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Abstract

Purpose By combining electromyographic (EMG),
mechanomyographic (MMG) and force analysis, the elec-
tromechanical delay during muscle relaxation (R-De-
laytor) was partitioned into electrochemical and
mechanical components. The study aimed to evaluate the
effects of changes in joint angle on R-Delaytor compo-
nents during relaxation after electrically evoked contrac-
tions before and after static stretching (SS) administration.
Methods Nineteen male participants (age 24 + 3 years;
body mass 764 + 8.9 kg; stature 1.78 £ 0.09 m;
mean & SD) were evaluated. Passive torque (Tpa) of the
plantarflexor muscles was measured at 0°, 10°, and 20° of
dorsiflexion to determine joint stiffness. The maximum
electrically evoked torque (pT) was also recorded at each
angle. During pT, force, EMG and MMG signals were
detected for offline calculations of R-Delaytor and its
electrochemical and mechanical components. The same
procedures were repeated after SS.

Results With increase in dorsiflexion angle, joint stiffness
increased while R-Delayror and its mainly mechanical
components decreased (from —8 to 20 %, P < 0.05). After
SS, joint stiffness decreased (from 16 to 20 %, P < 0.05),
while R-Delayror and its mainly mechanical components
lengthened (from 8 to 28.5 %, P < 0.05). Moreover, post-
SS R-Delaytor and its components decreased with the
increase in joint angle (from —13 to 31 %, P < 0.05).
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Department of Biomedical Sciences for Health (SCIBIS),
Universita degli Studi di Milano, Via G. Colombo 71,
20133 Milan, Italy

Conclusion The reduction in R-Delaytor with increase in
joint angle could be ascribed to the increase in joint stiff-
ness, and not to alterations of the electrochemical processes
during relaxation. SS lengthened R-Delaytor and its
components with a concomitant decrease in joint stiffness.
Nevertheless, the reduction of the R-Delayror mainly
mechanical components seen with dorsiflexion was similar
to that before SS.

Keywords Mechanomyogram - Joint stiffness - Passive
force - Muscle elongation

Abbreviations

EMG Electromyogram

GM Gastrocnemius medialis

MF Mean frequency

MMG Mechanomyogram

pT Peak torque

R-Delayror Total relaxation delay

R-At Time delay between force decay beginning

F-MMG;,_, and the largest MMG signal displacement
during relaxation

R-At Time delay between the largest MMG

MMG-F,,q  displacement and force cessation

R-At Duration of peak-to-peak of the largest

MMGp-p MMG signal displacement during
relaxation

R-At Time delay between muscle electrical

EMG-F activation cessation and the beginning of
force decay

RMS Root mean square

ROM Range of motion

SEC Series elastic components

SS Static stretching

Trass Passive torque
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Introduction

Muscle relaxation is a physiological phenomenon involv-
ing events that are electrochemical and mechanical in
nature, from cessation of neuromuscular activation to the
return of series elastic components (SEC) to their pre-
contraction status [1-6]. During relaxation, there is a
latency between the cessation of muscle electrical activity
and the beginning of force decay [1], termed relaxation
electromechanical delay [4]. Recently, a combined analysis
of electromyographic (EMG), mechanomyographic
(MMG), and force signals during muscle relaxation after
voluntary [7, 8] and electrically evoked contractions [8, 9]
allowed partitioning of total delay during relaxation (R-
Delayror) into different components, thus providing
insights into the relative duration of the electrochemical
and mechanical processes involved [10]. At the end of a
contraction, four delays can be calculated after the identi-
fication of specific markers on EMG, MMG, and force
signals. The single components and the presumed under-
lying physiological events are: (1) R-At EMG-F (from the
end of EMG signal to the beginning of force decay) spans
from the beginning of Ca®" re-uptake in the sarcoplasmic
reticulum to the transition of cross-bridges from force-
generating to non—force-generating status; (2) R-At
F-MMG;,,,, (from initial force decay to the beginning of the
largest MMG displacement) comprises the beginning of the
rapid change in sarcomere length and the increase in
detachment rate of cross-bridges; (3) R-At MMG,,,, (the
largest MMG displacement duration) incorporates the main
phase of the detachment of cross-bridges and SEC relax-
ation; and (4) R-At MMG-F,,4 (from the end of the largest
MMG displacement to the return to baseline of force sig-
nal) constitutes the final return of cross-bridges and SEC to
their pre-contraction status [7, 9]. The first R-Delaytor
component is mainly electrochemical (R-At EMG-F) and
the three successive components (R-At F-MMG,_,, R-At
MMG,,,, and R-At MMG-F,,q) are mostly mechanical.
However, it should be taken into account that this approach
cannot identify perfectly the endpoint of the electrochem-
ical mechanisms and the starting point of the mechanical
events. Nonetheless, this approach requires light,
portable and less expensive instrumentation.

