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ABSTRACT

OBST, S. J., R. S. BARRETT, and R. NEWSHAM-WEST. Immediate Effect of Exercise on Achilles Tendon Properties: Systematic

Review.Med. Sci. Sports Exerc., Vol. 45, No. 8, pp. 1534–1544, 2013. Introduction: Understanding the mechanical and morphological

adaptation of the Achilles tendon (AT) in response to acute exercise could have important implications for athletic performance, injury

prevention, and rehabilitation. The purpose of this study was to conduct a systematic review and critical evaluation of the literature to

determine the immediate effect of a single bout of exercise on the mechanical and morphological properties of the AT in vivo.Methods:

Five electronic research databases were systematically searched for intervention-based studies reporting mechanical and morphological

properties of the AT after a single bout of exercise. Results: Searches revealed 3292 possible articles; 21 met the inclusion criteria.

There is evidence that maximal isometric contractions and prolonged static stretching (95 min) of the triceps surae complex cause an

immediate decrease in AT stiffness, whereas prolonged running and hopping have minimal effect. Limited but consistent evidence

exists, indicating that AT hysteresis is reduced after prolonged static stretching. Consistent evidence supports a reduction in free AT

diameter (anterior–posterior) after dynamic ankle exercise, and this change appears most pronounced in the healthy tendon and after

eccentric exercise. Conclusions: The mechanical and morphological properties of the AT in vivo are affected by acute exercise in a

mode- and dose-dependent manner. Transient changes in AT stiffness, hysteresis, and diameter after unaccustomed exercise modes and

doses may expose the tendon to increased risk of strain injury and impact on the mechanical function of the triceps surae muscle–tendon

unit. Key Words: PHYSICAL ACTIVITY, STRETCH SHORTEN CYCLE, STRETCHING, STIFFNESS, CROSS-SECTIONAL

AREA, DIAMETER

T
he Achilles tendon (AT) forms a dynamic link be-
tween the triceps surae and calcaneus and is the
largest and strongest tendon in the body (49). Despite

this, the AT is also one of the most commonly injured tendons,
prevalent in both athletic and sedentary populations (50,76).
As well as experiencing large forces (up to 11 kN stretch
during running [33]), the AT is described as being a com-
pliant tendon, because it undergoes relatively large length
changes during functional activities, with peak strains of
4.8% and 5.6% being reported for walking and running (43)
and up to 8.2% for single-leg hopping (42). During stretch–
shorten cycle (SSC) movements, strain energy is stored in the

AT during lengthening, most of which is rapidly recovered
during shortening, thereby contributing to work generation
by the muscle–tendon unit (MTU) (25,53). A further conse-
quence of AT compliance is that the calf muscle fibers
located in series with the AT are able to operate at lengths and
velocities that are favorable for force production, and hence,
the compliance of the healthy human AT is optimized for
locomotion (44,45,70).

It has been well documented that the mechanical and/or
morphological properties of the AT are altered in aging,
in disease, and in response to changes in mechanical load-
ing. AT stiffness is reduced in individuals with chronic
tendinopathy (6), in older adults (62,63), and after prolonged
immobilization (54,69). In contrast, trained endurance and
jumping athletes have a larger AT cross-sectional area
(CSA) (34,55,71), and sprinters have higher AT stiffness
(4), compared with untrained controls. Similarly, long-term
isometric (3,9), eccentric (59), and ballistic stretching (56)
interventions result in increased AT stiffness and Young
modulus, whereas other types of exercise training includ-
ing plyometric (17,18), concentric, and static stretching (35)
have been reported to have little or no effect on tendon
properties. Inherent differences in the tendon stress–strain
characteristics (i.e., magnitude, rate, duration and frequency)
between exercise modes and doses coupled with the sug-
gestion that tendons exhibit stress–strain-dependent limits or
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thresholds for adaptation may, in part, provide a rationale
for the differential changes in AT mechanical and morpho-
logical properties with long-term training (3,5,41).

