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Abstract
Purpose During alternate movements across a joint, the changeover from one direction of rotation to the opposite may be 
influenced by the delay and rate of tension reduction and the compliance to re-lengthening of the previously active muscle 
group. Given the aging process may affect the above-mentioned factors, this work aimed to compare the dynamics of both 
the ankle torque decline and muscle re-lengthening, mirrored by mechanomyogram (MMG), in the tibialis anterior because 
of its important role in gait.
Methods During the relaxation phase, after a supramaximal 35 Hz stimulation applied at the superficial motor point, in 20 
young (Y) and 20 old (O) subjects, the torque (T) and MMG dynamics characteristics were measured.
Results The T and MMG analysis provided: (I) the beginning of the decay after cessation of stimulation (T: 22.51 ± 5.92 ms 
[Y] and 51.35 ± 15.21 ms [O]; MMG: 27.38 ± 6.93 ms [Y] and 61.41 ± 18.42 ms [O]); (II) the maximum rate of reduction (T: 
− 110.4 ± 45.56 Nm/s [Y] and − 52.72 ± 32.12 Nm/s [O]; MMG: − 24.47 ± 10.95 mm/s [Y] and − 13.76 ± 6.54 mm/s [O]); 
(III) the muscle compliance, measuring the MMG reduction of every 10% reduction of torque (bin 20–10%: 15.69 ± 7.5[Y] 
and 10.8 ± 3.3 [O]; bin 10–0%: 22.12 ± 10.3 [Y] and 17.58 ± 5.6 [O]).
Conclusion Muscle relaxation results are different in Y and O and can be monitored by a non-invasive method measuring 
physiological variables of torque and re-lengthening dynamics at the end of the electromechanical coupling previously 
induced by the neuromuscular stimulation.
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Abbreviations
D  Delay
MC  Muscle compliance
MMG  Mechanomyogram
MMG0T  MMG at the end of torque reduction

N  Normalized
RR  Rate of reduction
SERCA   Sarcoendoplasmic reticulum calcium transport 

ATPase
T  Torque
TR  Time of reduction
US  Ultrasound
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Introduction

The alternated movement of a joint, such as the ankle, 
knee and elbow, is evidently related to the coordinated, 
alternated activation of the flexor and extensor muscles 
acting across the hinge. While the muscles providing an 
angular momentum toward the joint rotation direction 
are referred as agonist, the muscle group generating an 
opposite angular momentum is defined as antagonist. 
Every time the joint rotation is reversed, there is a swap 
between the roles of antagonist and agonist muscles. The 
changeover from one direction of rotation to the opposite 
as well as the re-lengthening phase of the past agonist 
is influenced by: (a) the tension reduction of the previ-
ously active muscle group, (b) the compliance of this last 
to re-elongation by the new active agonist. Consequently, 
the assessment of biomechanical parameters during these 
two aforementioned processes could provide functional 
data to characterize the muscular features affecting the 
agonist–antagonist sequential activity.

Gait can be considered as a global alternating move-
ment resulting from the combination of several joints 
alternating flexion–extension sequences. According to 
Westerblad et al. (1997), “slowed relaxation of antagonist 
muscle might counteract the desired movement during 
rapid, alternating movements”. Thus, during normal loco-
motion, the slowing of relaxation of the previously active 
muscle group may greatly affect the dynamic of the joint 
transition from a rotational direction to the following. This 
may influence the locomotion parameters, particularly in 
aged subjects. Indeed, data about gait analysis suggest that 
age influences the gait in length stride and phase duration 
(Mulas et al. 2021; Fukuchi et al. 2019). Changes in gait 
in elderly have been also associated with an increased risk 
of institutionalization and death. For instance, reduction of 
the walking speed has been demonstrated to be predictive 
of life expectancy (Studenski et al. 2011). Furthermore, 
disturbances in balance and gait have been implicated in 
an increased risk of falls (Osoba et al. 2019).

On this base, it seems important to evaluate the dynam-
ics of muscle tension reduction and re-lengthening after 
activation in young and old subjects. The functional 
parameters describing the force and re-lengthening pro-
cess during the relaxation phase are not comparatively 
well described in the above-mentioned populations. The 
force decrement onset delay, from the myoelectric activity 
cessation, or its velocity of decay in different conditions 
such as pre- and post-stretching maneuver (Longo et al. 
2017, 2014) or before and after fatigue (Cè et al. 2014a, 
2014b), has been investigated in the literature. Only few 
studies report the behavior of tension and surface mech-
anomyogram (MMG) signal detected by an accelerometer, 

monitoring the muscle re-elongation, in the relaxation 
phase when simultaneously recorded (Cè et al. 2014a, 
2013b; Esposito et al. 2016; Longo et al. 2014). Indeed, 
they used the MMG as an indicator of re-lengthening 
onset, but not of its time dynamics.

To assess the torque and muscle length behavior at the 
end of muscle contraction, it is possible to use an experimen-
tal setup previously described by our group (Cogliati et al. 
2020), in which the isometric torque of ankle dorsiflexion 
and the tibialis anterior length were simultaneously meas-
ured by a load cell and surface mechanomyography, respec-
tively. The rationale can be summarized as follows. Since the 
muscle is a constant volume system, each shortening during 
a contraction provides an increase in the transverse diam-
eter of the muscle. This dimensional variation can be picked 
up by a laser sensor. By analogy, during muscle relaxation 
after activity, the laser distance signal can be considered as 
an index of the muscle re-elongation process. The study of 
muscle length changes by surface MMG has already been 
implemented in detail (Orizio et al. 1996; Yoshitake et al. 
2005; Beck et al. 2005). The rationale for adopting MMG as 
an indirect measure of the muscle length changes, instead of 
the collection of the ultrasound (US) images from the active 
muscle, is based on the following considerations: (a) at pre-
sent the US technique unlikely provides more than 30–60 
frames per second with a time resolution of 30–15 ms (too 
low for a good tracking of the time behavior of re-elongation 
after cessation of the muscle activity), (b) the experimental 
setup is quite complex requiring a robotic arm sustaining 
the US probe immersed in a pool able to accommodate the 
distal leg, (c) the post-processing of each images to extract 
the length change is complex and time consuming, (d) the 
cost of a US system is much greater than a simple laser dis-
tance sensor. Finally, the choice of the MMG signal make 
the replication of the study easy.

