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Abstract

Background: The present article systematically reviews recent literature on the in vivo adaptation of asymptomatic
human tendons following increased chronic mechanical loading, and meta-analyzes the loading conditions,
intervention outcomes, as well as methodological aspects.

Methods: The search was performed in the databases PubMed, Web of Knowledge, and Scopus as well as in the
reference lists of the eligible articles. A study was included if it conducted (a) a longitudinal exercise intervention
(≥8 weeks) on (b) healthy humans (18 to 50 years), (c) investigating the effects on mechanical (i.e., stiffness),
material (i.e., Young’s modulus) and/or morphological properties (i.e., cross-sectional area (CSA)) of tendons in vivo,
and was reported (d) in English language. Weighted average effect sizes (SMD, random-effects) and heterogeneity
(Q and I2 statistics) of the intervention-induced changes of tendon stiffness, Young’s modulus, and CSA were
calculated. A subgroup analysis was conducted regarding the applied loading intensity, muscle contraction type,
and intervention duration. Further, the methodological study quality and the risk of bias were assessed.

Results: The review process yielded 27 studies with 37 separate interventions on either the Achilles or patellar
tendon (264 participants). SMD was 0.70 (confidence interval: 0.51, 0.88) for tendon stiffness (N=37), 0.69 (0.36, 1.03)
for Young’s modulus (N=17), and 0.24 (0.07, 0.42) for CSA (N=33), with significant overall intervention effects
(p<0.05). The heterogeneity analysis (stiffness: I2=30%; Young’s modulus: I2=57%; CSA: I2=21%) indicated that
differences in the loading conditions may affect the adaptive responses. The subgroup analysis confirmed that
stiffness adaptation significantly (p<0.05) depends on loading intensity (I2=0%), but not on muscle contraction type.
Although not significantly different, SMD was higher for interventions with longer duration (≥12 weeks). The
average score of 71±9% in methodological quality assessment indicated an appropriate quality of most studies.

Conclusions: The present meta-analysis provides elaborate statistical evidence that tendons are highly responsive
to diverse loading regimens. However, the data strongly suggests that loading magnitude in particular plays a key
role for tendon adaptation in contrast to muscle contraction type. Furthermore, intervention-induced changes in
tendon stiffness seem to be more attributed to adaptations of the material rather than morphological properties.
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Key points

� Tendons are highly responsive to increased
mechanical loading and adapt through changes of
their mechanical, material, and morphological
properties.

� Changes in tendon stiffness seem to be more
attributed to adaptations of the material rather than
morphological properties.

� An effective training intervention for the tendon
should apply a high loading intensity over a longer
intervention duration (>12 weeks).

Background
Tendons transmit the force exerted by the correspond-
ing muscle to the skeleton and, therefore, are crucial
components for human locomotion [1-3]. Further, the
non-rigidity of tendons allows the storage and return of
strain energy during locomotion [4,5] and facilitates the
muscle force potential due to the force-length-velocity
relationship [6-8]. Hence, tendon properties not only
affect human daily locomotion like walking/running [9]
and stability performance [10], but also significantly
determine athletic performances, e.g., sprinting [11,12]
and jumping [8,13,14] as well as the economy of running
[15-17]. Furthermore, tendons are sensitive to their
mechanical environment [18-22]. Following a period of
enhanced mechanical loading, tendon stiffness may
increase [23-26] to maintain physiological ranges of
strain during locomotion, since the ultimate tendon
strain is more or less constant [27]. Two mechanisms
could account for an increase of tendon stiffness: a)
changes of the tendon material (i.e., increase of Young’s
modulus) and b) changes of the tendon morphological
properties (i.e., increase of cross-sectional area) [24,28-31].
Both tendon material and morphological changes result
not only from an increase of collagen synthesis but also
from changes of collagen fibril morphology and levels
of collagen molecular cross-linking [19,32,33]. Besides
physiological adaptive responses, excessive mechanical
loading (i.e., overloading) was considered as an important
factor in the etiology of tendinopathy [20,34,35],
which is associated with pain, focal tendon tenderness,
and decreased strength and movement [32].
The development and improvement of measurement

techniques in the past 15 years, especially the measure-
ment of tendon elongation during muscle contractions
by means of an ultrasound-based methodology as well
as the determination of the tendon cross-sectional area
(CSA) from magnetic resonance images (MRI), enabled
researchers to investigate human tendon mechanical, ma-
terial, and morphological properties in vivo and adaptive
responses following chronic increased loading [2,19,36].
Kubo et al. [37] were the first who reported an increase in
stiffness and Young’s modulus of the patellar tendon in
humans following 12 weeks of exercise-based loading. An
intervention-induced region specific hypertrophy of the
patellar and Achilles tendon were initially reported in
2007 by Kongsgaard et al. [24] and Arampatzis et al. [29],
respectively. To date, a lot of experimental studies
evidenced the adaptive potential of tendons following
exercise interventions, which featured different levels
of mechanical loading conditions (e.g., intensity, duration
of a single loading cycle, repetitions, sets, intervention dur-
ation, and training frequency per week) [25,28,30,31,38-41].
Since some interventions reported greater adaptive tendon
responses than others, the outcome of the studies seems to
be affected by differences of the applied loading conditions.
This means that the levels of the loading conditions may
determine the material and morphological adaptive
responses of tendons. Although some studies investigated
the effect of different loading levels (i.e., load magnitude
[24,29], loading rate [31], and load duration [31,37,42]) on
tendon adaptation, the small sample sizes of 8 to 14 partici-
pants used in these studies limit the generalizability of the
outcomes. A meta-analysis of relevant experimental studies
that examines the interaction of the levels of loading condi-
tions with respect to study outcome could deepen our
understanding of the effectiveness of certain loading levels
on tendon adaptation. Furthermore, different methodo-
logical approaches could have affected the study outcomes,
thus, additionally challenging the generalization of the
findings. For example, most of recent studies on tendon
adaptation used a manual segmentation of magnetic
resonance or ultrasonographic images to determine
the tendon CSA. However, using ultrasound images
instead of MRI for the manual segmentation [38,39,43,44],
intervention-induced changes of the tendon CSA might
have been undetected or overrated, since the reliability of
this manual segmentation method was reported to be
poor [45]. Considering the methodological quality (i.e.,
internal, statistical, external validity aspects) of each study
in a systematic meta-analysis would further improve our
knowledge regarding mechanical loading and tendon
adaptation.
Therefore, the objectives of the present study are to sys-

tematically review recent literature reports (i.e., longitu-
dinal study designs) on the adaptation of asymptomatic
human tendons following increased mechanical loading
(i.e., training intervention) in vivo and to meta-analyze
the applied levels of loading conditions, intervention
outcomes, as well as methodological aspects, which has
yet to be conducted. For a complete description of the
adaptive processes, we will consider tendon mechanical,
material, and morphological properties. Particular atten-
tion is given to the effect of loading intensity, muscle con-
traction type, and intervention duration on tendon
adaptive responses by performing a respective subgroup
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analysis. This meta-analysis may provide crucial informa-
tion on how to facilitate tendon adaptation.

Methods
Search strategy
The search was performed by using the electronic biblio-
graphic databases ISI Web of Knowledge, PubMed, and
Scopus (1970 to November 2014) and by screening
the reference lists of the eligible articles. The following
keyword combinations (i.e., search operator AND) were
separately applied in the database search (i.e., title,
abstract, keywords): tendon properties adaptation, tendon
stiffness adaptation, tendon function adaptation, tendon
mechanical loading adaptation, tendon properties training,
and tendon properties exercise.

Study selection and inclusion criteria
Two independent reviewers (S.B. and F.M.) evaluated
the titles of the studies that resulted from the search
and included studies when the title indicated that the
following inclusion criteria were fulfilled: (a) a longitu-
dinal exercise intervention (≥8 weeks) was conducted,
(b) healthy humans (18 to 50 years) served as partici-
pants, and (c) the effects on mechanical (stiffness), ma-
terial (Young’s modulus), and/or morphological (CSA)
properties of asymptomatic tendons in vivo were re-
ported (d) in the English language. The abstracts and,
thereafter, the full text of the identified studies were
then examined to confirm the inclusion. If a study did
not meet all criteria, the respective exclusion criterion
was documented and the study was eliminated from fur-
ther analysis. In the case of disagreement of the two re-
viewers, a third reviewer (A.A.) was consulted. Figure 1
illustrates the systematic review process of the present
meta-analysis.
Methodological quality and risk of bias
A customized methodological quality scale was designed
to assess the internal, statistical, and external validity of
the included studies in regard to the conceptual defin-
ition (Table 1). A positive point was assigned when a
specific quality criterion was fulfilled (Table 1). However, if
a criterion could not be scored because it was not part of
the study (e.g., mechanical but not morphological tendon
properties were investigated), the criterion was excluded
from the further quality assessment of the study. The
quality score of each validity aspect (i.e., internal, statis-
tical, and external) was calculated by dividing the number
of items with a positive score by the total number of items
(the quotient was then multiplied by 100). The scores were
averaged to calculate the overall methodological quality of
each study. The assessment of the risk of bias (sequence
generation, allocation concealment, blinding outcome
assessor, incomplete outcome data, selective outcome
reporting, other sources of bias) was based on the
Cochrane Risk of Bias tool [46]. The data extraction and
scoring were performed by two independent observers
(S.B. and F.M.), and in the case of disagreement, a third
one was consulted (A.A.). A funnel plot of the tendon
stiffness from all included studies was created to estimate
publication bias.