During muscle contraction and relaxation, high level of
reliability and sensitivity were reported for all components
under different experimental models, among which
peripheral fatigue [7, 9, 11, 12], muscle temperature
manipulation [13], muscle elongation [14], contraction
intensity [13], and joint angles variation [15]. In particular,
the joint angle variation (i.e. length of the muscle—tendon
unit) has been demonstrated to influence the mechanical
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components of electromechanical delays during muscle
contraction [15, 16]. Indeed, the shorter the muscle-tendon
length, the longer the total electromechanical delay. When
partitioning the electromechanical delay during contraction
in electrochemical and mechanical components, only the
latter was influenced by joint angle variations [15, 16]. This
finding was explained by the presence of slack at short
muscle—tendon length, which would prolong the time for
the mechanical force transmission. However, whether the
slack would also influence the dynamic of the mechanical
components during muscle relaxation is still unknown.

One of the most studied paradigms capable to induce
alterations in stiffness is static stretching (SS). SS-induced
alterations in muscle-tendon unit, muscle and tendon
stiffness have been observed [17-19]. A prior study
reported lengthening in components of delay during elec-
trically evoked contraction after SS [14]. However, if such
variations would also occur after SS during relaxation at
different joint angles still remains an open question.

Therefore, the aim of the study was twofold: (1) to
assess the changes in components of R-Delayror after
electrically evoked contractions at different joint angles;
and (2) to assess the influence of SS on these components
at the same joint angles.

Methods
Participants

Nineteen physically active males (mean =+ standard devi-
ation: age 24 + 3 years; body mass 76.4 £ 8.9 kg; stature
1.78 + 0.09 m; gastrocnemius medialis (GM) skinfold
7.8 £ 1.3 mm; gastrocnemius lateralis skinfold
5.1 £ 1.2 mm; calf circumference 37.9 + 3.3 cm) volun-
teered for this study. After receiving a full explanation of
the experimental procedures, each participant gave a
written informed consent. Participants were all clinically
healthy with no previous history of lower limb injuries.
They were asked to abstain from caffeine or ergogenic
beverages in the 24 h preceding the test and to report to the
laboratory without any form of physical exercise of heavy
intensity in the previous 48 h. The study was approved by
the local university ethical committee and performed in
accordance with the principles of the 1975 Declaration of
Helsinki.

Experimental protocol

A schematic drawing of the time course of the tests is given
in Fig. 1. After a first visit for familiarization purposes,
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Stretching protocol
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Fig. 1 Experimental design: range of motion (ROM), plantar flexor
muscles passive torque (Tp,) and electrically evoked contraction
torque (3 s at 50 Hz stimulation, pT) were measured before and after
application of static stretching (six elongations of 45 s with 15 s of

participants reported to the laboratory a second day for
testing procedures. All experiments were carried out in a
room at constant temperature (22 + 1 °C) and relative
humidity (50 & 5 %). During tests, participants laid prone
on a custom-made ergometer with a mobile metal plate
connected to a previously calibrated load cell (mod. SM-
2000 N, Interface, UK; operating linearly between 0 and
2000 N). The ankle of the dominant limb was firmly
attached to the mobile metal plate by inelastic strap to
minimize heel displacement. Hip and shoulders were firmly
secured to the ergometer. The load cell was kept in line
with the direction of force output. A bi-axial electrogo-
niometer (mod. TSD 130A, Biopac System, CA, USA) was
positioned on the external face of the fibula and on the
calcaneum to calculate ankle range of motion (ROM).