In addition to understanding the effect of long-term
training on AT mechanical and/or morphological properties,
it is also necessary to examine the immediate effects of spe-
cific exercise modes and doses on these properties. This is
important for several reasons. First, cycle and/or time-
dependent fatigue of a tendon in response to loading during
exercise may expose the tendon to increased risk of injury, as
has been previously demonstrated by studies of human (76)
and animal tendons in vitro (74). Having the same material
properties, a more compliant and thin tendon after exercise
would be expected to experience higher stress and strain for a
given force and thus be more likely to be injured during
subsequent exercise. It might also be reasonable to expect that
compared with a healthy tendon, this ‘‘weakening’’ effect
would be more pronounced in injured or diseased tendon. For
this reason, it is important to identify what exercise modes
and doses the human AT in vivo is able to tolerate without a
change in baseline mechanical and/or morphological proper-
ties, which would be suggestive of tendon fatigue and thus
reduced tensile strength. Furthermore, exercise modes recom-
mended for the management of Achilles tendinopathy, such
as eccentric training, may elicit unique changes in tendon
properties that provide an insight into the mechanisms under-
lying their effectiveness. Finally, a transient increase in tendon
compliance after an exercise bout may compromise the
mechanical function of the MTU during subsequent ex-
ercise with possible implications for SSC performance
and economy of human locomotion (2,44,45,73).

In view of the recent growth of literature investigating the
immediate effects of exercise on tendon properties, and the
potential implications of these changes for tendon function
and performance, as well as in injury prevention and reha-
bilitation, a systematic review and critical evaluation of the
literature is warranted. The purpose of this review was
therefore to determine the immediate effect of a single ex-
ercise bout on the mechanical and morphological properties
of the human AT in vivo.

METHODS

Search strategy. The review was conducted according
to the PRISMA guidelines (58) for conducting and reporting
systematic reviews. Initial electronic database searches were
performed by one reviewer (SJO) during April to July (last
search, 30/07/12) for articles examining the immediate effect
of exercise on the in vivo mechanical and/or morphological
properties of the human AT. Searches were performed using
the MEDLINE via Ovid (1950–2012), SPORTDiscus via
EBSCO (1985–2012), CINAHL via EBSCO (1981 to pres-
ent), Web of Science (1950 to present), and Scopus (1960–
2012) electronic databases. Key terms were grouped and
searched within the article title, abstract, and keywords using
the conjunction ‘‘or.’’ A typical search string was as follows:

[(achilles OR gastroc* OR ‘‘triceps surae’’) AND (tendon*
OR tendin*) AND (morpholog* OR length OR diameter OR
area OR mechanic* OR stiffness OR elasticity OR modulus
OR strain) AND (exercis* OR loading OR contraction OR
training OR stretch*) Limit to Humans], where * denotes a
truncation to ensure all variants of the term were included.
Key journals identified after the title and abstract screen
were also searched using the string ‘‘Achilles tendon’’ AND
exercise. Furthermore, reference lists of all eligible articles
were hand searched to retrieve any additional articles.

Articles retrieved in the original search were exported
into a single Endnote file (version X4; Thomson Reuters,
Carlsbad, CA) and duplicate records removed. The title and
abstract of each article were screened by one reviewer (SJO)
and irrelevant articles excluded. Where insufficient informa-
tion was available from the abstract, the full text version was
inspected. The remaining full text articles were assessed for
inclusion by one investigator (SJO). Full journal articles
reporting in vivo mechanical (i.e., stiffness, Young modulus,
and hysteresis) and/or morphological (i.e., CSA, diameter,
slack length, and volume) properties of the AT (i.e., distal to
gastrocnemius muscle–tendon junction) and free AT (i.e.,
distal to soleus muscle–tendon junction) obtained immedi-
ately before and within 30 min of a single exercise bout were
included. Articles were excluded if they 1) used a single
subject or case study design, 2) failed to report both pre- and
postexercise data, 3) included participants with neurological
conditions (e.g., cerebral palsy), or 4) used an involuntary
muscle stimulation exercise intervention. Where articles
reported data at multiple time points postexercise, only the
first (i.e., most immediate) data set was used. Articles selected
for exclusion were verified by a second examiner (RNW), and
any discrepancies were resolved through discussion.

Methodological quality assessment. The methodo-
logical quality of included articles was evaluated using a
modified version of the assessment tool developed by
Galna et al. (20). The tool consisted of 14 criteria that
evaluate the internal and external validity and repeatability
of the study (see Table, SDC 1, Methodological quality as-
sessment of included articles). Each item was scored out
of 1 (i.e., 1 = yes, 0.5 yes, but lacks detail, and 0 = no)
with a total possible score of 14. Included articles were inde-
pendently evaluated by two reviewers with any disagreement
resolved via consensus meeting. The level of agreement be-
tween the two reviewers was measured using Cohen un-
weighted kappa (J) statistic (SPSS statistics, version 20.0.0;
SPSS Inc., Chicago, IL) (12).