An experimental design that can neatly provide basic data 
about the tension reduction and re-lengthening processes 
relationship of an active muscle once the activity is with-
drawn must be based on stimulated contractions. In this way, 
it is possible to minimize the uncertainty of the individual 
fading pattern of the central nervous system drive suspen-
sion that may influence the outcome of the changes in the 
muscle contractile status during the relaxation phase.

Given the possible meaning in determining the mechani-
cal efficiency of alternating movements, the aim of this work 
was to compare in the tibialis anterior of young and old 
subjects the dynamics of:

(a) the torque reduction at the ankle;
(b) the muscle re-lengthening during the relaxation phase.

It is worth underlining how important the study of tibi-
alis anterior mechanics is, given its major role in the gait 
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cycle for both stabilization of the ankle joint during the early 
phase of stance and for elevation of the foot during the early 
phase of swing (Lacquaniti et al. 2012). As a consequence, 
its relaxation dynamics may deeply influence the timing of 
transition to the following phases of the gait.

Materials and methods

Subjects and measurements

Twenty recreationally active young participants (10 males 
and 10 females; age 21–33 years old) and 20 recreation-
ally active older participants (10 males and 10 females; age 
65–80 years old) with no orthopedic or neurological disor-
ders were recruited to participate in this study. After receiv-
ing a full explanation of the experiments, they provided their 
written informed consent. The subjects were asked to refrain 
from caffeine intake and intense physical activity in the 24 h 
preceding the test. This study was conducted in accordance 
with the latest version of the Declaration of Helsinki and 
approved by the local ethical committee. The participants' 
dominant lower limb was positioned on a specific ergom-
eter equipped with a load cell (Fig. 1), which measured the 

torque generated during the electrically stimulated contrac-
tions of the tibialis anterior muscle (Cogliati et al. 2020). 
While the hip and the knee were, respectively, fixed at 90° 
and 180°, the ankle was positioned in a neutral position at 
110°. The foot was strapped to the wood plate connected to 
the load cell (model SM-100 N, by Interface Inc., Scotts-
dale, US-AZ). The force signal acquired by the load cell 
was band-pass filtered at 0–64 Hz and amplified (MISO- OT 
Bioelettronica, Turin, Italy). To get the dorsiflexion torque 
produced by each subject, the distance between the ankle 
fulcrum and the load cell at the foot plate was measured 
and used to convert the force signal in torque [T = F (N) × d 
(m)]. According to Orizio et al. (Orizio et al. 1999, 2008), 
the displacement of the tibialis anterior muscle surface was 
transduced as a mechanomyographic signal using an optical 
laser distance sensor (M5L/20, MEL Mikroelektronik, Ger-
many). The instrument has the following features: range of 
measurement ± 10 mm, sensitivity 1 V/mm, linearity 0.6%, 
resolution < 6 μm, bandwidth 0–10 kHz. The laser beam 
was pointed to the tibialis anterior muscle belly presenting 
the largest displacement during the tetanic stimulation. The 
common position was at about 1 cm from the tibial crest as 
reported in Fig. 1. The device provided an output DC voltage 
proportional to the distance between the laser beam head 

Fig. 1  Schematic representation of the experimental setup. The cus-
tom-made wooden ergometer for static contraction of the tibialis ante-
rior muscle with the load cell for torque measurement is represented. 
The cathode at the tibialis anterior main motor point, the optical laser 

distance sensor pointing at the muscle belly (MMG detection) and 
two electrodes for the detection of the EMG in differential mode are 
reported
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emitter and the reflecting muscle surface. The measure of the 
distance of the reflecting surface from the laser source was 
not affected by surface rotation within ± 15° and ± 30° with 
respect to the short and long axis of the laser head, respec-
tively. The force and MMG were digitized at a frequency of 
1024 samples/s (CED-1401 of Cambridge Electronic Design 
of Cambridge).

An electrical stimulator was used to deliver biphasic 
rectangular stimuli (100 µs duration of each phase) on the 
tibialis anterior muscle. The cathode electrode (5 × 5 cm) 
was placed at the skin region over the main motor point of 
the tibialis anterior (Fig. 1), which was identified according 
to Gobbo et al. (2011). The anode electrode (15 × 10 cm) 
was positioned on the gastrocnemius muscle. By increas-
ing the amplitude of a 1 Hz stimulation train (10 pulses 
per each 0.1 V amplitude level), from the minimum value 
of 0.5 V, the maximum stimulation pulse was identified as 
the stimulus amplitude eliciting the largest single twitch. 
Three trains of 35 Hz pulses lasting 3 s were administered 
to the motor point of the muscle with a 1 min pause between 
stimulations. The surface EMG evoked by the stimulation 
train was detected by means of two self-adhesive pre-gelled 
silver electrodes (1 cm in diameter; inter-electrode distance 
30 mm). EMG was conditioned using a third-order Butter-
worth band-pass filter (10–512 Hz). After A/D conversion 
by CED-1401 (Cambridge Electronic Design, Cambridge, 
UK), the digitized signals were stored on a PC and sampled 
at 1024 samples/s.

Signal processing: analyzed parameters 
during the relaxation phase

To achieve the purpose of the work, the analysis described 
here below concerns the relaxation phase of the stimulated 
tetanic contraction, which has been partly already considered 

by several studies (Cè et al. 2013b, 2014a, 2013c; Esposito 
et al. 2016, 2011; Longo et al. 2016).

Out of the three stimulation trains, the one with the great-
est torque value in the 100 ms time interval before the last 
stimulus was selected for each subject. The torque and MMG 
were digitally low-pass filtered at 50 Hz and subsequently 
normalized to their 100% referred to the average values in 
100 ms time interval. The EMG signal was used to identify 
the end of the electrical activity due to the tetanic stimula-
tion train. The time at which the electrical activity was com-
pleted, after the last stimulus, was the time mark at which 
the evoked EMG reached its average value ± 3 SD calculated 
from 1 s signal sample before the tetanic stimulation (see 
Fig. 2).

Relaxation electromechanical delay

During the relaxation phase, a delay (D) can be observed 
between the end of electrical activity and the beginning 
of torque and MMG decay. D was calculated as the time 
instant when the signals decrease 3 standard deviations of 
their average value during stimulation, both for torque  (DT) 
and MMG  (DMMG) (Fig. 2).

