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Abstract

Purpose The purpose of the study was to determine: (1) the relationship between ankle plantarflexor muscle strength
and Achilles tendon (AT) biomechanical properties in older female adults, and (2) whether muscle strength asymmetries
between the individually dominant and non-dominant legs in the above subject group were accompanied by inter-limb AT
size differences.

Methods The maximal generated AT force, AT stiffness, AT Young’s modulus, and AT cross-sectional area (CSA) along
its length were determined for both legs in 30 women (65 +7 years) using dynamometry, ultrasonography, and magnetic
resonance imaging.

Results No between-leg differences in triceps surae muscle strength were identified between dominant (2798 +566 N) and
non-dominant limb (2667 512 N). The AT CSA increased gradually in the proximo-distal direction, with no differences
between the legs. There was a significant correlation (P <0.05) of maximal AT force with AT stiffness (r=0.500) and Young’s
modulus (r=0.414), but only a tendency with the mean AT CSA. However, region-specific analysis revealed a significant
relationship between maximal AT force and the proximal part of the AT, indicating that this region is more likely to display
morphological adaptations following an increase in muscle strength in older adults.

Conclusions These findings demonstrate that maximal force-generation capabilities play a more important role in the vari-
ation of AT stiffness and material properties than in tendon CSA, suggesting that exercise-induced increases in muscle
strength in older adults may lead to changes in tendon stiffness foremost due to alterations in material rather than in its size.

Keywords Aging - Maximum muscle force - Triceps surae - Tendon stiffness - Young’s modulus - Cross-sectional area

Abbreviations MRI Magnetic resonance imaging
ANOVA Analysis of variance MVC Maximum voluntary contraction
AT Achilles tendon SD Standard deviation

CSA Cross-sectional area SLS Single leg stance

TUG Timed up and go test
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Introduction

Tendons transmit muscle forces to the skeleton to allow
body movement and interaction with the environment.
Due to their viscoelastic behavior, tendons of the lower
extremity can increase muscle efficiency during terrestrial
locomotion by providing more favorable conditions for
the contractile elements and by storing strain energy (Ker
et al. 1987; Biewener and Roberts 2000; Hof et al. 2002;
Lichtwark and Wilson 2008). Indeed, associations between
tendon biomechanical properties and muscle performance
capabilities have often been reported throughout the human
lifespan (Arampatzis et al. 2007b; Bojsen-Mgller et al. 2005;
Waugh et al. 2013; Quinlan et al. 2018). Previous studies
(Magnusson et al. 2008; Arampatzis et al. 2010; Seynnes
et al. 2015; Wiesinger et al. 2015) have convincingly shown
that despite their poor vascularity, human tendons respond
to increased mechanical loading by increasing their tensile
stiffness. Similar to other load-bearing structures, mecha-
notransduction is believed to be responsible for the tendons
ability to adapt (Chiquet et al. 2009).

From a biomechanical point of view, increases in tendon
stiffness can be brought about by improvements in tendon’s
material (increased Young’s modulus) or tendon hypertro-
phy (increases in its cross-sectional area; CSA). However,
previous studies show somewhat conflicting results as to
which of the above two adaptive mechanisms takes place in
response to changes in mechanical loading. On the one hand,
medium-term exercise intervention studies lasting 12—-14
weeks, which were effective in improving muscle strength,
have also shown to improve tendon stiffness through a con-
current increase in both Young’s modulus and tendon CSA
(Arampatzis et al. 2007a; Kongsgaard et al. 2007; Seynnes
et al. 2009; Bohm et al. 2014). However, some earlier cross-
sectional studies examining habitual sport-induced loading
demonstrate that tendons adjust their stiffness to adapt to
changes in physiological loading foremost through mor-
phological changes rather than altering their material prop-
erties (Rosager et al. 2002; Couppé et al. 2008; Seynnes
et al. 2013), which is in line with animal studies (Pollock
and Shadwick 1994). In contrast, other cross-sectional and
interventional studies (Bayliss et al. 2016; Kubo et al. 2001;
Reeves et al. 2003; Malliaras et al. 2013) show that differ-
ences in tendon stiffness seem to be entirely or largely due
to altered material properties. Furthermore, it seems that at
least in younger individuals, tendon material and morpho-
logical adaptations occur over different time frames, with
changes in material properties taking place earlier within
an exercise training programme, whereas tendon hypertro-
phy appears to be a longer term adaptive response (Kjaer
et al. 2009; Heinemeier and Kjaer 2011; Bohm et al. 2015a;
Wiesinger et al. 2015). What leads to these diverse tendon
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adaptations to increased mechanical loading is not yet fully
understood.

Along with a deterioration in muscle structure and func-
tion (Frontera et al. 2000), several studies have reported that
the aging process is associated with a gradual decline in
tendon stiffness and Young’s modulus (Karamanidis and
Arampatzis 2005; Onambele-Pearson et al. 2006). This can
be explained by cellular, mechanical, biochemical, and path-
ological changes (Noyes and Grood 1976; Vogel 1991; Kjaer
2004; Komatsu et al. 2004), which may limit the adaptabil-
ity of collagenous tissue to environmental mechanical stress
(Tuite et al. 1997). Furthermore, in addition to changes due
to the aging process per se, alterations in mechanical stress
may affect the tendon in old age. Chronically diminished
physical activity, which is a common feature in old age, may
reduce the mechanical stimulus required to maintain muscle
size, muscle strength, and tendon properties. This notion is
supported by earlier in vivo bed rest studies (20-90 days
chronic inactivity) demonstrating a reduction not only in
muscle strength and size, but also in tendon stiffness and
Young’s modulus (Kubo et al. 2000, 2004; Reeves et al.
2005). Therefore, as a consequence of the altered mechanical
environment in which aged tendons often operate, smaller
contractile forces are being generated and applied to the ten-
don, thus reducing the mechanical stimulus which is impor-
tant for preserving tendon mechanical properties. However,
exercise may be effective in counteracting the deterioration
in muscle—tendon unit structure and function caused by the
above combined effect of the aging process and inactivity,
leading to increases in muscle strength, muscle size, ten-
don stiffness, and tendon Young’ modulus (Reeves et al.
2003; Onambele-Pearson and Pearson 2012; Grosset et al.
2014; Karamanidis et al. 2014; Epro et al. 2017). Most exer-
cise intervention studies in older subjects have reported an
increase in Young’s modulus as the sole mechanism under-
pinning the increase in tendon stiffness post-training (Reeves
et al. 2003; Onambele-Pearson and Pearson 2012; Grosset
et al. 2014). As a consequence, contrary to previous findings
in younger subjects (Arampatzis et al. 2007a; Kongsgaard
et al. 2007; Seynnes et al. 2009; Bohm et al. 2014) it has
been suggested that tendon hypertrophy cannot be achieved
through physical exercise in old age. In marked contrast with
this notion, we recently showed that exercise-induced ten-
don hypertrophy can take place in older adults (Epro et al.
2017). However, it must be stressed that, as opposed to pre-
vious training studies in older people, we acquired a large
number of scans along the tendon, thus allowing identifica-
tion of regional CSA adaptations, which might have gone
undetected in earlier investigations due to the limited tendon
regions scanned.