Data extraction
One reviewer (S.B.) extracted the following data from
the full-text articles of all included studies, and a second
reviewer (F.M.) confirmed the extraction. The data were
merged in a table, including the information of the
source (name of the first author and year of publication),
the label of the participant sample in the respective
study (i.e., experimental or control group according to
the inclusion criteria), the characteristics of the partici-
pants (i.e., number, gender, activity level, investigated
tendon), the performed intervention with the respective
loading conditions (i.e., type of training, intensity, dur-
ation of single loading cycle, repetitions, sets, interven-
tion duration, and training frequency), and the outcome
of the study for either tendon stiffness, Young’s modu-
lus, and CSA as the difference of pre and post values in
percentage (i.e., ((post value − pre value)/pre value) *
100) with the corresponding significance indication. Fur-
thermore, the part of the tendon (i.e., free tendon or
tendon-aponeurosis complex) that was used for the par-
ameter calculation was documented. In studies where
both calculation approaches were used, only the values
from the free tendon were included. If the stiffness or
Young’s modulus was calculated within several percentage
intervals of the force-elongation or stress-strain relation-
ship, the values from the highest interval were used. In
case that the CSA was reported for different positions
along the tendon length, the mean value and pooled
standard deviation were calculated and included. If the re-
quired data (i.e., means and standard deviations of pre-
and post-intervention values) were not reported in the art-
icle or presented in an inappropriate format for data ex-
traction (e.g., graph instead of values), the corresponding
authors were contacted and asked to provide the missing
values. Extracting values visually from a graph was the
final option. In case the relevant data were not available,
the study was excluded.

Statistical analysis
In order to assess the impact of mechanical loading on
tendon adaptation, the effect sizes of the intervention-
induced changes (i.e., changes to baseline) of the tendon
stiffness, Young’s modulus, and CSA for each study were
calculated. As the stiffness, Young’s modulus, and CSA
were not always measured using identical methodological



Figure 1 Flowchart of the systematic review process.
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approaches, the effect size was calculated as the standard-
ized mean difference (SMD) [47]. The SMD included fur-
ther an adjustment (Hedges’ adjusted g) for small sample
bias [47]. Throughout the following manuscript, we will
use the term SMD when referring to effect sizes of indi-
vidual studies. The SMDs from all studies were then
pooled in a meta-analysis to estimate the weighted average
effect size of the tendon stiffness, Young’s modulus, and
CSA [47,48]. Thereto, we used a random-effects model of
the generic inverse variance method, which gives more
weight to larger studies (i.e., smaller standard errors) and
accounts for heterogeneity of the included studies [47,49].
To analyze the presence of an overall intervention effect
on the tendon stiffness, Young’s modulus, and CSA, a test
statistic (i.e., null hypothesis: no overall effect of the inter-
vention) was performed [47]. A forest plot was created to
illustrate the SMDs and 95% confidence intervals (CIs) of
tendon stiffness, Young’s modulus, and CSA for all re-
spective studies as well as the overall effect. Further, het-
erogeneity between study outcomes was investigated
using Q and I2 statistics to assess if differences between
outcomes are due to study diversity rather than chance
[50]. A subgroup analysis was conducted on the following
loading conditions: intensity (i.e., higher versus lower than
70% of maximum voluntary contraction (MVC) or one
repetition maximum (RM)), muscle contraction type (i.e.,
isometric, eccentric, concentric-eccentric), and interven-
tion duration (i.e., shorter and longer than 12 weeks). A
second forest plot was designed to present the SMDs and
CI of tendon stiffness between studies, which applied low
and high loading intensities, respectively. Statistical proce-
dures were performed by means of the software Review
Manager v.5.2 [51].

Results
Literature search
The search by the defined keywords yielded 3,944 hits in
the three databases. After screening all study titles and
eliminating duplicates from the different databases, 146
potentially eligible studies were identified. Following the
abstract examination, 35 studies remained included;
however, the full text assessment showed that four more
studies did not confirm all criteria and, thus, were excluded
from the further analysis. The screening of the reference
lists of the included studies provided a number of 49 poten-
tially eligible studies. However, except one study, all articles
did not meet the criteria or were already included. Five
studies were excluded from the remaining 32 due to a lack



Table 1 Criteria of the methodological quality

Scoring

Internal validity

1. Study design A positive point was assigned if the
following aspects were considered:

1. Mechanical tendon properties (stiffness)

2. Material tendon properties
(Young’s modulus)

3. Morphological tendon properties
(cross-sectional area)

4. Control group (no specific training)
was included and participants were
randomly assigned

2. Methods A positive point was assigned if the
following aspects were considered:

2.1 Mechanical properties

• Object of investigation A. Only the free tendon was assessed [79]

• Calculation of tendon
force

B. Consideration of gravitational
forces [80,81]

C. Consideration of axes misalignment of
dynamometer and joint [80-82]

D. Consideration of antagonistic muscle
activation [83,84]

E. Tendon lever arm directly measured
for each subject

• Measurement of tendon
elongation

F. Consideration of joint angle changes
during the maximal isometric
contraction on the tendon
elongation measurement [84,85]

G. Using the average of multiple trials
(>1) to increase the reliability of the
ultrasound technique [86]

2.2 Morphological properties A. Magnetic resonance imaging was
used [45,76]

B. Different positions along tendon length
were assessed to account for potential
region specific adaptations [24,29,30]

3. Cofactors A positive point was assigned if the
following aspects were considered:

A. Influence of gender

B. Influence of physical activity level of the
participants

Statistical validity

4. Statistical tests A positive point was assigned if appropriate
statistical tests were used

5. Power analysis A positive point was assigned if effect sizes
were calculated and reported

External validity

6. Eligibility of sample and
variable

A positive point was assigned if the
intervention included:

1. Appropriate participant sample

2. Appropriate variables

7. Description of the exercise
intervention protocol

A positive point was assigned if the
following criteria were reported:

Table 1 Criteria of the methodological quality (Continued)

A. Intensity of muscle contraction

B. Duration of single stimulus

C. Repetitions per set

D. Number of sets

E. Number of weeks of intervention

F. Number of trainings per week

8. Description of the
participant sample

A positive point was assigned if the
following criteria were reported:

A Age, B Gender, C Body height,
D Body weight, E Activity level
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of relevant information about the loading conditions
[52,53] or outcome values [44,54,55]. Finally, 27 studies ful-
filled all criteria and were included in the present meta-
analysis (Figure 1).

Description of the included studies
All included studies assessed the effect of mechanical
loading on either the patellar tendon (N = 12) or the
Achilles tendon (N = 15). Nine studies applied a different
loading protocol on the two legs of the participants of
the exercise group, and one study investigated three dif-
ferent intervention groups. In the present meta-analysis,
each of these interventions was treated as a separate
intervention. When a study presented the data of differ-
ent intervention groups, but not all of them fulfilled the
inclusion criteria, only the ones that met all criteria were
included. An overweighting of single studies within the
meta-analysis (i.e., bias) due to this approach was, how-
ever, not expected, as the loading conditions between
the separate interventions were different and independ-
ent. In fact, only this procedure allowed to include all
available data for a representative meta-analysis. The arti-
cles from Foure et al. [38,56,57] reported the effect of a
single intervention on different parameters of the Achilles
tendon, as indicated by the same number of participants
with similar anthropometrics, identical training protocol,
and values of tendon CSA. The relevant parameters for
the present analysis (i.e., tendon stiffness and CSA)
were extracted and considered as a single intervention.
Furthermore, Kubo et al. [37,42] presented the data of
one intervention in two articles, as indicated by the
same number of participants and anthropometrics,
training protocol, and results of tendon stiffness and
CSA (LC protocol exercise group in [42]). Thus, the
values were only included once. In the study of Kubo
et al. [58], the authors compared the results of two pre-
vious investigations [59,60] that were already included
in the present meta-analysis under a new research
question. These results were also not considered as a
new investigation. In another article [24], the CSA pre-
and post-intervention values were exclusively reported
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in a graph (figure four, page 116). The respective means
and standard error of means were visually extracted
from the graph and used in order to calculate the stand-
ard deviation and SMD.
Finally, the present meta-analysis included in total 37