Rate of torque reduction and rate of MMG reduction

The rate of reduction for torque signal  (RRT) and MMG 
signal  (RRMMG) were calculated as the ratio between the 
Δtorque or ΔMMG and Δtime (Fig. 2). Specifically, a 20 ms 
moving window with a step of 1 ms was used across the two 
signals to identify the maximum rate of reduction (Cogliati 
et al. 2020; Haff et al. 2015). The same calculation was 
performed on the normalized signals to obtain  NRRT and 
 NRRMMG.

Fig. 2  Torque and MMG during 
the relaxation phase in a rep-
resentative subject. The 20 ms 
moving windows on the two 
signals, used for the maximum 
rate of reduction identification, 
are reported. The torque and 
MMG delays correspond to 
the time intervals between the 
end of the evoked EMG activ-
ity (dashed gray line) and the 
beginning of the signal decays 
(open and filled circles). The 
EMG signal and the last three 
stimuli of the 35 Hz train are 
reported in light and dark gray, 
respectively
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Time interval for 80–20% signal reduction

In addition to the discrete information provided by RR or 
NRR, the time of reduction of both the normalized torque 
and MMG  (TRT and  TRMMG) in the range of 80–20% of 
their reductions was calculated to further characterize the 
dynamics of signal decay. The selected range allows to 
compare the time behavior of the two signals from young 
and old subjects when both are dynamically changing out 
of the initial and final transients.

Muscle compliance

To have a detailed description of the time relationship 
between the torque decrement and muscle re-lengthen-
ing, the amount of relative MMG variation for each of 
the ten bins of relative torque decrease (from 100 to 0%: 
100–90%, 90–80%, 80–70%, …, 10–0%) was calculated. 
This value mirrors the bin-by-bin muscle compliance 
(MC) to re-elongation throughout the relaxation process.

MMG at the end of torque reduction  (MMG0T)

The %MMG, amount of re-lengthening left, when torque 
reduction process was completed and reached 0% was 
quantified for each subject. The parameter was identified 
as  MMG0T and provides a measure of the whole re-length-
ening process efficiency compared to tension reduction: in 
other words, how much the re-lengthening is incomplete 
once the force felt is 0.

Statistical analysis

The data were analyzed using a statistical software (Sig-
maplot 11). A two-way analysis of variance (ANOVA) was 
used to examine the main and interaction effect age (young 
and old) and signals (torque and MMG) on the D, NRR, 
and TR. When ANOVA was significant, pairwise com-
parisons were made with Tukey post hoc test. For muscle 
compliance, the two factors for ANOVA were age and the 
relative torque decrement bin. Furthermore, independent t 
test was used to investigate differences between the groups 
(young and old) for maximal torque during stimulated con-
traction,  RRT,  RRMMG and  MMG0T (statistical significance 
p < 0.05).

In the graphs, the number of asterisks (*) indicates sta-
tistically significant differences as follows: p < 0.05 (*); 
p < 0.01 (**); p < 0.001 (***).

The data reported in this work come from signals 
detected during the tibialis anterior tetanic response used 
to compare the muscle mechanics at the onset of voluntary 

and stimulated contractions in young and old subjects in 
already published works (Cogliati et al. 2020).

Results

An example of the normalized torque (red line) and MMG 
(black line) signals from representative young and old sub-
jects, from which the parameters listed in the previous sec-
tion have been calculated, can be found in Fig. 3. The differ-
ent time in the beginning of the two signals decay between 
young and old subjects as well as the different slopes of the 
two signals is evident through the relaxation process.

Maximal stimulated contraction

The maximal torque in stimulated contraction was signifi-
cantly different between young and old adults (4.9 ± 2.5 Nm 
for young and 2.6 ± 1.7 Nm for older; p < 0.001). A t test 
revealed a significant difference (p = 0.002) between young 
(3.01 ± 1.17 mm) and old (2.01 ± 0.73 mm) subjects for the 
maximal surface displacement transduced as MMG.

Relaxation electromechanical delay  (DT and  DMMG)

The two-way ANOVA revealed a significant effect of age 
(p < 0.001) and signal (p = 0.009) on D, but without an inter-
action between these factors (p = 0.354). Specifically, the 
older subjects had a longer delay compared to younger sub-
jects. Moreover, the beginning of relaxation for the MMG 
started after the torque signals.

Torque. At the beginning of the relaxation phase,  DT was 
significantly different between young and older individuals 
(22.51 ± 5.92 ms for young and 51.35 ± 15.21 ms for older; 
p < 0.001) (Fig. 4).

MMG.  DMMG showed the same behavior as  DT, with a sig-
nificant difference being observed between young and older 
individuals (27.38 ± 6.93 ms for young and 61.41 ± 18.42 ms 
for older; p < 0.001) (Fig. 4).

Rate of torque reduction and rate of MMG reduction 
 (RRT and  RRMMG)

During the decay phase after the stimulated contrac-
tion withdrawal, the maximal  RRT in young and old 
was − 110.4 ± 45.56 Nm/s and − 52.72 ± 32.12 Nm/s, 
respectively, showing a statistical difference between 
groups (independent t test; p < 0.001). Accordingly, the 
maximal  RRMMG in young (− 24.47 ± 10.95 mm/s) was 
significantly higher than in old (− 13.76 ± 6.54 mm/s) 
subjects (independent t test, p < 0.001). When consider-
ing the normalized signals, the results were similar. The 
two-way ANOVA revealed a significant effect of age 
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(p < 0.001) and signal (p < 0.001) on the NRR, but without 
an interaction between these factors (p = 0.508). Specifi-
cally, the NRR was higher for young subjects compared 
to old and the decrease of the MMG signal was slower 
than the torque signal (Fig. 5). Moreover, the maximal 
 NRRT in young and old was − 1256.16 ± 333.36%/s and 
− 1026.26 ± 267.76%/s, respectively, showing a statisti-
cal difference (p = 0.004). Similarly,  NRRMMG was statis-
tically different between young (− 867.79%/s ± 148.6%/s) 
and older (− 710.35 ± 178.84%/s) subjects (p = 0.044).

Time interval for 80–20% signal reduction  (TRT 
and  TRMMG)

The Two-way ANOVA showed a significant effect of age 
(p < 0.001) and signal (p < 0.001) on TR, but without an 
interaction between these factors (p = 0.468).

