may 
detect subtle changes in internal architecture in response to 
load. However, it needs to be noted that structural changes 
may occur within the tendon that is beyond the resolution of 
any in vivo imaging modalities.

Off-resonant saturation magnetic resonance imaging 
allows for the amount of free and bound water within tendon to 
be quantified62. Syha et al63 reported a subtle, yet significant 
decrease in water content within the Achilles tendon after 
6.6 km running.  Interestingly, the same alteration was not 
observed after a 15 min rope skipping exercise, suggesting 
that this response may be load dependent (ie type, intensity 
or time of load). Conventional magnetic resonance imaging 
has also been used to quantify changes in tendon structure 
following extreme loading events. Increases in tendon 
dimensions and signal intensity (increase in water) were 
observed during a multi-stage ultramarathon covering 
4487km over 64 consecutive days64. It is unclear whether 
this change was adaptive or maladaptive, however due to the 
extreme nature of the loading event it may be a maladaptive 
change driven by the accumulation of large proteoglycans, 
leading to increases in water content and tendon dimension.

Ultrasound tissue characterisation (UTC) has also shown 
a short-term change in tendon structure in response to 
maximal exercise. A subtle but significant change in the UTC 
echopattern was observed 2-days post-maximal exercise in 
both humans and horses that returned to baseline on day 
3-465,66. Based on the temporal sequence and nature of this 
response (ie an increase in echo-type II representing aligned 
yet slightly separated fibres/increased waviness), changes 
in proteoglycan composition and water content may have 
been responsible. Whether this transient change represents 
an adaptive or a maladaptive response is unknown and the 
authors simply termed this as a ‘tendon response’.

Changes in the UTC echopattern have also been observed 
following medium-term load. An improvement in the UTC 
echopattern was reported in the normal pain-free Achilles 
tendons following a 5-month pre-season in elite Australian 
football players67. Similar findings were observed during a 
4-month collegiate cross-country season, with it suggested 
that significant changes only occur after 3-months of chronic 
loading68. These changes may result in improved load 

capacity, as pre-season training involves the gradual increase 
in load and all athletes remained asymptomatic. However, it 
is unclear what specific extracellular matrix changes underlie 
this alteration in UTC echopattern and potential improved 
load capacity.

Tendon blood flow 

The response of blood flow to exercise has been proposed 
as a tissue-based change influencing maladaptation. 
Using real-time contrast-enhanced ultrasound, Pingel et 
al69 described an increase in the microvascular volume 
immediately after a 1 hr run that returned to baseline 24 
hrs post-exercise. Interestingly, the changes in blood flow 
were not affected by the presence of pathology or pain69. 
Boesen et al70 investigated changes in Doppler signal before 
and after two badminton games in the Achilles and patellar 
tendon. A significant increase in Doppler signal was observed 
at the patellar insertion of the dominant leg following loading. 
As the pathological/painful tendon demonstrates increased 
blood flow71-73, any increase in blood flow in response to 
exercise has been suggested as a maladaptive response. To 
date, changes in blood flow in response to exercise can best 
be described as tissue-based temporal response as it has 
not been linked to the development of pathology or pain, and 
returns to baseline levels within days.

Tendon load capacity in tendon pathology and pain

Improving load capacity in the normal tendon is important 
in injury prevention and improving athletic performance, 
yet the clinician’s primary concern is how we improve load 
capacity in the pathological tendon. Tendon pain is associated 
with abnormal tendon structure, reduced load capacity, and 
decreased performance74. The reduction in load capacity 
may be due to the presence of pain or compromised tendon 
structure, or both. 

The tendons capacity to tolerate load in tendinopathy will 
be limited by pain. As pain results in a reduction of load, this 
reduction in load will negatively affect the tendon’s structural 
and mechanical properties75, resulting in maladaptation 
and a shift in the tendons ‘mechanostat point’ (Figure 2). 
Furthermore, pain and its associated disuse will negatively 
affect muscle strength and kinetic chain function. In simply 
removing pain with a medical intervention, it will not 
necessarily result in an immediate increase in load capacity, 
or a change in the ‘mechanostat point’, as it does not address 
the local tendon maladaptation. While pain needs to be 
considered and reduced in tendinopathy, load capacity needs 
to be improved through adaptation or re-injury may occur. 
The critical question is how does the pathological tendon 
adapt to increase its load capacity?