Data extraction and analysis. Mechanical and mor-
phological data from the included studies were extracted
from the included articles by one reviewer (SJO) and
checked by a second reviewer (RNW). Study characteristics
including sample size, participant characteristics, exercise
intervention, and testing methodology were also extracted.
To facilitate comparison of results across studies, pre- and
postintervention means and SD for each outcome measure
were used to calculate standardized effect sizes (Cohen d)
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and corresponding 95% confidence intervals (CI) (13). For
the study by Mademli et al. (47) that reported tendon lengths
at multiple force increments (i.e., 0–900 N), length mea-
surements taken at 300, 600, and 900 N of force were ex-
tracted to represent the overall study findings. Furthermore,
for the study by Shalabi et al. (72), only data for participant
groups that received identical exercise interventions were in-
cluded. In cases where the numerical data needed to calculate
effect size (ES) were not available from the original article,
data were digitized from figures in the original article (29,31)
or the respective author(s) were contacted and requested to
provide the necessary information.

Effect size data were reported separately for mechanical
and morphological properties. Because of the heterogeneity
of the interventions and measurement methods, pooling of
the data across studies was not possible, and hence, a meta-
analysis was not performed. All effect size data (mean and
95% CI) were presented as forest plots to allow visual
comparison between grouped studies, with bolded error bars
indicating statistical significance as reported in the original
article. Data were further grouped according to the type of
exercise intervention used.

RESULTS

Search results. Electronic database searches yielded a
total of 3292 potentially eligible articles. Searches of key

journals and reference lists of eligible articles failed to
reveal additional articles of interest. After removal of du-
plicates (n = 1485) and irrelevant articles based on title
and abstract screening, 41 articles remained, of which fur-
ther 20 articles were removed on the basis of inclusion
and exclusion criteria, leaving a final yield of 21 articles
(Fig. 1).

Participant characteristics. The sample size of in-
cluded studies ranged from 7 (26,35) to 35 (10) participants, with
a mean and SD of 14.5 T 7.9 participants. Fourteen articles in-
cluded only male participants (7,15,16,21,22,26,36,39,46,47,57,
60,61,75), one included only female participants (19), and the
remaining included a mix of both sexes (10,28,29,65,66,72).
With the exception of Mademli et al. (46,47), all articles as-
sessed young to middle-age participants ranging from 20 to
49 yr old. Of the 21 included articles, two examined the effects
of exercise on tendinopathic tendons (22,72), whereas the
remaining articles included only healthy asymptomatic tendons.
Mademli and Arampatzis (46), Burgess et al. (10), and Shalabi
et al. (72) were the only studies reporting group comparisons,
comparing the effects of exercise on tendon properties in young
versus elderly, male versus female, and symptomatic versus
asymptomatic participants, respectively.

Study characteristics. Twelve studies reported only
tendon mechanical properties, seven reported only morpho-
logical properties, and the remaining two reported both (Fig. 1).
Of the 14 studies measuring tendon mechanical properties,

FIGURE 1— Flow chart outlining the article selection process in accordance with PRISMA guidelines (58).
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four used a passive stretching protocol (26,57,60,61), whereas
the remaining 10 studies used isometric (10,36,39,46,47,65,66),
concentric (28,30), or dynamic hopping protocols (66). Fourteen
articles investigated the effect of active exercise interventions
ranging from running (16,65) and hopping (66) to isolated
contractions using a dynamometer (28,30,36,46,47). Eleven ar-
ticles investigated the effect of sustained or repeated passive
stretching with total durations ranging from 150 s (65) to 20 min
(26) (mean duration T SD = 441 T 494 s, median = 300 s).
All measurements of tendon mechanical properties and slack
length were made with respect to the displacement of the medial
gastrocnemius musculotendinous junction (MTJ). Likewise,
all measurements of tendon morphological properties, with the
exception of slack length, were limited to the portion of the
AT distal to the soleus MTJ. All included articles reported in-
itial postexercise measurements collected immediately or within
5 min after the completion of the exercise intervention, with the
exception of Fredberg et al. (19) who reported free AT diameter
data collected 20 min postexercise. A more detailed description
of the included studies is provided in Table 1 (Supplemental
Digital Content 1, http://links.lww.com/MSS/A225).

