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Abstract The present study deals with the question
whether 24-week strength training alters neuromechan-
ical properties of plantar flexors in elderly people (73–
83 years). The first purpose of the present study was to
evaluate the effect of strength training on musculoten-
dinous (MT) stiffness of the triceps surae (TS). The
training was performed twice per week and mainly
consisted of three series of ten repetitions of calf-rise and
leg-press exercises at 75% of the three-repetition maxi-
mum. Using quick-release movements at different levels
of submaximal torques performed measurements of MT
stiffness. Surface electromyograms (EMG) of each part
of the TS and the tibialis anterior were also recorded. A
stiffness index (SI), defined as the slope of the angular
stiffness–torque relationship (SIMT-Torque), was used to
quantify changes in MT stiffness. Results showed a
significant decrease in SIMT-Torque by 25.2% following
training (P<0.05). The second purpose of the study was
to evaluate whether neural mechanism has influences on
this decrease. Therefore, an activation SI, defined as the
slope of the angular stiffness–EMG relationship (SIMT-

EMG) was used to overcome the influence of changes in
agonist activity, and thus to quantify changes in MT
intrinsic elastic properties. SIMT-EMG only decreased by
11.2% following training (P<0.05). The present results
underlined that MT stiffness decreases following train-
ing in elderly individuals, counterbalancing the effect of
ageing. These changes seem not only to be due to per-
ipheral but also to neural adaptations.
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Introduction

During the ageing process, impairments of skeletal
muscle contractile and elastic properties in humans have
been reported (Ochala et al. 2004). Using a classical
model of the musculotendinous (MT) system mechanics
(Hill 1950), elastic properties are generally described by
the series elastic component (SEC), which is composed
of an active fraction (i.e. muscle fibres) and a passive
fraction (i.e. extramuscular tendon, aponeurosis and
intramuscular connective tissue) (Huxley and Simmons
1971). SEC behaviour is generally obtained by means of
a quick-release technique (Goubel and Pertuzon 1973).
The stiffness of the SEC, i.e. the ratio between changes
in force and changes in length is classically linearly re-
lated to force. In ageing, the stiffness of the SEC, i.e. MT
stiffness, has been found to increase in various muscle
groups such as plantar flexors (Blanpied and Smidt
1993; Ochala et al. 2004), and elbow flexors (Valour and
Pousson 2003). This increase in MT stiffness may com-
pensate the reduction in force in the elderly (Valour and
Pousson 2003; Ochala et al. 2004). In fact, this may induce
a better transmission of the force via tendon directly to
bone and shorten the coupling time between eccentric and
concentric phases during the stretch-shortening cycle when
walking, for instance.

Strength training in old age has been effective for
improving muscle contractile properties such as force
(Frontera et al. 1988) and shortening velocity (e.g. Ferri
et al. 2003). Despite numerous reports on the adapta-
tions of contractile properties to strength training, data
in the literature concerning changes in elastic properties
of the MT system with regimens of increased loading in
old age, remain scarce. Only the study of Blanpied and
Smidt (1993) reported that strength training led to a
decrease in stiffness of the plantar flexors in elderly
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Université de Bourgogne,
BP 27 877, 21 078 Dijon Cedex, France
E-mail: Julien.Ochala@u-bourgogne.fr
Tel.: +33-3-80396761
Fax: +33-3-80396702

D. Lambertz
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women, whereas Kubo et al. (2003) reported no signifi-
cant changes in tendon stiffness in elderly people after
low-load resistance training. In young subjects, the use
of eccentric exercises led to an increase in MT stiffness
(Pousson et al. 1990), whereas concentric training
showed a decrease in MT stiffness (Poulain and Pertu-
zon 1988). These opposite changes in MT stiffness were
discussed in terms of opposite adaptation of the active
and passive fraction of the SEC. As reported by Kubo
et al. (2001a, 2002), dynamic resistance training (eccen-
tric–concentric) and static resistance training (isometric)
increased the elastic properties of tendinous structures in
humans, although the latter depends on the duration of
the exercise (Kubo et al. 2001b). Moreover, isometric
training led to higher increases in tendinous elastic
properties (Kubo et al. 2001a) than resistance training
(Kubo et al. 2002).

Thus, the first aim of the present study was to
quantify changes in MT stiffness of plantar flexor mus-
cles following a strength-training program, in the el-
derly, thanks to the quick-release technique. Regarding
neurophysiological alterations occurring during strength
training periods in the elderly, it can be hypothesized
that MT stiffness decreases.