In the current study, we analyzed the ankle plantarflexor
muscle strength and Achilles tendon (AT) stiffness, AT CSA,
and AT Young’s modulus of older women to gain insight
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into the diverse adaptability of older tendons to mechani-
cal loading, as specified in the studies above (Reeves et al.
2003; Onambele-Pearson and Pearson 2012; Grosset et al.
2014; Karamanidis et al. 2014; Epro et al. 2017). Specifi-
cally, we aimed to establish if similar to young adults, there
is an association between ankle plantarflexor muscle strength
(i.e., maximal AT force) and AT mechanical, material, and
morphological properties in a sample of older female adults.
It was hypothesized that maximal AT force would be asso-
ciated with AT biomechanical properties in this group of
older adults, showing higher correlation coefficients with
AT Young’s modulus than with AT CSA. Moreover, we
hypothesized that asymmetry between legs in maximal AT
force would not be accompanied by differences in AT CSA.

Materials and methods
Participants and experimental setup

The study was conducted with 30 older female volunteers
aged between 60 and 75 years (mean +SD: age: 65 +7 years;
body mass: 67 +9 kg; body height: 166 +7 cm) from a large-
scale knee osteoarthritis study (N =38, Kellgren—Lawrence
score: 2-3) from a sub-sample of our previous study (Epro
et al. 2017), who agreed to have both limbs scanned using
magnetic resonance imaging (MRI). Exclusion criteria were
previous AT ruptures, AT pain or injury (e.g., tendinopathy)
or any other musculoskeletal impairments in the lower limbs
(e.g., joint pain during locomotion) within the last 2 years.
Furthermore, the assessed SF-36 general health question-
naire (average scale value 75.4%) and clinical functional
tests such as SLS (single leg stance; average of 40.3 s; using
test duration of 45 s) and TUG (timed up and go test; aver-
age of 7.3 s) assured that the subjects were generally healthy
for their age group. In addition, all participants were taking
part in some form of organized physical activity (e.g., nor-
dic walking, hiking, swimming, bike riding, aqua-jogging,
moderate resistance training), 2-3 times a week on average.
After being informed about the study, all subjects gave their
written consent to the experimental procedures, which were
approved by the human ethics committees of the German
Sport University Cologne as well as the University of Bonn
(according to the Declaration of Helsinki).

To examine whether tendon properties are associated with
maximal force production capacity, the first analysis consid-
ered only the individually dominant leg (preferred leg for
step initiation; as in Epro et al. 2017). For investigating the
inter-limb differences in AT force and AT CSA, the individu-
ally dominant leg and contralateral non-dominant leg were
additionally analyzed.

Measurement of Achilles tendon cross-sectional
area

MRI scans were obtained in a whole-body 3 T magnet
(Ingenia 3T, Philips Healthcare, Best, the Netherlands) to
scan and quantify the CSA of the free AT along the entire
tendon length. MRI sequences were acquired in transversal
and sagittal orientation using a high-resolution single-shot
T1-weighted 3D gradient echo sequence (e-THRIVE). For
fat suppression, an additional spectral attenuated inver-
sion recovery (SPAIR) pulse was used. Sequence param-
eters were as follows: acquisition matrix =420 X372,
acquired voxel size=1.00x 1.00x2.00 mm, reconstructed
voxel size=0.58 X 0.58 x 1.00 mm, time of repetition
(TR)=3.6 ms, time of echo (TE)=1.7 ms, flip angle
(or)=10°, and parallel imaging factor (SENSE)=2. Dur-
ing scanning the subjects lay in a supine position with both
knees and hips fully extended and the ankle joints fixed at
20° plantarflexion (AT in a near-slack position; DeMonte
et al. 2006). In the sagittal images recorded (Fig. 1a), the
proximal and distal ends of the free AT were identified at
the soleus myotendinous junction and the osteotendinous
junction in the calcaneum, respectively. In every transversal-
plane image (Fig. 1b) along the free AT, the tendon’s bound-
aries were outlined manually using the Java-based public
image processing and analysis software ImageJ (National
Institutes of Health, Bethesda, MD, USA). The coordinates
of the AT boundaries of each image were exported and fur-
ther processed using Matlab (The Mathworks, Natick, MA,
USA), making it possible to create a contour plot for each
AT (Fig. 1c). The length of the AT was defined as the curved
path through the centroids of the single cross sections, which
were determined by means of Delaunay triangulation (Bohm
et al. 2016) between the two confining landmarks. The same
investigator manually tracked all MRI images. Subsequently,
the average CSA value of the free AT between 10 and 100%
length (mean AT CSA) was determined in both legs. Fur-
thermore, to analyze the region-specific differences in AT
CSA, an average CSA was calculated for each 10% free AT
length interval.

Quantification of AT force, stiffness, and Young’s
modulus

The mechanical and material properties of the triceps surae
muscle—tendon unit were assessed with the aid of synchro-
nous ultrasonography and dynamometry. Each participant
underwent a familiarization session with the measurement
equipment a week prior to testing. Subjects performed three
isometric ankle plantarflexion maximum voluntary contrac-
tions (MVCs) with each leg in a seated position on a custom-
made strain gauge-type dynamometer (1000 Hz; please also
see Epro et al. 2017), with the ankle and knee joints secured

@ Springer
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Fig. 1 Magnetic resonance images and 3D contour plot of the free
Achilles tendon (AT). Sagittal images (a) were used to determine the
AT proximal and distal ends (M. soleus-AT junction, and AT attach-
ment point on the calcaneum, respectively). Transversal images (b)

at 90° angles (thigh and foot perpendicular to the shank)
and the ankle joint visually aligned with the dynamometer’s
axis of rotation (Fig. 2). The resultant ankle plantarflexion
moment was calculated by multiplying the force correspond-
ing to the voltage recorded by the load-cell, by the distance
between the load-cell and the dynamometer’s axis of rotation
(Fig. 2). To examine the possible influence of ankle joint-
dynamometer axis misalignment on the moment measured,
a pilot study was conducted using a motion capturing system
(120 Hz, Qualisys, Gothenburg, Sweden) in combination
with a force plate (1080 Hz, 400 x 600 mm, Bertec, Colum-
bus OH, USA) to quantify the maximal anterior displace-
ment of the ankle joint axis during maximal isometric plan-
tar flexion contractions. Calculated maximal anterior shift of
the ankle joint axis during the contractions was on average
3.4+2.1 mm, leading to a mean overestimation in the calcu-
lated joint moment by 1.7% (for more details see Ackermans
et al. 2016 Supplementary Material). Before the measure-
ment, all subjects completed a regimented warm up (2-3
submaximal plantarflexion contractions and 2-3 MVCs)
with each leg. The AT force was calculated by dividing
the resultant ankle joint moment by the individual tendon
moment arm, which was assessed using the tendon excur-
sion method during passive joint rotation (Maganaris et al.
2004). The AT moment arm of the dominant leg was used to
calculate the AT force for both legs, as previous studies have
identified no between-leg differences in its value in younger
adults (Bohm et al. 2015b). For each leg, three MVC tri-
als were performed. The highest calculated AT force out of
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between the AT proximal and distal ends were manually segmented
to determine the AT cross-sectional area (CSA). Free AT length was
determined as the curved path through the CSA centroids of each
transversal slice (¢)

three MVC trials (maximal AT force) was used to assess the
ankle plantarflexor muscle strength for each individual leg.

