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Abstract

The interaction between the medial gastrocnemius (MG) muscle and the Achilles tendon (AT), i.e. muscle-tendon
unit (MTU) interaction, is crucial to minimize the energy cost of walking. The fascicles follow a different
length-change pattern from those of MTU and tendon during walking, leading to beneficial contractile conditions
for MG. Aging is associated with a decreased AT stiffness, which impacts walking performance. Older adults tend
to decrease their preferred walking speed, adapting muscle fascicle behavior as a strategy to decrease the energy
cost of walking. Nonetheless, aged-AT can increase its stiffness through training interventions, which has been
related to more optimal muscle fascicle lengths during walking. To our knowledge, the impact of a training-induced
increase in AT stiffness in the interaction of MG MTU during walking in the elderly was not assessed. Thus,
we investigated the effect of a 12-week strength exercise on the walking kinetics and kinematics and MG MTU
behavior in older adults. MG muscle fascicles of 11 older male adults were tracked using dynamic ultrasonography
during treadmill walking trials. Kinetic and kinematic data were collected, and musculoskeletal models used to
determine joint angles and moments and to estimate MTU lengths. No length and velocity changes in MG MTU,
fascicle and tendinous tissues were observed after training. Additionally, a similar walking pattern before and after
training was found, with no joint kinematics and kinetics significant differences. Questions remain regarding the
MTU training-induced adaptations of the aged MG during walking and further research is warranted to draw more
conclusions.
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1. Introduction

The human skeletal muscles convert chemical energy
into mechanical energy to produce human movement. In
turn, the primordial task of human tendon is to transfer
the force produced by the skeletal muscles to the skele-
ton, creating movement of the joints. Over the last two
decades, improvements in technology, specially in the
field of ultrasonography, allowed a better understanding
of the tendinous tissues and contractile elements prop-
erties and behavior. Muscle and tendon are combined
in a complex structure - muscle-tendon unit (MTU) -
and work together to produce movement (Lichtwark
and Wilson, 2007). The triceps surae muscles - medial
gastrocnemius (MG), lateral gastrocnemius (LG) and
soleus (SOL) - are connected to the the Achilles Tendon
(AT), which is the largest and strongest tendon of the hu-
man body. The tendon, besides acting as a force trans-
mitter between the MTU and the skeleton, allows en-
ergy storage and return during functional activities due
to its elastic properties. As a result, the tendon decou-
ples the muscle fascicle length changes from the total

MTU length changes (Fukunaga et al., 2001; Lichtwark
et al., 2007), which allows beneficial contractile condi-
tions for the triceps surae muscles and favours economic
force production (Roberts et al., 1997). During the last
decade, ultrasound imaging and musculoskeletal mod-
elling allowed to study the interactions between muscle
and tendinous tissues during human gait (Brennan et al.,
2017; Farris and Sawicki, 2012; Fukunaga et al., 2001;
Ishikawa et al., 2005; Ishikawa et al., 2007; Lichtwark
and Wilson, 2006). During walking, there is evidence of
MTU elongation throughout the beginning of the stance
phase. This is mainly accompanied by the stretch of se-
ries elastic elements (SEE; i.e. tendinous tissues) while
muscle fibers operate near-isometrically and perform al-
most no mechanical work. Then during late stance, SEE
recoil rapidly and release elastic energy while fascicles
produce positive work. This decoupling between mus-
cle and tendon allows the overall muscle-tendon unit to
operate with high power output and efficiency during
walking.

Aging is associated with loss in muscle force (Morse
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et al., 2005b), power (Reid et al., 2012) and with
changes in muscle architecture, such as reduction in
pennation angle and fascicle length, having implica-
tions in force and power muscle production (Kubo et al.,
2003; Morse et al., 2005a). Moreover, AT stiffness
appears to be decreased in the elderly through altered
AT material properties (Delabastita et al., 2019), which
was found to be associated with decreased walking per-
formance (Stenroth et al., 2015). In fact, older adults
tend to walk slower than younger adults. Stenroth et al.
(2017) proposed that walking slower for older adults
improves triceps surae contractile conditions, allowing
them to operate at a narrower range and performing
less mechanical work. In addition, a lesser role of an-
kle plantar flexors in gait, found for older adults com-
pared to young adults (Boyer et al., 2017), may con-
tribute to the reduction in their preferred walking speed.
Hence, the reduction in preferred walking speed allows
a change in muscle fascicle behavior, which can reduce
the energy cost of walking and be a strategy to compen-
sate for decreased plantarflexor strength.