Load capacity is not related to the presence or extent of 
pathology. A high proportion of asymptomatic pathological 
tendons have been observed in various tendons and 
populations76-82. Furthermore, the presence of pathology 
does not appear to affect the load capacity of the individual. 
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Twenty-six percent of junior basketball players demonstrated 
asymptomatic patellar tendon pathology, yet no difference in 
training hours per week suggesting that load capacity was 
not altered due to structural pathology83. The ‘jumpers knee 
paradox’ demonstrated that those with patellar tendinopathy 
(pain and pathology) had no difference in countermovement 
jump performance compared to those with normal tendons, 
despite having inferior tendon structural and mechanical 
properties (stiffness and Young’s Modulus)84-87. Furthermore, 
maximal voluntary isometric contraction was similar in those 
with patellar tendinopathy and activity matched controls88.  

The high prevalence of asymptomatic pathology combined 
with the evidence that training volume and performance are 
similar between normal and pathological tendons suggests 
that the presence or extent of structural disorganisation is not 
critical in determining load capacity. It suggests that the body 
adapts and compensates to account for tendon pathology.  
This adaptation/compensation may occur at more metabolic 
active tissues, such as the musculature and/or central nervous 
system15,55. It is unclear what changes, if any, occur at the local 
tendon level that may facilitate positive adaptation.

How does the pathological tendon adapt?

How the degenerative tendon increases load capacity 
is poorly understood, but the degenerative tendon rarely 
recovers normal structure. Prospective studies have 
shown that degenerative tendons have a limited ability to 
normalise89,90. However, improvement/normalisation of 
tendon structure properties (Doppler signal, anteroposterior 
thickness, UTC echopattern) following load-based 
interventions has been demonstrated91,92. However, these 
changes do not relate to clinical improvements92,93 and 

improvement in tendon structure is not the sole mechanism 
by which the pathological tendon adapts.

The pathological tendon may have a fail-safe adaptive 
mechanism to maintain a level of homeostasis and 
compensate for areas of disorganisation. Docking and Cook94 
demonstrated that the pathological Achilles and patellar 
tendon contained greater levels of aligned fibrillar structure 
on UTC compared to structurally normal tendons. This 
cross-sectional study showed that the pathological tendon 
compensates for areas of disorganisation by increasing in 
dimensions to ensure a sufficient level of aligned fibrillar 
structure to tolerate load. While this aligned fibrillar 
structure is likely not to be ‘normal’, with subtle changes in 
composition while maintaining parallel collagen fibrils95, the 
compensation of aligned fibrillar structure may allow the 
tendon to tolerate load. Adaptation and increases in load 
capacity may not occur within the degenerative area due to 
its inability to sense mechanical stimuli96.

Areas of tendon degeneration may be non-resolving due 
to a loss of normal tendon architecture leading to this area 
being stress-deprived. With little ability to sense tensile 
load, the cell may be under-stimulated and not receive the 
necessary mechanical stimuli to remodel, explaining the 
limited capacity of the pathological tendon to remodel and 
normalise. Thornton and Hart96 proposed that non-resolving 
pathology can have considerable matrix turnover without 
the formation of mature tissue that is associated with acute 
wound healing. Adaptation may occur in the surrounding 
aligned fibrillar structure, rather than changes within the 
degenerative area.

One mechanism by which the pathological tendon may 
adapt independent of structural changes may be through 
alterations in mechanical properties. However due to the 

Figure 3. Defining adaptation based on contribution of tissue-level response to person-level changes.
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limitations stated above in measuring mechanical properties, 
studies that have attempted to quantify the mechanical 
properties of the pathological tendon have been equivocal.  
A reduction in tendon stiffness and increase in tendon strain 
in the tendinopathic tendon has been reported84, where 
other studies have reported little difference in mechanical 
properties97. Further, how the mechanical stimuli affects 
the tendinopathic tendon is poorly understood. A decrease 
in patellar tendon stiffness occurred following heavy-slow 
resistance training97, despite stiffness of the tendinopathic 
tendon being no different to control tendons. In a larger RCT, 
Kongsgaard et al91 found that eccentric training and heavy slow 
resistance training had little effect on mechanical properties. 
While changes in mechanical properties are a likely candidate 
to explain adaptation in the pathological tendon, the current 
evidence is a long way from stating this as fact.