TR was lower for young subjects compared to old 
and the decrease of the MMG signal was slower than 
that of the force signal.  TRT was significantly lower for 

Fig. 3  Normalized mechanical 
transients in two representa-
tive young (upper panel) and 
old (lower panel) subjects. The 
dashed gray lines mark the 
end of the electrical evoked 
activity. The influence of age on 
the beginning of the transient 
phase and its time behavior can 
be appreciated by comparison 
of the signals in the upper and 
lower panel
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young (62.7 ± 17.08  ms) than old (81.65 ± 22.36  ms) 
(p = 0.022). Similar results were observed for  TRMMG 
in which a statistical difference was observed between 

young (104.7 ± 28.9 ms) and older (132 ± 31.48 ms) sub-
jects (p = 0.001).

Fig. 4  Delay on torque (left 
panel) and MMG (right panel) 
in the two groups. The dif-
ferences in  DT and  DMMG are 
statistically different (p < 0.001) 
between the young (gray bar 
plot) and old (white bar plot) 
subjects

Fig. 5  Rate of torque (left 
panel) and MMG (right panel) 
reduction in the two groups 
for the absolute (upper panel) 
and normalized (lower panel) 
signals. The differences in the 
values of the calculated RR are 
statistically different when Y 
and O data are compared  (RRT 
and  RRMMG p < 0.001;  NRRT 
p < 0.01;  NRRMMG p < 0.05)
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Muscle compliance (MC)

The two-way ANOVA revealed a significant effect of age 
(p = 0.016) and a significant effect of relative torque bin 
(p < 0.001) on the relative MMG changes. In addition, an 
interaction was found between these factors (p = 0.013). As 
shown in Fig. 6, within bin analysis indicated significant 
differences between groups for 20–10% bin (15.69 ± 7.5 
[young] and 10.8 ± 3.3 [old], p < 0.001) and 10–0% bin 

(22.12 ± 10.3 [young] and 17.58 ± 5.6 [old], p = 0.001). 
The two groups did not show any other significant differ-
ence for the rest of the bins (p > 0.05).

MMG at the end of torque reduction  (MMG0T)

MMG0T was significantly lower for young (5.41 ± 6.92%) 
than old (19.79 ± 11.95%) (independent t test, p < 0.001).

Fig. 6  Muscle compliance to 
the re-elongation throughout 
the relaxation process. The 
amount of relative MMG 
variation for each of the ten 
bins of relative torque decrease 
(from 100 to 0%: 100–90%, 
90–80%, 80–70%, …, 10–0%). 
Statistically significant differ-
ences between Y and O MMG 
variations can be found for the 
20–10% (p < 0.001) and 10–0% 
(p = 0.001) bins
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Discussion

In this work, we assessed the torque and MMG reduc-
tion at the end of electrically stimulated contraction of 
the tibialis anterior in young and old subjects. Our main 
findings suggest that the age-dependent changes in mus-
cle mechanics during the relaxation process with age are 
well described by the specific parameters obtained through 
the analysis of the dynamics of these two signals. These 
alterations could partially explain the specific features of 
alternating movements of walking in the elderly.

Time course of torque and MMG

The comparative analysis of the time course of muscle 
length changes, indirectly measured using the MMG, and 
the force in human muscles has been already reported in 
the literature (Celichowski et al. 1998; Yoshitake et al. 
2005, 2008; Orizio et al. 2008; Cogliati et al. 2020; Cè 
et al. 2017, 2013a, 2013c; Longo et al. 2017, 2016; Shi-
nohara and Søgaard 2006; Jaskólska et al. 2003; Esposito 
et al. 2011, 2016). Only few papers, however, have inves-
tigated the phenomena during constant frequency tetanic 
stimulation to isolate the mechanical muscle response 
from the features of the neural control involved in volun-
tary contraction. In particular, several authors investigated 
the torque and MMG changes at the onset (Cè et al. 2017, 
2013c, 2013a; Cogliati et al. 2020; Esposito et al. 2011, 
2016) or at the end of evoked activity (Longo et al. 2016; 
Esposito et al. 2011, 2016; Cè et al. 2013c, 2014a, 2013b). 
The MMG detection techniques used the accelerometers 
(Longo et al. 2016; Esposito et al. 2011, 2016; Cè et al. 
2013b, 2017) or the laser distance sensor (Cogliati et al. 
2020; Orizio et al. 2013; Yoshitake et al. 2008). Here, 
the experimental design based on tetanic stimulation 
allowed, for the first time in humans, to describe the time 
relationship between the tension decrease and the muscle 
re-lengthening throughout the entire relaxation process. 
These results are in substantial agreement with the data 
reported in cats (Orizio et al. 2003).

We identified the end of electrical activity by analogy 
and mirroring the criteria generally accepted for the cal-
culation of the time spent for electromechanical coupling 
during evoked contraction, in which the time interval 
between the first applied stimulus (onset of EMG signal) 
and the detectable tension increase is measured. As a con-
sequence, the delay (i.e., the time interval spent before 
starting the relaxation process) was measured from the end 
of the electrical activity time instant and the beginning of 
torque and MMG decay (see Methods for its identification 
procedure). The comparison of our results with relaxation 

data from the literature is difficult given the scarce num-
ber of papers on this topic. Moreover, the delay of torque 
and MMG reported in some papers (Booth et al. 1997; 
Hespel et al. 2002; Cè et al. 2014a, 2013b; Esposito et al. 
2011) were obtained using different techniques of signal 
detection (e.g., MMG was transduced by an accelerom-
eter) and/or included the whole duration of the electrical 
activity evoked by the last stimulus of the tetanic train. 
On the contrary, in our procedure, this interval was not 
considered. For this reason, the absolute values of  DT and 
 DMMG reported are not directly comparable with those 
determined by the cited authors. Nonetheless, the literature 
data and ours agree that the  DMMG is always greater than 
 DT. These differences, in the signals’ decay onset, as well 
as in the absolute  (RRT and  RRMMG) and relative  (NRRT 
and  NRRMMG) decay rates consistently indicate that force 
declines before muscle re-lengthening. This last complex 
process is influenced by several determinants such as the 
tendon shortening after the fall of tension and other pos-
sible factors (elastic energy storage restitution, changes in 
fluid distribution, variation in intramuscular pressure, etc.) 
as discussed by Orizio et al. (2003) and partly described by 
the model suggested by Uchiyama and Hashimoto (2011).