Furthermore, for the dominant leg, three additional
standardized MVC ramp contractions (3 s until maximum
plantarflexion moment) were performed to obtain the AT
force—length relationship. As the contraction duration was
similar, yet the achieved joint moments differed between
participants, the loading rate on the tendon was not con-
stant within the sample. However, we recently showed
that this has no effect on the tendon elongations in the
upper region of the force—elongation relationship of the
AT (McCrum et al. 2018a), where the stiffness measure-
ments are typically taken in vivo. This finding is also in
line with the reports of Kubo et al. (2002) and Peltonen
et al. (2013). The AT elongation was measured using a
securely positioned linear array ultrasound probe (29 Hz;
MyLabTMFive, Esaote; Genoa, Italy) in the dominant limb
during each ramp contraction as well as during the above
mentioned passive joint rotations. The displacement of the
myotendinous junction of the m. gastrocnemius medialis
was manually digitized in relation to a skin marker using
a video analysis software (Simi Motion 5.0, SIMI Reality
Motion System GmbH, UnterschleiBheim, Germany). To
account for the effect of inevitable ankle joint angular rota-
tion on the measured elongation during each contraction,
a potentiometer positioned beneath the heel was used to
determine changes in the ankle joint angle as described
previously (Ackermans et al. 2016; Epro et al. 2017).
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Fig.2 Ankle plantarflexion MVC moment was measured in a cus-
tom-made strain gauge-type dynamometer. Subjects were seated with
their lower leg secured, with knee and ankle joints positioned at 90°
(shank perpendicular to thigh). The foot was placed on the dynamom-
eter so that the axis of rotation of the ankle joint was aligned with the
plate’s center of rotation. Therefore, the ankle plantarflexion MVC
moment was equivalent to the moment measured by the dynamome-
ter, which is computed as the product of F (resultant force) and r (dis-
tance between the strain gauge and the dynamometer’s axis of rota-
tion). Achilles tendon force was calculated by dividing the resultant
ankle joint moment by the tendon moment arm from the dominant leg

Subsequently, the AT stiffness (mean value of the three
MVC ramp contractions) was calculated as the slope of AT
force and its resultant elongation relationship between 50
and 100% of maximum tendon force using linear regres-
sion. The AT Young’s modulus was determined as the
slope of the AT stress—strain relationship between 50 and
100% of the maximal AT stress. The resting length of the
tendon was measured as the path from the most proximal
point of the tuber calcanei to the myotendinous junction
of the m. gastrocnemius medialis (both determined using
ultrasonography) using a flexible measuring tape along
the skin surface in the same seated position at rest. The
average CSA value of the free AT between 10 and 100%
length (mean AT CSA) was used to calculate the AT stress.

Statistics

Normality of distribution and homogeneity of variance
in the data were confirmed using the Shapiro—Wilk and
Levene’s test (P> 0.05). A Pearson product-moment cor-
relation coefficient was used to examine the relationship
of AT force with AT stiffness, Young’s modulus, and mean
AT CSA for the dominant leg only. To examine region-
specific differences in AT CSA, Pearson product-moment
correlation coefficients were calculated for the relationship
between maximal AT force and each 10% tendon length
interval (n=10; Int 10%—Int 100%). A one-way measures
analysis of variance (ANOVA) was used to identify poten-
tial within-subject leg differences in maximal AT force,
mean AT CSA, and in free AT length between the domi-
nant and non-dominant legs. To consider region-specific
main effects on AT CSA, a further two-way ANOVA with
repeated measures was used to identify possible within-
subject leg (dominant leg vs. non-dominant leg) and
between tendon interval effects on AT CSA, with leg as
dependent variable. Duncan’s post hoc comparison was
performed when a significant main effect was detected.
Furthermore, a symmetry index was determined (Robinson
et al. 1987) between limbs as follows:

XDominam - XNon—dominant

Symmetry Index = x 100%,

1
2 (XDominant + XNon—dominant)

where Xpminane 15 the parameter from the dominant limb
and Xyon-dominant the corresponding parameter from the
non-dominant leg. Therefore, a positive symmetry index
means that the selected parameter has a higher value in the
dominant than non-dominant leg, and a negative symmetry
index means that the value is higher in the non-dominant leg.
Potential differences between the symmetry indexes of maxi-
mal AT force and mean AT CSA as well as the individual
AT CSA length intervals were analyzed using a one-way
repeated measure ANOVA. Additional Pearson correlation
coefficients were implemented to examine the relationship
between symmetry index in maximal AT force and mean AT
CSA, and between symmetry index in maximal AT force and
in all AT CSA intervals. All statistical procedures were per-
formed using Statistica (Release 10.0, StatSoft Inc., Tulsa,
OK, USA) and the level of significance was set at a=0.05.
All results in the text and figures are presented as mean and
standard deviation (mean + SD).
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Results

There were statistically significant correlations (P < 0.05;
n=30) between maximal AT force and AT mechanical
and material properties in the dominant leg, with »=0.500
and r=0.414 for AT stiffness and Young’s modulus,
respectively (Fig. 3). No significant correlation was found
between maximal AT force and mean AT CSA (r=0.338;
Fig. 3). However, Pearson’s correlation coefficients
between maximal AT force and AT CSA at individual ten-
don intervals were significant (P < 0.05) in the thinnest/
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proximal part of the tendon; Int 80%: r=0.384; Int 90%:
r=0.463; Int 100%: »r=0.432 (Fig. 4).

The within-subject leg comparison revealed no signifi-
cant differences in maximal AT force between the domi-
nant (2798 + 566 N) and non-dominant legs (2667 512 N),
as well as in the length of the free AT (dominant leg:
37.0+12.2 mm; non-dominant leg: 36.9+11.7 mm).
Regarding the AT CSA, there was a significant interval
effect (P <0.05), but no leg effect. Specifically, AT CSA
increased from proximal toward the distal end (Fig. 5),
while no significant differences in mean AT CSA (domi-
nant leg: 71.2 + 10.4 mm?; non-dominant leg: 71.4 +10.2
mm?) or analyzed AT CSA intervals were found between
legs. The post hoc test showed that CSA at Int 100% was sig-
nificantly (P <0.05) smaller than mean CSA at Int 10-70%;
Int 90% < Int 10-60%; Int 80% < Int 10-60%; Int 70% <
Int 10-50%; Int 60% and Int 50% < Int 10-40%; Int 40%
< Int 10-20%; and Int 30% and Int 20% < Int 10%. These
differences were independent of leg (no significant interac-
tion) (Fig. 5). The analysis of inter-limb symmetry revealed
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significantly higher (P <0.05) symmetry index values for
maximal AT force (7.2 +11.3%) in comparison to AT CSA
(mean: — 0.3 +7.5%; individual length intervals: range — 3.4
to 1.4%). No significant correlations were found between the
symmetry indexes of maximal AT force and mean AT CSA,
or between the symmetry indexes of maximal AT force and
AT CSA at the length intervals studied.