As seen above, according to the literature, following
training, changes in MT stiffness have been commonly
interpreted in terms of adaptation of the properties of
the muscles and tendons involved. Nevertheless, Lam-
bertz et al. (2001, 2003) reported recently that MT
stiffness could also be influenced by neural adaptations
such as changes in muscle activation capacities. There-
fore, the second purpose of the present study was to
evaluate whether neural adaptations have influences on
possible changes in MT stiffness. For that, myoelectrical
activities of triceps surae (TS) muscles were assessed by
using surface electromyography (EMGs), and differ-
ences were quantified by using EMG–torque relation-
ships. Changes in tibialis anterior (TA) muscle
myoelectrical activities were also quantified. Regarding
adaptations within the nervous system during the first
few weeks of training (Sale 1988; Häkkinen et al. 1998)
and muscle hypertrophy later in the process (Frontera
et al. 2003), it can be hypothesized that if MT stiffness
changes occur following the present training, it could be
influenced by neural alterations.

Methods

The experiment described here is part of a comprehen-
sive physical conditioning programme study designed to
provide an overall conditioning stimulus, involving both
the upper and lower limbs. However, this particular
paper deals with the MT stiffness adaptations during
plantar flexion to strength training in ageing. It should
be noticed that the measurements were carried out on
plantar flexors because these muscles are involved dur-
ing the daily most important motor task, i.e. walking.

Subjects

The experiment was performed on 21 healthy elderly
subjects (age range 73–83 years). Fourteen individuals
(six women and eight men) were assigned (by randomi-
zation) to the training group; the remaining subjects
(three females and four males) were assigned to the
control group. Physical characteristics of the subjects are
shown in Table 1. All subjects received medical clear-
ance from a general practitioner prior to the training
program. All of them were voluntary, sedentary and free
from any neurological deficit and/or orthopaedic dis-
ability. All procedures were explained to the subjects
verbally and a written consent form was completed,
before the experimental procedures. A local ethics com-
mittee approved the protocol and the experiment was
carried out according to the guidelines of the Declaration
of Helsinki.

Strength training program

The subjects participated in a 24-week physical condi-
tioning training (48 sessions). Each training session
consisted of a warm-up and strength exercises. The
programme frequency was twice per week. The warm-up
was in line with international recommendations and a
position statement from the American College of Sports
Medicine for safe exercise with elderly people. It lasted
20 mn and consisted of walking, marching, sidestepping,
isolated mobility and supported stretches (held statically
for 8–10 s). The strength exercises were carried out on
commercially available strengthening machines. During
the first six sessions, before the beginning of the study,
subjects were familiarized with the equipment and with
the exercise technique. The training of the lower limb
muscles involved bilateral movements, performed (1) on
a sitting calf-rise machine and (2) on a leg-press ma-
chine. For the calf-rise exercise, subjects plantar flexed
from a position of �0.34 rad of dorsi flexion to maxi-
mum plantar flexion (�0.52 rad). In the leg press, leg
extension was performed from a knee angle of 1.57 rad
to �0.08 rad from full extension, to prevent knee-joint
damage (leg extension contributes to the training of the
plantar flexor muscles by stretching medial and GL).
The subjects were instructed to perform the lifting of the
weight (concentric action) in �2 s and, immediately
after, lowering of the weight (eccentric action) in �3 s.

Table 1 Physical characteristics of subjects

Training group Control group

n 14 7
Age (years) 75.4±2.2 77.2±1.9
Height (cm) 162±2.8 163±2.1
Weight (kg) 69.3±2.6 71.4±2.8

Values are means ± SE
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The training protocol consisted, for the first 4 weeks, of
three sets of ten repetitions with an initial load of �50–
55% of the three-repetition maximum (3-RM: the
maximum load that can be lifted three times only) and
was then increased to 75% of the 3-RM. The training
load was updated every 2 week to match it, as close as
possible, to 75% of the 3-RM. It should be noticed that
the three sets were interspaced by 2 mn rest during
which subjects carried out 20 s length stretches of the
trained muscle groups. Subjects were individually
supervised during programme sessions at all times.