Methodological quality of included studies. The
mean T SD total score for methodological quality assess-
ment was 10.9 T 2.0 out of a possible score of 14, with a
range of 5.02 (19) to 13.5 (29) (see Table, SDC 1, Meth-
odological quality assessment of included articles). Mean
scores greater than 0.75 out of 1 were recorded for 12 out of
the 14 criteria used. Descriptions of the recruitment and
sampling procedures (0.36), inclusion and exclusion criteria
(0.55), reliability of methods (0.48), and clinical implica-

tions of the findings (0.43) were the most poorly scored
criteria, whereas only 4 out of 12 of studies reporting AT
mechanical properties explicitly described the inclusion of
AT preconditioning protocols (10,46,47,66). Despite some
methodological limitations, no studies were excluded from
the review on the basis of the quality assessment score. A
strong level of agreement was found between item scores
from the two reviewers (J = 0.84, SE = 0.025) (13).

Effect of exercise on ATmechanical properties. Of
the 14 articles that assessed AT stiffness, six reported a sig-
nificant decrease after exercise (10,26,28,29,36,39), one
reported a significant increase (61), and the remaining articles
reported no change (Fig. 2A). Seven out of nine articles
that used an active exercise intervention recorded negative
effect sizes, ranging fromj0.02 (65) toj2.15 (26). Running
and hopping interventions had no effect on AT stiffness,
with all studies reporting nonsignificant changes postexer-
cise and negative effect sizes ranging from j0.34 (16) to
j0.02 (65). After concentric exercise, Kay and Blazevich
(29) reported a significant reduction in AT stiffness (11.7%;
P G 0.01) with a negative effect size of j1.08 , whereas
Mademli et al. (47) reported no significant change and effect
sizes ranging from j0.20 (low force) to 0.99 (high force).
The four studies investigating isometric exercise all had neg-
ative effect sizes ranging from j0.1 (46) to j1.96 (47), al-
though only two reported significant reductions postexercise
(28,36), and the results of Mademli et al. (47) must be viewed
with caution because it is not known what effect the preced-
ing concentric exercise intervention had on their findings.
Of the 10 studies that investigated the effect of sustained static

FIGURE 2—Forest plots (effect sizes and 95% CI) illustrating the immediate effect of a single exercise bout on AT (A) stiffness, (B) Young modulus,
and (C) hysteresis. Numerical values adjacent to the error bar indicate percentage changes for postexercise relative to preexercise data. Bold error
bars indicate significant differences in pre- and postexercise data as reported in the original article. All articles are listed alphabetically with the
exception of those reporting static stretching interventions that are listed in descending order according to stretch duration. See Table 1 for a more
detailed description of the exercise interventions used.
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stretching on AT stiffness, four reported a significant decrease
(10,26,36,39), one reported a significant increase (61), and
the remaining articles reported no change (28,30,57,60,65).
Of these 10 studies, seven recorded negative effect sizes
ranging from j0.02 (65) to j2.51 (26), and the remaining
three recorded positive effect sizes ranging from 0.24 (29) to
2.65 (61). One study assessed Young modulus and reported a
significant reduction after 5 min of sustained stretching in
male and female participants with a negative effect size of
j0.27 and j0.41, respectively, (10) (Fig. 2B). Three out of
four studies reported significant reductions in AT hysteresis
after exercise (10,36,39), with negative effect sizes ranging
from j0.25 (36) to j1.06 (10) (Fig. 2C).