Discussion

In the present study, we aimed to establish if there is an
association between ankle plantarflexor muscle strength
(maximal AT force) and AT mechanical, material and mor-
phological properties in a sample of older female adults. Our
hypothesis, that maximal AT force would be associated with
AT biomechanical properties, with maximal AT force hav-
ing a higher correlation with Young’s modulus than tendon
CSA, was confirmed. The maximal AT force showed signifi-
cant correlations with AT CSA only in the most proximal
part of the tendon. Furthermore, we confirmed that the AT
CSA is symmetrical between the dominant and non-domi-
nant legs across the entire length of the tendon.

Earlier studies with younger adults have demonstrated
that along with improved muscle strength in response to
mechanical loading, tendons also adapt by increasing their
stiffness via both alterations in material properties as well
as in CSA (Arampatzis et al. 2007a; Kongsgaard et al. 2007;
Seynnes et al. 2009; Bohm et al. 2014). The correlations
in the current study demonstrate the importance of ankle
plantarflexor muscle strength (maximal AT force) for AT
stiffness and Young’s modulus also in older adults, whereby
mean tendon CSA seems to be less influenced by the varia-
tion in muscle strength (r=0.338; P=0.064). Similar to our
previous study using an unilateral analysis in older adults
(Epro et al. 2017), as well as in younger adults (Arampatzis
et al. 2007a, 2010; Bohm et al. 2014, 2015b), in the current
study the free AT CSA showed greater CSA in the distal part
of the tendon in both legs of older adults. The variation in
AT CSA with length interval indicates a similar variation in
tensile stresses along the tendon and as tendon adaptation is
triggered by mechanical stimuli, regional adaptations should
be considered. The region-specific correlations between
maximal AT force and AT CSA in the current study indicate
that the proximal part of the free AT may be more likely to
display morphological adaptations following an increase in
muscle strength in older adults. This is consistent with the
application of higher tensile stress at the proximal than the
distal portion of the tendon due to the smaller tendon CSA.

Taking into account cross-sectional investigations with
athletes and various exercise interventions, it has been pro-
posed (Wiesinger et al. 2015; Maganaris et al. 2017) that
stiffening of tendon through modifications in its material

requires certain mechanical loading characteristics (e.g.,
loading magnitude, frequency and/or duration), which may
not necessarily occur in daily living. This rapid adaptation
may continue up to a point when critical density is sur-
passed to facilitate tendon growth (Wiesinger et al. 2015)
and further improvements in tendon stiffness would there-
fore be brought about by tendon hypertrophy (Maganaris
et al. 2017). Due to aging-related disuse and inactivity, it
may be speculated that the tendons of older people could
be subjected to very high loads during some daily activi-
ties, for example during stair negotiation (Hortobagyi et al.
2003; Reeves et al. 2008; Beijersbergen et al. 2013), as the
in-series muscles would be required to operate closer to their
maximum strength capacities to execute the task.

In the present study, no differences in AT CSA along
the tendon’s length were found in the dominant compared
to non-dominant leg, which may be related to a symmetry
between legs in maximal AT force and a corresponding simi-
larity in mechanical loading in daily life. This was further
supported by the identified comparatively low symmetry
indexes in all investigated parameters (maximal AT force,
mean AT CSA as well as the individual AT CSA length
intervals; range: — 3.4 to 7.2%). Previous experimental stud-
ies clearly demonstrate that habitual tendon strain caused
by the transmission of muscle forces is one of the strong-
est indicators of risk for tensile tendon injury (Wren et al.
2003; LaCroix et al. 2013). Accordingly, it has been sug-
gested that increasing the strength-generating capacity of
a muscle would be accompanied by a modulation of the
mechanical properties of the tendon (Mersmann et al. 2017).
Specifically, the tendon should become stiffer when muscle
strength is improving, so that the tendon remains safe and
protected from a potential injury/fracture in tension caused
by the increased force the muscle applies while pulling on
the tendon. One possible explanation is that the tendon
adapts to a change in habitual loading by increasing its stiff-
ness through alterations in its material (Young’s modulus)
rather than size (CSA). This could also explain the stronger
associations between maximal AT force and AT mechani-
cal and material properties (r=0.500 for AT stiffness and
r=0.414 for Young’s modulus) in comparison to mean AT
CSA (r=0.338; P=0.064) in the current study. The region-
specific analysis for the AT CSA demonstrated significant
relationships with maximal AT force only in the proximal
part of the tendon (correlation coefficients from 0.384 to
0.463). This is in line with most exercise intervention stud-
ies with older adults, where the magnitude of post-exercise
adaptations in tendon stiffness and Young’s modulus seem
to be comparable to younger adults, whereas changes in ten-
don CSA appear to be rather limited (Reeves et al. 2003;
Grosset et al. 2014; McCrum et al. 2018b). Our recent study
(Epro et al. 2017), however, challenges previous results and
documents that tendon hypertrophy can in fact take place in
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response to exercise in older people. In contrast to previous
studies, we recorded a large number of scans along the ten-
don to detect regional tendon size adaptations that could go
undetected with a limited number of scans, the typical meas-
urement approach in previous studies. More importantly, the
exercise-induced increase in muscle strength in the previous
studies by Grosset et al. (2014) and Reeves et al. (2003)
was smaller (9—14% muscle strength increase) than the mus-
cle strength increase by 22-25% in Epro et al. (2017). The
rather small differences in maximal AT force between legs
in combination with the mere tendency toward correlation
(r=0.338, P=0.064) between maximal AT force and aver-
age AT CSA raise the possibility that a larger improvement
in muscle strength would be required for overall tendon size
adaptations to occur. In the present study, the dominant leg
was not always the stronger leg (in six subjects the dominant
leg was the weaker leg), which means that the difference in
muscle strength between dominant and non-dominant legs
underestimates the muscle strength difference between the
stronger and weaker legs. However, even if we account for
this differentiation by considering only the 24 subjects in
which the dominant leg was also the stronger leg, there is
still a lack of AT CSA asymmetry between legs, despite an
inter-limb difference in maximal AT force of about 12%.
However, it should be noted that when dividing all sub-
jects (n=30) into a stronger and a weaker group based on
a median split with average muscle strength data from both
limbs, maximal AT force differences between groups were
on average 36% and mean AT CSA in the stronger group was
significantly larger (P <0.001, ~9%, see Fig. 6), providing
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support to the notion that much higher strength differences
than the present inter-limb differences would be required to
bring about inter-limb differences in tendon size.