Testing machine

An ankle ergometer was used for the experiment. It was
especially designed to test the stiffness properties of
plantar flexor muscles and ankle joint (Tognella et al.
1997). Briefly, the ergometer consisted of two main
units: (1) a power unit that contained the actuator, its
power supply unit, position, velocity and torque trans-
ducers, and its associated electronics; and (2) a driving
unit controlled by a 486 PC-type computer equipped
with a specific 12-bit A/D timer board. Angular dis-
placement was measured with an optical digital sensor,
and angular velocity was captured from a resolver
bound to the rotor, except for velocities >15.70 rad s�1

that required a tachometer. Torque was obtained by
using a strain-gauge torque transducer. Specific menu-
driven software controlled all procedures and recorded
mechanical variables and electromyograms (EMG)
(2 kHz sampling frequency) for later analysis. Instruc-
tions were presented to the subject on an oscilloscope.

Study design

All subjects were tested at baseline. Subjects were tested
again after 24 weeks of training. The control group
continued their usual activities and were then tested after
24 weeks of normal activity.

During an experimental session, the subject laid
comfortably, in a supine position, on an adjustable table
with the left ankle placed at the anatomical position, i.e.
0 rad (with 0 rad being the perpendicularity of the
ergometer footplate to the long axis of the tibia), at-
tached rigidly to the actuator of the ankle ergometer.
The horizontal bi-malleolar axis coincided with the axis
of rotation of the actuator. The knee was flexed to
2.08 rad to minimize the contribution of the gastrocne-
mii muscles (Cresswell et al. 1995). Special shoulder
holders maintained the shoulders.

Surface EMG were detected on each part of the TS
and on the TA. Pairs of silver-chloride surface electrodes
(recording diameter 10 mm) were pasted over the soleus
(Sol), medial (GM) and lateral (GL) gastrocnemii with
an interelectrode (centre-to-centre) distance of 2 cm.
The low resistance (<5 kW) was obtained by abrading
the skin with emery paper and cleaning with alcohol.

For the Sol, recording electrodes were placed along the
mid-dorsal line of the leg, about 5 cm distal from where
the two heads of the gastrocnemii join the Achilles
tendon. ML and GL electrodes were fixed lengthwise
over the middle of the muscle belly. The ground elec-
trode was attached to the contra lateral patella. EMGs
were recorded differentially, amplified, and bandpass
filtered (1–1,000 Hz).

The experimental session started with the acquisition
of five maximal motor direct responses (Mmax) by
applying a supramaximal electrical stimulus to the pos-
terior tibial nerve with the cathode located in the po-
plitea fossa and the anode placed on the thigh, proximal
to the patella. The stimulus intensity was adjusted so as
to obtain the maximal M wave on each part of the TS.
The Mmax was used to normalize the EMG signals and
thus to account for different conditions of skin and
surface electrodes impedance.

Second, three maximal voluntary contractions
(MVC) in plantar flexion under isometric conditions
were asked. The trial with the highest value was con-
sidered to be the effective MVC.

Finally, the elastic properties of the MT complex
were assessed by means of a quick-release technique
adapted for in vivo experiments (Goubel and Pertuzon
1973). Quick-release movements were performed from
the neutral position, by a sudden releasing of the moving
parts of the device, while the subject maintained a sub-
maximal plantar flexion torque equal to 25%, 50% and
75% of MVC. Four measurements were recorded per
torque level. For each trial, torque, angular displace-
ment and angular velocity further differentiated to obtain
angular acceleration, were stored for further analysis
(see Fig. 1).

Fig. 1 Typical data for quick-release movement. Changes in
acceleration ðD €HÞ and position (D Q) were calculated during the
first 20 ms of the movement
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Data processing

The Mmax response was obtained by averaging five M
wave records. Then, Sol, GL and GM EMG signals were
rectified and summed up to get TS Mmax. Mean ampli-
tude of the TS Mmax response (Mmax ampl) was calculated
as the ratio between TSMmax area and TSMmax duration
(Sale et al. 1982). According to Lambertz et al. (2003),
this method takes into account the polyphasic response in
some of the recorded M waves of GL and GM muscles.