It is well accepted that tendons are able to adapt to
mechanical loading through various forms of resistance
training (Wiesinger et al., 2015). Likewise, and despite
the age-related alterations, older tendons preserve their
ability to increase its stiffness in response to a long-
term training intervention (McCrum et al., 2018). Since
the elastic properties of the AT allow the decoupling of
muscle fascicle behavior from that of the MTU during
walking, changes in AT stiffness influence MG fascicle
behavior. Simulation studies using a two-dimensional
model of the Achilles tendon in series with the gas-
trocnemius muscle (Lichtwark and Wilson, 2007; 2008)
agree on the existence of an optimal value for tendon
stiffness related to a shortening pattern of muscle fasci-
cles that minimizes the energy cost of walking. More-
over, the same studies showed that at high tendon stiff-
ness, the muscle fascicle behavior was similar to that of
the MTU, while with low tendon stiffness, the muscle
fascicles are predicted to shorten throughout the stance
phase and then lengthen rapidly.

While several studies assessed the impact of a
training-induced increase in AT stiffness in the behavior
of MG MTU during dynamic tasks, such as running (Al-
bracht and Arampatzis, 2013; Werkhausen et al., 2019)
and landing (Werkhausen et al., 2018), to our knowl-
edge, there is no information in literature regarding this
effect during walking in older adults. Poor mobility in
older adults is connected to adverse health outcomes,
such as an increased risk of falling, which can lead to
mortality (Soriano et al., 2007). Thus, it is of great in-
terest to access the complex interactions in aged muscle-
tendon units during daily tasks. Findings could lead
to the design of exercise interventions to be applied in
health care systems, aiming to improve walking perfor-
mance to reduce the loss of function in the elderly.

Hence, the aim of the present study was to investi-

gate the effect of 12-week strength exercise on the MG
MTU behavior in older adults. Since MTU behavior
is influenced by the walking pattern, the joint angles
and moments were also analyzed. We hypothesized
that while 1) joint kinematics and kinetics would remain
similar before and after training, due to an increased AT
stiffness post-intervention and a subsequently decrease
in the tendon strain, 2) the tendon would undergo less
stretch and recoil and, thus, 3) fascicles could experi-
ence higher length changes.

2. Methodology
Subjects. Eleven older male adults (Age = 67.9 ± 2.6
years; body mass = 82.3± 10.1 kg; body height = 169.9
± 5.4 cm; mean± SD) gave their written informed con-
sent to participate in the study. In order to be included,
the participants had to be between 65 and 75 years old at
the start of the study. The subjects were excluded if they
had a history of cardiovascular, neurological or cogni-
tive diseases. Moreover, the subjects did not present
any knee, ankle or hip prostheses neither AT injuries.
The subjects were excluded if they had participated in
any resistance training in the six months prior to the
study. The experimental design was approved by the
ethical committee of Medical Ethics Committee Univer-
sitair Ziekenhuis/Katholieke Universiteit Leuven.

Strength Exercise Intervention. Participants were
measured before and after a 12-week strength exercise
intervention program. The program consisted on the
performance of strength exercises three times a week
under close supervision to increase muscle strength and
AT stiffness. Between training sessions, a day of rest
was planned. Each session subjects performed seated
ankle plantarflexion contractions, seated leg press and
knee extension contractions performed on weight ma-
chines. he strength intervention was divided in three
blocks. In the first block exercises were completed in a
high-volume regime. As the subjects progressed in the
program, we increased exercise intensity following the
principles of progressive overload. Thus, the training
volume was as follows:
Week 1-4: 2 sets of each 12-15 repetitions per exercise;
Week 5-8: 3 sets of each 10-12 repetitions per exercise;
Week 10-12: 4 sets of each 8-10 repetitions per exercise.
Subjects had 2 minutes of rest between exercises and 1
minute of rest between each set of exercises. As sug-
gested by Arampatzis et al. (2007), high strain magni-
tudes are needed to induce mechanical and morpholog-
ical adaptive responses on the MTU. Hence, when the
subjects could perform the exercises correctly and with-
out too much of an effort, the training load was adjusted
by increasing the weight on the machines. On the other
hand, the training was performed in a way that partic-
ipants could not perform less exercise than indicated.
For instance, if a participant in week 3 could only per-
form the exercise 10 times, the weight was decreased.
The participants together with the team decided which
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weight was appropriate. The study team also ensured
that quality of exercise was high enough.