Future directions to investigate tendon adaptation

Understanding adaptation is critical in allowing the 
development of load-based interventions to harness 
mechanotransduction to build more resilient tendons and 
improve physical performance. To be able to do this, we need 
to consider the following points to further our understanding 
of adaptation:
1.  A robust and repeatable measure of person-level 

adaptation is needed, whether it measures load 
capacity or athletic performance. Measures of tendon 
load capacity are limited to the development of pain or 
pathology. Reliance on pain as a measure of load capacity 
is complex. As the incidence of tendon pain is low, a large 
number of individuals would be required potentially making 
the study unfeasible. Measures such as jump performance, 
squat jump, and drop jumps may be a useful measure to 
determine athletic performance at the person-level.

2.  For tissue-level changes to be termed adaptation, it 
needs to exhibit a significant relationship to a person-
level change (Figure 3). With the lack of a person-level 
marker of adaptation, any observed changes should be 
termed a ‘response to load’. An example of comparing 
tissue-level changes to person-level adaptation is in the 
hamstring literature. Following a load-based intervention, 
changes in muscle fascicle length and pennation angle 
resulted in improved strength and reduced risk of injury98. 
As tissue-level changes were shown to influence person-
level changes, the term adaptation is appropriate.

3.  Measure the relative contribution of tendon 
properties in person-level adaptation. Any load-based 
intervention will affect the tendon, muscle, kinetic chain, 
and nervous system. While improvement in tendon 
properties may contribute to person-level adaptation, 
it is possible that the majority of adaptation occurs 
within the more metabolically active neuromuscular 
system15. Similarly, maximum tendon capacity may be 
reached during puberty and cannot be significantly 
altered after skeletal maturity. Future studies need to 

investigate system contribution to better understand 
their role in adaptation, as well as the temporal nature 
of their contribution. Changes in the neuromuscular 
system may contribute greater in the short-term (days 
to weeks), where local tissue changes having a greater 
contribution in the long-term (months)15.

Conclusion

Our understanding of tendon adaptation is incomplete. 
Research in the field of tendon adaptation has focused on 
observing changes in tissue properties and terming this 
adaptation, yet provided little information on what this means 
for the person. The lack of mechanistic evidence means 
that any observed change can only be termed as a “tendon 
response”, as it is unclear whether these changes have an 
affect on the individual.  Care needs to be taken not to overstate 
changes in tissue properties as relating to adaptation or 
maladaptation without a person-level comparator to support 
this. It is clear that the tendon responds to load, but how we 
apply these interventions to create a more robust athlete 
and prevent tendon injuries is unclear. Future research needs 
to investigate the effect of tendon-level changes on athletic 
performance or risk of injury.

Acknowledgements

Dr Docking was supported by the Monash University Postgraduate 
Award for the preparation of this paper. Aspects of this research are 
related to the work of the Australian Centre for Research into Injury 
in Sport and its Prevention (ACRISP), which is one of the IOC centres 
of research excellence for the prevention of injuries and promotion 
of health in athletes.

References

1. Khan KM, Scott A. Mechanotherapy: how physical 
therapists’ prescription of exercise promotes tissue 
repair. Br J Sports Med 2009;43(4):247-252.

2. Neuberger A, Perrone JC, Slack HG. The relative 
metabolic inertia of tendon collagen in the rat. Biochem 
J 1951;49(2):199-204.

3. Lavagnino M, Arnoczky SP, Tian T, Vaupel Z. Effect of 
amplitude and frequency of cyclic tensile strain on the 
inhibition of MMP-1 mRNA expression in tendon cells: 
an in vitro study. Connect Tissue Res 2003;44(3-
4):181-187.

4. Screen HR, Shelton JC, Bader DL, Lee DA. Cyclic 
tensile strain upregulates collagen synthesis in isolated 
tendon fascicles. Biochem Biophys Res Commun 2005; 
336(2):424-429.

5. Langberg H, Rosendal L, Kjaer M. Training-induced 
changes in peritendinous type I collagen turnover 
determined by microdialysis in humans. J Physiol (Lond) 
2001;534(Pt 1):297-302.

6. Miller BF, Olesen JL, Hansen M, et al. Coordinated 
collagen and muscle protein synthesis in human patella 
tendon and quadriceps muscle after exercise. J Physiol 



307http://www.ismni.org

S.I. Docking, J. Cook: How do tendons adapt? A narrative review

(Lond) 2005;567(Pt 3):1021-1033.
7. Bohm S, Mersmann F, Arampatzis A. Human tendon 

adaptation in response to mechanical loading: a 
systematic review and meta-analysis of exercise 
intervention studies on healthy adults. Sports Medicine-
Open 2015;1(1):1-18.