To construct EMG-torque relationships for the TS,
the EMG signals of Sol, GL and GM were rectified and
summed up to get TS activity; TS activity was expressed
as mean amplitude, calculated as the ratio between the
TS EMG area and duration over 200 ms isometric tor-
que just before the quick-release movement. For subject-
to-subject comparisons, TS EMG was normalized with
respect to TS Mmax ampl and expressed in percentage
(EMG/Mmax ampl). Similar to the method proposed by
Moritani and deVries (1979), TS EMG/Mmax ampl–tor-
que relationships were constructed to attest possible
changes in muscle activation capacities following
strength training. Then, as proposed in the study of
Lambertz et al. (2003), to express force output per
electrical input, the inverse of the slope of these rela-
tionships gave an index of neuromuscular efficiency
(NME). This NME index can be viewed as the respon-
siveness of muscle to neural excitation.

In the same way, TA EMG was quantified over the
same duration. An index of co-activation capacities was
calculated for the dorsi flexors during plantar flexion as
one ratio between TA EMG25% MVC/TS EMG25% MVC

and TA EMG75% MVC/TS EMG75% MVC (Lambertz
et al. 2003).

For each level of torque, MT stiffness (S) was cal-
culated as the ratio between variations in angular
acceleration ð €HÞ and angular displacement (Q) multi-
plied by the corresponding inertia value (I) as expressed
by the formula:

S ¼ ðD €H=DHÞ:I ð1Þ

In this equation, inertia (I) is calculated and assumed to
be constant. This can be verified easily by considering
the transition between the static phase and the dynamic
phase. At this moment, static torque (T) equals dynamic
torque and acceleration is maximal ð €HmaxÞ: Then:

T ¼ I : €Hmax ð2Þ

Series elastic component characteristics were mea-
sured at the beginning of the movement, when the elastic
elements are supposed to recoil. Stiffness calculation
was carried out within the first 20 ms of the movement.
During this time lapse, no reflex changes in muscle
activation (e.g. unloading reflex) are possible. A possible
source of measurement error may be the influence of the
shortening of the contractile component during the release.
Nevertheless, maximal angular velocity of the release at
lowest torque (25%ofMVC)was higher than themaximal

shortening velocity of the adult plantar flexors found in
the literature (6–7 rad s�1) (Wickiewicz et al. 1984). Con-
sequently, this high-release was higher than the maximal
shortening velocity of elderly humans known to be smaller
than those of young individuals (Ochala et al. 2004). This
high-release should minimize the influence of a shortening
of the contractile component, which could lead to an
underestimation of the MT stiffness.

Then, MT stiffness was related to the corresponding
isometric torque initially exerted by the subject. As in
other studies (de Zee and Voigt 2001; Lambertz et al.
2001), MT stiffness was expressed in angular terms
which should simplify the comparison between the
groups before and following training, since no assump-
tion about the geometry of the MT system is required.
The slope of the linear angular stiffness–torque rela-
tionship so obtained was defined as the stiffness index
(SI) of the SEC, i.e. the MT complex (SIMT-Torque).
Using a SI should avoid the influences of anatomical
and physiological data (i.e. tendon moment arm, pen-
nation angle, maximal voluntary contraction, cross-
sectional area) for normalizing MT stiffness, making the
SI as a reliable parameter to quantify changes in MT
stiffness (Lambertz et al. 2003).

Musculotendinous stiffness was also related to TS
myoelectrical activity to give an activation stiffness index
(SIMT-EMG), defined by the slope of the angular stiff-
ness—TS EMG/Mmax ampl relationships.

Statistics

Baseline differences between the training and the control
groups for the reported variables were tested using
independent-samples Student’s t-tests. Paired-samples
Student’s t-tests were used to test for differences in the
3-RM following training. Statistical analyses also included
linear regression analyses to test angular stiffness–torque,
TS EMG/Mmax ampl�torque and angular stiffness�TS
EMG/Mmax ampl. Two-factor (group · time) ANOVA
with repeated measures on time were used to compare
the variables. When significant treatment effects occurred,
Tukey post hoc tests were used to evaluate differences
among means. A level of P<0.05 was selected to indi-
cate statistical significance. Values are represented as
means ± SE.

Results

No differences were found between the training group
and the control group at baseline on any of the mea-
sured and calculated parameters.

Maximal force production and weight-lifting capacities

Following training, the 3-RM increased by 47% for the
calf-rise exercise (P=0.003) whereas maximal isometric
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plantar flexion torque (MVC) only increased by 30%
(P=0.006). In the control group, no significant differ-
ences were found (Table 2).