After ROM assessment (about 15 s), the foot was
positioned at 0° (corresponding with the perpendicularity
of the tibia relative to the longitudinal axis of the foot), 10°
and 20° of dorsiflexion to determine passive and maximum
electrically evoked peak force at each angle. The EMG,
MMG and force signals were recorded during contractions.
The same procedure was followed immediately after SS,
without removing the stimulation and EMG electrodes.

Stretching intervention SS was administered manually
by the same operator while the participant laid prone on the
ergometer, with the ankle attached to the metal plate. SS
consisted of six elongations (45 s each with in-between rest
of 15 s) of the plantar flexor muscles up to the point of
discomfort, starting with the foot in a relaxed position
(about —20° of dorsiflexion) [12, 20-24]. To avoid reflex
activation, the muscles were stretched in about 3 s, with
participants keeping the stretched muscles as relaxed as
possible. EMG signal was constantly monitored during SS
to check for any reflex muscle activity.

ROM The ankle joint ROM was determined starting
with the ankle at its resting position (about —20° of dor-
siflexion) and manually dorsiflexed at slow speed, up to
participant’s point of discomfort. The same procedure was
followed after SS, always starting from the resting position
previously determined.

0° 10° 20°
I

rest in between). Ty, and pT were measured at 0°, 10°, and 20° of
dorsiflexion. Measurements were performed twice for intra-session
reliability assessment

Force, EMG and MMG signals The passive force
exerted by plantar flexor muscles against the ergometer
platform was recorded at 0°, 10° and 20° of dorsiflexion
and the peak force elicited by a tetanic stimulation (3 s at
50 Hz, amperage range: 10-100 mA; pulse duration:
304 ps, stimulation amplitude: +10 % of the maximum
compound motor action potential) was measured at the
same joint angles separated by 5 min of rest in between.
The tibial nerve was supramaximally stimulated by an
electrical stimulator (mod. St-Pro Multichannel Pro-
grammable Neuromuscular Stimulator, LiSin, Turin, Italy).
The receiving electrode (70 x 35 mm) was positioned
perpendicularly on the upper margin of the patella, whereas
the stimulating electrode (35 x 35 mm) was placed above
the tibial nerve at the popliteal fossa level. Force signal was
acquired by a data acquisition system (mod. UM150,
Biopac System, Santa Barbara, USA) and driven to the
auxiliary input of the EMG amplifier (mod. EMG-USB, OT
Bioelettronica, Turin, Italy).

Surface EMG and MMG signals were detected by an
integrated probe, which included four silver bars electrodes
(width 1 mm, length 10 mm, inter-electrode distance
10 mm) for differential EMG detection (mod. ELSCH004,
diameter 1 mm, length 10 mm, inter-electrode distance
10 mm, OT Bioelettronica, Turin, Italy), and a mono-di-
rectional accelerometer (mod. ADXL202JE, Analog
Devices, Norwood, MA, USA) placed between the first and
second electrode, providing the MMG signal. The skin area
under the EMG electrodes was gently abraded with fine
sand paper, cleaned carefully with ethyl alcohol, and pre-
pared with a conductive cream (Nuprep, Weaver and Co.,
Aurora, USA) to achieve inter-electrode impedance below
2000 Q. The integrated probe was placed over the GM
muscle belly along muscle fiber direction, with the EMG
electrodes positioned perpendicularly to the major axes of
the fibers between the tendon and the motor point, in
accordance with the European recommendations for sur-
face EMG [25]. The accelerometer was positioned in
proximity to the point of maximum skin displacement
during contraction. The probe was then fixed steadily by an
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adhesive elastic band (Fixomull Stretch, Beiersdorf,
Hamburg, Germany). EMG and MMG were amplified,
filtered (bandwidth of 10-500 Hz and 4-120 Hz, respec-
tively) and stored on a personal computer after A/D con-
version (mod. EMG-USB, OT Bioelettronica, Turin, Italy),
with a sampling rate of 10 kHz.