Influence of age on muscle relaxation process 
monitored by torque and MMG

As mentioned above,  DT and  DMMG measured in this study 
are not directly comparable with those determined in several 
studies on the mechanical process of relaxation (Cè et al. 
2013b, 2014a; Esposito et al. 2016; Longo et al. 2016, 2017) 
when the young population is considered. On the contrary, 
 TRT (reflecting the time spent from 80 to 20% force decay) 
is in line with those reported for the investigated subjects 
below 30 years old when the different muscle mass and the 
interval along the tension reduction period are taken into 
account (Cè et al. 2014a; Booth et al. 1997; Hespel et al. 
2002). No data are reported in the literature about the muscle 
surface dynamics (MMG) during the relaxation phase after 
tetanic stimulation.

When the aged population is considered, no data about 
all the above considered mechanical parameters after tetanic 
stimulation can be found in the literature.

Our data indicate that in both torque and MMG, the 
beginning of decay and their reduction velocity (absolute 
and relative) occur later and are slower in old than young, 
respectively. To discuss this influence of age on the relaxa-
tion process, some basic consideration on its cellular mech-
anism can be useful. However, we have to keep in mind 
that the data retrieved from single fibers or isolated myofi-
brils cannot be directly used to explain experimental data 
obtained from the whole muscle tendon unit in humans. The 
cellular data can only highlight some factors that cannot be 
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disregarded, but their action can be “filtered” by the much 
more complex situation of the “in vivo” experimental setup.

Muscle contraction is a consequence of the electrome-
chanical coupling. Basically, it is determined by the increase 
of the cytosolic  [Ca++] that removes the thin filament inhibi-
tory state and allows the acto-myosin interaction or cross-
bridge cycle. Vice versa, during muscle relaxation, the 
muscle active tension decreases as the decline of cytosolic 
 [Ca++] restores the inhibitory state of the thin filament, so 
that myosins which end the cross-bridges cycle cannot start a 
new one. The sarcoendoplasmic reticulum calcium transport 
ATPase (SERCA) pump plays a key role given its function 
of removing calcium from the cytoplasm and moving it in 
the reticulum (Periasamy and Kalyanasundaram 2007). It is 
important to recall that when  [Ca++] decreases below the 
threshold for thin filament activation, the number of attached 
active cross bridges initially slowly decays and then under-
goes a fast collapse with a sudden increased rate of cross-
bridge detachment (Cleworth and Edman 1972; Tesi et al. 
2002). Thus, at the end of an isometric contraction, the ten-
sion decline takes place in two phases: in the first phase, the 
sarcomeres are kept in an isometric condition (slow phase), 
while in the following one the sarcomeres either shorten or 
elongate with a dramatic force fall (fast or chaotic phase) (for 
a review see Poggesi et al. 2005; Hill et al. 2021). Even if 
the extent at which the described phenomena can contribute 
to the time course of relaxation in intact mammalian muscle 
at physiological temperature (Hill et al. 2021) is not known, 
the body of knowledge on the muscular relaxation process 
must drive our interpretation on the differences in torque and 
MMG parameters in the young and old populations found 
in this study.

Following the interpretation outlined above, the rate of 
myoplasm  Ca++ removal likely determines the time at which 
the threshold for tension decay is reached and probably is 
monitored by the  DT and  DMMG parameters. The difference 
in these parameters in the young and old may be due to dif-
ferences in their SERCA characteristics. Indeed, Lamboley 
et al. (2014) reported that two different SERCA isoforms 
are expressed in fast and slow fibers. They appear to have 
different rates of calcium re-uptake. The slow fibers, with 
SERCA2 isoform, have a slower  Ca++ re-uptake than the fast 
fibers with the SERCA1 pump. Given the prevalence of slow 
fibers in aged tibialis anterior (Orizio et al. 2016; von Hae-
hling et al. 2010; Miljkovic et al. 2015), this can explain the 
longer delay of mechanical decay in old vs young. Moreover, 
Xu and Van Remmen (2021) reported a lower functionality 
of SERCA pump in aged subjects.

The steeper portion of torque and MMG decay, 
described by RR and TR, is likely and strongly influenced 
by the myosin cross-bridge kinetics. As shown by Belus 
et al. (2003) and Stehle et al. (2002), the chaotic and fast 
phase of tension decline is markedly dependent on myosin 

isoforms. Therefore, the above-mentioned prevalence of 
slow fibers in the tibialis anterior of elderly subjects can 
well explain the lower RR and NRR.

When the whole muscle tendon unit during relaxa-
tion after activity is considered, our data showed that the 
aged tibialis anterior re-elongates at a lesser extent for 
the same tension reduction compared to the young tibi-
alis anterior (for muscle compliance in the 20–0% tension 
reduction). This is in agreement with the statistically sig-
nificant greater value of  MMG0T. The explanation can be 
found in the changes of muscle and tendon stiffness with 
aging. While tendon stiffness decreases (Magnusson et al. 
2008), muscle stiffness increases with aging. The factors 
influencing the increase in muscle stiffness, passive resist-
ance, in aged mammals are well described in Gajdosik 
et al. (2005) and can be summarized as: a. a substitution 
process of the contractile tissue with fat and connective 
tissue; b. a larger collagen amount in muscles dominated 
by slow twitch muscle fibers as those of old subjects. By 
analogy, the compliance of the muscle to re-elongation 
(tracked by MMG measure) due to the passive restitution 
of the elastic energy stored during tetanic stimulation may 
be influenced by the changes of the muscle viscoelastic 
properties with aging.

Conclusion

Our data suggest that the degree of age-dependent impair-
ment, during the different phases of gait cycle, can be 
partly related to the delay of the implied muscles to relax 
and re-elongate after their activity. This experimental 
setup measures the individual, internal muscle capacity 
to re-lengthening as part of the whole resistance to ankle 
joint angle changes when the calf muscles are activated. 
Eventually, our results contribute to the estimation of mus-
cle mechanics properties’ alteration that may play a key 
role in the elongation of the gait phases in aged persons.

Author contributions MC: conceptualization, methodology, investiga-
tion, formal analysis, writing—original draft, writing—review and edit-
ing, visualization. AC: conceptualization, methodology, investigation, 
formal analysis, visualization. BM. formal analysis, writing—review 
and editing, visualization. HVC: formal analysis, writing—original 
draft, writing—review and editing, visualization. FN: writing—review 
and editing, visualization. CR: writing—review and editing, visuali-
zation. CO: conceptualization, methodology, writing—original draft, 
writing—review and editing, supervision, project administration.