Effect of exercise on AT morphological proper-
ties. Both studies that assessed the effect of exercise on free
AT CSA reported nonsignificant changes with negative ef-
fect sizes ranging from j0.02 (10) to j0.34 (16) (Fig. 3A).
Four articles reported a significant decrease in free AT
diameter (anterior-posterior) after exercise (15,21,22,75)
(Fig. 3B). The two articles that evaluated the eccentric heel
raise reported significant reductions in free AT diameter with
negative effect sizes ranging fromj0.72 (22) to j3.53 (21).
Grigg et al. (21) also reported a significant reduction after
concentric heel raises (effect size = j0.44), although the
change was significantly smaller compared with the eccentric
exercise. Of the two studies that investigated the effect of re-
peated concentric/eccentric heel raises on free AT diameter,
one reported a significant decrease (75), whereas the other
reported no change using a similar exercise dose and age group
(19). Three articles reported data on AT slack length (7,10,16)
(Fig. 3C). Avela et al. (7) reported a small (G1%) but signifi-
cant increase in AT slack length after 1 h of repeated fast
passive stretches of the triceps surae MTU. Conversely, Farris
et al. (16) and Burgess et al. (10) reported no significant change
in AT slack length after 30 min of running and 5 min of static
stretching, respectively. Only one study investigated the effects

of exercise on free AT volume and reported a significant re-
duction after eccentric and concentric heel raises in a group of
symptomatic and mixed (i.e., symptomatic and asymptomatic)
Achilles tendinosis participants, respectively (Fig. 3D) (72).

DISCUSSION

Twenty-one articles that assessed exercise modes ranging
from prolonged passive stretching (static and cyclic) to ac-
tive exercise involving controlled contractions of the tri-
ceps surae and functional activities including running and
jumping of different durations were included in this review.
The included articles were all published in the period 2001–
2012, which to a large extent parallels the developments in
the use of ultrasound for assessing tendon function in vivo.
The review identified notable differences between included
studies in participant characteristics (e.g., age, sex, and tendon
health), as well as the mechanical and morphological properties
that were assessed and how each property was quantified.
There was also a clear lack of studies comparing exercise
modes and doses, reporting both mechanical and morpholog-
ical tendon measures and evaluating the mechanical properties
of the free AT. The methodological quality of included articles
was generally high and therefore unlikely to have had a sub-
stantial influence on the main conclusions of this review.
Furthermore, the varied and inconsistent use of tendon pre-
conditioning procedures identified in the quality assessment
makes it impossible to speculate as to the effect of this co-
variate on the current findings. However, in spite of these
limitations, some consistent findings were evident. Although
the literature is sparse, the findings to date suggest that the
mode and dose of exercise, as well as tendon health (i.e.,
healthy vs tendinopathy), may mediate the tendon mechanical
and/or morphological response to a single exercise bout.

Immediate effect of exercise on AT mechanics. For
exercise modes reliant on the SSC, such as running (16,65)

FIGURE 3—(A) Cross-sectional area (B) diameter, (C) slack length, and (D) volume. Numerical values adjacent to the error bar indicate percentage
changes for postexercise relative to preexercise data. Bold error bars indicate significant differences in pre- and postexercise data as reported in the
original article. See Table 1 for a more detailed description of the exercise interventions used.
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and hopping (66), AT stiffness was relatively unchanged after
exercise. In contrast, there was moderately consistent evidence
for decreased AT stiffness after non-SSC exercise modes, such
as isometric contractions (negative ES in four out of four
studies [28,36,46,47]) and prolonged static stretching (negative
ES in 7 out of 10 studies [10,26,28,36,39,57,65]) of the triceps
surae. Although based on limited studies, the observed de-
marcation in AT stiffness response between SSC and non-SSC
exercise may indicate that the AT is more resistant to fatigue
during SSC activities, which it is more accustomed to and
hence better suited to performing relative to non-SSC activities.
This observation is supported by in vitro animal studies, which
showed that tendons exhibit fatigue-resistant qualities that are
specific to loads most frequently encountered during life
(14,32,67). From a practical perspective, a transient reduction
in AT stiffness immediately after exercise may expose the
tendon to higher strains during subsequent exercise, thereby
increasing the risk of strain-induced injury. Decreased tendon
stiffness after exercise could also help explain recent evidence
that maximum muscle performance is reduced immediately
after a single bout of static stretching (30). For a given MTU
length, a more compliant tendon would require muscle fibers to
operate at relatively shorter lengths and require relatively more
time to develop an equivalent tension in the absence of other
adaptations, thereby reducing the magnitude and rate of force
development during non-SSC exercise (8,52,62,73). In con-
trast, the finding of consistent evidence for decreased AT
hysteresis after static stretching (negative ES in three out of
three studies [10,36,39]) may be an advantage for exercise
modes reliant on the SSC, such as running and hopping (73).
A lack of association between immediate changes in AT
stiffness after a single exercise bout and the reported long-term
adaptations in AT stiffness with training was also identified.
For example, both prolonged passive stretching and maximal
isometric exercise were generally associated with immediate
reductions in AT stiffness; however, only the latter training
modality has been linked to long-term changes in AT stiffness
(9,36). Although there is evidence that tendon metabolic activity
is responsive to short-termmechanical loading (40), it is not yet
understood to what extent these transient changes are reflected
at the mechanical or morphological level and the relative of
importance of such changes to long-term tendon adaptation.

