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Abstract

The purpose of this study was to investigate spatial variations in measured wave speed in the
relaxed and stretched Achilles tendons of young and middle-aged adults. Wave speed was
measured from the distal Achilles tendon, soleus aponeurosis, medial gastrocnemius aponeurosis
and medial gastrocnemius muscle in healthy young (n = 15, aged 25 * 4 years) and middle-aged (n
=10, aged 49 + 4 years) adults in resting, dorsiflexed and plantarflexed postures. In both age
groups, Achilles tendon wave speed decreased proximally, with the lowest wave speed measured
in the gastrocnemius aponeurosis. Measured wave speed increased with passive dorsiflexion,
reflecting the strain-stiffening behavior of tendons. There were no significant aging effects on
wave speed in the free tendon or soleus aponeurosis. However, a significant, inverse relationship
between gastrocnemius aponeurosis wave speed and age was observed in the dorsiflexed posture.
We also observed significantly lower wave speeds in the gastrocnemius muscles of middle-aged
adults when compared with young adults. These results suggest that Achilles tendon compliance
increases in a distal-to-proximal pattern, with middle-aged adults exhibiting greater compliance in
the distal gastrocnemius muscle and tendinous structures. An age-related change in the spatial
variation in Achilles tendon compliance could affect localised tissue deformation patterns and
injury potential within the triceps surae muscle-tendon units.
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1. Introduction

The incidence of gastrocnemius muscle strain and Achilles tendon injury increases in
middle-age. For example, a recent cross-sectional study (n = 2886) found that middle-aged
runners (aged 40+ years) reported nearly twice as many plantarflexor muscle and Achilles
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tendon injuries as their younger (aged <40 years) counterparts (McKean et a/, 2006). These
soft tissue injuries can be challenging to treat and often have long-term consequences. For
example, prior muscle strains are linked to impaired performance and contribute to future
injury risk (Kannus et a/, 1989; Garrett, 1990; Orchard, 2001). Thus, evaluating the age-
related changes to muscle and tendon tissue properties may provide relevant diagnostic
information to guide treatment and monitor recovery.

Prior studies have sought to understand the effects of aging on both the structural and
mechanical properties of tendon. In comparative animal models, aging has been observed to
lead to decreased collagen fibril diameters (Nakagawa et a/, 1994), decreased collagen crimp
angle (Patterson-Kane et a/, 1997; Tuite et a/, 1997), and changes in collagen type 11l
content (Birch et a/, 1999), though specific age-effects may vary based on the tendon’s
primary function (Thorpe et a/, 2013; Birch et al, 1999). It is generally believed that
microstructural changes lead to an increase in tendon compliance with aging. Biomechanical
studies on isolated tendon specimens have supported this supposition with a variety of
studies reporting an age-related increase in compliance following maturation (Vogel, 1980,
1983; Blevins et al, 1994). However, /n vivo studies have produced conflicting results, with
some studies finding a positive (Onambele et a/, 2006; Stenroth et a/, 2012; Narici et al,
2005; Csapo et al, 2014), negative (Kubo et a/, 2007), or lack of (Karamanidis and
Arampatzis, 2005) correlation between Achilles tendon compliance and aging. This
discrepancy could, in part, reflect limitations of prior measurement methodologies. In the
most common approach for measuring /n vivo Achilles tendon compliance, ultrasound
images are collected while the subject performs a specific task, such as isometric
plantarflexion. The motion of the muscle-tendon junction is then tracked to estimate average
tendon stretch along the Achilles tendon, which can include the distal free tendon, the soleus
aponeurosis and, in some studies, the gastrocnemius aponeurosis (Kubo et a/, 2003; Child et
al, 2010; Karamanidis and Arampatzis, 2005; Kubo et a/, 2007; Rosager et al, 2002).
However, this averaging approach may mask non-uniform tendon deformations that can
arise from variations in loading, material properties and architecture along the tendon (Finni
et al, 2003; Magnusson et al, 2003; Arampatzis et a/, 2005; Maganaris and Paul, 2000;
Magnusson et al, 2001; Slane and Thelen, 2014; DeWall et a/, 2014). Thus, regional
characterization of tendon tissue compliance may be important for elucidating aging effects.