Joint stiffness Joint stiffness was calculated from the
passive torque-angle curve fitted with a second-order
polynomial regression model [26]. The slope of the curve
at 0°, 10°, and 20° of dorsiflexion was used as measure of
joint stiffness. Previous studies presented very high intra-
class correlation coefficient (ICC, range: 0.902-0.934) and
a small standard error of measurement as percentage
(SEM%, range 2.4-5.1 %) for stiffness calculation
[17, 19].

Data analysis

The passive force was calculated as the average of the force
signal recorded during the first 5 s after ankle positioning.
The peak force during electrically evoked contraction was
identified as the highest level of force achieved during the
tetanic stimulations. Torque was calculated by multiplying
the force output for the distance between the external
malleolus and the force application point. The passive
torque (7p,) and peak torque (pT) were then defined.

EMG was analyzed in time and frequency domain: the
root mean square (RMS) and mean frequency (MF) of the
signals were calculated from epochs of 1 s, corresponding
to the central part of the force plateau reached during each
contraction of 3 s.

From the MMG signal, the maximum MMG amplitude
of the relaxation phase (R-MMG,_,) and the RMS from
epochs of the same time window used for EMG RMS
calculation were determined at each angle.

The force, EMG and MMG parameters, which were
calculated with a similar set-up, presented an ICC ranging
from 0.908 to 0.994 and SEM% ranging from 1.0 to 3.7 %
[17, 19].

According to previous investigations [7, 8], R-Delayror
was divided in: (1) R-At EMG-F, from EMG offset to F
decay onset; (2) R-At F-MMGp-p, from F decay onset to
the beginning of the R-MMG, ,; (3) R-At MMGp-p, from
the beginning to the end of R-MMG, ,; and (4) R-At
MMG-Fend, from the end of R-MMGg,_,, to F return toward
baseline. To exclude possible sources of error due to signal
artifacts, delays’ detection was confirmed by an expert
operator through visual inspection. Data analysis was per-
formed by a custom-built routine using a commercially
available software (Labview 7.1. National Instruments,
Austin, TX, USA). A representative image of signals cal-
culation in one participant is given in Fig. 2.
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Fig. 2 Current stimulation (Stim), electromyogram (EMG),

mechanomyogram (MMG) and force (F) signals and delays in a
representative participant. The solid, dashed, dotted, short dashed and
long dashed lines indicate the negative peak of EMG signal, the initial
decrease in F signal, the beginning of the maximum displacement of
the MMG signal (MMGp-p), the duration of MMGp-p and the return
of F signal at baseline, respectively. For delays explanation, see
“Methods”

Statistical analysis

The normal distribution of the data was checked by the
Shapiro—Wilk’s test. A sample size of nineteen participants
was selected to ensure a statistical power >0.80. Pre- and
post-SS differences in ROM were assessed by a paired
Student’s r test. SS-induced effects on all the other
parameters were determined by a two-way (time X joint
angle) analysis of variance (ANOVA) for repeated mea-
sures, with a Holm-Sidak post-hoc test when necessary.
Changes magnitude was determined using effect size (ES)
statistics, with the standard error of ES estimate [27], or
partial eta squared (ng) when appropriate [28]. ES was
classified as trivial (<0.2), small (0.2-0.6), moderate
(0.6-1.2), large (1.2-2.0), and very large when >2.0 [27].
A two-way, mixed model ICC and SEM% assessed intra-
session reliability for delays measurements. ICC values
were considered as very high >0.90, high (0.70-0.89), and
moderate (0.50-0.69) [29]. The minimum
detectable change at 95 % confidence as a percentage
(MDCys¢,) assessed the sensitivity of the parameters in
detecting stretch-induced changes [30, 31]. Results are
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expressed as meanztstandard error (SE). Data were ana-
lyzed using SPSS® Statistics (v. 22, Armonk, NY, USA).