In our analysis of tendon size variation with muscle
strength, we have implicitly assumed that the AT force
calculated from plantarflexion moment reflects the force
generated by the triceps surae muscles during MVC. This,
however, is not the case, as in addition to the contracting
triceps surae muscles which are joined distally to form the
AT, there are six additional ankle plantarflexors that are not
attached onto the AT (plantaris, tibialis posterior, flexor hal-
lucis longus, flexor digitorum longus, peroneus brevis, and
peroneus longus). Moreover, there is a “negative” moment
contribution by the antagonist ankle dorsiflexors, which also
co-contract during a plantarflexion MVC. However, the tri-
ceps surae muscle size occupies ~77% of the overall plan-
tarflexor muscle group’s physiological CSA (Fukunaga et al.
1996) and the antagonist ankle dorsiflexors co-contract little
at mid-range joint positions (Maganaris et al. 1998; Mademli
et al. 2004; Arampatzis et al. 2005). Therefore, the contribu-
tion of these unaccounted factors is unlikely to explain the
variation in ankle plantarflexion MVC moment (hence cal-
culated AT force) within the sample of older women tested.
In addition, we cannot exclude possible inter-limb and inter-
individual differences in muscle activation level (Mademli
and Arampatzis 2008; Morse et al. 2004), which might have
influenced the estimation of tendon force as well as the leg-
symmetry calculations. Furthermore, due to the knee joint
being flexed at 90° during the measurement of maximal
plantar flexion moments, it is possible that the gastrocne-
mius muscle was in a less favorable position to generate
force in comparison to the soleus muscle. However, in our
previous study (Epro et al. 2017) the same subjects showed
relatively homogenous exercise-related increment in mus-
cle thickness in soleus and gastrocnemius muscle over 14
weeks and 1.5 years by exercising exactly in the same joint
configuration. In addition, we quantified the AT moment arm
length in the dominant leg only, and we used this value to
calculate the AT force in both legs with the reasoning that
no between-leg differences have been identified in younger
adults (Bohm et al. 2015b).

Conclusions

In summary, these findings demonstrate that maximal force-
generation capabilities play a more important role in the
variation of AT stiffness and AT Young’s modulus than in
tendon CSA, suggesting that exercise-induced increases
in muscle strength in older adults may lead to changes in
tendon stiffness primarily due to alterations in the tendon’s
material rather than in its size. Furthermore, it seems that
inter-limb asymmetries in triceps surae muscle strength
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are not large enough to be accompanied by morphological
changes along the whole free AT in older adults.

Acknowledgements GE was supported by the Forschungsservicestelle
of the German Sport University Cologne (Hochschulinterne Forschun-
gsforderung) and by the German Sport University Cologne Graduate
Scholarship in Natural Science. CM was funded by the Kootstra Talent
Fellowship awarded by the Centre for Research Innovation, Support
and Policy (CRISP) and by the NUTRIM Graduate Programme, both
of Maastricht University Medical Center+.

Author Contributions DH, GE, CNM, and KK conception and design
of research; DH, GE, CM, JD, JAL, AM, and KK performed experi-
ments; DH, GE, and KK analyzed data; DH, GE, G-PB, CNM, and KK
interpreted results of experiments; DH, GE, and KK prepared figures;
DH, GE, CNM, and KK drafted manuscript; DH, GE, CM, JD, JAL,
LS, GMK, HB, AM, G-PB, CNM, and KK edited and revised manu-
script; DH, GE, CM, JD, JAL, LS, GMK, HB, AM, G-PB, CNM, and
KK approved final version of manuscript.

Compliance with ethical standards

Conflict of interest The authors declare no competing financial inter-
ests.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

Ackermans TMA, Epro G, McCrum C, Oberldnder KD, Suhr F, Drost
MR, Meijer K, Karamanidis K (2016) Aging and the effects of a
half marathon on Achilles tendon force—elongation relationship.
Eur J Appl Physiol 116:2281-2292. https://doi.org/10.1007/s0042
1-016-3482-z

Arampatzis A, Morey-Klapsing G, Karamanidis K, DeMonte G, Sta-
filidis S, Briiggemann GP (2005) Differences between measured
and resultant joint moments during isometric contractions at the
ankle joint. J] Biomech 38:885-892. https://doi.org/10.1016/].
jbiomech.2004.04.027

Arampatzis A, Karamanidis K, Albracht K (2007a) Adaptational
responses of the human Achilles tendon by modulation of the
applied cyclic strain magnitude. J Exp Biol 210:2743-2753. https
://doi.org/10.1242/jeb.003814

Arampatzis A, Karamanidis K, Morey-Klapsing G, De Monte G,
Stafilidis S (2007b) Mechanical properties of the triceps surae
tendon and aponeurosis in relation to intensity of sport activ-
ity. J Biomech 40:1946-1952. https://doi.org/10.1016/j.jbiom
ech.2006.09.005

Arampatzis A, Peper A, Bierbaum S, Albracht K (2010) Plasticity of
human Achilles tendon mechanical and morphological properties
in response to cyclic strain. J Biomech 43:3073-3079. https://doi.
org/10.1016/j.jbiomech.2010.08.014

Bayliss AJ, Weatherholt AM, Crandall TT, Farmer DL, McConnell
JC, Crossley KM, Warden SJ (2016) Achilles tendon material
properties are greater in the jump leg of jumping athletes. J] Mus-
culoskelet Neuronal Interact 16(2):105-112

Beijersbergen CMI, Granacher U, Vandervoort AA, DeVita P, Horto-
bagyi T (2013) The biomechanical mechanism of how strength
and power training improves walking speed in old adults remains
unknown. Ageing Res Rev 12:618-627. https://doi.org/10.1016/j.
arr.2013.03.001

Biewener AA, Roberts TJ (2000) Muscle and tendon contributions to
force, work, and elastic energy savings: a comparative perspective.
Exerc Sport Sci Rev 28:99-107

Bohm S, Mersmann F, Tettke M, Kraft M, Arampatzis A (2014)
Human Achilles tendon plasticity in response to cyclic strain:
effect of rate and duration. J Exp Biol 217:4010-4017. https://
doi.org/10.1242/jeb.112268

Bohm S, Mersmann F, Arampatzis A (2015a) Human tendon adapta-
tion in response to mechanical loading: a systematic review and
meta-analysis of exercise intervention studies on healthy adults.
Sport Med Open. https://doi.org/10.1186/s40798-015-0009-9

Bohm S, Mersmann F, Marzilger R, Schroll A, Arampatzis A (2015b)
Asymmetry of Achilles tendon mechanical and morphological
properties between both legs. Scand J Med Sci Sport 25:124-132.
https://doi.org/10.1111/sms.12242

Bohm S, Mersmann F, Schroll A, Mikitalo N, Arampatzis A (2016)
Insufficient accuracy of the ultrasound-based determination of
Achilles tendon cross-sectional area. J] Biomech 49:2932-2937.
https://doi.org/10.1016/j.jbiomech.2016.07.002