Supersonic Shear Imaging (SSI) is a quantitative ultrasound imaging technique for
noninvasively inducing and tracking the speed of transient shear waves in tissues (Bercoff et
al, 2004). SSI was first used to assess pathological compliance changes in a variety of soft
tissues, including the breast (Athanasiou et a/, 2010), liver (Bavu et af, 2011), and thyroid
(Sebag et a/, 2010). SSI has more recently been applied to assess muscle and tendon tissue
properties (Brum et al, 2014; Arda et al, 2011; Aubry et al, 2013; Hug et al, 2013; Chen et
al, 2013; Chernak et a/, 2013; DeWall et a/, 2014). Tendon tissue has a transversely isotropic
structure, relatively high stiffness and a thickness that is less than the induced shear wave
wavelengths, which likely leads to guided wave propagation (Brum et a/, 2014). Further,
tendon exhibits strain-stiffening behavior at lower loads, which gives rise to an increase in
wave speed with passive stretch (Aubry et a/, 2013; Hug et a/, 2013; DeWall et af, 2014).
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The influence of age-related changes in tendon on tissue wave speeds are not well
understood. A recent study involving 80 subjects from a wide range of ages (aged 20-83
years, mean: 45.4) found a significant decrease in Achilles free tendon shear wave speed
with age when the ankle was plantarflexed, but found no significant age effect when the
ankle was in a dorsiflexed or resting posture (Aubry et a/, 2013). However, a second study
(subjects aged 17-63 years, mean: 37.7) found that shear wave speeds in the free tendon in a
relaxed (i.e. slightly plantarflexed) posture did not vary with age (Arda et af, 2011). These
disparate results may partly reflect the posture and location dependent nature of Achilles
tendon shear wave speeds (DeWall et a/, 2014). In a recent study on young adults (DeWall et
al, 2014), we observed significant variation in shear wave speed along the Achilles tendon
length, with much lower speeds in the soleus and gastrocnemius aponeurosis than in the
distal free tendon.

The purpose of this study was to investigate longitudinal spatial variations in measured wave
speed in the relaxed and stretched Achilles tendons of middle-aged adults, and to compare
these results to data collected from young adults. We hypothesised that, relative to young
adults, middle-aged adults would exhibit smaller stretch-induced increases in measured
Achilles tendon wave speed, which would reflect a more compliant tendon. Further, we
hypothesised that aging would have the greatest effect on measured wave speed in the
gastrocnemius aponeurosis, which is adjacent to the location where muscle strain injuries are
most prevalent (Garrett, 1990; Kirkendall and Garrett, 2002; Speer et af, 1993).

2. Materials and Methods

Fifteen healthy young adults, and ten healthy middle-aged adults, with no history of Achilles
tendon injury, were recruited for this study (Table 1). All subjects gave written consent to
participate as per the requirements of the University of Wisconsin-Madison Institutional
Review Board. Subjects completed a survey recording average weekly number of hours
engaged in mild to strenuous exercise. Prior to testing, subjects walked for six minutes to
precondition their muscle-tendon structures (Hawkins ef a/, 2009). Subjects were then
positioned prone on an examination table, fully relaxed, with their knees extended and feet
extended over the end of the table. We tested the right leg of each subject, and the resting
ankle angle was measured with a goniometer.

Subjects were positioned in three ankle postures in a random order: resting ankle angle (R;
Table 1), a dorsiflexed angle (R — 15 deg) and a plantarflexed angle (R + 15 deg). After
positioning, sufficient time (>1 min) was allowed for the subject to relax and thereby
mitigate any stretch-induced reflexes (Hirata et a/, 2015). Ultrasound B-mode and shear
wave data were collected from the Achilles tendon using a 50 mm linear array transducer
(L15-4, Aixplorer, Supersonic Imagine, Aix-en-Provence, France; software version: 5;
preset: superficial MSK persist: high; smoothing: 7). The transducer was first placed over
the free Achilles tendon with the distal edge of the image approximately 10 mm distal to the
proximal edge of the calcaneus. Shear wave data were collected from manually positioned
regions (10 mm in width) centered on the tendon. This shear wave region was initially
placed over the most distal aspect of the tendon, and was sequentially moved in ~10 mm
increments proximally along the Achilles tendon into the medial gastrocnemius aponeurosis,
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such that the full tendon width was captured in five sequential region locations. For each
region location, five repeat images were acquired. The transducer was translated proximally
every 50 mm, with external markers placed on the skin to mark transducer locations. A
custom standoff pad (178 x 127 mm, 16 mm thick), remolded from commercial pads
(Aquaflex, Parker Laboratories, Fairfield, NJ), was used in the two most distal transducer
positions. The most proximal shear wave region was defined as the most proximal location
where the gastrocnemius aponeurosis was still clearly visible within the B-mode image and
there were no notable artifacts or missing shear wave data. This position was, on average,
112 mm proximal to the gastrocnemius muscle-tendon junction.