interventions (participants in total N = 264) eligible for
the research question, and their characteristics are
summarized in Table 2. In all 37 interventions, the par-
ameter tendon stiffness was used in order to quantify
the training effect on the adaptive tendon responses.
Thirty-three of these also examined the tendon CSA,
and 17 studies further included the parameter Young’s
modulus. Seventeen interventions applied the mechan-
ical stimulus on the tendon by means of isometric
muscle contractions, 11 interventions used a combin-
ation of concentric and eccentric contractions or solely
concentric (N = 1) or eccentric contractions (N = 3), 5
interventions performed plyometric training, 1 inter-
vention added stretching to the resistance training, and
1 study investigated the effect of running on the tendon
properties (Table 2). The loading conditions were set to
different levels between studies, using high and low in-
tensities, short and long durations of the single loading,
and different numbers of repetitions and sets (Table 2).
However, only three studies (i.e., eight interventions)
specified the corresponding tendon strain magnitude to
the muscle contraction intensity [28,29,31]. Thirty-five
of the 37 interventions were performed for 8 to 14 weeks,
and the participants exercised on 2 to 4 days per week.
Except for four interventions [29,61,62], which included
both female and male participants and one intervention
including solely women [63], all other interventions were
performed with men. In almost all studies, the participants
were regularly physically active, but not involved in inten-
sive sports activity. One intervention was performed with
cricket players [39] and another one with runners [17].
The number of exercised participants ranged between
studies from 6 to 15 with a mean of 9.8 ± 2.3.
Methodological quality and risk of bias assessment
The results of the methodological quality assessment
of the included studies showed a range of achieved
scores from 61% to 99% with a mean and standard de-
viation of 71% ± 9% (Table 3), indicating appropriate
methodological qualities for most studies. Fourteen of
the 27 included studies investigated mechanical, ma-
terial, as well as morphological properties (i.e., stiff-
ness, Young’s modulus, and CSA), which is essential in
order to clarify if a change in tendon stiffness was
based on alterations of the material properties and/or
tendon hypertrophy.
The risk of bias assessment indicated a low risk of

bias in three interventions [24,41,61]. The judgment
for the other included studies was problematic, be-
cause the randomization process, concealment of allo-
cation, and blinding of the assessor to the data were
not reported and, therefore, unclear (Table 3). The fun-
nel plot of tendon stiffness from all included studies
appeared symmetrical and, thus, indicates low risk of
publication bias (Figure 2).

Meta-analysis of intervention effects
The weighted average effect size for the tendon stiffness
was 0.70 (CI 0.51, 0.88), 0.69 (CI 0.36, 1.03) for tendon
Young’s modulus and 0.24 (CI 0.07, 0.42) for tendon
CSA, indicating greater intervention effects on stiffness
and Young’s modulus compared to CSA (Figure 3). The
overall intervention effect was significant for all three
parameters (p < 0.05). Heterogeneity was significant for
stiffness and Young’s modulus (p < 0.05), but not for
CSA (p = 0.14), with a moderate heterogeneity of 30%
and 21% for stiffness and CSA, respectively, and a sub-
stantial heterogeneity of 57% for Young’s modulus [50].
Figure 3 presents a forest plot, including the SMDs and
corresponding CIs for tendon stiffness, Young’s modu-
lus, and CSA of all included interventions as well as the
respective weighted average effect sizes with the overall
effect test and heterogeneity analysis results.

Subgroup analysis
The subgroup analysis on the loading intensity showed
that pooling interventions using muscle contraction in-
tensities higher than 70% of MVC or RM (N = 27) and
those using lower intensities (N = 5) resulted in a
weighted averaged effect size of tendon stiffness of 0.90
(CI 0.71, 1.08) and 0.04 (CI −0.46, 0.53), respectively.
The difference between the high and low intensity sub-
group was statistically significant (p < 0.00001). No het-
erogeneity was found between the studies using high
intensities (p = 0.56, I2 = 0%). The forest plot in Figure 4
contains the SMDs and corresponding CIs for tendon
stiffness separated for interventions featuring high and
low loading intensities as well as the respective weighted
average effect sizes with the overall effect test and
heterogeneity analysis.
When analyzing the interventions that used a high load-

ing intensity in regard to the type of muscle contraction,
the weighted averaged effect sizes of tendon stiffness
showed no statistically significant (p > 0.5) difference be-
tween isometric (N = 15, SMD= 0.95, CI 0.66, 1.24),
concentric-eccentric (N = 8, SMD= 0.82, CI 0.49, 1.15),
and purely eccentric (N = 2, SMD= 1.04, CI 0.37, 1.72)
contraction type.
The subgroup analysis of the intervention duration

showed that the weighted average effect sizes of tendon
stiffness were 0.91 for the interventions using longer
durations (≥12 weeks: N = 23, CI 0.71, 1.12) and 0.81 for



Table 2 Data extraction from the included studies

Source Participants Intervention Outcome

Reference Year Group N Sex Activity
level

Tendon Type of
training

Intensity Duration Reps Sets Weeks Times/
week

Stiffness YM CSA

Location % Sig % Sig Location % Sig

Albracht
et al. [15]

2013 EP 13 m Run AT Is (rep) 90%
MVC

3 s 4 5 14 4 Ap (GM F) 15.8 *

Arampatzis
et al. [29]

2010 EP 11 m Reg AT Is (rep) 55%
MVC

1 s 20 5 14 4 Ap (GM F) −5.2 - −4.8 - Free 1.3 -

EP 11 m Reg AT Is (rep) 90%
MVC

1 s 12 5 14 4 Ap (GM F) 17.1 * 16.9 * Free 0.5 -

Arampatzis
et al. [28]

2007 EP 11 f, m Reg AT Is (rep) 55%
MVC

3 s 7 5 14 4 Ap (GM F) 7.9 - −1.6 - Free 4.3 -

EP 11 f, m Reg AT Is (rep) 90%
MVC

3 s 4 5 14 4 Ap (GM F) 36.0 * 22.9 * Free 9.6 *

Bohm
et al. [31]

2014 EP 12 m Reg AT Is (sta) 90%
MVC

12 s 1 5 14 4 Ap (GM M) 24.8 * 17.7 * Free 5.3 *

EP 12 m Reg AT Is (rep) 90%
MVC

3 s 4 5 14 4 Ap (GM M) 53.9 * 45.2 * Free 4.4 *

EP 14 m Reg AT Ply 90%
MVC

Approximately
0.26 s

72 5 14 4 Ap (GM M) 28.4 - 19.6 - Free 2.5 -

EP 14 m Reg AT Is (rep) 90%
MVC

3 s 4 5 14 4 Ap (GM M) 37.3 * 36.3 * Free 3.7 *

Carroll
et al. [61]

2011 CG 7 (11) f, m Unt PT Co-Ec
(rep)

74%
RM

nr 2 to 3 5 to 10 12 3 Free 13.9 + 18.4 * Free −1.7 -

Fletcher
et al. [17]

2010 EP 6 m Run AT Is (sta) 80%
MVC

20 s 1 4 8 3 Ap (GM F) 18.6 -

Fouré
et al. [71]

2009 EP 6 m Exp AT Ply nr nr 150 to
280

nr 8 2 Ap (GM M) 4.1 -

Foure et al.
[38,56,57]

2010a,
b,2011

EP 9 m Reg AT Ply nr nr 200 to
600

nr 14 2.4 Ap (GM M) 26.5 * Free 3.1 -

Foure
et al. [43]

2013 EP 11 m Reg AT Ec (rep) nr nr 200 to
600

nr 14 2.4 Ap (GM F) 16.4 - Free −1.5 -

Hansen
et al. [62]

2003 EP 11 f, m Unt AT Run nr 30 to
50 min

1 34 2.4 Ap (GM F) 7.3 - Free −0.3 -

Houghton
et al. [39]

2013 EP 7 nr Cri AT Ply nr nr 4 to 10 2 to 6 8 1.9 Ap (GM M) −8.9 - −20 - Free 12.9 *

Kongsgaard
et al. [24]

2007 EP 12 m Unt PT Co-Ec (rep) 70% RM nr 8 10 12 3 Free 14.6 * 12.2 - Free 3.3 nr

EP 12 m Unt PT Co-Ec
(rep)

16% RM nr 36 10 12 3 Free −9.2 - −4.2 - Free 1.5 nr
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Table 2 Data extraction from the included studies (Continued)

Kubo et al.
[37,42]

2001a EP 8 m Reg PT Is (rep) 70% MVC Rapid 50 3 12 4 Ap (VL F) 17.5 - Free 1.4 -

2001a,b EP 8 m Reg PT Is (sta) 70% MVC 20 s 1 4 12 4 Ap (VL F) 57.3 * 50.3 * Free 1.4 -

Kubo
et al. [25]

2002 EP 8 m Reg AT Co-Ec
(rep)

70% RM nr 10 5 8 4 Ap (GM F) 31.3 * Free −3.3 -

EP 8 m Reg AT Co-Ec
(rep) + S

70% RM nr + 45 s 10 + 5 5 + 1 8 4 + 7
(2×/day)

Ap (GM F) 23.8 * Free 3.4 -

Kubo
et al. [63]

2003 EP2 11 f Reg PT Co-Ec
(rep)

BW nr 44 1 24 6 Ap (VL F) 15.7 -

Kubo
et al. [40]

2006a EP 9 m nr PT Is (sta)
[50°]

70% MVC 15 s 1 6 12 4 Ap (VL F) 9.7 - Free 1.5 -

EP 9 m nr PT Is (sta)
[100°]

70% MVC 15 s 1 6 12 4 Ap (VL F) 50.9 * Free 1.5 -

Kubo
et al. [87]

2006b EP 8 m Reg PT Is (sta) 70% MVC 15 s 1 10 12 4 Free −0.2 - Free 0.3 -

Kubo
et al. [88]

2006c CG 9 m nr PT Co-Ec
(rep)

80% RM 4 s 10 4 12 3 Free 8.5 - Free −0.6 -

Kubo
et al. [59]