Funding Open access funding provided by Università degli Studi 
di Brescia within the CRUI-CARE Agreement. The authors did not 
receive support from any organization for the submitted work. No fund-
ing was received to assist with the preparation of this manuscript. No 



1835European Journal of Applied Physiology (2023) 123:1825–1836 

1 3

funding was received for conducting this study. No funds, grants, or 
other support was received.

Data availability Raw data are available upon request from the cor-
responding author.

Declarations 

Conflict of interest No conflicts of interests, financial or otherwise, are 
declared by the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Beck TW, Housh TJ, Cramer JT et al (2005) Mechnomyographic ampli-
tude and frequency responses during dynamic muscle actions: a 
comprehensive review. Biomed Eng Online 4:1–27. https:// doi. 
org/ 10. 1186/ 1475- 925X-4- 67

Belus A, Piroddi N, Tesi C (2003) Mechanism of cross-bridge detach-
ment in isometric force relaxation of skeletal and cardiac myofi-
brils. J Muscle Res Cell Motil 24:261–267

Booth J, McKenna MJ, Ruell PA et al (1997) Impaired calcium pump 
function does not slow relaxation in human skeletal muscle after 
prolonged exercise. J Appl Physiol 83:511–521. https:// doi. org/ 
10. 1152/ jappl. 1997. 83.2. 511

Cè E, Rampichini S, Agnello L et al (2013a) Effects of temperature and 
fatigue on the electromechanical delay components. Muscle Nerve 
47:566–576. https:// doi. org/ 10. 1002/ mus. 23627

Cè E, Rampichini S, Limonta E, Esposito F (2013b) Reliability of 
the electromechanical delay components assessment during the 
relaxation phase. Physiol J 2013:1–7. https:// doi. org/ 10. 1155/ 
2013/ 517838

Cè E, Rampichini S, Limonta E, Esposito F (2013c) Torque and 
mechanomyogram correlations during muscle relaxation: effects 
of fatigue and time-course of recovery. J Electromyogr Kinesiol 
23:1295–1303. https:// doi. org/ 10. 1016/j. jelek in. 2013. 09. 007

Cè E, Rampichini S, Limonta E, Esposito F (2014a) Fatigue effects 
on the electromechanical delay components during the relaxation 
phase after isometric contraction. Acta Physiol 211:82–96. https:// 
doi. org/ 10. 1111/ apha. 12212

Cè E, Rampichini S, Venturelli M et al (2014b) Electromechanical 
delay components during relaxation after voluntary contraction: 
reliability and effects of fatigue. Muscle Nerve 51:907–915. 
https:// doi. org/ 10. 1002/ mus. 24466

Cè E, Rampichini S, Monti E et al (2017) Changes in the electro-
mechanical delay components during a fatiguing stimulation in 
human skeletal muscle: an EMG, MMG and force combined 
approach. Eur J Appl Physiol 117:95–107. https:// doi. org/ 10. 
1007/ s00421- 016- 3502-z

Celichowski J, Grottel K, Bichler E (1998) Relationship between mech-
anomyogram signals and changes in force of human forefinger 

flexor muscles during voluntary contraction. Eur J Appl Physiol 
Occup Physiol 78:283–288. https:// doi. org/ 10. 1007/ s0042 10050 
421

Cleworth DR, Edman KAP (1972) Changes in sarcomere length during 
isometric tension development in frog skeletal muscle. J Physiol 
227:1–17. https:// doi. org/ 10. 1113/ jphys iol. 1972. sp010 016

Cogliati M, Cudicio A, Toscani F et al (2020) Normalized maximal 
rate of torque development during voluntary and stimulated static 
contraction in human tibialis anterior: influence of age. Exp Ger-
ontol 138:110999. https:// doi. org/ 10. 1016/j. exger. 2020. 110999

Esposito F, Limonta E, Cè E (2011) Passive stretching effects on elec-
tromechanical delay and time course of recovery in human skeletal 
muscle: new insights from an electromyographic and mechano-
myographic combined approach. Eur J Appl Physiol 111:485–495. 
https:// doi. org/ 10. 1007/ s00421- 010- 1659-4

Esposito F, Cè E, Rampichini S et al (2016) Electromechanical delay 
components during skeletal muscle contraction and relaxation in 
patients with myotonic dystrophy type 1. Neuromuscul Disord 
26:60–72. https:// doi. org/ 10. 1016/j. nmd. 2015. 09. 013

Fukuchi CA, Fukuchi RK, Duarte M (2019) Effects of walking speed 
on gait biomechanics in healthy participants: a systematic review 
and meta-analysis. Syst Rev 8:1–11. https:// doi. org/ 10. 1186/ 
s13643- 019- 1063-z

Gajdosik RL, Vander Linden DW, McNair PJ et al (2005) Viscoe-
lastic properties of short calf muscle-tendon units of older 
women: effects of slow and fast passive dorsiflexion stretches 
in vivo. Eur J Appl Physiol 95:131–139. https:// doi. org/ 10. 1007/ 
s00421- 005- 1394-4

Gobbo M, Gaffurini P, Bissolotti L et al (2011) Transcutaneous neu-
romuscular electrical stimulation: influence of electrode posi-
tioning and stimulus amplitude settings on muscle response. 
Eur J Appl Physiol 111:2451–2459. https:// doi. org/ 10. 1007/ 
s00421- 011- 2047-4

Haff GG, Ruben RP, Lider J et al (2015) A comparison of methods 
for determining the rate of force development during isometric 
midthigh clean pulls. J Strength Cond Res 29:386–395

Hespel P, ’TEijnde BO, Van Leemputte M (2002) Opposite actions 
of caffeine and creatine on muscle relaxation time in humans. J 
Appl Physiol 92:513–518. https:// doi. org/ 10. 1152/ jappl physi ol. 
00255. 2001

Hill C, Brunello E, Fusi L et al (2021) Myosin-based regulation of 
twitch and tetanic contractions in mammalian skeletal muscle. 
Elife 10:1–26. https:// doi. org/ 10. 7554/ eLife. 68211

Jaskólska A, Kisiel K, Brzenczek W, Jaskólski A (2003) EMG and 
MMG of synergists and antagonists during relaxation at three 
joint angles. Eur J Appl Physiol 90:58–68. https:// doi. org/ 10. 1007/ 
s00421- 003- 0859-6