Results

The ICC and SEM% for delays values are provided in
Table 1. According to our categories (see “Methods”),
delays presented from high to very high intra-session
reliability, with ICC ranging from 0.87 to 0.92, and SEM%
ranging from 1.1 to 2.6 % of the relative mean value. All
delays presented a relative change between pre- and post-
SS higher than those required by MDCysg,.

Both pre- and post-SS Ty, (Fig. 3a) increased signifi-
cantly with the joint angle (P < 0.001, 1112) = 0.842). After
SS, Tpass decreased significantly at all the investigated joint
angles. Decrements ranged from 27 % at 0° to 23 % at 20°
(P < 0.001, ng = (0.494). A significant interaction between
the two factors (time x joint angle) was found (P = 0.003,
np = 0.510).

Similarly, joint stiffness (Fig. 3b) increased significantly
with the angle (P < 0.001, ng = 0.741). After SS, joint
stiffness decreased significantly at all angles, with decre-
ment ranging from 16 % at 0° to 20 % at 20° (P < 0.001,
Ny = 0.552). A significant interaction between the two
factors (time x joint angle) was found (P = 0.002,
np = 0.591).

As expected, SS increased significantly the ankle ROM
from 43 £ 1° to 50 &+ 2° (P < 0.001; ES 0.85 £ 0.39).

The changes in pT, EMG RMS, EMG MF, are given in
Fig. 4. After SS, pT (Fig. 4a) decreased significantly at all
joint angles (from 11 to 13 %, P < 0.001, ng = (0.580),
while EMG RMS and MF (Fig. 4b, c, respectively) were
similar to their pre-stretching values (P > 0.05).

The average duration of R-Delayror and its components
is reported in Fig. 5. Before SS, R-Delayrtot and its mainly
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Fig. 3 Changes in T, (a) and joint stiffness (b) at the different
ankle joint angles, before (black bars) and after (gray bars) static
stretching. *P < 0.05 vs 0% *P < 0.05 vs before. T)ass Passive torque

mechanical components decreased significantly with the
increase in dorsiflexion angle (decrement range 5-25 %,
P < 0.05). After SS, all components of R-Delayror

Table 1 Intrasession reliability and sensitivity of measurements between trials 1 and 2

Delay (ms) Trial 1 (m £ SD) Trial 2 (m &+ SD) 1CC SEM% MDCysq, Measured changes (95 % CI)
R-At EMG-F 26.1 + 3.2 264 + 3.1 0.92 2.0 3.9 12.4 (10.4-14.3)
R-At F-MMG,,_, 53.0 £ 25 529 +£22 0.91 2.5 49 28.5 (26.6-30.5)
R-At MMG,,_, 90.7 &+ 7.6 91.3 + 6.8 0.88 2.6 5.2 19.1 (17.2-21.1)
R-At MMG-F, 4 78.8 +£ 8.0 77.5 £ 8.3 0.87 24 4.7 17.7 (15.8-19.7)
R-Delayror 259.1 +£ 9.6 261.5 £ 9.1 0.88 1.1 22 20.0 (17.8-21.7)

The intraclass correlation coefficient (ICC), standard error of measurements as a percentage (SEM%), minimal detectable change at 95 %
confidence as a percentage (MDCys¢,) and the percentage difference between pre- and post-stretching values, with the lower and upper
boundaries of the 95 % confidence interval (CI) are reported for each delay

m mean, SD standard deviation, EMG electromyogram, MMG mechanomyogram, F force, R-t4 EMG-F time delay between muscle electrical
activation cessation and the beginning of force decay, R-At F-MMG,,., time delay between force decay beginning and the largest MMG signal
displacement during relaxation, R-4t MMGp-p duration of peak-to-peak of the largest MMG signal displacement during relaxation, R-At MMG-
F.,, time delay between the largest MMG displacement and force cessation, R-Delayror total relaxation delay
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Fig. 4 pT (a), EMG RMS (b), and MF (¢) at the different ankle joint
angles, before (black bars) and after (gray bars) static stretching.
#*P < 0.05 vs 0% *P < 0.05 vs before. pT peak torque, EMG RMS
electromyogram root mean square, EMG MF electromyogram mean
frequency

lengthened significantly (increment range 14-25 %,
P < 0.05, nl% ranging from 0.309 to 0.603 at the different
joint angles). These delays decreased significantly with the
increments in dorsiflexion angle (decrease range 22-45 %,
P < 0.05) also after SS.
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Discussion

The main findings of the present study were that: (1) the
main mechanical components of R-Delaytor decreased
with an increase in joint angle both before and after SS; and
(2) passive stretching significantly increased all the com-
ponents of R-Delayror.