Bojsen-Mgller J, Magnusson SP, Rasmussen LR, Kjaer M, Aagaard
P (2005) Muscle performance during maximal isometric and
dynamic contractions is influenced by the stiffness of the ten-
dinous structures. J Appl Physiol 99:986-994. https://doi.
org/10.1152/japplphysiol.01305.2004

Chiquet M, Gelman L, Lutz R, Maier S (2009) From mechanotrans-
duction to extracellular matrix gene expression in fibroblasts.
Biochim Biophys Acta Mol Cell Res 1793:911-920. https://doi.
org/10.1016/j.bbamcr.2009.01.012

Couppé C, Kongsgaard M, Aagaard P, Hansen P, Bojsen-Moller J,
Kjaer M, Magnusson SP (2008) Habitual loading results in tendon
hypertrophy and increased stiffness of the human patellar tendon.
J Appl Physiol 105:805-810. https://doi.org/10.1152/japplphysi
01.90361.2008

DeMonte G, Arampatzis A, Stogiannari C, Karamanidis K (2006)
In vivo motion transmission in the inactive gastrocnemius medi-
alis muscle-tendon unit during ankle and knee joint rotation. J
Electromyogr Kinesiol 16:413-422. https://doi.org/10.1016/j.jelek
in.2005.10.001

Epro G, Mierau A, Doerner J, Luetkens JA, Scheef L, Kukuk GM,
Boecker H, Maganaris CN, Briiggemann GP, Karamanidis K
(2017) The Achilles tendon is mechanosensitive in older adults:
adaptations following 14 weeks versus 1.5 years of cyclic strain
exercise. J Exp Biol 220:1008-1018. https://doi.org/10.1242/
jeb.146407

Frontera WR, Hughes VA, Fielding RA, Fiatarone MA, Evans WJ,
Roubenoff R (2000) Aging of skeletal muscle: a 12-yr longitudinal
study. J Appl Physiol 88:1321-1326

Fukunaga T, Roy RR, Shellock FG, Hodgson JA, Edgerton VR (1996)
Specific tension of human plantar flexors and dorsiflexors. J Appl
Physiol 80:158-165

Grosset J-F, Breen L, Stewart CE, Burgess KE, Onambélé GL (2014)
Influence of exercise intensity on training-induced tendon
mechanical properties changes in older individuals. Age (Omaha)
36:1433-1442. https://doi.org/10.1007/s11357-014-9657-9

Heinemeier KM, Kjaer M (2011) In vivo investigation of tendon
responses to mechanical loading. J Musculoskelet Neuronal Inter-
act 11:115-123

Hof AL, Van Zandwijk JP, Bobbert MF (2002) Mechanics of human
triceps surae muscle in walking, running and jumping. Acta
Physiol Scand 174:17-30. https://doi.org/10.1046/j.1365-
201x.2002.00917.x

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00421-016-3482-z
https://doi.org/10.1007/s00421-016-3482-z
https://doi.org/10.1016/j.jbiomech.2004.04.027
https://doi.org/10.1016/j.jbiomech.2004.04.027
https://doi.org/10.1242/jeb.003814
https://doi.org/10.1242/jeb.003814
https://doi.org/10.1016/j.jbiomech.2006.09.005
https://doi.org/10.1016/j.jbiomech.2006.09.005
https://doi.org/10.1016/j.jbiomech.2010.08.014
https://doi.org/10.1016/j.jbiomech.2010.08.014
https://doi.org/10.1016/j.arr.2013.03.001
https://doi.org/10.1016/j.arr.2013.03.001
https://doi.org/10.1242/jeb.112268
https://doi.org/10.1242/jeb.112268
https://doi.org/10.1186/s40798-015-0009-9
https://doi.org/10.1111/sms.12242
https://doi.org/10.1016/j.jbiomech.2016.07.002
https://doi.org/10.1152/japplphysiol.01305.2004
https://doi.org/10.1152/japplphysiol.01305.2004
https://doi.org/10.1016/j.bbamcr.2009.01.012
https://doi.org/10.1016/j.bbamcr.2009.01.012
https://doi.org/10.1152/japplphysiol.90361.2008
https://doi.org/10.1152/japplphysiol.90361.2008
https://doi.org/10.1016/j.jelekin.2005.10.001
https://doi.org/10.1016/j.jelekin.2005.10.001
https://doi.org/10.1242/jeb.146407
https://doi.org/10.1242/jeb.146407
https://doi.org/10.1007/s11357-014-9657-9
https://doi.org/10.1046/j.1365-201x.2002.00917.x
https://doi.org/10.1046/j.1365-201x.2002.00917.x

2278

European Journal of Applied Physiology (2018) 118:2269-2279

Hortobagyi T, Mizelle C, Beam S, DeVita P (2003) Old adults per-
form activities of daily living near their maximal capabilities. J
Gerontol A Biol Sci Med Sci 58:M453-M460

Karamanidis K, Arampatzis A (2005) Mechanical and morphological
properties of different muscle-tendon units in the lower extrem-
ity and running mechanics: effect of aging and physical activity.
J Exp Biol 208:3907-3923. https://doi.org/10.1242/jeb.01830

Karamanidis K, Oberlinder KD, Niehoff A, Epro G, Briiggemann
GP (2014) Effect of exercise-induced enhancement of the leg-
extensor muscle-tendon unit capacities on ambulatory mechan-
ics and knee osteoarthritis markers in the elderly. PLoS One
9:€99330. https://doi.org/10.1371/journal.pone.0099330

Ker RF, Bennett MB, Bibby SR, Kester RC, Alexander RM (1987)
The spring in the arch of the human foot. Nature 325:147-149.
https://doi.org/10.1038/325147a0

Kjaer M (2004) Role of extracellular matrix in adaptation of ten-
don and skeletal muscle to mechanical loading. Physiol Rev
84:649-698. https://doi.org/10.1152/physrev.00031.2003

Kjaer M, Langberg H, Heinemeier KM, Bayer ML, Hansen M,
Holm L, Doessing S, Kongsgaard M, Krogsgaard MR, Mag-
nusson SP (2009) From mechanical loading to collagen syn-
thesis, structural changes and function in human tendon.
Scand J Med Sci Sport 19:500-510. https://doi.org/10.111
1/j.1600-0838.2009.00986.x

Komatsu K, Shibata T, Shimada A, Viidik A, Chiba M (2004) Age-
related and regional differences in the stress-strain and stress-
relaxation behaviours of the rat incisor periodontal ligament.
J Biomech 37:1097-1106. https://doi.org/10.1016/j.jbiom
ech.2003.11.013

Kongsgaard M, Reitelseder S, Pedersen TG, Holm L, Aagaard P,
Kjaer M, Magnusson SP (2007) Region specific patellar tendon
hypertrophy in humans following resistance training. Acta Physiol
191:111-121. https://doi.org/10.1111/j.1748-1716.2007.01714.x

Kubo K, Akima H, Kouzaki M, Ito M, Kawakami Y, Kanehisa H,
Fukunaga T (2000) Changes in the elastic properties of tendon
structures following 20 days bed-rest in humans. Eur J Appl
Physiol 83(6):463-468. https://doi.org/10.1007/s004210000309