2007 EP 10 m Unt AT Ply 40% RM nr 10 5 12 4 Ap (GM M) 19.4 - Free 3.3 -

EP 10 m Unt AT Co-Ec
(rep)

80% RM 4 s 10 5 12 4 Ap (GM M) 29.7 * Free −1.2 -

Kubo
et al. [60]

2009 EP 10 m nr PT Is (sta) 70% MVC 15 s 1 10 12 4 Free 71.1 * Free 4.0 -

EP 10 m nr PT Co-Ec
(rep)

80% RM 4 s 10 5 12 4 Free 25.4 - Free 1.3 -

Kubo
et al. [52]

2010 EP 8 m Reg PT Is (sta) 70% MVC 15 s 1 10 12 4 Ap (VL F) 50.9 * Free 1.0 -

Kubo
et al. [72]

2012 EP 9 m Reg AT Is (sta) 80% MVC 15 s 1 15 12 4 Ap (GM M) 51.4 * Free 2.7 -

Malliaras
et al. [41]

2013 EP 9 m Reg PT Co (rep) 80% RM 5 s 7 to 8 4 12 3 Free 49.9 - 52 - Free 5.0 -

EP 10 m Reg PT Ec (rep) 80% RM 5 s 12 to 15 4 12 3 Free 39.2 - 38.6 - Free 3.6 -

EP 10 m Reg PT Ec (rep) 80% RM
(Ec)

5 s 7 to 8 4 12 3 Free 80.9 * 77.3 * Free 5.8 -

Seynnes
et al. [30]

2009 EP 15 m Reg PT Co-Ec
(rep)

80% RM nr 10 4 9 3 Free 22.7 * 18.4 * Free 3.9 *

Group (i.e., as assigned in the respective article): EP, experimental group; CG, control group. Sex: f, female; m, male. Activity level: Reg, regularly physically active and recreational sports; Unt, untrained; Exp, explosive
sports (i.e., volleyball, basketball, handball); Run, runners; Cri, cricket players. Tendon: PT, patellar tendon; AT, Achilles tendon. Type of training: Is, isometric muscle contraction; Co, concentric; Ec, eccentric; Ply,
plyometric; Run, running; S, stretching; rep, repetitive; sta, static. Intensity: MVC, maximum voluntary contraction; RM, one repetition maximum; BW, body weight. Outcome: YM, tendon Young’s modulus; CSA, tendon
cross-sectional area. Location (i.e., refers to the anatomical structure that was used for the assessment of the tendon properties): Ap, aponeurosis; GM, m. gastrocnemius medialis; VL, m. vastus lateralis; F, fiber; M, myo-
tendinous junction; Free, free tendon; nr, not reported. Sig (i.e., significance): *p < 0.05; +p < 0.01; -p > 0.05.
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Table 3 Methodological quality and risk of bias assessment of the included studies
Study Methodological quality

Internal
validity

Statistical validity External validity

1.1a 1.2a 1.3a 1.4a 2.1Ab 2.1Bb 2.1Cb 2.1Db 2.1Eb 2.1Fb 2.1Gb 2.2Ab 2.2Bb 3Ab 3Bb Score
[%]

4a 5a Score
[%]

6.1a 6.2a

Albracht et al., 2013 [15] + - - + - + + + - + - / / - + 51 + - 50 + +

Arampatzis et al., 2007 [29] + + + + - + + + - + - + + + - 87 + - 50 + +

Arampatzis et al., 2010 [28] + + + - - + + + - + - + + + - 72 + - 50 + +

Bohm et al. [31] + + + + - + + + + + + + + + + 98 + + 100 + +

Carroll et al., 2011 [61] + + + - + - - - - + + + + - + 70 + - 50 + +

Fletcher et al., 2010 [17] + - - + - + + - + + - / / + + 60 + - 50 + +

Fouré et al., 2009 [71] + - - + - + - - - - - / / + + 46 + - 50 + +

Foure et al., 2010a,b, 2011 [38,56,57] + - + + - + - - - + - - + + + 63 + - 50 + +

Foure et al., 2013 [43] + - + + - + - - - + - - + + + 63 + - 50 + +

Hansen et al., 2003 [62] + - + - - - - + + + - + + - + 56 + - 50 + +

Hougthon et al., 2013 [39] + + + + - + + + + + - - + + + 84 + + 100 + +

Kongsgaard et al., 2007 [24] + + + - + + - + - + - + + + + 74 + - 50 + +

Kubo et al., 2001a,b [37,42] + + + - - - - - - - + + - + + 66 + - 50 + +

Kubo et al., 2002 [25] + - + - - - - - - - + + - + + 52 + - 50 + +

Kubo et al., 2003 [63] + + + + - - - - - - + / / + + 86 + - 50 + +

Kubo et al., 2006a [40] + - + - - - - + - + + + - + - 49 + - 50 + +

Kubo et al., 2006b [87] + - + + + - - + - + + + + + + 80 + - 50 + +

Kubo et al., 2006c [88] + - + - + - - + - + - + + + - 56 + - 50 + +

Kubo et al., 2007 [59] + - + - - - - + - + + + - + + 56 + - 50 + +

Kubo et al., 2009 [60] + - + - + - - + - + - + + + - 56 + - 50 + +

Kubo et al., 2010 [52] + - + + - - - + - + + + + + + 78 + - 50 + +

Kubo et al., 2012 [72] + - + + - - - + - + + + + + - 70 + - 50 + +

Malliaras et al., 2013 [41] + + + + + - - + - + + - - + + 80 + - 50 + +

Seynnes et al., 2009 [30] + + + - + - - + + - - + + + + 78 + - 50 + +
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Study Methodological quality Risk of bias

External validity Total
score [%]

Sequence Allocation Blinding Outcome Report Other

7Ab 7Bb 7Cb 7Db 7Eb 7Fb 8Ab 8Bb 8Cb 8Db 8Eb Score [%]

Albracht et al., 2013 [15] + + + + + + - + + + + 95 65 Unclear Unclear Unclear Yes Yes Yes

Arampatzis et al., 2007 [29] + + + + + + + + + + - 95 77 Unclear Unclear Unclear Yes Yes Yes

Arampatzis et al., 2010 [28] + + + + + + + + + + - 95 72 Unclear’ Unclear’ Unclear Yes Yes Yes

Bohm et al. [31] + + + + + + + + + + + 100 99 Unclear Unclear Unclear Yes Yes Yes

Carroll et al., 2011 [61] + - + + + + + + + + + 96 72 Unclear’ Unclear’ Yes Yes Yes Yes

Fletcher et al., 2010 [17] + + + + + + + + + + + 100 70 Unclear Unclear Unclear Yes Yes Yes

Fouré et al., 2009 [71] - - + - + + + + + + + 88 61 Unclear Unclear Unclear Unclear Yes Yes

Foure et al., 2010a,b, 2011 [38,56,57] - - + - + + + + + + + 88 67 Unclear Unclear Unclear Yes Yes Yes

Foure et al., 2013 [43] - - + - + + + + + + + 88 67 Unclear Unclear Unclear Yes Yes Yes

Hansen et al., 2003 [62] - + + + + + + + + + + 96 67 Unclear’ Unclear’ Unclear Yes Yes Yes

Hougthon et al., 2013 [39] - - + + + + + + + + + 92 92 Unclear Unclear Unclear Yes Yes Unclear+

Kongsgaard et al., 2007 [24] + - + + + + + + + + + 96 73 Unclear’ Unclear’ Yes Yes Yes Yes

Kubo et al., 2001a,b [37,42] + + + + + + + + + + + 100 72 Unclear’ Unclear’ Unclear Yes Yes Yes

Kubo et al., 2002 [25] + - + + + + + + + + + 96 66 Unclear’ Unclear’ Unclear Yes Yes Yes

Kubo et al., 2003 [63] + - + + + + + + + + + 96 77 Unclear Unclear Unclear Yes Yes Yes

Kubo et al., 2006a [40] + + + + + + + + + + - 95 65 Unclear’ Unclear’ Unclear Yes Yes Yes

Kubo et al., 2006b [87] + + + + + + + + + + + 100 77 Unclear Unclear Unclear Yes Yes Yes

Kubo et al., 2006c [88] + + + + + + + + + + - 95 67 Unclear’ Unclear’ Unclear Yes Yes Yes

Kubo et al., 2007 [59] + + + + + + + + + + + 100 69 Unclear’ Unclear’ Unclear Yes Yes Yes

Kubo et al., 2009 [60] + + + + + + + + + + - 95 67 Unclear’ Unclear’ Unclear Yes Yes Yes

Kubo et al., 2010 [52] + + + + + + + + + + + 100 76 Unclear Unclear Unclear Yes Yes Yes

Kubo et al., 2012 [72] + + + + + + + + + + + 100 73 Unclear Unclear Unclear Yes Yes Yes

Malliaras et al., 2013 [41] + + + + + + + + + + + 100 77 Unclear Yes Yes Yes Yes Yes

Seynnes et al., 2009 [30] + - + + + + + + + + + 96 74 Unclear’ Unclear’ Unclear Yes Yes Yes