Shear wave data were evaluated post-hoc from exported DICOM images using a custom
MATLAB (2011a, Mathworks, Inc., Natick, MA) graphical user interface. Regions of
interest (ROIs) were manually defined within the tendon boundaries from the B-mode
images, and the average measured wave speed for the repeat images was computed. Beyond
the gastrocnemius muscle-tendon junction, ROIs were also defined within the gastrocnemius
muscle, from which wave speeds were obtained.

For each image set, the soleus muscle-tendon junction (S-MTJ) and medial gastrocnemius
muscle-tendon junction (G-MTJ) were identified. The edge of the calcaneus (C) was defined
as the most distal point for image analysis. To enable inter-subject comparisons, shear wave
measures were extracted from all ROIs and manually defined to fall within three anatomical
regions: the free tendon (FT; from C to S-MTJ), the soleus aponeurosis (SA; S-MTJ to G-
MTJ) and the gastrocnemius aponeurosis (GA; G-MTJ to most proximal imaging location;
Fig. 1). Data were then interpolated for all subjects to create a dataset with ten uniformly
distributed points in the free tendon, thirty within the soleus aponeurosis and ten within the
gastrocnemius aponeurosis, mimicking the approach used previously (DeWall et a/, 2014).
Gastrocnemius muscle (GM) wave speeds were also obtained from the same positions used
to assess gastrocnemius aponeurosis wave speeds. Regional wave speeds were then
computed by averaging the data points within each region for each subject for use in
statistical analyses.

Tendon thickness was measured by manually delineating the edges of the free tendon in a
resting posture. Thickness was defined as the distance between the superficial and deep
edges of the tendon in the distal 20% of the free tendon region. Gastrocnemius resting
pennation angle was defined at the fascicle insertion onto the deep aponeurosis (Legerlotz et
al, 2010), manually delineated in MATLAB. The pennation angle was measured three times
for each subject from the most proximal image collected in the resting posture. The
maximum measureable wave speed of the system is 16.3 m/s, a value that has been observed
previously in stretched tendon (Aubry et a/, 2013; DeWall et a/, 2014). Thus, we also
computed the percentage of pixels within each ROI that exhibited wave speed magnitudes
equal to 16.3 m/s to assess potential saturation effects.

A two-way ANOVA was used to evaluate the effects of ankle posture (D, R, P) and region
(FT, SA, GA, GM) on average measured wave speed in middle-aged adults. For each image
location (FT, SA, GA, GM), a two way ANOVA was used to evaluate the effects of age
(young, middle-aged) and ankle posture (D, R, P) on wave speed. Post-hoc Tukey
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comparisons were used as follow-up to the significant ANOVA results. In the tendon
region(s) with significant aging effects, linear regressions of ankle posture and wave speed
were then evaluated. Significance was set at p < 0.05 for all statistical comparisons.

3. Results

There were no significant differences between young and middle-aged adult subjects in
terms of height, average weekly hours of exercise, resting ankle angle or distal tendon
thickness (Table 1). We did measure a slightly larger medial gastrocnemius pennation angle
in young adults than middle-aged adults (22 vs 19 deg, p = 0.03). For both age groups, wave
speed was observed to vary significantly with imaging location and ankle posture (Fig. 2).
The highest wave speeds were measured in the distal free tendon, with lower speeds
measured proximally (Fig. 3). For example, in middle-aged adults in the resting posture,
wave speed in the free tendon (12.3 + 1.1 m/s) was significantly higher (p < 0.001) than the
soleus aponeurosis (10.2 £ 1.3 m/s), the gastrocnemius aponeurosis (3.9 + 0.6 m/s), and the
gastrocnemius muscle (2.8 + 0.5 m/s). Measured wave speed in all three regions of the
tendon significantly increased from a plantarflexed to resting posture, and from a resting to
dorsiflexed posture. In the gastrocnemius muscle, there was a significant difference in
measured wave speed between the dorsiflexed and plantarflexed postures. Portions of the
Achilles free tendon reached the maximum measureable wave speed of 16.3 m/s in both
resting (12% saturation) and dorsiflexed (16%) postures.