Lacquaniti F, Ivanenko YP, Zago M (2012) Patterned control of human 
locomotion. J Physiol 590:2189–2199. https:// doi. org/ 10. 1113/ 
jphys iol. 2011. 215137

Lamboley CR, Murphy RM, Mckenna MJ, Lamb GD (2014) Sarco-
plasmic reticulum Ca2+ uptake and leak properties, and SERCA 
isoform expression, in type I and type II fibres of human skeletal 
muscle. J Physiol 592:1381–1395. https:// doi. org/ 10. 1113/ jphys 
iol. 2013. 269373

Longo S, Cè E, Rampichini S et al (2014) Mechanomyogram ampli-
tude correlates with human gastrocnemius medialis muscle and 
tendon stiffness both before and after acute passive stretching. 
Exp Physiol 99:1359–1369. https:// doi. org/ 10. 1113/ expph ysiol. 
2014. 080366

Longo S, Devoto M, Monti E et al (2016) Acute effects of static 
stretching on skeletal muscle relaxation at different ankle joint 
angles. Sport Sci Health 12:429–436. https:// doi. org/ 10. 1007/ 
s11332- 016- 0309-6

Longo S, Cè E, Rampichini S et al (2017) Correlation between stiff-
ness and electromechanical delay components during muscle 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/1475-925X-4-67
https://doi.org/10.1186/1475-925X-4-67
https://doi.org/10.1152/jappl.1997.83.2.511
https://doi.org/10.1152/jappl.1997.83.2.511
https://doi.org/10.1002/mus.23627
https://doi.org/10.1155/2013/517838
https://doi.org/10.1155/2013/517838
https://doi.org/10.1016/j.jelekin.2013.09.007
https://doi.org/10.1111/apha.12212
https://doi.org/10.1111/apha.12212
https://doi.org/10.1002/mus.24466
https://doi.org/10.1007/s00421-016-3502-z
https://doi.org/10.1007/s00421-016-3502-z
https://doi.org/10.1007/s004210050421
https://doi.org/10.1007/s004210050421
https://doi.org/10.1113/jphysiol.1972.sp010016
https://doi.org/10.1016/j.exger.2020.110999
https://doi.org/10.1007/s00421-010-1659-4
https://doi.org/10.1016/j.nmd.2015.09.013
https://doi.org/10.1186/s13643-019-1063-z
https://doi.org/10.1186/s13643-019-1063-z
https://doi.org/10.1007/s00421-005-1394-4
https://doi.org/10.1007/s00421-005-1394-4
https://doi.org/10.1007/s00421-011-2047-4
https://doi.org/10.1007/s00421-011-2047-4
https://doi.org/10.1152/japplphysiol.00255.2001
https://doi.org/10.1152/japplphysiol.00255.2001
https://doi.org/10.7554/eLife.68211
https://doi.org/10.1007/s00421-003-0859-6
https://doi.org/10.1007/s00421-003-0859-6
https://doi.org/10.1113/jphysiol.2011.215137
https://doi.org/10.1113/jphysiol.2011.215137
https://doi.org/10.1113/jphysiol.2013.269373
https://doi.org/10.1113/jphysiol.2013.269373
https://doi.org/10.1113/expphysiol.2014.080366
https://doi.org/10.1113/expphysiol.2014.080366
https://doi.org/10.1007/s11332-016-0309-6
https://doi.org/10.1007/s11332-016-0309-6


1836 European Journal of Applied Physiology (2023) 123:1825–1836

1 3

contraction and relaxation before and after static stretching. J 
Electromyogr Kinesiol 33:83–93. https:// doi. org/ 10. 1016/j. jelek 
in. 2017. 02. 001

Magnusson SP, Narici MV, Maganaris CN, Kjaer M (2008) Human 
tendon behaviour and adaptation, in vivo. J Physiol 586:71–81. 
https:// doi. org/ 10. 1113/ jphys iol. 2007. 139105

Miljkovic N, Lim JY, Miljkovic I, Frontera WR (2015) Aging of skel-
etal muscle fibers. Ann Rehabil Med 39:155–162. https:// doi. org/ 
10. 5535/ arm. 2015. 39.2. 155

Mulas I, Putzu V, Asoni G et al (2021) Clinical assessment of gait and 
functional mobility in Italian healthy and cognitively impaired 
older persons using wearable inertial sensors. Aging Clin Exp 
Res 33:1853–1864. https:// doi. org/ 10. 1007/ s40520- 020- 01715-9

Orizio C, Liberati D, Locatelli C et al (1996) Surface mechanomyo-
gram reflects muscle fibres twitches summation. J Biomech 
29:475–481. https:// doi. org/ 10. 1016/ 0021- 9290(95) 00063-1

Orizio C, Baratta RV, Zhou BH et al (1999) Force and surface mech-
anomyogram relationship in cat gastrocnemius. J Electromyogr 
Kinesiol. https:// doi. org/ 10. 1016/ S1050- 6411(98) 00044-3

Orizio C, Gobbo M, Veicsteinas A et al (2003) Transients of the force 
and surface mechanomyogram during cat gastrocnemius tetanic 
stimulation. Eur J Appl Physiol 88:601–606. https:// doi. org/ 10. 
1007/ s00421- 002- 0765-3

Orizio C, Solomonow M, Diemont B, Gobbo M (2008) Muscle-joint 
unit transfer function derived from torque and surface mechano-
myogram in humans using different stimulation protocols. J Neu-
rosci Methods 173:59–66. https:// doi. org/ 10. 1016/j. jneum eth. 
2008. 05. 012

Orizio C, Celichowski J, Toscani F et al (2013) Extra-torque of human 
tibialis anterior during electrical stimulation with linearly varying 
frequency and amplitude trains. J Electromyogr Kinesiol 23:1375–
1383. https:// doi. org/ 10. 1016/j. jelek in. 2013. 07. 008

Orizio C, Cogliati M, Bissolotti L et al (2016) The age related slow 
and fast contributions to the overall changes in tibialis anterior 
contractile features disclosed by maximal single twitch scan. Arch 
Gerontol Geriatr 66:1–6. https:// doi. org/ 10. 1016/J. ARCHG ER. 
2016. 05. 003

Osoba MY, Rao AK, Agrawal SK, Lalwani AK (2019) Balance and 
gait in the elderly: a contemporary review. Laryngoscope Investig 
Otolaryngol 4:143–153. https:// doi. org/ 10. 1002/ lio2. 252