Experimental Protocol. During measurements, sub-
jects were asked to walk on a motorized force-
measuring treadmill (Motekforce Link, Amsterdam,
The Netherlands) for about 5 to 8 minutes at different
walking speeds: 0.83 m/s, which will be referred as
SLOW speed, ≈ 1.40 m/s (FAST speed), comfortable
walking speed (COMF speed) and 6-minute walking
distance speed (6MWD speed). Before the experimental
testing, participants executed overground walking tests
of their comfortable speed as a warm-up and then to
measure the 6MWD speed. These walking speeds were
used on the treadmill to obtain the data at each given
pace. Likewise, a familiarization session on the tread-
mill was performed for about 20 minutes. In this session
subjects practiced walking at different speeds, including
the speeds used for data collection, without being mea-
sured. Kinetic, kinematic and ultrasound data were col-
lected during the last minute of each walking speed to
have data for at least three strides.

Kinetics and Kinematics. An extended full body gait
marker set, consisting of 65 markers with 9 marker clus-
ters attached to the body of each participant, was used
to track anatomical positions. Marker trajectories were
captured with thirteen infrared motion-capturing cam-
eras (Vicon, Oxford Metrics, UK) working at a sam-
pling rate of 100 Hz. Ground reaction forces during tri-
als were measured using the force plates integrated in
the treadmill with a sampling frequency of 900 Hz. All
data were collected in the Movement Analysis Labora-
tory Leuven. After the measurements, the markers were
labelled offline using Vicon Nexus (Vicon, Oxford Met-
rics, UK). A static trial was executed before the walking
measurement and was used to scale a three-dimensional
musculoskeletal model to each subject’s anthropometry
and physical dimensions in OpenSim 3.2 (Delp et al.,
2007; Hamner et al., 2010). The model had 12 seg-
ments, 29 degrees of freedom (dof) and the lower ex-
tremities and back joints were actuated by 92 MTU mus-
cle actuators. After scaling, joint angles were retrieved
from an inverse kinematics analysis using a Kalman
Smoother Algorithm (De Groote et al., 2008). These
joint angles were further used as input for a muscle anal-
ysis procedure performed with the OpenSim tool to cal-
culate MTU lengths. Ground reaction force (GRF) data
were used in combination with the joint angles to per-
form an inverse dynamics analysis in OpenSim to cal-
culate internal net joint moments. Joint moments were
normalized to body mass.

Dynamic Ultrasound Imaging. A B-mode ultrasound
system (Telemed Echo Blaster 128 CEXT system) with
a sampling frequency of 60 Hz was used with a 128-
element linear transducer (LV 7.5/60/128Z-2; Telemed,
Vilnius, Lithuania) measuring at 8 MHz. This was per-
formed to visualize MG muscle fascicles of the left leg
of each participant. The transducer had a 60 mm field of

view and was securely attached to the calf with tape and
elastic bandages and placed on the midbelly of the mus-
cle so that it was approximately in the same plane as the
muscle fascicles, according to the transducer placement
done by Lichtwark and Wilson (2006). All ultrasound
recordings were obtained using the Echowave II 3.4.0
software. Both ultrasound and motion capturing were
performed at the same time and a trigger pulse was used
at the start of the ultrasound imaging to synchronize it
with the motion-capturing system and the force-plates.
The tracking of MG muscle fascicles was performed us-
ing a semiautomatic tracking software, UltraTrack 4.2,
fully described by Farris and Lichtwark (2016). To ob-
tain the MG fascicle lengths and pennation angles, three
regions of interest containing one tracking line each
were drawn. The first line was drawn along the orien-
tation of MG muscle fascicles, the second in the inner
surface of the superficial aponeurosis and the third in the
inner surface of the deep aponeurosis. If needed, track-
ings were manually corrected. Using a MATLAB R©

custom-made script, the muscle fascicle length is calcu-
lated based on the straight line between the intersection
point of the fascicle with both aponeuroses (Figure 1).
Pennation angle was determined as the angle between
the fascicle and the deep aponeurosis as suggested by
Bolsterlee et al. (2015). Fascicle lengths and pennation
angles were filtered using a recursive fourth-order But-
terworth filter with a cut-off frequency of 12 Hz (MAT-
LAB R2015a, Aeles et al. (2018)). At least 3 strides per
subject were analyzed.