8. Magnusson SP, Narici MV, Maganaris CN, Kjaer M. 
Human tendon behaviour and adaptation, in vivo. The 
Journal of physiology 2008;586(1):71-81.

9. Wiesinger HP, Kosters A, Muller E, Seynnes OR. Effects 
of Increased Loading on In Vivo Tendon Properties: A 
Systematic Review. Medicine and science in sports and 
exercise 2015;47(9):1885-1895.

10. Heinemeier KM, Kjaer M. In vivo investigation of 
tendon responses to mechanical loading. Journal of 
musculoskeletal & neuronal interactions 2011;11(2):115-
123.

11. Cook JL, Docking SI. “Rehabilitation will increase the 
‘capacity’ of your ... insert musculoskeletal tissue 
here....” Defining ‘tissue capacity’: a core concept for 
clinicians. Br J Sports Med 2015;49(23):1484-1485.

12. Frost HM. Bone “mass” and the “mechanostat”: a 
proposal. Anat Rec 1987;219(1):1-9.

13. Lavagnino M, Arnoczky SP. In vitro alterations in 
cytoskeletal tensional homeostasis control gene 
expression in tendon cells. J Orthop Res 2005; 
23(5):1211-1218.

14. Wang JH, Jia F, Yang G, et al. Cyclic mechanical stretching 
of human tendon fibroblasts increases the production 
of prostaglandin E2 and levels of cyclooxygenase 
expression: a novel in vitro model study. Connect Tissue 
Res 2003;44(3-4):128-133.

15. Rio E, Docking SI. Adaptation of the pathological tendon: 
you cannot trade in for a new one, but perhaps you don’t 
need to? Br J Sports Med 2017.

16. Cook JL, Rio E, Purdam CR, Docking SI. Revisiting the 
continuum model of tendon pathology: what is its merit 
in clinical practice and research? British journal of 
sports medicine 2016;50(19):1187-1191.

17. Olesen JL, Heinemeier KM, Gemmer C, Kjaer M, Flyvbjerg 
A, Langberg H. Exercise-dependent IGF-I, IGFBPs, 
and type I collagen changes in human peritendinous 
connective tissue determined by microdialysis. J Appl 
Physiol (1985) 2007;102(1):214-220.

18. Langberg H, Skovgaard D, Petersen LJ, Bulow J, 
Kjaer M. Type I collagen synthesis and degradation 
in peritendinous tissue after exercise determined by 
microdialysis in humans. J Physiol (Lond) 1999;521 Pt 
1:299-306.

19. Koskinen SO, Heinemeier KM, Olesen JL, Langberg H, 
Kjaer M. Physical exercise can influence local levels 
of matrix metalloproteinases and their inhibitors in 
tendon-related connective tissue. J Appl Physiol (1985) 
2004;96(3):861-864.

20. Laurent GJ. Dynamic state of collagen: pathways of 
collagen degradation in vivo and their possible role in 
regulation of collagen mass. Am J Physiol 1987;252(1 

Pt 1):C1-9.
21. Thorpe CT, Streeter I, Pinchbeck GL, Goodship AE, Clegg 

PD, Birch HL. Aspartic acid racemization and collagen 
degradation markers reveal an accumulation of damage 
in tendon collagen that is enhanced with aging. J Biol 
Chem 2010;285(21):15674-15681.

22. Heinemeier KM, Schjerling P, Heinemeier J, Magnusson 
SP, Kjaer M. Lack of tissue renewal in human adult 
Achilles tendon is revealed by nuclear bomb (14)C. 
FASEB J 2013;27(5):2074-2079.

23. Kongsgaard M, Aagaard P, Kjaer M, Magnusson SP. 
Structural Achilles tendon properties in athletes 
subjected to different exercise modes and in Achilles 
tendon rupture patients. J Appl Physiol 2005; 
99(5):1965-1971.

24. Couppe C, Kongsgaard M, Aagaard P, et al. Habitual 
loading results in tendon hypertrophy and increased 
stiffness of the human patellar tendon. J Appl Physiol 
(1985) 2008;105(3):805-810.

25. Rosager S, Aagaard P, Dyhre-Poulsen P, Neergaard K, 
Kjaer M, Magnusson SP. Load-displacement properties 
of the human triceps surae aponeurosis and tendon 
in runners and non-runners. Scand J Med Sci Sports 
2002;12(2):90-98.

26. Kongsgaard M, Reitelseder S, Pedersen TG, et al. Region 
specific patellar tendon hypertrophy in humans following 
resistance training. Acta Physiol 2007;191(2):111-121.