Periasamy M, Kalyanasundaram A (2007) SERCA pump isoforms: 
their role in calcium transport and disease. Muscle Nerve 35:430–
442. https:// doi. org/ 10. 1002/ mus. 20745

Poggesi C, Tesi C, Stehle R (2005) Sarcomeric determinants of striated 
muscle relaxation kinetics. Pflugers Arch Eur J Physiol 449:505–
517. https:// doi. org/ 10. 1007/ s00424- 004- 1363-5

Shinohara M, Søgaard K (2006) Mechanomyography for studying force 
fluctuations and muscle fatigue. Exerc Sport Sci Rev 34:59–64. 
https:// doi. org/ 10. 1249/ 00003 677- 20060 4000- 00004

Stehle R, Krüger M, Scherer P et al (2002) Isometric force kinetics 
upon rapid activation and relaxation of mouse, guinea pig and 
human heart muscle studied on the subcellular myofibrillar level. 
Basic Res Cardiol Suppl 97:127–135. https:// doi. org/ 10. 1007/ 
s0039 50200 041

Studenski S, Perera S, Patel K, Rosano C, Faulkner K, Inzitari M, 
Brach J, Chandler J, Cawthon P, Connor EB, Nevitt M, Visser M, 
Kritchevsky S, Badinelli S, Harris T, Newman AB, Cauley J, Fer-
rucci LGJ (2011) Gait speed and survival in older adults. JAMA 
305:50–58. https:// doi. org/ 10. 1016/j. apmr. 2015. 05. 017

Tesi C, Piroddi N, Colomo F, Poggesi C (2002) Relaxation kinetics fol-
lowing sudden Ca2+ reduction in single myofibrils from skeletal 
muscle. Biophys J 83:2142–2151. https:// doi. org/ 10. 1016/ S0006- 
3495(02) 73974-X

Uchiyama T, Hashimoto E (2011) System identification of the mech-
anomyogram from single motor units during voluntary isometric 
contraction. Med Biol Eng Comput 49:1035–1043. https:// doi. org/ 
10. 1007/ s11517- 011- 0752-0

von Haehling S, Morley JE, Anker SD (2010) An overview of sar-
copenia: facts and numbers on prevalence and clinical impact. J 
Cachexia Sarcopenia Muscle 1:129–133. https:// doi. org/ 10. 1007/ 
s13539- 010- 0014-2

Westerblad H, Lännergren J, Allen DG (1997) Slowed relaxation in 
fatigued skeletal muscle fibers of Xenopus and mouse: Contribu-
tion of [Ca2+](i) and cross-bridges. J Gen Physiol 109:385–399. 
https:// doi. org/ 10. 1085/ jgp. 109.3. 385

Xu H, Van Remmen H (2021) The SarcoEndoplasmic Reticulum cal-
cium ATPase (SERCA) pump: a potential target for intervention 
in aging and skeletal muscle pathologies. Skelet Muscle 11:1–9. 
https:// doi. org/ 10. 1186/ s13395- 021- 00280-7

Yoshitake Y, Kawakami Y, Kanehisa H, Fukunaga T (2005) Surface 
mechanomyogram reflects length changes in fascicles of human 
skeletal muscles. Int J Sport Heal Sci 3:280–285. https:// doi. org/ 
10. 5432/ ijshs.3. 280

Yoshitake Y, Masani K, Shinohara M (2008) Laser-detected lateral 
muscle displacement is correlated with force fluctuations during 
voluntary contractions in humans. J Neurosci Methods 173:271–
278. https:// doi. org/ 10. 1016/j. jneum eth. 2008. 06. 022

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.jelekin.2017.02.001
https://doi.org/10.1016/j.jelekin.2017.02.001
https://doi.org/10.1113/jphysiol.2007.139105
https://doi.org/10.5535/arm.2015.39.2.155
https://doi.org/10.5535/arm.2015.39.2.155
https://doi.org/10.1007/s40520-020-01715-9
https://doi.org/10.1016/0021-9290(95)00063-1
https://doi.org/10.1016/S1050-6411(98)00044-3
https://doi.org/10.1007/s00421-002-0765-3
https://doi.org/10.1007/s00421-002-0765-3
https://doi.org/10.1016/j.jneumeth.2008.05.012
https://doi.org/10.1016/j.jneumeth.2008.05.012
https://doi.org/10.1016/j.jelekin.2013.07.008
https://doi.org/10.1016/J.ARCHGER.2016.05.003
https://doi.org/10.1016/J.ARCHGER.2016.05.003
https://doi.org/10.1002/lio2.252
https://doi.org/10.1002/mus.20745
https://doi.org/10.1007/s00424-004-1363-5
https://doi.org/10.1249/00003677-200604000-00004
https://doi.org/10.1007/s003950200041
https://doi.org/10.1007/s003950200041
https://doi.org/10.1016/j.apmr.2015.05.017
https://doi.org/10.1016/S0006-3495(02)73974-X
https://doi.org/10.1016/S0006-3495(02)73974-X
https://doi.org/10.1007/s11517-011-0752-0
https://doi.org/10.1007/s11517-011-0752-0
https://doi.org/10.1007/s13539-010-0014-2
https://doi.org/10.1007/s13539-010-0014-2
https://doi.org/10.1085/jgp.109.3.385
https://doi.org/10.1186/s13395-021-00280-7
https://doi.org/10.5432/ijshs.3.280
https://doi.org/10.5432/ijshs.3.280
https://doi.org/10.1016/j.jneumeth.2008.06.022

	Influence of age on force and re-lengthening dynamics after tetanic stimulation withdrawal in the tibialis anterior muscle
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Subjects and measurements
	Signal processing: analyzed parameters during the relaxation phase
	Relaxation electromechanical delay
	Rate of torque reduction and rate of MMG reduction
	Time interval for 80–20% signal reduction
	Muscle compliance
	MMG at the end of torque reduction (MMG0T)

	Statistical analysis

	Results
	Maximal stimulated contraction
	Relaxation electromechanical delay (DT and DMMG)
	Rate of torque reduction and rate of MMG reduction (RRT and RRMMG)
	Time interval for 80–20% signal reduction (TRT and TRMMG)
	Muscle compliance (MC)
	MMG at the end of torque reduction (MMG0T)

	Discussion
	Time course of torque and MMG
	Influence of age on muscle relaxation process monitored by torque and MMG

	Conclusion
	References