Methodological quality: 1 Study design (1.1 Mechanical properties, 1.2 Material properties, 1.3 Morphological properties, 1.4 Control group), 2 Methods (2.1 Mechanical properties, 2.1A Object of investigation, 2.1B
Gravitational forces, 2.1C Axes misalignment, 2.1D Antagonistic muscle activation, 2.1E Lever arm measured, 2.1F Joint angle change, 2.1G Used multiple trials, 2.2 Morphological properties, 2.2A MRI, 2.2B different
positions), 3 Cofactors (3A Gender, 3B Activity level), 4 Statistical tests, 5 Power analysis, 6 Eligibility (6.1 Participants, 6.2 Variables), 7 Description exercise protocol (7A Intensity, 7B Duration single stimulus, 7C
Repetitions, 7D Sets, 7E Weeks, 7F Times per week), 8 Description participants (8A Gender, 8B Age, 8C Body height, 8D Body weight, 8E Activity level). The single criteria were rated (+, point; -, no point; /, not included)
and used to calculate the quality score for each category (i.e., internal, statistical, and external validity). The average of the three scores gives the total score. aA full point was assigned to each sub-category for the calculation of
the score in the respective validity section (assigned points/possible points * 100). bThe sub-categories of the respective block were pooled to a single point (assigned points/possible points). Risk of bias [46]: Sequence,
adequate sequence generation; Allocation, allocation concealment; Blinding, blinding outcome assessor; Outcome, incomplete outcome data; Report, selective outcome reporting; Other, other sources of bias.
Judgments: Yes, low risk of bias; Unclear, insufficient information reported (’, only one group; +, significant difference of baseline tendon cross-sectional area values between the control and training group). The three studies of
Foure et al. [38,56,57] and the two studies of Kubo et al. [37,42] were merged as one, since the results of one intervention were reported in different publications.

Table 3 Methodological quality and risk of bias assessment of the included studies (Continued)
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Figure 2 Funnel plot of standardized mean differences (SMDs)
against standard error of the mean (SE). Values represent the
tendon stiffness from all studies included in the meta-analysis.
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the shorter ones (8 to 12 weeks: N = 4, CI 0.33, 1.29). No
statistical significant difference was found between the
two durations (p = 0.7).

Discussion
The present meta-analysis assessed the effect of chronic
mechanical loading on the adaptive responses of tendon
mechanical (stiffness), material (Young’s modulus), and
morphological (CSA) properties reported in the recent
literature. Twenty-seven studies, which provided an
overall number of 37 separate exercise interventions
(participants in total N = 264), were included in the
analysis. The weighted averaged effect size of the
intervention-induced adaptations was 0.70 for tendon
stiffness (N = 37), 0.69 for Young’s modulus (N = 17),
and 0.24 for CSA (N = 33), indicating a moderate to
large effect for the first two parameters and a small to
moderate effect for the latter. The overall intervention
effect for stiffness, Young’s modulus, and CSA was
significant, regardless of the variety of applied loading
regimens. However, the significant heterogeneity of stiff-
ness and Young’s modulus between the included inter-
ventions indicated that the different levels of the loading
conditions might have affected the adaptive responses.
The subgroup analysis revealed that high loading inten-
sities are more effective compared to low intensities to
induce adaptive responses whereas the type muscle con-
traction seems irrelevant. This meta-analysis gives fur-
ther evidence for the plasticity of human tendon
mechanical, material, and morphological properties
in vivo in response to chronic loading of various types.
Moreover, the analysis showed that the adaptive re-
sponse of the tendon to intervention-induced chronic
mechanical loading might be more pronounced for the
material compared to morphological properties.
The averaged effect size of the intervention-based

changes of tendon stiffness was 0.70, featuring a
significant overall effect of all included exercise interven-
tions. Out of the 37 interventions that measured tendon
stiffness, 26 showed SMDs above 0.5 (i.e., medium to
large effects [64]). Therefore, the present meta-analysis
emphasizes the adaptive potential of tendons to in-
creased mechanical loading, which was quite consist-
ently shown despite the marked variety of loading
protocols. However, the significant heterogeneity of ten-
don stiffness changes between studies indicated that espe-
cially the different levels of the applied loading conditions
(e.g., intensity, duration of single loading cycle, repetitions,
sets, intervention duration, and training frequency per
week) and general exercise conditions (e.g., type of muscle
contraction (isometric, concentric, or eccentric) applied
repetitively or statically, differences in joint angles that
affect the tendon lever arm length and, thus, acting
stress on the tendon) may considerably affect tendon
adaptive responses. For example, Arampatzis et al.
[28,29], Kongsgaard et al. [24], and Malliaras et al. [41] in-
vestigated the effect of the magnitude of the mechanical
load by means of low and high muscle contraction inten-
sities. The studies reported a significant increase of ten-
don stiffness solely following the training using the
high contraction intensities (i.e., 90% MVC, 70% RM,
80% eccentric RM, respectively). The conducted sub-
group analysis confirmed the importance of high ten-
don loading intensities for tendon adaptation.
Analyzing the interventions that used muscle contrac-
tion intensities higher than 70% of MVC or RM and
those using lower intensities revealed significantly dif-
ferent weighted averaged effect sizes of tendon stiffness of
0.90 and 0.04, respectively. No heterogeneity (I2 = 0%) be-
tween studies using high intensities was found. Further-
more, considering the high contraction intensity studies,
the analysis further indicates that the effect of the type of
muscle contraction was only minor (Table 2). The sub-
groups of either isometric, concentric-eccentric, or purely
eccentric contraction type showed comparable (statistically
insignificant) weighted averaged effect sizes of 0.95, 0.82,
and 1.04, respectively. Therefore, we can argue that the
level of tendon loading (in terms of muscle contraction in-
tensity) determines the effect on tendon adaptation inde-
pendent of the muscle contraction type, which may explain
the lack of differences between the interventions using dif-
ferent muscle contraction types. This assumption is in ac-
cordance to reports from earlier in vitro studies, suggesting
that loading intensity-related tendon cell deformation is an
important stimulus that affects catabolic and/or anabolic
cellular and molecular adaptive responses [65,66]. With
increasing strain, a loss of collagen crimp and an increase
in fiber recruitment was observed [67,68], which very
likely results in an increased number of cells being
deformed [69] inducing adaptive processes in an intensity-
dependent manner [65,66,70].



Figure 3 Forest plot for the meta-analysis of the effect of mechanical loading on tendon properties. Illustrated are the exercise
intervention-induced changes on tendon stiffness (black), Young’s modulus (white), and cross-sectional area (CSA, gray), respectively, featuring the
single-study effect sizes (SMD, circles), the corresponding confidence intervals (CIs, error bars), and study weight in the overall comparison (W) as
well as the respective weighted average effect sizes (random-effects model, diamonds) with the overall effect test and heterogeneity analysis.
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However, several of the included studies evidenced
that besides the magnitude of tendon loading additional
loading and exercise conditions may affect tendon adapta-
tion, e.g., loading frequency [28], loading rate [31], joint
angle [40], loading duration [31,37,42], and repetitive vs.
static loading [31,60].
Furthermore, the effect of plyometric training on tendon

properties seems yet ambiguous, since the five plyometric
training interventions [31,38,56,57,59,71] included in the
present meta-analysis reported controversial results. The
changes in tendon stiffness ranged from +28% [31] to −9%
[39]. However, only the 27% increase reported by Foure
et al. [38,56,57] reached statistical significance. The differ-
ent jumping exercises, uncontrolled [38,39,43,56,71] or
comparably low (40% RM [59]) tendon load magnitude,
and dissimilar intervention durations (8 to 14 weeks)
might be the reason for the inhomogeneous findings.
Comparing dynamic (concentric-eccentric) and isometric
training with plyometric training, Kubo et al. [59] and
Bohm et al. [31] reported a statistically significant in-
crease of Achilles tendon stiffness solely following the
dynamic and isometric but not after the plyometric
training. Bohm et al. [31] suggested that the short
loading duration during jumping constrains the trans-
duction of the mechanical stimulus to the cellular
level due to the viscosity of the tendinous tissue and, there-
fore, may not be optimal to facilitate adaptive responses of
the tendon.
In regard to the duration of the exercise intervention,

several of the included studies featuring a duration of
8 weeks found significant adaptations of tendon stiffness
[17,25,30], indicating that tendons already respond to
increased mechanical loading within 2 months. Pooling
the interventions featuring a high intensity with respect to
the intervention duration in the subgroup analysis, the
weighted average effect sizes of tendon stiffness were 0.91
for the interventions (N = 23) using longer durations
(≥12 weeks) and 0.81 (N = 4) for the shorter ones (8 to 12
weeks) without a statistically significant difference. The
present analysis showed that shorter intervention dura-
tions (8 to 12 weeks) may induce tendon adaptive
responses; however, longer durations (≥12 weeks) seem to
be more efficient, and their effect has been clearly demon-
strated in many studies. For example, Kubo et al. [72,73]
showed that within the time-course of training, Achilles
and patellar tendon stiffness did not increase significantly
after 2 months but reached statistical significance at the
end of the 3-month training period.
The present meta-analysis solely included data of