The review also revealed evidence suggesting a dose re-
sponse for the changes in AT mechanical properties after
exercise. Significant reductions in AT stiffness were con-
fined to studies using maximal voluntary contractions
(MVC) (28,29,36) (i.e., relatively high force and short du-
ration) or prolonged static stretching (10,26,36,39) (i.e.,
relatively low force and long duration). Despite very dif-
ferent tendon loading characteristics, these studies reported
similar percentage reductions in AT stiffness, which would
indicate that the change in AT stiffness after exercise is a
combined function of the duration and magnitude of tendon
loading. For example, the greatest percentage reduction in
AT stiffness after maximal isometric exercise was reported
in the study using the highest number of loading cycles (i.e.,

50 � 3 s) and thus greatest total loading duration (i.e., 150 s)
(36). Time-dependent effects were observed in the studies
using comparable static stretching interventions of different
durations, in which sustained bouts of 5 min or more were
required to induce significant reductions in AT stiffness
(10,26,36,39). In contrast, despite using similar total loading
durations (i.e., 407 T 129 s), Mademli and Arampatzis (46)
found no change in AT stiffness after submaximal (i.e., 40%
MVC) isometric exercise with an estimated AT strain (i.e.,
2%–3%) below that required to cause permanent deforma-
tion in the relaxed tendon (11). Furthermore, prolonged
running (16) and hopping (66) interventions that induce
relatively high strains (i.e., 3.5%–5%) applied over much
shorter durations (i.e., 0.2–0.25 s) compared with voluntary
contractions had no effect on AT stiffness, suggesting that
the loading frequency and the total loading duration are
both important parameters in governing the response of the
AT to exercise. Taken together, the abovementioned find-
ings provide support to ex vivo studies on the human AT
(76) and in vivo studies of the human vastus lateralis tendon
(37,38,48) that demonstrate an interaction between tendon
loading parameters and, in particular, strain duration and
strain magnitude in determining the immediate response of
the AT to loading in vivo. However, despite these findings,
the relative importance of tendon strain characteristics of
different exercise modes on the immediate changes in AT
stiffness remains largely unknown. Furthermore, although
the results of the majority of studies reporting AT stiffness
appear consistent with the known viscoelastic behavior of
tendons, two studies reported opposite findings demonstrat-
ing increased AT stiffness after 5 min of stretching (5� 1min)
(60,61). It is difficult to reconcile the conflicting find-
ings of Nakamura et al. (61) and Morse et al. (60) on the
basis of methodological quality with both studies scoring well
in areas with potential to confound their findings, such as
controlling for covariates and rigor of experimental design. A
possible explanation for these contrasting results is that AT
stiffness was measured by these authors under passive com-
pared with active conditions as used in the other studies, and
thus, measurements were taken from a different portion of the
tendon force–deformation curve. It is also known that muscles
contribute up to half of the passive extensibility of an MTU
(24,27,51), and it is possible that the relative contribution of
muscle and tendon to the overall compliance of the MTU
may differ under passive and active testing conditions (60).
Furthermore, the findings of Nakamura et al. (61) that AT
stiffness returned to within 1% of baseline within 10 min
postexercise suggest that the observed increase in AT stiff-
ness was transient and most likely reflects a proportionally
larger decrease in triceps surae muscle stiffness immediately
postexercise.

Immediate effect of exercise on AT morphology.
The largest and most consistent (four out of five studies)
finding for free AT morphology was decreased diameter
(anterior-posterior) immediately after exercise. Three of the four
studies that reported decreased free AT diameter investigated
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variations of the Alfredson heel raise protocol (1), and of these,
the eccentric exercise produced the largest reduction (21,22). In
contrast, tendon CSA and slack length were relatively unaf-
fected by running or passive stretching interventions (7,10,16),
and there was evidence of increased tendon volume after ec-
centric and concentric heel raises from one study (72).