EMG–torque relationships

Figure 2 illustrates typical normalized EMG–torque
relationships for an individual before and following
training, in which best fit was a linear regression. For each
individual relationship, the correlation coefficient (r2) was
found to be significant (0.834<r2<0.969, P<0.05). In the
same way, for the population, the global normalized
EMG–torque relationships gave a global coefficient of
correlation equal to r2=0.583 (P<0.05) before training
and equal to r2=0. 608 (P<0.05) following training.

The inverse of the slope of the relationships was defined
as NME index. A significant 18.6% increase in NME in-
dex was found following training (P=0.04). In the control
group, no significant difference was found (Table 2).

Concerning the index of co-activation, following
training, no significant differences were found neither in
the training group nor in the control group (Table 2).

Stiffness–torque relationships

Figure 3 illustrates typical angular stiffness–torque
relationships for an individual before and following
training. For each subject, MT stiffness increased grad-
ually when increasing the target torque and best fit was
always a linear regression (0.814<r2<0.971, P<0.05).
In the same way, for the population, the global angular
stiffness–torque relationships gave a global coefficient of
correlation equal to r2=0.652 (P<0.05) before training
and equal to r2=0. 699 (P<0.05) following training.

The slope of the angular stiffness–torque relationship,
defined as SIMT-Torque decreased by 25.2% following
training (P=0.03). In the control group, no significant
difference was found (Table 2).

Stiffness–EMG relationships

Typical angular stiffness–EMG relationships are shown
in Fig. 4 for an individual before and following training,
in which best fit was a linear regression. For each indi-
vidual relationship, the correlation coefficient (r2) was
found to be significant (0.799<r2<0.954, P<0.05). In
the same way, for the population, the global angular
stiffness–EMG relationships gave a global r2 equal to

Table 2 Measured and estimated variables before and following the strength training and the control period

Training group Control group

Before Following Before Following

Calf-rise 3-RM (kg) 34.6±3.9 51.2±4.4* – –
MVC (N m) 40.3±2.1 52.4±2.5*, ** 39.1±2.5 38.2±2.8
NME Index (N m%�1) 4.48±0.4 5.32±0.4*, ** 4.28±0.4 4.44±0.4
Index of co-activation 1.21±0.11 1.08±0.1 1.3±0.13 1.24±0.12
SIMT-Torque (rad

�1) 5.12±0.31 3.83±0.26*, ** 5.33±0.33 5.35±0.31
SIMT-EMG (N.m.rad�1.%�1) 22.59±0.92 20.05±0.8*, ** 22.12±1.1 21.99±1.2

Values are means ± SE
MVC maximal voluntary contraction; NME Index neuromuscular
efficiency, SIMT-Torque musculotendinous stiffness index; SIMT-EMG

activation SI. n training group=14, n control group=7

*Sgnificantly different from values before training (P<0.05);
**Significantly different from values of the control group at the
same time (P<0.05)

Fig. 2 Typical relationships between normalized EMG of TS and
torque for a subject (S1) before (open square) and following
training (filled square); the slopes are 0.22% N�1 m�1 and
0.16% N�1 m�1, respectively. Therefore, the inverse of the slopes,
defined as NME indexes are 4.54N m%�1 and 6.25 N m%�1,
respectively

Fig. 3 Typical relationships between MT stiffness and torque for
S1 before (open square) and following training (filled square); the
slopes (SIMT-Torque) are 5.46 rad�1 and 3.5 rad�1, respectively
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0.574 (P<0.05) before training and equal to 0. 605
(P<0.05) following training.

The slope of the angular stiffness–EMG relationship,
defined as SIMT-EMG decreased by 11.2% following
training (P=0.04). In the control group, no significant
difference was observed (Table 2).

Discussion

The first purpose of the present study was to examine the
effect of 24 weeks (48 sessions) of strength training on
MT stiffness of the plantar flexors in a group of elderly
individuals. The second aim was to evaluate whether
neural alterations have influences on MT stiffness
changes following training.