Figure 1: Representation of the extrapolation used on UltraTrack 4.2
(Farris and Lichtwark, 2016) on fascicle and aponeuroses to calculate
the intersection points. The straight line 1 was used to calculate fas-
cicle length, whilst pennation angle, represented by α, was defined as
the angle between the deep aponeurosis, line 3, and the MG fascicles,
line 1.

A Hill-type muscle model described by Fukunaga
et al. (2001) was used to estimate tendinous tissues
length. In this model, muscle fascicle lengths and pen-
nation angles from the ultrasound images are combined
with the MTU lengths, and the length of the SEE (LSEE)
is obtained as follows:

LSEE = LMTU − Lm × cos(α) (1)
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where LMTU is muscle-tendon unit length, Lm fasci-
cle length, LSEE series elastic elements length and α
the pennation angle. SEE representes all tendinous tis-
sue, which includes the free tendon, aponeuroses, and
connective tissue. Muscle fascicle and tendon proper-
ties were assumed to be consistent along the length of
the MTU. The velocities of the muscle fascicle, MTU
and SEE were calculated as the first derivative of their
lengths with respect to time. Since the resting lengths
of MTU, muscle fascicle and SEE were not measured,
MTU and muscle fascicle data were normalized by the
initial length value of the muscle fascicle at heel strike
(Ls

m). SEE length was normalized by the length of the
SEE at heel strike (Ls

SEE).
Data Analysis and Statistics. Due to the variability

of the acquired data during the gait cycles, all data were
splined to an equal number of 100 data points per stride.
Data from one participant was excluded due to poor
marker visibility during treadmill walking trials (n=10).
All data are organized and presented as mean± standard
deviation.

All continuous data were analysed statistically using
an open-source SPM1d code (v0.4.2; www.spm1D.org)
in MATLAB R©, which consists in a package for one-
dimensional Statistical Parametric Mapping (SPM).
Usually, for zero-dimensional datasets, statistical inter-
ference derives from a model of randomness, in most
cases the Gaussian distribution. The goal in these
datasets is to quantify the probability that random data
would exceed a certain test statistic value. SPM applies
the same idea, but to datasets at the continuous level.
It quantifies the probability that data would produce a
test statistic continuum (equivalent of a statistical para-
metric map) with a maximum that exceeds a certain test
statistic value.

The data extracted for statistical analysis were as-
sessed to be normally distributed using a SPM Shapiro-
Wilk normality test (P>0.05). To test our hypotheses,
SPM paired t-tests were performed by comparing the
joint kinematics and joint kinetics, pennation angles,
MG muscle fascicle, MTU and SEE lengths and their
respective contraction velocities between pre- and post-
training intervention session. The probability level ac-
cepted for statistical significance was P<0.05.

Because of the high number of statistical analyses,
the SPM results are not presented. Nevertheless, Figure
2 presents an example of a SPM analysis. The thick
line represents the parametric statistical map created for
the paired t-test (SPM{t}) and the red line concerns the
critical threshold at alpha = 5%.

3. Results
The mean age of the subjects was 68.1 ± 2.7 years
and the mean body height consisted in 169.2 ± 5.1 cm.
Body weight decreased significantly in older adults be-
tween sessions (P = 0.001, Table 1). Furthermore, body
mass index (BMI) decreased significantly between ses-

Table 1: Subjects characteristics
N Pre-intervention Post-intervention P-value

Body weight (kg) 10 83.37 ± 9.96 81.57 ± 9.44 0.001

BMI (kg/m2) 10 29.04 ± 2.36 28.44 ± 2.31 <0.001

COMF (m/s) 10 1.33 ± 0.10 1.32 ± 0.15 0.790

6MWD (m/s) 10 1.63 ± 0.26 1.68 ± 0.23 0.283

Values are expressed as mean ± SD. Significant difference with paired sample
t-test (P<0.05). BMI, body mass index; COMF, comfortable walking speed;
6MWD, 6-minute walking distance walking speed.

sions (P<0.001, Table 1). The mean COMF and 6MWD
speeds did not significantly change after the training in-
tervention.