Kubo K, Kanehisa H, Ito M, Fukunaga T (2001) Effects of iso-
metric training on the elasticity of human tendon structures
in vivo. J Appl Physiol 91:26-32. https://doi.org/10.1152/jappl
.2001.91.1.26

Kubo K, Kawakami Y, Kanehisa H, Fukunaga T (2002) Measurement
of viscoelastic properties of tendon structures in vivo. Scand J
Med Sci Sports 12:3-8

Kubo K, Akima H, Ushiyama J, Tabata I, Fukuoka H, Kanehisa H,
Fukunaga T (2004) Effects of resistance training during bed rest
on the viscoelastic properties of tendon structures in the lower
limb. Scand J Med Sci Sports 14:296-302. https://doi.org/10.111
1/j.1600-0838.2003.00368.x

LaCroix AS, Duenwald-Kuehl SE, Lakes RS, Vanderby R (2013)
Relationship between tendon stiffness and failure: a metaanaly-
sis. J Appl Physiol 115:43-51. https://doi.org/10.1152/japplphysi
01.01449.2012

Lichtwark GA, Wilson AM (2008) Optimal muscle fascicle length and
tendon stiffness for maximising gastrocnemius efficiency during
human walking and running. J Theor Biol 252:662—673. https://
doi.org/10.1016/j.jtbi.2008.01.018

Mademli L, Arampatzis A (2008) Effect of voluntary activation on age-
related muscle fatigue resistance. J Biomech 41(6):1229-1235.
https://doi.org/10.1016/j.jbiomech.2008.01.019

Mademli L, Arampatzis A, Morey-Klapsing G, Briiggemann GP (2004)
Effect of ankle joint position and electrode placement on the esti-
mation of the antagonistic moment during maximal plantarflexion.
J Electromyogr Kinesiol 14:591-597. https://doi.org/10.1016/].
jelekin.2004.03.006

@ Springer

Maganaris CN (2004) Imaging-based estimates of moment arm length
in intact human muscle-tendons. Eur J Appl Physiol 91:130-139.
https://doi.org/10.1007/s00421-003-1033-x

Maganaris CN, Baltzopoulos V, Sargeant AJ (1998) Changes in Achil-
les tendon moment arm from rest to maximum isometric plantar-
flexion: in vivo observations in man. J Physiol 510:977-985. https
://doi.org/10.1111/§.1469-7793.1998.977bj.x

Maganaris CN, Chatzistergos P, Reeves ND, Narici MV (2017) Quan-
tification of internal stress-strain fields in human tendon: unrave-
ling the mechanisms that underlie regional tendon adaptations and
mal-adaptations to mechanical loading and the effectiveness of
therapeutic eccentric exercise. Front Physiol 8:1-11. https://doi.
org/10.3389/fphys.2017.00091

Magnusson SP, Narici MV, Maganaris CN, Kjaer M (2008) Human
tendon behaviour and adaptation, in vivo. J Physiol 586:71-81.
https://doi.org/10.1113/jphysiol.2007.139105

Malliaras P, Barton CJ, Reeves ND, Langberg H (2013) Achilles and
patellar tendinopathy loading programmes: a systematic review
comparing clinical outcomes and identifying potential mecha-
nisms for effectiveness. Sports Med 43:267-286. https://doi.
org/10.1007/s40279-013-0019-z

McCrum C, Oberldnder KD, Epro G, Krauss P, James DC, Reeves
ND, Karamanidis K (2018a) Loading rate and contraction dura-
tion effects on in vivo human Achilles tendon mechanical prop-
erties. Clin Physiol Funct Imaging 38(3):517-523. https://doi.
org/10.1111/cpf.12472

McCrum C, Leow P, Epro G, Konig M, Meijer K, Karamanidis K
(2018b) Alterations in leg extensor muscle-tendon unit biome-
chanical properties with ageing and mechanical loading. Front
Physiol 9:150. https://doi.org/10.3389/fphys.2018.00150

Mersmann F, Bohm S, Arampatzis A (2017) Imbalances in the devel-
opment of muscle and tendon as risk factor for tendinopathies
in youth athletes: a review of current evidence and concepts of
prevention. Front Physiol 1(8):987. https://doi.org/10.3389/fphys
.2017.00987

Morse CI, Thom JM, Davis MG, Fox KR, Birch KM, Narici MV
(2004) Reduced plantarflexor specific torque in the elderly is
associated with a lower activation capacity. Eur J Appl Physiol
92(1-2):219-226. https://doi.org/10.1007/s00421-004-1056-y

Noyes FR, Grood ES (1976) The strength of the anterior cruciate
ligament in humans and Rhesus monkeys. J Bone Joint Surg Am
58:1074-1082. https://doi.org/10.2106/JBJS.M.00187

Onambele-Pearson GL, Pearson SJ (2012) The magnitude and charac-
ter of resistance-training-induced increase in tendon stiffness at
old age is gender specific. Age (Omaha) 34:427-438. https://doi.
org/10.1007/s11357-011-9248-y

Onambele-Pearson GL, Narici MV, Maganaris CN (2006) Calf muscle-
tendon properties and postural balance in old age. J Appl Physiol
100:2048-2056. https://doi.org/10.1152/japplphysiol.01442.2005

Peltonen J, Cronin NJ, Stenroth L, Finni T, Avela J (2013) Viscoelas-
tic properties of the Achilles tendon in vivo. Springerplus 2:212.
https://doi.org/10.1186/2193-1801-2-212

Pollock CM, Shadwick RE (1994) Allometry of muscle, tendon,
and elastic energy storage capacity in mammals. Am J Physiol
266:R1022-R1031

Quinlan JI, Maganaris CN, Franchi MV, Smith K, Atherton PJ, Sze-
wezyk NJ, Greenhaff PL, Phillips BE, Blackwell JI, Boereboom
C, Williams JP, Lund J, Narici MV (2018) Muscle and tendon
contributions to reduced rate of torque development in healthy
older males. J Gerontol A Biol Sci Med Sci 73(4):539-545. https
://doi.org/10.1093/gerona/glx 149