27. Seynnes OR, Erskine RM, Maganaris CN, et al. 
Training-induced changes in structural and mechanical 
properties of the patellar tendon are related to muscle 
hypertrophy but not to strength gains. J Appl Physiol 
(1985) 2009;107(2):523-530.

28. Bohm S, Mersmann F, Marzilger R, Schroll A, Arampatzis 
A. Asymmetry of Achilles tendon mechanical and 
morphological properties between both legs. Scand J 
Med Sci Sports 2015;25(1):e124-132.

29. Arampatzis A, Karamanidis K, Albracht K. Adaptational 
responses of the human Achilles tendon by modulation 
of the applied cyclic strain magnitude. J Exp Biol 
2007;210(15):2743-2753.

30. Carroll CC, Dickinson JM, LeMoine JK, et al. Influence of 
acetaminophen and ibuprofen on in vivo patellar tendon 
adaptations to knee extensor resistance exercise in older 
adults. J Appl Physiol (1985) 2011;111(2):508-515.

31. Reeves ND, Maganaris CN, Narici MV. Effect of strength 
training on human patella tendon mechanical properties 
of older individuals. J Physiol (Lond) 2003;548(Pt 
3):971-981.

32. Standley RA, Harber MP, Lee JD, Konopka AR, Trappe 
SW, Trappe TA. Influence of aerobic cycle exercise 
training on patellar tendon cross-sectional area in older 
women. Scand J Med Sci Sports 2013;23(3):367-373.

33. O’Neill S, Watson PJ, Barry S. A Delphi Study of Risk 
Factors for Achilles Tendinopathy- Opinions of World 
Tendon Experts. International journal of sports physical 
therapy 2016;11(5):684-697.

34. Foure A. New Imaging Methods for Non-invasive 



308http://www.ismni.org

S.I. Docking, J. Cook: How do tendons adapt? A narrative review

Assessment of Mechanical, Structural, and Biochemical 
Properties of Human Achilles Tendon: A Mini Review. 
Frontiers in physiology 2016;7:324.

35. Obst SJ, Newsham-West R, Barrett RS. Three-
dimensional morphology and strain of the human 
Achilles free tendon immediately following eccentric 
heel drop exercise. J Exp Biol 2015;218(Pt 24):3894-
3900.

36. Kubo K, Yata H, Kanehisa H, Fukunaga T. Effects of 
isometric squat training on the tendon stiffness and jump 
performance. Eur J Appl Physiol 2006;96(3):305-314.

37. Kubo K, Ikebukuro T, Yaeshima K, Yata H, Tsunoda N, 
Kanehisa H. Effects of static and dynamic training on 
the stiffness and blood volume of tendon in vivo. J Appl 
Physiol (1985) 2009;106(2):412-417.

38. Obst SJ, Renault JB, Newsham-West R, Barrett RS. 
Three-dimensional deformation and transverse rotation 
of the human free Achilles tendon in vivo during 
isometric plantarflexion contraction. J Appl Physiol 
(1985) 2014;116(4):376-384.

39. Nuri L, Obst SJ, Newsham-West R, Barrett RS. Recovery 
of human Achilles tendon three-dimensional deformation 
following conditioning. J Sci Med Sport 2017.

40. Bogaerts S, De Brito Carvalho C, Scheys L, et al. 
Evaluation of tissue displacement and regional strain in 
the Achilles tendon using quantitative high-frequency 
ultrasound. PLoS ONE 2017;12(7):e0181364.

41. Coombes BK, Tucker K, Vicenzino B, et al. Achilles and 
patellar tendinopathy display opposite changes in elastic 
properties: A shear wave elastography study. Scand J 
Med Sci Sports 2017.

42. Seynnes OR, Bojsen-Moller J, Albracht K, et al. 
Ultrasound-based testing of tendon mechanical 
properties: a critical evaluation. J Appl Physiol (1985) 
2015;118(2):133-141.

43. Obst SJ, Barrett RS, Newsham-West R. Immediate effect 
of exercise on achilles tendon properties: systematic 
review. Med Sci Sports Exerc 2013;45(8):1534-1544.

44. Andarawis-Puri N, Ricchetti ET, Soslowsky LJ. Rotator 
cuff tendon strain correlates with tear propagation. J 
Biomech 2009;42(2):158-163.

45. Andarawis-Puri N, Flatow EL. Tendon fatigue in 
response to mechanical loading. J Musculoskel Neuron 
2011;11(2):106-114.