Achilles and patellar tendons. However, as to be expected,
similar loading protocols on different types of tendons
induced similar adaptive responses [58]. Therefore,
evidence-based interventions that facilitate tendon
adaptation should be applicable to various tendons
and prove valuable in regard to athletic training as
well as the therapy and prevention of tendon injuries.
Increases in tendon stiffness may be a result of either

change in tendon material properties (i.e., Young’s
modulus) and/or tendon morphological properties (i.e.,
cross-sectional area and tendon rest length). Several
studies reported increases in tendon CSA following
training interventions [24,28-31]. However, it is feasible
that no such reports exist for an exercise-induced
change of tendon rest length, which hence can be
excluded from being a relevant adaptive mechanism in
response to increased mechanical loading. Regardless of
the differences between the applied loading regimens,
the averaged effect size for Young’s modulus (N = 17)
was 0.69 and for CSA 0.24 (N = 33). The overall inter-
vention effect was significant for both Young’s modulus
and CSA, and the heterogeneity between studies was sig-
nificant for Young’s modulus and moderate for CSA. As
averaged effect size of stiffness and Young’s modulus
were very similar and comparably higher as the CSA
effect size, we can argue that the increase in stiffness
may be primarily attributed to alterations of the material
properties rather than morphological properties. Changes
of the material properties were mentioned to be an
early mechanism for increased stiffness, whereas tendon
hypertrophy could be a long-term effect of mechanical
loading [19,32]. Several studies included in the present
meta-analysis found an increase in tendon Young’s modu-
lus following the exercise interventions without changes
in the tendon CSA [26,28,42], supporting the assumption
that material properties demonstrate greater plasticity and
change more instantaneous in response to enhanced
chronic mechanical loading. Taking into account that
the average duration of all included interventions was
12.9 ± 4.5 weeks (two studies with longer durations
than 14 weeks: running training [62] and low load resist-
ance bodyweight training [63]), the reason for the small
averaged effect size of CSA in contrast to the larger effects
of Young’s modulus may be the relatively short interven-
tion durations. Yet, tendon hypertrophy could be more
pronounced following longer periods of loading (i.e., habit-
ual loading) compared to durations commonly used in
exercise interventions.
Besides physiological adaptive responses of the tendon

to increased mechanical loading in terms of a functional
relevant improvement, excessive mechanical loading (i.e.,
overloading) was considered an important factor in the
etiology of tendinopathy [20,34,35], which is characterized
by activity-related pain, focal tendon tenderness, and
decreased strength and flexibility [32]. It was suggested
that repetitive strains, though below the failure threshold
of the tendon, cause tendon micro-injuries and subse-
quently tendon inflammation, which may contribute to
the development of tendon degeneration [22]. None of the



Figure 4 Forest plot for the meta-analysis of the effect of mechanical loading on tendon properties. Illustrated are the exercise
intervention-induced changes on tendon stiffness (black), Young’s modulus (white), and cross-sectional area (CSA, gray), respectively, featuring the
single-study effect sizes (SMD, circles), the corresponding confidence intervals (CIs, error bars), and study weight in the overall comparison (W) as
well as the respective weighted average effect sizes (random-effects model, diamonds) with the overall effect test and heterogeneity analysis.

Bohm et al. Sports Medicine - Open  (2015) 1:7 Page 14 of 18



Bohm et al. Sports Medicine - Open  (2015) 1:7 Page 15 of 18
included interventions reported a significant dropout of
participants due to clinical symptoms of overloading.
Nevertheless, adequate regeneration times and slower
adaptation rates of tendon compared to muscle [72-74]
should be considered in an exercise intervention to avoid
episodes of high tendon strain and stress [75] that may
cause maladaptation and tendon damage.
The appropriate investigation of tendon properties

needs to include numerous methodological consider-
ations. The total methodological quality score used in
the present meta-analysis ranged from 61% to 99% with
a mean of 71% ± 9%, indicating adequate to high
methodological qualities for most studies and, thus,
study validity. However, several aspects of the internal
study validity (i.e., study design, methods, and co-
factors) were not considered in every study. First, only
17 of the 37 included interventions reported the values
of stiffness, Young’s modulus, and CSA and, therewith,
provided a complete examination of the adaptive pro-
cesses of the mechanical, material, and morphological
tendon properties and their interaction. Only about half
(i.e., 19) of the interventions included a control group. To
determine the tendon CSA, four studies (six interventions)
used ultrasonographic images instead of MRI [76] for the
manual segmentation, although the reliability for this
method was reported to be poor [45]. However, advance-
ments in the analysis of ultrasound signals (e.g., ultrasound
tissue characterization) for the assessment of tendon
dimensions are promising [77,78] and may be attractive for
the detection of intervention-induced increases of tendon
CSA in future studies. With regard to the measurement
and calculation of the tendon force, tendon elongation,
and CSA, not a single study considered all relevant
methodological aspects (e.g., accounting for gravitational
forces, axes misalignment of joint and dynamometer,
averaging multiple trials to reliably assess tendon elong-
ation, measuring the tendon moment arm directly), which
affects the validity of the applied method. In consequence,
the score for the internal validity was in average only
66% ± 15% (range: 49% to 98%). Considering the statistical
validity, all studies applied appropriate statistical tests, but
only two studies [31,39] calculated the effect size to
estimate the effect of the intervention-induced tendon
adaptations. Furthermore, there was a clear deficit in
controlling and reporting all relevant loading condi-
tions (e.g., intensity, duration of single loading cycle)
[38,39,43,56,71], compromising the comparability of the
results between interventions and their interpretations
in regard to potential causalities. Nevertheless, a mean ex-
ternal validity score of 96 ± 4% (range 88% to 100%)
indicated a high external validity of all included studies.
Although already considered in most of the included
studies, future investigations on tendon adaptation should
account for these methodological quality criteria to ensure
high study validity. The risk of bias assessment was diffi-
cult, since important information were not reported in
most articles. In particular, details of the randomization
process, concealment of allocation, and/or blinding of the
assessor to the outcome data were missing in 34 of the 37
interventions, and therefore, the risk of bias judgment was
inadequate for most included interventions. Only three
studies [24,41,61] provided the necessary information, and
the assessment indicated a low risk of bias. However, the
judgment of the other domains (i.e., incomplete outcome
data, selective outcome reporting, and other sources of
bias) indicated a low risk of bias for almost every included
study. Future investigations should account for an appro-
priate consideration and/or presentation of these aspects
to allow for risk of bias estimation. Although the risk of
bias assessment could not be performed adequately due to
a lack of information, the overall assessment together with
the methodological quality scale suggests an appropriate
validity of the included studies. Furthermore, the funnel
plot indicated a low risk of publication bias. Therefore, the
outcome of the present meta-analysis provides profound
evidence.
The current review and meta-analysis may feature

some limitations in regard to the sample sizes, recruited
participants, and durations of the included interventions.
All included studies were performed on small sample
sizes (6 to 15 participants), most likely due to the great
study effort, and thus, conclusions with regard to a
greater population based on solely one intervention
should be drawn carefully. However, the present meta-
analysis on recent literature confirmed the effects of
chronic loading on the adaptation of mechanical, mater-
ial, and morphological tendon properties. To a greater
part, the included participants were male (237 of 264)
and involved in recreational activity (approximately 164
of 264), which could have biased the generalizability of
the study outcomes to a greater mixed-gender popula-
tion with a different activity profile. Furthermore, the
duration of 35 of the 37 included interventions was
short term (≤14 weeks). However, longer durations may
affect the adaptive responses of the separate tendon
properties (material and morphological) in a different
way. Moreover, the present meta-analysis only consid-
ered studies in the English language.

Conclusions
In conclusion, the present meta-analysis on the effect of
chronic mechanical loading on human tendon adaptation
in vivo included 27 studies featuring 37 separate exercise
interventions. The meta-analysis showed that tendons are
highly responsive to increased mechanical loading and
adapt through changes of their mechanical, material, and
morphological properties. Intervention-induced changes in
tendon stiffness seem to be more attributed to adaptations
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of the material rather than morphological properties.
Based on the results of the present meta-analysis, we
can conclude that high magnitude loading (i.e., muscle con-
traction intensity) is most effective to elicit tendon adapta-
tion and that longer intervention durations (>12 weeks) are
beneficial compared to shorter ones. The effect of muscle
contraction type (isometric, concentric-eccentric, or
isometric) seems insignificant; however, the review suggests
that plyometric training may not be optimal to facilitate
tendon adaptation.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
SB conceived, designed and executed the systematic review and meta-
analysis, contacted authors, interpreted the findings, and drafted and revised
the article; FM executed the systematic review, interpreted the findings, and
drafted and revised the article; AA conceived and designed the systematic
review and meta-analysis, interpreted the findings, and drafted and revised
the article. All authors read and approved the final manuscript.

Acknowledgements
No financial support was received for the conduct of this study or preparation
of this manuscript.

Received: 11 July 2014 Accepted: 29 January 2015

References
1. Elliott DH. Structure and function of mammalian tendon. Biol Rev.

1965;40:392–421.
2. Magnusson SP, Narici MV, Maganaris CN, Kjaer M. Human tendon behaviour

and adaptation, in vivo. J Physiol. 2008;586:71–81.
3. McNeill AR. Tendon elasticity and muscle function. Comp Biochem Physiol

A Mol Integr Physiol. 2002;133:1001–11.
4. Alexander R. Energy-saving mechanisms in walking and running. J Exp Biol.