No distinct training-induced differences in the me-
chanical behavior of the MG MTU were observed for
the four walking speeds. Pre- and post-training inter-
vention sessions did not significantly differ in MG mus-
cle fascicle lengths, shortening velocities and pennation
angles (P>0.05; Figure 3 and 6).

Likewise, paired sample t-tests revealed no signif-
icant differences in the stretch and recoil pattern for
MTU and SEE lengths and their respective shortening
velocities before and after the intervention (P>0.05;
Figure 4 and 5).

In addition, SPM analysis did not reveal significant
differences in walking kinematics (ankle, knee, hip joint
angles; Figure 7, top row) and kinetics (ankle, knee,
hip moments; Figure 7, bottom row) for the four walk-
ing speeds pre and post-training intervention sessions
(P>0.05).

Figure 2: Upper graph shows the MG muscle fascicle length changes
for the pre-training intervention session (black solid line) and post-
intervention session (blue dash-dotted line) for the SLOW walking
speed. Bottom graph shows the SPM for the paired t-test (SPM{t})
as a function of the gait cycle. The critical threshold (t*) was not ex-
ceeded, therefore no significant difference was found for MG muscle
fascicle lengths after the training intervention.

4. Discussion
The present work examined the effect of a 12-weeks
training intervention on the kinematics and kinetics
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Figure 3: MG muscle fascicle length changes and velocities for the pre-training intervention session (black solid line) and post-intervention
session (blue dash-dotted line) for walking at the four different speeds. Muscle fascicle lengths and velocities were normalized to their
corresponding length at heel strike (Lm

s). Negative and positive velocities denote shortening and lengthening, respectively. The vertical black
line denotes the end of stance phase and beginning of swing phase. The results are presented as mean± SD, where the shaded regions represent
± SD of the fascicle length changes and velocities for the MG muscle.

Figure 4: SEE length changes and velocities for the pre-training intervention session (black solid line) and post-intervention session (blue
dash-dotted line) for walking at the four different speeds. SEE lengths and velocities were normalized to their corresponding length at heel
strike (LSEE

s). Negative and positive velocities denote shortening and lengthening, respectively. The vertical black line denotes the end of
stance phase and beginning of swing phase. The results are presented as mean ± SD, where the shaded regions represent ± SD of the SEE
length changes and velocities for the MG muscle.

Figure 5: MG MTU length changes and velocities for the pre-training intervention session (black solid line) and post-intervention session (blue
dash-dotted line) for walking at the four different speeds. MTU lengths and velocities were normalized to their corresponding corresponding
MG muscle fascicle length at heel strike (Lm

s). Negative and positive velocities denote shortening and lengthening, respectively. The vertical
black line denotes the end of stance phase and beginning of swing phase. The results are presented as mean ± SD, where the shaded regions
represent ± SD of the MTU length changes and velocities for the MG muscle.
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of walking and on the medial gastrocnemius muscle-
tendon interactions in older adults. To our knowledge,
this study is the first to examine the influence of a re-
sistance training program on the muscle-tendon inter-
actions during walking in the elderly. We observed
no length changes (length and velocity) in both MG
muscle-tendon unit, fascicle and tendinous tissues after
training. Additionally, we found a similar walking pat-
tern before and after training with no joint kinematics
and kinetics significant differences.
Effects of training on walking kinematics and kinet-
ics

The first hypothesis that joint kinematics and kinetics
would remain similar before and after training during
walking was confirmed. Similar results were reported
for resistance training interventions in younger adults
during running (Werkhausen et al., 2019; Albracht and
Arampatzis, 2013). The fact that joint moments did not
change suggest that the force applied to the AT did not
increase (Werkhausen et al., 2019). In their work, Hof
et al. (2002) have studied the effect of AT stiffness on
walking and running and found that even though tendon
stiffness could vary considerably among subjects, their
ankle kinematics would remain similar. This is not a
surprise considering that, at midstance, the base of the
foot is in contact with the ground and the ankle angle
is mainly dependent on sweep of the distal leg. This
sweep is a function of speed and thus, any effect would
be related to the period of plantar flexion in later stance.
In addition, knee angle would have a small influence
on leg angle and MTU length (Lichtwark and Wilson,
2007). The results obtained for the joint angles and the
joint moments are supported by the type of training pro-
tocol adopted in the study. This training protocol was
designed to induce structural and mechanical changes in
the MTU, by increasing MG tendon stiffness and mus-
cle strength (e.g. Blazevich, 2006; Karamanidis et al.,
2014; Epro et al., 2017). Thus, higher joint range of
motion was not aimed.
Effects of training on MG MTU behavior during
walking