46. Lichtwark GA, Cresswell AG, Newsham-West RJ. Effects 
of running on human Achilles tendon length-tension 
properties in the free and gastrocnemius components. 
J Exp Biol 2013;216(23):4388-4394.

47. Grigg NL, Wearing SC, Smeathers JE. Eccentric calf 
muscle exercise produces a greater acute reduction in 
Achilles tendon thickness than concentric exercise. Br J 
Sports Med 2009;43(4):280-283.

48. Wearing SC, Hooper SL, Purdam C, et al. The acute 
transverse strain response of the patellar tendon 
to quadriceps exercise. Med Sci Sports Exerc 2013; 
45(4):772-777.

49. Bojsen-Moller J, Magnusson SP, Rasmussen LR, Kjaer 

M, Aagaard P. Muscle performance during maximal 
isometric and dynamic contractions is influenced by 
the stiffness of the tendinous structures. J Appl Physiol 
(1985) 2005;99(3):986-994.

50. Kubo K, Kawakami Y, Fukunaga T. Influence of elastic 
properties of tendon structures on jump performance 
in humans. J Appl Physiol (1985) 1999;87(6):2090-
2096.

51. Bret C, Rahmani A, Dufour AB, Messonnier L, Lacour 
JR. Leg strength and stiffness as ability factors in 
100m sprint running. J Sports Med Phys Fitness 
2002;42(3):274-281.

52. Chelly SM, Denis C. Leg power and hopping stiffness: 
relationship with sprint running performance. Med Sci 
Sports Exerc 2001;33(2):326-333.

53. Kubo K, Tabata T, Ikebukuro T, Igarashi K, Tsunoda 
N. A Longitudinal Assessment of Running Economy 
and Tendon Properties in Long-Distance Runners. J 
Strength Cond Res 2010;24(7):1724-1731.

54. Albracht K, Arampatzis A. Exercise-induced changes 
in triceps surae tendon stiffness and muscle strength 
affect running economy in humans. Eur J Appl Physiol 
2013;113(6):1605-1615.

55. Chang YJ, Kulig K. The neuromechanical adaptations 
to Achilles tendinosis. The Journal of physiology 
2015;593(15):3373-3387.

56. Mahieu NN, Witvrouw E, Stevens V, Van Tiggelen D, 
Roget P. Intrinsic risk factors for the development of 
achilles tendon overuse injury: a prospective study. The 
American Journal of Sports Medicine 2006;34(2):226-
235.

57. Witvrouw E, Bellemans J, Lysens R, Danneels L, 
Cambier D. Intrinsic risk factors for the development of 
patellar tendinitis in an athletic population. A two-year 
prospective study. The American Journal of Sports 
Medicine 2001;29(2):190-195.

58. Cook JL, Kiss ZS, Khan KM, Purdam CR, Webster KE. 
Anthropometry, physical performance, and ultrasound 
patellar tendon abnormality in elite junior basketball 
players: a cross-sectional study. Br J Sports Med 
2004;38(2):206-209.

59. Malliaras P, Cook JL, Kent P. Reduced ankle dorsiflexion 
range may increase the risk of patellar tendon injury 
among volleyball players. J Sci Med Sport 2006; 
9(4):304-309.

60. Hirayama K, Iwanuma S, Ikeda N, Yoshikawa A, Ema 
R, Kawakami Y. Plyometric Training Favors Optimizing 
Muscle-Tendon Behavior during Depth Jumping. 
Frontiers in physiology 2017;8:16.

61. Burgess KE, Connick MJ, Graham-Smith P, Pearson SJ. 
Plyometric vs. isometric training influences on tendon 
properties and muscle output. J Strength Cond Res 
2007;21(3):986-989.

62. Grosse U, Syha R, Martirosian P, et al. Ultrashort echo 
time MR imaging with off-resonance saturation for 
characterization of pathologically altered Achilles 
tendons at 3 T. Magn Reson Med 2013;70(1):184-192.



309http://www.ismni.org

S.I. Docking, J. Cook: How do tendons adapt? A narrative review

63. Syha R, Springer F, Grozinger G, et al. Short-term exercise-
induced changes in hydration state of healthy Achilles 
tendons can be visualized by effects of off-resonant 
radiofrequency saturation in a three-dimensional 
ultrashort echo time MRI sequence applied at 3 Tesla. J 
Magn Reson Imaging 2014;40(6):1400-1407.