1991;160:55–69.
5. Fukunaga T, Kubo K, Kawakami Y, Fukashiro S, Kanehisa H, Maganaris CN.

In vivo behaviour of human muscle tendon during walking. Proc R Soc B
Biol Sci. 2001;268:229–33.

6. Ettema GJ, Huijing PA, van Ingen Schenau GJ, de Haan A. Effects of
prestretch at the onset of stimulation on mechanical work output of rat
medial gastrocnemius muscle-tendon complex. J Exp Biol. 1990;152:333–51.

7. Ettema GJ, van Soest AJ, Huijing PA. The role of series elastic structures in
prestretch-induced work enhancement during isotonic and isokinetic contractions.
J Exp Biol. 1990;154:121–36.

8. Kawakami Y, Muraoka T, Ito S, Kanehisa H, Fukunaga T. In vivo muscle fibre
behaviour during counter-movement exercise in humans reveals a significant
role for tendon elasticity. J Physiol Lond. 2002;540:635–46.

9. Lichtwark GA, Bougoulias K, Wilson AM. Muscle fascicle and series elastic
element length changes along the length of the human gastrocnemius
during walking and running. J Biomech. 2007;40:157–64.

10. Karamanidis K, Arampatzis A, Mademli L. Age-related deficit in dynamic stability
control after forward falls is affected by muscle strength and tendon stiffness.
J Electromyogr Kinesiol. 2008;18:980–9.

11. Kubo K, Ikebukuro T, Yata H, Tomita M, Okada M. Morphological and
mechanical properties of muscle and tendon in highly trained sprinters.
J Appl Biomech. 2011;27:336–44.

12. Stafilidis S, Arampatzis A. Muscle – tendon unit mechanical and
morphological properties and sprint performance. J Sports Sci.
2007;25:1035–46.

13. Ishikawa M, Niemela E, Komi PV. Interaction between fascicle and tendinous
tissues in short-contact stretch-shortening cycle exercise with varying eccentric
intensities. J Appl Physiol. 2005;99:217–23.

14. Lichtwark GA, Wilson AM. In vivo mechanical properties of the human
Achilles tendon during one-legged hopping. J Exp Biol.
2005;208:4715–25.
15. 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;113:1605–15.

16. Arampatzis A, De Monte G, Karamanidis K, Morey-Klapsing G, Stafilidis S,
Brueggemann G-P. Influence of the muscle-tendon unit’s mechanical and
morphological properties on running economy. J Exp Biol.
2006;209:3345–57.

17. Fletcher JR, Esau SP, MacIntosh BR. Changes in tendon stiffness and running
economy in highly trained distance runners. Eur J Appl Physiol.
2010;110:1037–46.

18. Galloway MT, Lalley AL, Shearn JT. The role of mechanical loading in tendon
development, maintenance, injury, and repair. J Bone Joint Surg.
2013;95:1620–8.

19. Heinemeier KM, Kjaer M. In vivo investigation of tendon responses to
mechanical loading. J Musculoskelet Neuronal Interact. 2011;11:115–23.

20. Kjaer M. Role of extracellular matrix in adaptation of tendon and skeletal
muscle to mechanical loading. Physiol Rev. 2004;84:649–98.

21. Lavagnino M, Arnoczky SP. In vitro alterations in cytoskeletal tensional
homeostasis control gene expression in tendon cells. J Orthop Res.
2005;23:1211–8.

22. Wang JH-C. Mechanobiology of tendon. J Biomech.
2006;39:1563–82.

23. Arampatzis A, Karamanidis K, Morey-Klapsing G, De Monte G, Stafilidis S.
Mechanical properties of the triceps surae tendon and aponeurosis in
relation to intensity of sport activity. J Biomech. 2007;40:1946–52.

24. Kongsgaard M, Reitelseder S, Pedersen TG, Holm L, Aagaard P, Kjaer M.
Region specific patellar tendon hypertrophy in humans following resistance
training. Acta Physiol. 2007;191:111–21.

25. Kubo K, Kanehisa H, Fukunaga T. Effects of resistance and stretching training
programmes on the viscoelastic properties of human tendon structures
in vivo. J Physiol. 2002;538:219–26.

26. Reeves ND, Maganaris CN, Narici MV. Effect of strength training on human
patella tendon mechanical properties of older individuals. J Physiol Lond.
2003;548:971–81.

27. LaCroix AS, Duenwald-Kuehl SE, Lakes RS, Vanderby Jr R. Relationship between
tendon stiffness and failure: a metaanalysis. J Appl Physiol (Bethesda Md: 1985).
2013;115:43–51.

28. Arampatzis A, Peper A, Bierbaum S, Albracht K. Plasticity of human Achilles
tendon mechanical and morphological properties in response to cyclic
strain. J Biomech. 2010;43:3073–9.

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;210:2743–53.

30. Seynnes OR, Erskine RM, Maganaris CN, Longo S, Simoneau EM, Grosset JF.
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 (Bethesda, Md: 1985). 2009;107:523–30.

31. Bohm S, Mersmann F, Tettke M, Kraft M, Arampatzis A. Human Achilles
tendon plasticity in response to cyclic strain: effect of rate and duration.
J. Exp. Biol. 2014. doi:10.1242/jeb.112268.

32. Kjaer M, Langberg H, Heinemeier K, Bayer ML, Hansen M, Holm L. From
mechanical loading to collagen synthesis, structural changes and function
in human tendon. Scand J Med Sci Sports. 2009;19:500–10.

33. Miller BF, Olesen JL, Hansen M, Døssing S, Crameri RM, Welling RJ.
Coordinated collagen and muscle protein synthesis in human
patella tendon and quadriceps muscle after exercise. J Physiol.
2005;567:1021–33.

34. Wang JH-C, Guo Q, Li B. Tendon biomechanics and mechanobiology—a
minireview of basic concepts and recent advancements. J Hand Ther.
2012;25:133–41.

35. Magnan B, Bondi M, Pierantoni S, Samaila E. The pathogenesis of Achilles
tendinopathy: a systematic review. Foot Ankle Surg. 2014;20:154–9.

36. Arampatzis A, Karamanidis K, Mademli L, Albracht K. Plasticity of the human
tendon to short- and long-term mechanical loading. Exerc Sport Sci Rev.
2009;37:66–72.

37. Kubo K, Kanehisa H, Ito M, Fukunaga T. Effects of isometric training on the
elasticity of human tendon structures in vivo. J Appl Physiol.
2001;91:26–32.

38. Foure A, Nordez A, Cornu C. Effects of plyometric training on plantar flexor
mechanical properties. Comput Methods Biomech Biomed Engin.
2010;13:57–9.



Bohm et al. Sports Medicine - Open  (2015) 1:7 Page 17 of 18
39. Houghton LA, Dawson BT, Rubenson J. Effects of plyometric training on
Achilles tendon properties and shuttle running during a simulated cricket
batting innings. J Strength Cond Res. 2013;27:1036–46.

40. Kubo K, Ohgo K, Takeishi R, Yoshinaga K, Tsunoda N, Kanehisa H. Effects of
isometric training at different knee angles on the muscle-tendon complex
in vivo. Scand J Med Sci Sports. 2006;16:159–67.

41. Malliaras P, Kamal B, Nowell A, Farley T, Dhamu H, Simpson V. Patellar
tendon adaptation in relation to load-intensity and contraction type.
J Biomech. 2013;46:1893–9.

42. Kubo K, Kanehisa H, Fukunaga T. Effects of different duration isometric
contractions on tendon elasticity in human quadriceps muscles. J Physiol.
2001;536:649–55.

43. Foure A, Nordez A, Cornu C. Effects of eccentric training on mechanical
properties of the plantar flexor muscle-tendon complex. J Appl Physiol.
2013;114:523–37.

44. Urlando A, Hawkins D. Achilles tendon adaptation during strength training
in young adults. Med Sci Sports Exerc. 2007;39:1147–52.

45. Ekizos A, Papatzika F, Charcharis G, Bohm S, Mersmann F, Arampatzis A.
Ultrasound does not provide reliable results for the measurement of the
patellar tendon cross sectional area. J Electromyogr Kinesiol Off J Int Soc
Electrophysiol Kinesiol. 2013;23:1278–82.

46. Higgins JPT, Green S (editors). Cochrane Handbook for Systematic Reviews
of Interventions Version 5.1.0 [updated March 2011]. The Cochrane
Collaboration, 2011. Available from www.cochrane-handbook.org.

47. Deeks JJ, Higgins JPT, Altman DG (editors). Chapter 9: Analysing data and
undertaking meta-analyses. In: Higgins JPT, Green S (editors). Cochrane
Handbook for Systematic Reviews of Interventions Version 5.1.0 (updated
March 2011). The Cochrane Collaboration, 2011. Available from
www.cochrane-handbook.org.

48. Cooper H. Research synthesis and meta-analysis: a step-by-step approach.
4th ed. Thousand Oaks: Sage Publications, Inc; 2010.

49. Deeks JJ, Altman DG, Bradburn MJ. Statistical methods for examining
heterogeneity and combining results from several studies in meta-analysis.
In: Egger M, Smith GD, Altman DG, editors. Systematic reviews in healthcare.
BMJ Publishing Group; Chichester: UK, 2001. p. 285–312.