Aging effects on measured tendon wave speed were location dependent. In the free tendon
and soleus aponeurosis, measured wave speed was similar between age groups in all
postures (Fig. 2). In the gastrocnemius aponeurosis, however, significantly lower wave
speeds were measured in middle-aged adults when the ankle was in a dorsiflexed posture (p
< 0.05). There was a significant inverse relationship between measured gastrocnemius
aponeurosis wave speed and age in the dorsiflexed posture (R? = 0.42, p = 0.0004; Fig. 4).
We also observed significantly lower wave speeds in the gastrocnemius muscles of middle-
aged adults compared with young adults (p = 0.005), with no interactions between age group
and ankle angle.

4. Discussion

In this study, we compared postural and spatial variations in Achilles tendon wave speed
between young and middle-aged adults. We had hypothesised that middle-aged adults would
exhibit lower wave speeds than young adults, reflecting more compliant tendinous tissue.
This hypothesis was only supported for the gastrocnemius aponeurosis, in which middle-
aged adults exhibited smaller increases in aponeurosis wave speed with passive stretch.
Thus, our results suggest that age-related variations in tendon tissue compliance may be
location dependent, an effect which could alter localised tissue strain patterns.

Achilles tendon wave speeds exhibited postural and spatial variations that were generally
similar to those observed previously in young adults (DeWall ef a/, 2014). Specifically,
measured wave speeds increased progressively with passive tendon stretch, and were lower
in the proximal tendon (i.e. the gastrocnemius aponeurosis) than in the distal tendon (i.e. the
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free tendon). However, there were distinct age-related differences in the rate of increase in
measured gastrocnemius aponeurosis wave speed with passive stretch (Fig. 4). This result
suggests that the gastrocnemius aponeurosis compliance is altered with aging, though the
complex mechanical interaction of muscle and aponeurosis tissue (Epstein et a/, 2006)
makes it challenging to infer the underlying mechanics that give rise to this observation.

The increase in medial gastrocnemius aponeurosis tissue compliance could reflect either an
age-related change in the tissue material properties or, alternatively, a shift in load
distribution between the aponeurosis and muscle tissue. In support of the former hypothesis,
there is substantial evidence of age-related changes in the microstructural composition of
tendon that are generally believed to give rise to an increase in tissue compliance (Nakagawa
et al, 1994, Patterson-Kane et a/, 1997; Tuite et a/, 1997; Birch et a/, 1999). Although it is
not clear why changes in tendon tissue material properties with middle-age would be
isolated to the aponeurosis, there is increasing evidence that tendinous tissue is highly
specialised to function and loading (Thorpe et a/, 2012), with significant variations in
cellularity, matrix composition and crimp angle observed even within regions of the same
tendon (Birch et al, 1999; Patterson-Kane et af, 1997). Further, in equine tendons, aging has
been observed to progress differently in functionally dissimilar tendons (Thorpe et a/, 2013)
and even within tendon regions (Birch ef a/, 1999; Patterson-Kane et a/, 1997). Thus, it is
conceivable that the aging process could have region-dependent effects on the Achilles free
tendon and gastrocnemius aponeurosis.

An alternate hypothesis is that the relative load taken up by the middle-aged gastrocnemius
aponeuroses during passive dorsiflexion is reduced, which could be due to greater load
transmission across muscle tissues that are in parallel with the aponeurosis (i.e. the soleus
and portions of the gastrocnemius muscle). A lower medial gastrocnemius aponeurosis load
would result in a lower regional strain, which may manifest as a smaller increase in wave
speed with dorsiflexion. We did observe significantly lower measured wave speeds in the
gastrocnemius muscle in middle-aged adults. This result suggests that there may have been
less passive loading of the middle-aged gastrocnemius with ankle dorsiflexion, such that the
gastrocnemius aponeurosis underwent less strain-stiffening with dorsiflexion. It is also
interesting to note that the age-related decrease in muscle wave speed was observed in all
three ankle postures, which could reflect a different slack muscle-tendon length for the
middle-aged subjects. One possibility is that the lateral gastrocnemius and soleus are
undergoing relatively greater load with passive stretch with middle-age, which could reflect
differing slack lengths of the muscle-tendon units. A prior study showed that shear wave
imaging can be used to estimate slack lengths by detecting the posture-dependent onset of
increased wave speed in muscle-tendon structures (Hug et a/, 2013), such that SSI could be
used to test potential variations of inter-muscle load distribution. Architectural variations
within the plantarflexors (O’Brien, 1984) are also relevant to consider. In this regard, we did
measure slightly smaller gastrocnemius pennation angles (-3 deg on average) in middle-
aged adults. However, a simple Hill-type model of the muscle-tendon unit (Zajac, 1989)
would suggest that smaller pennation angles would actually lead to less rotation and hence
increased muscle fibre stretch with passive dorsiflexion, which should increase load on the
aponeurosis. Hence, pennation angle differences between groups seem unlikely to explain
the lower aponeurosis wave speeds in middle-aged subjects, and further investigation is
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needed to understand the underlying tissue properties and muscle-tendon architectural
factors more fully.