Contrary to our predictions, the length changes pat-
tern of MG muscle fascicles did not differ significantly
after training for the four walking speeds. Likewise,
pennation angles did not suffer significant training-
induced alterations. The fact that MG fascicle lengths,
pennation angles and ankle and knee joint angles were
not affected by the training intervention, i.e., same MG
MTU lengths, led to similar stretch and recoil of the
SEE. Therefore, our second hypothesis cannot be ac-
cepted. Since velocities of the muscle fascicle were es-
timated as the first derivative of their lengths with re-
spect to time, unchanged muscle fascicle lengths lead to
similar shortening velocities after training.

Aging is associated with changes in muscle architec-
tural characteristics and tendon mechanical properties
(e.g. Stenroth et al., 2012), which has implications in

the force and power generation capacity of a muscle.
Moreover, an age-related decrease in AT stiffness would
suggest a change in SEE elongation patterns for older
adults. However, when comparing MG MTU behavior
between young and older adults, Stenroth et al. (2017)
did not report differences in either MG muscle fascicle
or SEE length change pattern for older adults at matched
walking speeds. These authors suggested that the stiff-
ness of the aponeuroses could preserve the SEE length
changes despite the differences of AT stiffness.

Hence, the overall behavior of the MG muscle fas-
cicles and the SEE during walking for the four different
walking speeds showed consistency with earlier findings
for young adults (Brennan et al., 2017; Farris and Saw-
icki, 2012; Fukunaga et al., 2001; Ishikawa et al., 2005;
Ishikawa et al., 2007; Lichtwark and Wilson, 2006).
In fact, during the whole gait cycle, the MG fascicles
endured different length changes than the ones expe-
rienced by the MTU and the tendinous tissues. The
MG fascicle length change showed a relatively isomet-
ric behavior during midstance, followed by shortening
in late stance. In turn, SEE stretched during the major
part of stance and recoiled in push-off. Pennation an-
gles were also consistent with the literature (Lichtwark
et al., 2007; Lichtwark and Wilson, 2006). When MG
muscle fascicles acted relatively isometrically, penna-
tion angles showed little change and the shortening of
the fascicles throughout the stance phase was accompa-
nied by increases in the pennation angles.

The interpretation of the obtained results is subjected
to several aspects. Firstly, the design of the performed
training intervention, the loading intensities applied dur-
ing the exercises and the duration of the intervention
itself affect tendon adaptations. A meta-analysis per-
formed by McCrum et al. (2018) on the alterations of
MTU biomechanical properties with aging and mechan-
ical loading, found that exercise interventions should
implement high and repetitive mechanical loading to
induce adaptative responses in the aged AT. Further-
more, the same authors suggest that training interven-
tions should be endured up to 3 or 4 months to success-
fully counteract age-related changes in MTU properties.
Since AT stiffness was not measured in our study, it is
not possible to quantify the effectiveness of the training
in increasing it. Thus, the possibility that the adopted
training intervention did not impact AT stiffness signifi-
cantly remains.

Furthermore, the stiffness of a tendon in relation to
the force producing capacity of the attached muscle
varies between muscles. Roberts (2002) suggested that
this variation is greatly explained by the muscle and ten-
don architecture. Moreover, the study of Lichtwark and
Wilson (2008) has shown that different muscle fascicle
length will compensate for a more stiff or compliant ten-
don to maintain high efficiency. For instance, efficiency
of a muscle could be high with a compliant tendon as
long as the muscle fascicles are much shorter. Thus,

6



Figure 6: MG muscle pennation angles for the pre-training intervention session (black solid line) and post-intervention session (blue dash-
dotted line) for walking at the four different speeds. The vertical black line denotes the end of stance phase and beginning of swing phase. The
results are presented as mean ± SD, where the shaded regions represent ± SD of the pennation angles the MG muscle.