50. Higgins JPT, Thompson SG, Deeks JJ, Altman DG. Measuring inconsistency
in meta-analyses. BMJ. 2003;327:557–60.

51. The Cochrane Collaboration. Review Manager (RevMan). Copenhagen: The
Nordic Cochrane Centre; 2012.

52. 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 Natl Strength Cond Assoc.
2010;24:1724–31.

53. Milgrom Y, Milgrom C, Altaras T, Globus O, Zeltzer E, Finestone AS. Achilles
tendons hypertrophy in response to high loading training. Foot Ankle Int.
2014. doi:10.1177/1071100714550651.

54. Bloomquist K, Langberg H, Karlsen S, Madsgaard S, Boesen M, Raastad T.
Effect of range of motion in heavy load squatting on muscle and tendon
adaptations. Eur J Appl Physiol. 2013;113:2133–42.

55. Farup J, Rahbek SK, Vendelbo MH, Matzon A, Hindhede J, Bejder A. Whey
protein hydrolysate augments tendon and muscle hypertrophy
independent of resistance exercise contraction mode. Scand J Med Sci
Sports. 2014;24:788–98.

56. Foure A, Nordez A, Cornu C. Plyometric training effects on Achilles tendon
stiffness and dissipative properties. J Appl Physiol. 2010;109:849–54.

57. Foure A, Nordez A, McNair P, Cornu C. Effects of plyometric training on
both active and passive parts of the plantarflexors series elastic component
stiffness of muscle-tendon complex. Eur J Appl Physiol. 2011;111:539–48.

58. Kubo K, Ikebukuro T, Yata H, Tsunoda N, Kanehisa H. Effects of training on
muscle and tendon in knee extensors and plantar flexors in vivo. J Appl
Biomech. 2010;26:316–23.

59. Kubo K, Morimoto M, Komuro T, Yata H, Tsunoda N, Kanehisa H. Effects of
plyometric and weight training on muscle-tendon complex and jump
performance. Med Sci Sports Exerc. 2007;39:1801–10.

60. 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 (Bethesda Md: 1985). 2009;106:412–7.

61. Carroll CC, Dickinson JM, LeMoine JK, Haus JM, Weinheimer EM, Hollon CJ.
Influence of acetaminophen and ibuprofen on in vivo patellar tendon
adaptations to knee extensor resistance exercise in older adults. J Appl
Physiol (Bethesda Md: 1985). 2011;111:508–15.
62. Hansen P, Aagaard P, Kjaer M, Larsson B, Magnusson SP. Effect of habitual running
on human Achilles tendon load-deformation properties and cross-sectional area.
J Appl Physiol. 2003;95:2375–80.

63. Kubo K, Kanehisa H, Miyatani M, Tachi M, Fukunaga T. Effect of low-load
resistance training on the tendon properties in middle-aged and elderly
women. Acta Physiol Scand. 2003;178:25–32.

64. Cohen J. Statistical power analysis for the behavioral sciences. Psychology
Press; Hillsdale, New Jersey: US, 1988.

65. Arnoczky SP, Tian T, Lavagnino M, Gardner K. Ex vivo static tensile loading
inhibits MMP-1 expression in rat tail tendon cells through a cytoskeletally
based mechanotransduction mechanism. J Orthop Res Off Publ Orthop Res
Soc. 2004;22:328–33.

66. 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;44:181–7.

67. Hansen KA, Weiss JA, Barton JK. Recruitment of tendon crimp with applied
tensile strain. J Biomech Eng Trans Asme. 2002;124:72–7.

68. Schatzmann L, Brunner P, Stäubli HU. Effect of cyclic preconditioning on the
tensile properties of human quadriceps tendons and patellar ligaments.
Knee Surg Sports Traumatol Arthrosc Off J ESSKA. 1998;6 Suppl 1:S56–61.

69. 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 Off Publ Orthop Res Soc. 2002;20:947–52.

70. Lavagnino M, Arnoczky SP, Kepich E, Caballero O, Haut RC. A finite element
model predicts the mechanotransduction response of tendon cells to cyclic
tensile loading. Biomech Model Mechanobiol. 2008;7:405–16.

71. Fouré A, Nordez A, Guette M, Cornu C. Effects of plyometric training on
passive stiffness of gastrocnemii and the musculo-articular complex of the
ankle joint. Scand J Med Sci Sports. 2009;19:811–8.

72. Kubo K, Ikebukuro T, Maki A, Yata H, Tsunoda N. Time course of changes in
the human Achilles tendon properties and metabolism during training and
detraining in vivo. Eur J Appl Physiol. 2012;112:2679–91.

73. Kubo K, Ikebukuro T, Yata H, Tsunoda N, Kanehisa H. Time course of
changes in muscle and tendon properties during strength training and
detraining. J Strength Cond Res. 2010;24:322–31.

74. de Boer MD, Maganaris CN, Seynnes OR, Rennie MJ, Narici MV. Time course of
muscular, neural and tendinous adaptations to 23 day unilateral lower-limb
suspension in young men. J Physiol. 2007;583:1079–91.

75. Mersmann F, Bohm S, Schroll A, Boeth H, Duda G, Arampatzis A. Evidence
of imbalanced adaptation between muscle and tendon in adolescent
athletes. Scand J Med Sci Sports. 2014;24:e283–9.

76. Couppé C, Svensson RB, Sødring-Elbrønd V, Hansen P, Kjaer M, Magnusson
SP. Accuracy of MRI technique in measuring tendon cross-sectional area.
Clin Physiol Funct Imaging. 2014;34:237–41.

77. Noble JA. Ultrasound image segmentation and tissue characterization.
Proc Inst Mech Eng Part H-J Eng Med. 2010;224:307–16.

78. Van Schie HTM, de Vos RJ, de Jonge S, Bakker EM, Heijboer MP, Verhaar JA.
Ultrasonographic tissue characterisation of human Achilles tendons:
quantification of tendon structure through a novel non-invasive approach.
Br J Sports Med. 2010;44:1153–9.

79. Kongsgaard M, Nielsen CH, Hegnsvad S, Aagaard P, Magnusson SP. Mechanical
properties of the human Achilles tendon, in vivo. Clin Biomech. 2011;26:772–7.

80. Arampatzis A, Morey-Klapsing G, Karamanidis K, DeMonte G, Stafilidis S,
Brüggemann G-P. Differences between measured and resultant joint
moments during isometric contractions at the ankle joint. J Biomech.
2005;38:885–92.

81. Arampatzis A, Karamanidis K, De Monte G, Stafilidis S, Morey-Klapsing G,
Brüggemann G-P. Differences between measured and resultant joint moments
during voluntary and artificially elicited isometric knee extension contractions.
Clin Biomech (Bristol, Avon). 2004;19:277–83.

82. Arampatzis A, Stafilidis S, DeMonte G, Karamanidis K, Morey-Klapsing G,
Brüggemann GP. Strain and elongation of the human gastrocnemius
tendon and aponeurosis during maximal plantarflexion effort. J Biomech.
2005;38:833–41.

83. Mademli L, Arampatzis A, Morey-Klapsing G, Brüggemann G-P. Effect of ankle
joint position and electrode placement on the estimation of the antagonistic
moment during maximal plantarflexion. J Electromyogr Kinesiol. 2004;14:591–7.

84. Magnusson SP, Aagaard P, Dyhre-Poulsen P, Kjaer M. Load-displacement
properties of the human triceps surae aponeurosis in vivo. J Physiol.
2001;531:277–88.

http://www.cochrane-handbook.org
http://www.cochrane-handbook.org


Bohm et al. Sports Medicine - Open  (2015) 1:7 Page 18 of 18
85. Arampatzis A, Monte GD, Karamanidis K. Effect of joint rotation correction
when measuring elongation of the gastrocnemius medialis tendon and
aponeurosis. J Electromyogr Kinesiol Off J Int Soc Electrophysiol Kinesiol.
2008;18:503–8.

86. Schulze F, Mersmann F, Bohm S, Arampatzis A. A wide number of trials is
required to achieve acceptable reliability for measurement patellar tendon
elongation in vivo. Gait Posture. 2012;35:334–8.

87. 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;96:305–14.

88. Kubo K, Komuro T, Ishiguro N, Tsunoda N, Sato Y, Ishii N. Effects of low-load
resistance training with vascular occlusion on the mechanical properties of
muscle and tendon. J Appl Biomech. 2006;22:112–9.
Submit your manuscript to a 
journal and benefi t from:

7 Convenient online submission

7 Rigorous peer review

7 Immediate publication on acceptance

7 Open access: articles freely available online

7 High visibility within the fi eld

7 Retaining the copyright to your article

    Submit your next manuscript at 7 springeropen.com


	Abstract
	Background
	Methods
	Results
	Conclusions

	Key points
	Background
	Methods
	Search strategy
	Study selection and inclusion criteria
	Methodological quality and risk of bias
	Data extraction
	Statistical analysis

	Results
	Literature search
	Description of the included studies
	Methodological quality and risk of bias assessment
	Meta-analysis of intervention effects
	Subgroup analysis

	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