64. Freund W, Weber F, Billich C, Schuetz UH. The foot in 
multistage ultra-marathon runners: experience in a 
cohort study of 22 participants of the Trans Europe 
Footrace Project with mobile MRI. Bmj Open 2012;2(3).

65. Docking SI, Daffy J, van Schie HT, Cook JL. Tendon 
structure changes after maximal exercise in the 
Thoroughbred horse: use of ultrasound tissue 
characterisation to detect in vivo tendon response. Vet 
J 2012;194(3):338-342.

66. Rosengarten SD, Cook JL, Bryant AL, Cordy JT, Daffy J, 
Docking SI. Australian football players’ Achilles tendons 
respond to game loads within 2 days: an ultrasound 
tissue characterisation (UTC) study. Br J Sports Med 
2015;49(3):183-187.

67. Docking SI, Rosengarten SD, Cook J. Achilles tendon 
structure improves on UTC imaging over a 5-month pre-
season in elite Australian football players. Scand J Med 
Sci Sports 2016;26(5):557-563.

68. Stanley LE, Lucero A, Mauntel TC, et al. Achilles 
tendon adaptation in cross-country runners across a 
competitive season. Scand J Med Sci Sports 2017.

69. Pingel J, Harrison A, Simonsen L, Suetta C, Bulow J, 
Langberg H. The microvascular volume of the Achilles 
tendon is increased in patients with tendinopathy at 
rest and after a 1-hour treadmill run. Am J Sports Med 
2013;41(10):2400-2408.

70. Boesen AP, Boesen MI, Koenig MJ, Bliddal H, Torp-
Pedersen S, Langberg H. Evidence of accumulated 
stress in Achilles and anterior knee tendons in elite 
badminton players. Knee Surg Sports Traumatol 
Arthrosc 2011;19(1):30-37.

71. Cook JL, Ptazsnik R, Kiss ZS, Malliaras P, Morris ME, De 
Luca J. High reproducibility of patellar tendon vascularity 
assessed by colour Doppler ultrasonography: a reliable 
measurement tool for quantifying tendon pathology. Br 
J Sports Med 2005;39(10):700-703.

72. Divani K, Chan O, Padhiar N, et al. Site of maximum 
neovascularisation correlates with the site of pain in 
recalcitrant mid-tendon Achilles tendinopathy. Man Ther 
2010;15(5):463-468.

73. 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;9(4):233-
238.

74. Rio E, Moseley L, Purdam C, et al. The pain of 
tendinopathy: physiological or pathophysiological? 
Sports medicine 2014;44(1):9-23.

75. Kubo K, Akima H, Kouzaki M, et al. Changes in the elastic 
properties of tendon structures following 20 days bed-
rest in humans. European journal of applied physiology 

2000;83(6):463-468.
76. Cook J, Khan K, Harcourt P, et al. Patellar tendon 

ultrasonography in asymptomatic active athletes 
reveals hypoechoic regions: a study of 320 tendons. 
Victorian Institute of Sport Tendon Study Group. Clin J 
Sport Med 1998;8(2):73-77.

77. Fredberg U, Bolvig L. Significance of ultrasonographically 
detected asymptomatic tendinosis in the patellar and 
achilles tendons of elite soccer players: a longitudinal 
study. Am J Sports Med 2002;30(4):488-491.

78. Leung JL, Griffith JF. Sonography of chronic Achilles 
tendinopathy: a case-control study. J Clin Ultrasound 
2008;36(1):27-32.

79. Hirschmuller A, Frey V, Konstantinidis L, et al. 
Prognostic value of Achilles tendon Doppler sonography 
in asymptomatic runners. Med Sci Sports Exerc 
2012;44(2):199-205.

80. Giombini A, Dragoni S, Di Cesare A, Di Cesare M, Del 
Buono A, Maffulli N. Asymptomatic Achilles, patellar, 
and quadriceps tendinopathy: a longitudinal clinical and 
ultrasonographic study in elite fencers. Scand J Med Sci 
Sports 2013;23(3):311-316.

81. Brasseur JL, Lucidarme O, Tardieu M, et al. 
Ultrasonographic rotator-cuff changes in veteran tennis 
players: the effect of hand dominance and comparison 
with clinical findings. Eur Radiol 2004;14(5):857-864.

82. Khan KM, Cook JL, Kiss ZS, et al. Patellar tendon 
ultrasonography and jumper’s knee in female basketball 
players: a longitudinal study. Clin J Sport Med 1997; 
7(3):199-206.