Figure 7: Joint angles and joint moments calculated at the ankle, knee and hip for walking at the four walking speeds for both pre-training
intervention session (dash-dotted lines) and post-training intervention session (solid lines). Joint moments were normalized to body mass. The
results are presented without ± SD for the sake of simplicity.

the lack of adjustment in MG muscle fascicles behav-
ior may also be attributable to the architectural charac-
teristics and biarticular nature of this muscle. Ishikawa
et al. (2005) firstly suggested that MG and soleus fas-
cicles behaved differently during human walking, even
though SEE showed similar length change patterns for
both muscles. This study reported that, while the MG
fascicles remain at the same length during the major part
of stance phase, the soleus fascicles lengthened contin-
uously. Moreover, the soleus fascicles lengthened with
increasing in muscle activation, whereas MG fascicles
remained at the same length or even tended to shorten
in the opposite direction. In comparison with the gas-
trocnemius muscles, soleus muscle contributes more to
the ankle moment, uses more elastic energy storage and
reuse and is more metabolically efficient in walking (Kr-
ishnaswamy et al., 2011). In addition, Mian et al. (2007)
reported that the lateral gastrocnemius fascicle length-
ening contributed less and the SEE lengthening more
to the lengthening of the MTU in older adults com-
pared to young adults. The lateral head of the gastroc-
nemius muscle presents the longest fascicle lengths in
the triceps surae muscles and has been shown to un-
dergo higher length changes than the ones experienced
by the medial head of the gastrocnemius (Maganaris
et al., 1998). Hence, length changes in the LG or in
the soleus muscle may be more affected by a training-

induced increase in tendon stiffness.
Lastly, the obtained results might suggest that the

walking strategy adopted by the older adults already
provides optimal cost of energy, with no further adap-
tations of the muscle-tendon behavior after training in-
terventions. The Hill-type muscle model proposed by
Lichtwark and Wilson (2007) to predict MG muscle en-
ergetics suggests that there is an optimal value of SEE
stiffness that maximises muscle fascicle efficiency in
different gait conditions. Nonetheless, the model also
reported that this efficiency could be achieved across a
broad range of SEE stiffness values during walking and
only low stiffness would be detrimental to the capacity
of the muscle to produce forces. The training-induced
changes in AT stiffness in our study may be within the
optimal range, thus allowing MG fascicles to behave in
a similar way as before the training intervention.

Moreover, according to the force-length relationship,
the force generation capacity of a muscle is affected by
the length at which the muscle fascicles are generating
force. The muscle fibers of the human MG have been
shown to operate over the descending limb of the force-
length relationship during a large part of the stance
phase and then move over the optimal region onto the
ascending limb during the plantar flexion phase (Arnold
and Delp, 2011). Higher length changes for the MG
muscle fascicles would imply the muscle sarcomeres to
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work at very short lengths and they would be unable
to produce the required force. Moreover, these length
changes would mean an increase in sarcomere short-
ening velocities, thus lower force production capacity.
Hence, the hypothesized higher changes in MG mus-
cle fascicle lengths could shift the operating length of
the muscle to a less favorable portion to produce force.
This supports the idea that the walking strategy adopted
by the older adults is already optimal.

As a final remark, it should be noted that walking is a
complex locomotion task with complex muscle-tendon
interactions that might not be fully explained by in-
series models. In addition, several muscular strategies
can be adopted when walking by older adults (Stenroth
et al., 2017). Boyer et al. (2017) support the hypothesis
of a reduction in hip and ankle joint movements, peak
ankle moments, power generation and ground reaction
forces, in older adults compared to young adults. Fur-
thermore, Franz and Kram (2014) proposed that older
adults might limit propulsion in push-off on purpose to
improve balance. MTU interaction is influenced by the
adopted walking pattern, hence, other aspects besides
the ones mentioned throughout the discussion may in-
fluence the obtained results.

5. Limitations
Certain limitations in the study should be addressed.
Firstly, our hypotheses relied on a training-induced in-
crease in AT stiffness when it was not assessed in the
present study. Instead, it was assumed that AT would
increase after training according to previous results in
literature (McCrum et al., 2018). The lack of informa-
tion about AT stiffness does not allow to draw conclu-
sions regarding the overall MTU behavior after training.