An age-related change in aponeurosis compliance may be relevant to consider in the context
of muscle strain injuries. Muscle strain injuries commonly occur in the gastrocnemius
muscle (Orchard, 2001; Speer et a/, 1993; Garrett, 1990) and arise more frequently in
middle-age (McKean et a/, 2006). Imaging studies have found that the location of
gastrocnemius muscle strain injuries is often near the distal aponeurosis (Garrett, 1990;
Kirkendall and Garrett, 2002; Speer et a/, 1993), which is the region where we observed
decreases in measured tissue wave speed in the middle-aged subject population. Thus, it is
possible that this reflects a change in localised tendon compliance, which could alter nearby
tissue deformation patterns and thereby affect risk for localised tissue injury. Given the
complexity of the plantarflexor muscle-tendon architecture and mechanics (Cummins et al,
1946), there is a clear need for further modeling and imaging investigations to clarify
muscle-tendon load transmission and its effects on localised tissue strain patterns.

We did not observe a significant difference in Achilles tendon wave speeds between young
and middle-aged adults in the free tendon and soleus aponeurosis. We had hypothesised that
middle-aged adults would exhibit a decrease in tendon compliance based on known
structural changes to tendinous tissue with age (Birch et a/, 1999; Patterson-Kane et al,
1997; Nakagawa et af, 1994; Tuite et al/, 1997). To our knowledge, there are no prior studies
that have used SSI to evaluate age-related changes in wave speed in the soleus or
gastrocnemius aponeuroses, and only two that have considered the Achilles free tendon. Of
these, Arda et al. (2011) showed results in agreement with ours, with no observed
relationship between age and Achilles free tendon wave speed from a large sample (n = 127,
aged 17-63 years, mean: 37.7). In contrast, Aubry et al. (2013) did measure an age-related
decrease in free tendon wave speed (n = 80, aged 20-83 years, mean: 45.4), but only when
the ankle was in plantarflexed postures. Methodologically, these prior studies differ
substantially from what is described here, in that both evaluated wave speed within a single
location of the Achilles tendon, rather than along the length of the free tendon. Additionally,
the subject populations in these prior studies are of somewhat different age ranges than in
our study (n = 25, aged 21-58 years, mean: 35.0). Future studies including older adult
populations (aged 61+) will be necessary to fully elucidate the relationship between aging
and measured wave speeds in the Achilles free tendon, soleus aponeurosis and
gastrocnemius muscle.

There are a few limitations in this study that should be considered. First, wave speed
saturation is a challenge when using SSI technology on loaded tendinous tissue. SSI uses
high frame-rate planar imaging (>5000 frames/sec (Bercoff et a/, 2004)) to track
ultrasonically induced shear waves. However, the induced shear waves only propagate a few
millimeters before dispersing such that the current range of measurable wave speeds is <16.3
m/s. Maximum wave speeds were reached in the stretched free tendon, with 16% and 12%
of the ROI exhibiting the fastest measurable speed in dorsiflexed and resting postures,
respectively. Partially saturated wave speeds were previously observed in the same postures
in young adults (DeWall et a/, 2014), such that this limitation could potentially mask the
effects of age on load-dependent changes in free tendon wave speed. Spatial smoothing, ROI
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size and border effects may also influence wave speed measurements, particularly in regions
where there is a large differential of wave speed between neighboring tissues (e.g. between
gastrocnemius aponeurosis and muscle). For example, in a pilot study, we tested the effect of
reducing the ROI width to minimize border effects and found that this led to a consistent
increase in measured wave speed, with no difference between age groups. In order to
maintain consistency with our prior study [1], we chose to report here the measured wave
speeds when the same ROI sizes and smoothing parameters were used as in the prior study,
S0 as not to bias the measures from either group. However, it is important to note that the
results here likely underestimate the true wave speeds due to these border effects as well as
the aforementioned data saturation. It is also important to note that in this study we
controlled ankle position, which is not a direct surrogate for tissue loading. Finally, prior
studies have used shear wave speeds to estimate Young’s modulus (Aubry et a/, 2013; Arda
et al, 2011), however the underlying assumption of tissue isotropy necessary for the Young’s
modulus computation is not valid in tendon, which is better represented as a transversely
isotropic material (Royer et a/, 2011). We are currently pursuing a variety of research studies
so that we may better understand the implications of these results. Our current and future
work is focused around two specific areas. First, we are working with a variety of ex vivo
tendon setups to better understand the relationships between tendon shear wave speeds,
loading conditions and mechanical behaviour. Second, we are working with collaborators to
develop three dimensional computational models of the triceps surae muscle-tendon units,
that will enable us to investigate the inter-relationship of material properties, muscle-tendon
architecture and localised tissue mechanics.