It has been suggested that the decreased free AT diameter
observed immediately after exercise reflects a net loss of fluid
from the tendon proper to the peritendinous space and is be-
cause of increased hydrostatic pressure within the tendon due
to mechanical loading. Although there is evidence of de-
creased diameter at discrete points along the free AT after
exercise (15,21,22,75), it is not known whether these findings
are coupled to changes in tendon dimensions beyond the
measurement site and therefore to what extent diametral
measurements are indicative of changes in the whole tendon
morphology. Furthermore, it is currently difficult to reconcile
the abovementioned findings and proposed mechanisms
(21,22,75) with findings that free AT volume increased after
eccentric heel raise exercise (72), and CSA was unchanged
after 30 min of running (16) or 5 min of passive stretching
(10) despite a significant decrease in Young modulus (10). It
is also difficult to understand the significance of transient
changes in free AT diameter after exercise with respect to
injury risk or athletic performance without concomitant
measures of tendon mechanical properties. Irrespective, the
relatively larger reductions in free AT diameter after eccentric
compared with concentric heel raises (21) and in diseased
compared with healthy tendons (22) suggest that diametral
changes may be an important stimulus or marker for tendon
adaptation and may in part explain the superior results of
eccentric training in the treatment of tendinopathies (21).
Although there is evidence that free AT diameter/thickness is
decreased after prolonged eccentric training (i.e., 12 wk) in
patients with midportion tendinosis (64), it is not known to
what extent these adaptations are correlated to the changes in
tendon diameter immediately after a single bout of eccentric
exercise. Furthermore, there is a lack of fundamental knowl-
edge as to what mechanisms are responsible for the exercise
mode- and dose-dependent changes in free AT diameter. It
has been suggested that differences in the frequency content
of AT tensile force–time histories during exercise may ex-
plain the differential effects of eccentric and concentric ex-
ercise on the AT (23,68). Because no studies that reported
free AT diameter included estimations of tendon stress–strain
during exercise, the relative contribution of these parameters
to the immediate response of the AT remains unknown.

Limitations and future directions. Our current un-
derstanding of how exercise influences the in vivo mechan-

ical and morphological properties of the AT is limited by a
lack of studies that compare the effect of different exercise
modes and doses, and in particular, eccentric exercise, in
both healthy and degenerated tendons. At present, it is dif-
ficult to determine what combination of loading stimuli
(e.g., stress–strain magnitude, rate, duration or frequency)
are responsible for the immediate changes in AT properties
identified in this review and to what extent these changes
reflect a change at the material and/or structural level, predis-
pose a tendon to strain-induced injury, affect the function of the
MTU, or are a necessary stimulus to promote long-term ad-
aptation. Attention to methodological issues such as how best
to characterize tendon mechanical and morphological proper-
ties, assessing the validity and reliability of these measures, and
controlling for covariates such as tendon preconditioning is
also warranted. Future studies should simultaneously investi-
gate mechanical and morphological responses of the AT to
acute exercise with a particular focus on the free AT, the time
course of recovery of these properties, and their relationship
with the biological activity of the tendon. Reporting the stress–
strain characteristics of the exercises under investigation will
also be important for understanding the interaction and relative
importance of mechanical stimuli in determining the short- and
long-term changes in tendon properties.

CONCLUSIONS

There is evidence to suggest that the mechanical and
morphological properties of the AT are affected by acute
exercise in a mode- and dose-dependent manner. Of the
exercises evaluated to date, prolonged stretching and re-
peated maximal isometric contractions of the triceps surae
appear to cause the most consistent and pronounced re-
ductions in AT stiffness and hysteresis. Transient reductions
in tensile stiffness may expose the AT to increased risk of
injury and have implications for the mechanical function of
the MTU immediately after these modes of exercise. In
contrast, stretch–shorten cycle exercises such as treadmill
running and hopping do not appear to induce immediate
mechanical or morphological changes in the AT. Although
consistent reductions in free AT thickness after heel raise
exercise have been reported and appear more pronounced
after eccentric exercise, the immediate morphological re-
sponse of the free AT to exercise remains poorly understood.
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