83. Cook JL, Khan KM, Kiss ZS, Griffiths L. Patellar 
tendinopathy in junior basketball players: a controlled 
clinical and ultrasonographic study of 268 patellar 
tendons in players aged 14-18 years. Scand J Med Sci 
Sports 2000;10(4):216-220.

84. Helland C, Bojsen-Moller J, Raastad T, et al. Mechanical 
properties of the patellar tendon in elite volleyball 
players with and without patellar tendinopathy. Br J 
Sports Med 2013;47(13):862-868.

85. Lian O, Engebretsen L, Ovrebø RV, Bahr R. 
Characteristics of the leg extensors in male volleyball 
players with jumper’s knee. The American Journal of 
Sports Medicine 1996;24(3):380-385.

86. Lian Ø, Refsnes P-E, Engebretsen L, Bahr R. 
Performance characteristics of volleyball players with 
patellar tendinopathy. The A0merican Journal of Sports 
Medicine 2003;31(3):408-413.

87. Visnes H, Aandahl HA, Bahr R. Jumper’s knee paradox-
-jumping ability is a risk factor for developing jumper’s 
knee: a 5-year prospective study. Br J Sports Med 2013; 
47(8):503-507.

88. Rio E, Kidgell D, Moseley GL, Cook J. Elevated 
corticospinal excitability in patellar tendinopathy 
compared with other anterior knee pain or no pain. 
Scand J Med Sci Sports 2016;26(9):1072-1079.

89. Malliaras P, Cook J, Ptasznik R, Thomas S. Prospective 
study of change in patellar tendon abnormality on 



310http://www.ismni.org

S.I. Docking, J. Cook: How do tendons adapt? A narrative review

imaging and pain over a volleyball season. Br J Sports 
Med 2006;40(3):272-274.

90. Alfredson H, Zeisig E, Fahlstrom M. No normalisation of 
the tendon structure and thickness after intratendinous 
surgery for chronic painful midportion Achilles 
tendinosis. Br J Sports Med 2009;43(12):948-949.

91. Kongsgaard M, Kovanen V, Aagaard P, et al. Corticosteroid 
injections, eccentric decline squat training and heavy 
slow resistance training in patellar tendinopathy. Scand 
J Med Sci Sports 2009;19(6):790-802.

92. de Jonge S, Tol JL, Weir A, Waarsing JH, Verhaar JA, de 
Vos RJ. The Tendon Structure Returns to Asymptomatic 
Values in Nonoperatively Treated Achilles Tendinopathy 
but Is Not Associated With Symptoms: A Prospective 
Study. Am J Sports Med 2015;43(12):2950-2958.

93. Drew BT, Smith TO, Littlewood C, Sturrock B. Do structural 
changes (eg, collagen/matrix) explain the response to 
therapeutic exercises in tendinopathy: a systematic 
review. Br J Sports Med 2014;48(12):966-972.

94. Docking SI, Cook J. Pathological tendons maintain 
sufficient aligned fibrillar structure on ultrasound 
tissue characterization (UTC). Scand J Med Sci Sports. 
2016;26(6):675-683.

95. Movin T, Kristoffersen-Wiberg M, Shalabi A, Gad A, 
Aspelin P, Rolf C. Intratendinous alterations as imaged 
by ultrasound and contrast medium-enhanced magnetic 
resonance in chronic achillodynia. Foot Ankle Int 
1998;19(5):311-317.

96. Thornton GM, Hart DA. The interface of mechanical 
loading and biological variables as they pertain to the 
development of tendinosis. Journal of Musculoskeletal 
and Neuronal Interactions 2011;11(2):94-105.

97. Kongsgaard M, Qvortrup K, Larsen J, et al. Fibril 
morphology and tendon mechanical properties in 
patellar tendinopathy: effects of heavy slow resistance 
training. Am J Sports Med 2010;38(4):749-756.

98. Timmins RG, Bourne MN, Shield AJ, Williams MD, 
Lorenzen C, Opar DA. Short biceps femoris fascicles 
and eccentric knee flexor weakness increase the risk of 
hamstring injury in elite football (soccer): a prospective 
cohort study. Br J Sports Med 2016;50(24):1524-1535.

99. Arnoczky SP, Tian T, Lavagnino M, Gardner K, Schuler P, 
Morse P. Activation of stress-activated protein kinases 
(SAPK) in tendon cells following cyclic strain: the effects 
of strain frequency, strain magnitude, and cytosolic 
calcium. J Orthop Res 2002;20(5):947-952.