Weight-lifting and maximal force production capacities

The present study confirmed that elderly adults, aged
between 73 years and 83 years, positively respond to a
strength-training program in terms of increments in
weight-lifting capacity (average improvement per train-
ing session of 0.97% for the calf-rise exercise). This
result is in agreement with the literature. In fact, for
training protocol on the plantar flexors and knee ex-
tensors involving a concentric and eccentric component,
the rates of dynamic force gain per training session, re-
ported in the literature in elderly subjects (36–52 sessions)
ranged from 0.37 to 1.48% (Lexell et al. 1995; Häkkinen
et al. 1998; Scaglioni et al. 2002; Ferri et al. 2003; Fron-
tera et al. 2003). Otherwise, in the present experiment,
MVC gains (30%) were lower than the gains in force
measured by the 3-RM on the calf-rise exercise (47%). It
appears to be common that the gain in the 3-RM load is
greater than that for MVC after participation in a
strength-training program, which is usually interpreted to
indicate a significant role for coordination in the
improvement in performance (Jones and Rutherford
1987).

Maximal voluntary contractions gains following
strength training in elderly individuals have been widely
observed on numerous muscle groups such as elbow
flexors (Lexell et al. 1995; Valour et al. 2003) and knee
extensors (Häkkinen et al. 1998; Frontera et al. 2003).
For instance, Häkkinen et al. (1998) found a 30% knee
extension MVC increase following 52 strength training
sessions. To the best of our knowledge, few studies have
examined the effect of strength training on plantar flexor
muscles in elderly individuals (Scaglioni et al. 2002; Ferri
et al. 2003). After 48 sessions of strength training, Sca-
glioni et al. (2002) found a significant increase of 18% in
plantar flexors MVC, while Ferri et al. (2003) observed
gains of about 12.4%.

In the present study, the high gain in strength of
about 30% after 24 weeks of strength training (48 ses-
sions) can be due to muscular hypertrophy and changes
in the activation capacities. As reported by, Narici et al.
(1996), differences in muscle size account for only about
the half of the differences in strength between young
individuals. According to the literature, adaptations
within the nervous system, such as activation capacities,
may occur during the first few weeks of training in el-
derly individuals (Häkkinen et al. 1998) and muscle
hypertrophy may appear later in the process (Frontera
et al. 2003).

MT stiffness and training

The present study reported for the first time, changes in
the MT SI of the plantar flexors of elderly individuals,
by means of a quick-release technique. Such an index
has already allowed for detecting changes in MT stiff-
ness in ageing. In fact, elderly individuals appear to have
higher MT SIs than young subjects on plantar flexors
(Ochala et al. 2004) as well as on elbow flexors (Valour
and Pousson 2003).

In the present experiment, SIMT-Torque values de-
creased following 24 weeks of strength training. This
result is in accordance with the results obtained by using
a free-oscillation method (Blanpied and Smidt 1993).
Figure 5 summarizes the behaviour of SIMT-Torque values
for several groups of different ages. Figure 5 refers to
data from the present experiment and from another
study of our laboratory (Ochala et al. 2004). Ochala et al.
(2004) used the same device and experimental conditions
but only tested two groups of men: one termed ‘‘young
group’’ (n=12, 21.7±1.5 years) and another termed
‘‘older group’’ (n=11, 67.9±3.6 years). Nevertheless, it
seems that following training, SIMT-Torque values become
closer to values of younger individuals. The smaller
SIMT-Torque values observed following training in the
present study might counterbalance the effect of ageing
known to induce an increase in SIMT-Torque values.

Such a decrease in SIMT-Torque may suggest differ-
ences in MT tissues stiffness following training. Since
MT stiffness characterizes the stiffness properties of the
active and the passive fraction of the SEC, changes may

Fig. 4 Typical relationships between MT stiffness and normalized
EMG of TS thanks to Mmax ampl, for S1 before (open square) and
following training (filled square); the slopes (SIMT-EMG) are
23.43 N m rad�1 %�1 and 19.77 N m rad�1%�1, respectively
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exist in the stiffness properties of both fractions. Indeed,
Pousson et al. (1990) reported an increase in MT stiff-
ness after a period of eccentric strength training in
young adults, whereas Poulain and Pertuzon (1988) re-
ported the opposite evolution after a period of concen-
tric training, i.e. a decrease in MT stiffness. These
opposite changes in MT stiffness were discussed in terms
of opposite adaptation of the active and the passive
fraction of the SEC.