In summary, we observed aging effects on longitudinal muscle and tendon wave speed that
were location dependent. Wave speeds decreased proximally, with the gastrocnemius muscle
and aponeurosis of middle-aged adults exhibiting much lower wave speeds in response to
passive stretch than young adults. We did not observe any effects of aging on wave speed in
the free tendon or soleus aponeurosis. Our results suggest that spatial variations in the
aponeurosis compliance may be altered in middle-aged adults, which may have implications
for localised tissue strain patterns and injury potential.
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Figurel.
B-mode ultrasound images and wave speed data were collected along a path that extended

from the Achilles tendon to the medial gastrocnemius aponeurosis. Distal images from the
free tendon were collected with the calcaneus (Calc.) in view. The soleus aponeurosis was
defined as the region from the soleus muscle-tendon junction (S-MTJ) to the gastrocnemius
muscle-tendon junction (G-MTJ). In post-hoc analysis, regions of interest (examples
outlined in white) were defined within the tendon boundaries. In the portion of the tendon
proximal to the G-MT]J, regions of interest were also defined in the gastrocnemius muscle
tissue to compare with tendon wave speeds. Note that the 50 mm wide images have been
cropped to ~30 mm sections for illustrative purposes.
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Figure2.

Position along tendon

The average (z standard deviation) measured wave speed for fifteen young and ten middle-
aged adults is plotted along the length of the tendon for the (a) plantarflexed, (b) resting and
(c) dorsiflexed postures. Measured wave speeds decreased proximally, with the highest wave
speeds observed in the distal free tendon (FT), lower values observed in the soleus
aponeurosis (SA) and the lowest values in the proximal gastrocnemius aponeurosis (GA).
Wave speed was significantly lower in the GA of middle-aged adults in the dorsiflexed

posture. *p < 0.05
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Figure 3.
The average (+ standard deviation) measured wave speed from ten middle-aged subjects for

each ankle posture and each region: the Achilles free tendon (FT), soleus aponeurosis (SA),
gastrocnemius aponeurosis (GA) and the gastrocnemius muscle (GM). For each ankle
posture, measured wave speed varied significantly between muscle and tendon regions.
*p<0.001, *p<0.05.
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Wave speed in the gastrocnemius aponeurosis decreased with age in the dorsiflexed (R? =
0.42, p = 0.0004) posture, but not in the resting (p = 0.083) or plantarflexed postures (p =
0.62). The equation of the line fit for the dorsiflexed (DF) postures is: SWSpr = Age -

=0.048(m/s)/years + 6.64m/s
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Comparison of subject characteristics. There were no significant group differences in resting ankle angle

Table 1

Page 16

(expressed in degrees of plantarflexion) or tendon thickness, but middle-aged adults exhibited slightly smaller
pennation angles (p < 0.05) in a resting ankle posture.

Young adults

Middle-aged adults

Age: 25 + 4 years 49 + 4 years
Gender: 8M,7F 5M,5F
Height: 69 + 3 inches 70 £ 5 inches
Weekly exercise: 11 £ 5 hours 10 £ 5 hours
Resting ankle angle: 25+ 5 deg. 25 + 6 deg.
Tendon thickness: 42+0.6mm 4709 mm
Resting pennation angle: 22 + 4 deg. 19 + 3 deg.
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