Reeves ND, Maganaris CN, Narici MV (2003) Effect of strength
training on human patella tendon mechanical properties of older
individuals. J Physiol 548:971-981. https://doi.org/10.1113/jphys
101.2002.035576


https://doi.org/10.1242/jeb.01830
https://doi.org/10.1371/journal.pone.0099330
https://doi.org/10.1038/325147a0
https://doi.org/10.1152/physrev.00031.2003
https://doi.org/10.1111/j.1600-0838.2009.00986.x
https://doi.org/10.1111/j.1600-0838.2009.00986.x
https://doi.org/10.1016/j.jbiomech.2003.11.013
https://doi.org/10.1016/j.jbiomech.2003.11.013
https://doi.org/10.1111/j.1748-1716.2007.01714.x
https://doi.org/10.1007/s004210000309
https://doi.org/10.1152/jappl.2001.91.1.26
https://doi.org/10.1152/jappl.2001.91.1.26
https://doi.org/10.1111/j.1600-0838.2003.00368.x
https://doi.org/10.1111/j.1600-0838.2003.00368.x
https://doi.org/10.1152/japplphysiol.01449.2012
https://doi.org/10.1152/japplphysiol.01449.2012
https://doi.org/10.1016/j.jtbi.2008.01.018
https://doi.org/10.1016/j.jtbi.2008.01.018
https://doi.org/10.1016/j.jbiomech.2008.01.019
https://doi.org/10.1016/j.jelekin.2004.03.006
https://doi.org/10.1016/j.jelekin.2004.03.006
https://doi.org/10.1007/s00421-003-1033-x
https://doi.org/10.1111/j.1469-7793.1998.977bj.x
https://doi.org/10.1111/j.1469-7793.1998.977bj.x
https://doi.org/10.3389/fphys.2017.00091
https://doi.org/10.3389/fphys.2017.00091
https://doi.org/10.1113/jphysiol.2007.139105
https://doi.org/10.1007/s40279-013-0019-z
https://doi.org/10.1007/s40279-013-0019-z
https://doi.org/10.1111/cpf.12472
https://doi.org/10.1111/cpf.12472
https://doi.org/10.3389/fphys.2018.00150
https://doi.org/10.3389/fphys.2017.00987
https://doi.org/10.3389/fphys.2017.00987
https://doi.org/10.1007/s00421-004-1056-y
https://doi.org/10.2106/JBJS.M.00187
https://doi.org/10.1007/s11357-011-9248-y
https://doi.org/10.1007/s11357-011-9248-y
https://doi.org/10.1152/japplphysiol.01442.2005
https://doi.org/10.1186/2193-1801-2-212
https://doi.org/10.1093/gerona/glx149
https://doi.org/10.1093/gerona/glx149
https://doi.org/10.1113/jphysiol.2002.035576
https://doi.org/10.1113/jphysiol.2002.035576

European Journal of Applied Physiology (2018) 118:2269-2279

2279

Reeves ND, Maganaris CN, Ferretti G, Narici MV (2005) Influence
of 90-day simulated microgravity on human tendon mechanical
properties and the effect of resistive countermeasures. J Appl
Physiol (1985) 98(6):2278-2286. https://doi.org/10.1152/jappl
physiol.01266.2004

Reeves ND, Spanjaard M, Mohagheghi AA, Baltzopoulos V, Maga-
naris CN (2008) The demands of stair descent relative to maxi-
mum capacities in elderly and young adults. J Electromyogr Kine-
siol 18:218-227. https://doi.org/10.1016/].jelekin.2007.06.003

Robinson RO, Herzog W, Nigg BM (1987) Use of force platform vari-
ables to quantify the effects of chiropractic manipulation on gait
symmetry. ] Manipulative Physiol Ther 10:172-176

Rosager S, Aagaard P, Dyhre-Poulsen P, Neergaard K, Kjaer M, Mag-
nusson SP (2002) Load-displacement properties of the human
triceps surae aponeurosis and tendon in runners and non-run-
ners. Scand J Med Sci Sports 12:90-98. https://doi.org/10.103
4/j.1600-0838.2002.120205.x

Seynnes OR, Erskine RM, Maganaris CN, Longo S, Simoneau EM,
Grosset JF, Narici MV (2009) Training-induced changes in struc-
tural and mechanical properties of the patellar tendon are related
to muscle hypertrophy but not to strength gains. J Appl Physiol
107:523-530. https://doi.org/10.1152/japplphysiol.00213.2009

Seynnes OR, Kamandulis S, Kairaitis R, Helland C, Campbell EL,
Brazaitis M, Skurvydas A, Narici MV (2013) Effect of andro-
genic-anabolic steroids and heavy strength training on patellar
tendon morphological and mechanical properties. J Appl Physiol
115(1):84-89. https://doi.org/10.1152/japplphysiol.01417.2012

Seynnes OR, Bojsen-Mgller J, Albracht K, Arndt A, Cronin NJ,
Finni T, Magnusson SP (2015) Ultrasound-based testing of ten-
don mechanical properties: a critical evaluation. J Appl Physiol
118:133-141. https://doi.org/10.1152/japplphysiol.00849.2014

Stenroth L, Peltonen J, Cronin NJ, Sipild S, Finni T (2012) Age-related
differences in Achilles tendon properties and triceps surae muscle
architecture in vivo. J Appl Physiol 113:1537-1544. https://doi.
org/10.1152/japplphysiol.00782.2012

Tuite DJ, Renstrom PA, O’Brien M (1997) The aging tendon. Scand J
Med Sci Sport 7:72-77. https://doi.org/10.1111/j.1600-0838.1997.
tb00122.x

Vogel HG (1991) Species differences of elastic and collagenous
tissue—influence of maturation and age. Mech Ageing Dev
57:15-24

Waugh CM, Korft T, Fath F, Blazevich AJ (2013) Rapid force produc-
tion in children and adults. Med Sci Sport Exer 45:762—771. https
://doi.org/10.1249/MSS.0b013e31827a67ba

Wiesinger H-P, Kosters A, Miiller E, Seynnes OR (2015) Effects
of increased loading on in vivo tendon properties: a system-
atic review. Med Sci Sports Exerc 47:1885-1895. https://doi.
org/10.1249/MSS.0000000000000603

Wren TAL, Lindsey DP, Beaupré GS, Carter DR (2003) Effects of
creep and cyclic loading on the mechanical properties and failure
of human Achilles tendons. Ann Biomed Eng 31:710-717. https
://doi.org/10.1114/1.1569267

@ Springer


https://doi.org/10.1152/japplphysiol.01266.2004
https://doi.org/10.1152/japplphysiol.01266.2004
https://doi.org/10.1016/j.jelekin.2007.06.003
https://doi.org/10.1034/j.1600-0838.2002.120205.x
https://doi.org/10.1034/j.1600-0838.2002.120205.x
https://doi.org/10.1152/japplphysiol.00213.2009
https://doi.org/10.1152/japplphysiol.01417.2012
https://doi.org/10.1152/japplphysiol.00849.2014
https://doi.org/10.1152/japplphysiol.00782.2012
https://doi.org/10.1152/japplphysiol.00782.2012
https://doi.org/10.1111/j.1600-0838.1997.tb00122.x
https://doi.org/10.1111/j.1600-0838.1997.tb00122.x
https://doi.org/10.1249/MSS.0b013e31827a67ba
https://doi.org/10.1249/MSS.0b013e31827a67ba
https://doi.org/10.1249/MSS.0000000000000603
https://doi.org/10.1249/MSS.0000000000000603
https://doi.org/10.1114/1.1569267
https://doi.org/10.1114/1.1569267

	The role of muscle strength on tendon adaptability in old age
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Participants and experimental setup
	Measurement of Achilles tendon cross-sectional area
	Quantification of AT force, stiffness, and Young’s modulus
	Statistics

	Results
	Discussion
	Conclusions
	Acknowledgements 
	References