Concerning the SEC active fraction, some experi-
ments have examined the effect of strength training on
muscles in elderly people at the single fibre level and
observed some differences in the contractile properties
(Trappe et al. 2000, 2001; Frontera et al. 2003). For
instance, after 36 sessions of high-intensity resistance
training in men, Trappe et al. (2000) observed large in-
creases in single cell specific force, maximal unloaded
shortening velocity and peak power of slow- and fast-
twitch fibres, expressing MHC I and IIa isoforms,
respectively. Unfortunately, no one has raised the
question of investigating changes in the stiffness prop-
erties of muscle fibres following high-intensity resistance
training in elderly individuals. Nevertheless, it is well
known that muscle fibres, which have different con-
tractile properties such as unloaded shortening velocity,
may well also have different stiffness properties (Toursel
et al. 1999). In fact, according to Toursel et al. (1999),
fast-twitch fibres may have a bigger unloaded shortening
velocity and may be less stiff than slow-twitch fibres.

With regard to the passive SEC properties, which are
composed of tendon, aponeurosis and intramuscular
connective tissue, controversial results have been found.
A study in humans showed that patella tendons became
stiffer following a strength training of 42 sessions in el-
derly individuals by using ultrasonography technique
(Reeves et al. 2003). However, as reported by Kubo
et al. (2003), low-load resistance training in elderly
people showed no significant changes in tendinous
elastic properties of the vastus lateralis. These differ-
ences in tendinous stiffness might be due to the duration
and intensity of training. In fact, it is well known that in

animals changes in tendinous structures can be only
obtained after a long-term training (e.g. Woo et al.
1980). In young subjects, long-duration isometric train-
ing seems to have the strongest effect on changes on
tendon stiffness of the gastrocnemius medialis (Kubo
et al. 2001a) when compared to resistance training
(Kubo et al. 2002). Whatever the case, it seems to be
obvious that hyper-solicitation led to increases in tendon
stiffness.

Taking these results into consideration, it appears
that the active and the passive fraction of the SEC
might be affected differently by strength training. Fur-
thermore, the decrease in SIMT-Torque values observed
in the present experiment may be due to modifications
of intrinsic properties of muscle fibres, induced by the
predominately concentric action of the present training
period.

Influence of neural alterations on MT stiffness

In the present study, the increase in NME index sup-
ports the hypothesis of changes in the recruitment pat-
terns of voluntary activated muscles. It should reflect an
improvement in muscle control to maintain the target
torque in post-training conditions, leading to a lower co-
activation. Controversial results have already been ob-
served in the literature in co-activation values during
maximal contractions as an effect of strength training in
elderly people (Häkkinen et al. 1998; Reeves et al. 2003).
After 52 sessions of strength training, Häkkinen et al.
(1998) found a significant decrease of 22% in knee
flexors co-activation, while Reeves et al. (2003) observed
no significant difference after 42 sessions. It is possible
that differences in the training protocol, i.e. number of
sessions, weight-lifting loads, could account for the
variability in co-activation results in the literature. In the
present experiment, no statistically significant differences
in co-activation index values were found during sub-
maximal maintained torques following training. How-
ever, the co-activation index is the ratio between
antagonist EMG and agonist EMG and it can be sup-
posed that subjects co-activated less the antagonist
muscles in post-training conditions, since the NME in-
dex increased (see above). Consequently, since MT re-
lease occurs against the resistance of the agonist and
antagonist muscles (de Zee and Voigt 2002), these
changes in the agonist and antagonist EMG may explain
in part the observed decrease in SIMT-Torque values fol-
lowing training in elderly subjects.

Therefore, in this study, MT stiffness has been related
to normalized TS EMG, in order to overcome the
influence of the muscle activation capacities (Lambertz
et al. 2003). By using such an approach, SIMT-EMG only
decreased by 11.2% following training, compared to the
25.2% SIMT-Torque decrease. This smaller decrease in
SIMT-EMG compared to SIMT-Torque may confirm that the
changes in SIMT-Torque may not only be due to peripheral
adaptations but also to neural alterations.

Fig. 5 Comparison of SIMT-Torque values between several groups of
different ages. Data from the present experiment and from another
study of our laboratory using the same device and experimental
conditions (Ochala et al. 2004) are presented. Nevertheless, Ochala
et al. (2004) only tested two groups of men
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In conclusion, the present study has demonstrated
that the 24-week strength-training program may be an
effective stimulus to counterbalance some effects of the
neuromuscular system ageing, i.e. modifications of
contractile and elastic properties of the MT system. It
has improved the force of the plantar flexor muscles and
induced a decrease in MT SI. MT stiffness changes
occurring following the present training would not only
be due to peripheral alterations but also to neural
modifications.
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