The very high ICC values found in all measurements
indicate that this EMG, MMG and force combined
approach can provide reliable delay measurements. The
significant stretch-induced changes in R-Delayror and its
components above the MDCysq, indicate that this means
can also offer adequate levels of sensitivity. These data are
in line with previous studies [7-9], confirming the notion
that this combined approach can be applied to evaluate
delays changes under different experimental conditions.

As previously reported [20, 32, 33], stretching did not
affect EMG characteristics (RMS and MF) during electri-
cally evoked contractions. Thus, the present EMG results
confirm that neuromuscular synapsis efficiency and sar-
colemmal action potential propagation of the contracting
muscle were unaffected by stretching.

Before SS, R-Delayror decreased with the increase of
the dorsiflexion angle because of a decrease in the three
mainly mechanical but not in the mainly electrochemical
component. Interestingly, this reduction was observed also
after SS. These findings agree with a prior study, showing
similar results during the contraction phase in the biceps
brachii muscle [15]. Such a decrease was suggested to be
the result of a reduction in muscle-tendon unit slack
occurring when the muscle is contracted starting from a
length longer than that at rest. This was likely the case also
during muscle relaxation. The higher passive torque
reached at 20° of dorsiflexion may have enhanced the
speed at which sarcomeres and SEC returned to the starting
point after an electrically evoked contraction.

Delays after stretching

In line with prior works [14, 20, 33-35], SS-induced a
decrease in pT. This reduction is usually ascribed to
changes in neuromuscular factors, such as a reduction in
neural drive from the central nervous system to the muscle
[21-24, 32, 35-37], and stretching-induced mechanical
alterations, among which a reduction in muscle-tendon unit
stiffness [17—-19]. In the present study electrically evoked
contractions were used, therefore the reduction in maxi-
mum torque should be mainly explained by mechanical
alterations.

After stretching, R-Delaytor increased significantly by
about 20 %. All the components contributed to R-Delayror
lengthening, with a larger role played by the mechanical



Sport Sci Health (2016) 12:429-436

435

Fig. 5 Total electromechanical
delay during relaxation (R-
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before and after static
stretching. *P < 0.05 vs 0%

#P < 0.05 vs before. For delays
explanation, see “Methods”
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parts. The increase in the whole electromechanical latency
during contraction after stretching was previously observed
[14, 38]. However, to the best of our knowledge, no studies
focused on the calculation of the electromechanical delay
during muscle relaxation; therefore, comparisons with the
literature cannot be done.

After stretching R-At EMG-F lengthened by about
12 %. To explain such a change, it may be hypothesized an
increase in Ca®" sensitivity at longer sarcomere’s length
[39], a condition that can likely reflect the post-stretching
sarcomeres state. This mechanism could delay the transi-
tion of cross-bridges from force-generating to non-force-
generating status, thus increasing the mainly electrochem-
ical latency.

All the mechanical components were significantly
longer after SS, in particular R-At F-MMG,_, During
muscle relaxation, the changes in joint stiffness found in
the present study may have slowed cross-bridge and SEC
dynamics, thus delaying the return of sarcomeres and SEC
to their pre-contraction length.

Conclusion

Our results suggest that, in the human GM muscle, the
reduction in R-Delaytor with the increase in dorsiflexion
angle could be mainly ascribed to the increase in joint
stiffness and not to alterations of the electrochemical pro-
cesses during muscle relaxation. SS lengthened R-De-
layror and all its components with a concomitant decrease
in joint stiffness. Nevertheless, the reduction in the main
mechanical components of R-Delayror seen with the
increase in dorsiflexion angle was similar to that observed
before SS administration.
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