Secondly, MG muscle activation during the task per-
formance was not assessed. Biewener and Gillis (1999)
proposed that an alteration in the pattern of muscle acti-
vation (timing, duration and intensity) when speed, en-
vironment or gait task change can lead to different in-
teraction between muscle fascicles and SEE. Hence, re-
sults on muscle activation could lead to a better under-
standing of the results.

Another limitation of the present study is the small
sample size measured. A higher number of subjects
could reduce the variability of the obtained results (i.e.,
decrease in the SD) and possibly lead to statistically sig-
nificant differences.

The designed strength exercise intervention could
have also included more exercises specifically for the
ankle plantarflexors. From the three exercises per-
formed by the subjects, two were used for knee exten-
sion and flexion (seated leg press and knee extension
contractions), which might not affect MG MTU as much
as exercises to increase the strength of the plantarflex-
ors.

Lastly, ultrasound imaging is a two-dimensional mea-
surement, despite the three-dimensional nature of the
MG muscle studied. Hence, this method only trans-

lates the true behavior of the muscle fascicles when it
occurs in the same two-dimensional plane as the ultra-
sound image. According to Blazevich (2006), when the
transducer is not oriented in the plane of the fascicles,
large errors may arise (2.4-14.0%). On the other hand,
the method of fascicle tracking employed in the present
study involved drawing a line parallel to the visible por-
tion of the fascicle in the mid-muscle belly from its in-
sertion at the superficial and deep aponeurosis. Then,
the whole fascicle length was estimated using extrap-
olation in the analyses. Errors of 2-7% have been as-
sociated to MG muscle when employing this method
(Blazevich, 2006). Recently, Raiteri et al. (2016) were
able to measure geometrical changes of the human tib-
ialis anterior muscle and its central aponeurosis dur-
ing isometric contractions using three-dimensional ul-
trasound (3DUS). Nonetheless, this method still can-
not be applied to assess MTU behavior during dynam-
ics task, such as walking and running. Until now,
two-dimensional ultrasound and the method applied for
tracking are the more accurate and reliable options to
assess MG MTU behvior during dynamic tasks (Cronin
et al., 2011; Aeles et al., 2017).

6. Future Work and Conclusions
To gain further insight into the effects of a strength inter-
vention in the MG MTU behavior in older adults, future
studies should include AT stiffness and electromyogra-
phy measurements. Furthermore, future research should
incorporate measurements of both soleus and lateral
gastrocnemius. The study of Lichtwark et al. (2007)
provided evidence that the MG and soleus muscle do
not have a similar mechanical behavior of the fasci-
cles during walking, despite being commonly accepted
as synergists. Moreover, the different muscle architec-
tural and force-generating characteristic from the triceps
surae muscles may lead to different adaptations of the
triceps surae MTU after a training intervention (e.g LG
presents the longest fascicle lengths in the triceps surae
muscles having the highest number of sarcomeres in se-
ries and, hence, showing eminent velocity potential).

Triceps surae MTU behavior after training interven-
tions during walking warrant more attention. In par-
ticular, it would be interesting to examine whether the
adaptation after training of MG MTU behavior is differ-
ent between young adults and the elderly. The fact that
AT stiffness is higher in young adults compared with
older adults can lead to different effects on the fascicular
and tendinous behavior of the MG MTU after a strength
exercise intervention. In future studies, it may also be
interesting to design a training intervention with differ-
ent exercise types (e.g. resistance, endurance, stretch-
ing) and understand how and to what extent the type of
training affect the triceps surae MTU behavior during
walking.

In conclusion, our study showed that a 12-weeks
strength exercise did not affect the gait biomechanics
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and the medial gastrocnemius muscle-tendon unit be-
havior during walking in the elderly. As predicted, joint
kinematics and kinetics remained unchanged after train-
ing. However, contrary to our remain hypotheses, the
patterns of MG muscle fascicle and SEE lengthening
did not present significant changes after training. It is
well accepted in literature that aged-AT preserves its
mechanosensitivity to applied mechanical loading, thus
an increase in AT stiffness would affect the stretch and
recoil pattern of MG muscle fascicles and SEE and their
respective shortening velocities. However, questions re-
main regarding the MTU training-induced adaptations
of the aged MG during walking and further research is
warranted to draw more conclusions.
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