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Abstract

Purpose  Under electrically evoked contractions, the time
interval between the onset of the stimulation pulse (Stim)
and the beginning of force (F) development can be parti-
tioned (Delayrqr), by an electromyographic (EMG), mech-
anomyographic (MMG) and F combined approach, into
three components each containing different parts of the
electrochemical and mechanical processes underlying neu-
romuscular activation and contraction. The aim of the study
was to evaluate inter- and intra-operator reliability of the
measurements and to assess the effects of fatigue on the
different Delay oy components.

Methods Sixteen participants underwent two sets of
tetanic stimulations of the gastrocnemius medialis muscle,
with 10 min of rest in between. After a fatiguing protocol of
120 s, tetanic stimulations were replicated. The same pro-
tocol was repeated on a different day. Stim, EMG, MMG
and F signals were recorded during contraction. Delay gy
and its three components (between Stim and EMG, At
Stim-EMG; between EMG and MMG, At EMG-MMG and
between MMG and F, At MMG-F) were calculated.
Results Before fatigue, Delayrop, At Stim-EMG, At
EMG-MMG and At MMG-F lasted 27.5 £ 0.9, 1.4 £ 0.1,
9.2 + 0.5 and 16.8 = 0.7 ms, respectively. Fatigue length-
ened Delayrqgr, At Stim-EMG, At EMG-MMG and At
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MMG-F by 18, 7, 16 and 22 %, respectively. At Stim-
EMG, At EMG-MMG and At MMG-F contributed to
Delaypgr lengthening by 2, 27 and 71 %, respectively.
Reliability was always from high to very high.

Conclusions The combined approach allowed a reli-
able calculation of the three contributors to Delayqr. The
effects of fatigue on each Delayor component could be
precisely assessed.

Keywords Electrically evoked contraction - Isometric
contraction - Recovery - EMG - MMG - Reliability

Abbreviations

D, and D, Day 1 and day 2

Delaygr Latency between the onset of stimula-
tion current and force development

At Stim-EMG  Time interval between the onset of
stimulation current and the onset of
muscle electrical activation. Synaptic
component

At EMG-MMG Time interval between the onset of mus-
cle electrical activation and the onset
of muscle contraction. E-C coupling
component

At MMG-F Time interval between the onset of mus-
cle contraction and the force develop-
ment. Mechanical component

EMD Electromechanical delay. Time interval
between the onset of muscle electrical
activation and force development

EMG Electromyography

F Force

GM Gastrocnemius medialis muscle

MMG Mechanomyography

MMG p-p MMG peak-to-peak
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MTU Muscle—tendon unit

Op. 1 and Op. 2 Operator 1 and operator 2
pF Peak force

RFD Rate of force development
S, and Sy Session A and session B
Stim Stimulation current
Introduction

The electromechanical delay (EMD) is traditionally defined
as the time lag between the onset of muscle electrical acti-
vation and the onset of force production (Cavanagh and
Komi 1979). During this time frame, a sequence of several
physiological events transduces the electrical processes of
muscle activation into a mechanical phenomenon: (1) the
propagation of the action potential along the sarcolemma
and the T-tubule system; (2) the coupling between the dihy-
dropyridine and ryanodine receptors and the following
release of Ca’t from the sarcoplasmic reticulum; (3) the
interaction among Ca”*, troponin and actin; (4) the cross-
bridges formation; and (5) the myosin heads rotation with
subsequent force transmission to the tendon insertion point
through the elongation of the series elastic components
(SEC). While the first four mechanisms can be considered
as electrochemical in nature, the last events are mainly
mechanical.

Because of the several approaches with different experi-
mental setup and protocols, EMD values from different
human skeletal muscles have been found to vary between
8 and 127 ms (Grosset et al. 2009; Hopkins et al. 2007,
Nordez et al. 2009; Yavuz et al. 2010). Changes in any of
the previously listed events could potentially induce EMD
alterations (Cé€ et al. 2013; Esposito et al. 2011; Granata
et al. 2000; Lacourpaille et al. 2013a; Muraoka et al. 2004;
Viitasalo and Komi 1981; Yavuz et al. 2010).

To provide more insights into the sequence of events
underlying muscle activation and contraction, a technique
based on very high frame rate ultrasounds was utilized
to determine in vivo the delay between muscle electrical
activation and the onset of muscle fascicles and tendon
motion (Hug et al. 2011a; Lacourpaille et al. 2013b; Nor-
dez et al. 2009). However, this methodology requires the
latest generation of echographic devices to obtain accurate
measurements.

Also a combined electromyographic (EMG), mech-
anomyographic (MMG) and force (F) signals analysis
(C¢€ et al. 2013; Esposito et al. 2011; Petitjean et al. 1998;
Sasaki et al. 2011) can provide useful information about
muscle electrical and mechanical behaviour from the same
muscle area (Barry 1992; Esposito et al. 2005; Orizio et al.
1999). MMG, indeed, can be considered during contrac-
tion as the mechanical counterpart of motor unit electrical
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activity detected by surface EMG (Gordon and Holbourn
1948). Moreover, MMG and F characteristics during iso-
metric contraction can be explained by a recent muscle—
tendon unit mechanical model, which defines two distinct
elastic elements (K, and K,) with different compliance
(Orizio et al. 1999) and can help to provide physiological
explanation of the mechanical events included in EMD.
Due to the highly compliant K,, indeed, the shortening of
the contractile elements results first in a muscle geometry
change (with dimensional changes of the transverse diam-
eter of the muscle fibres that generates pressure waves,
detectable as MMG at the skin level) with low force output.
Thereafter, when the slack of the elastic-connective tissue
has been taken up, the tension is efficiently transmitted to
the tendon with a quick raise in F and a reduction in MMG
amplitude (Orizio et al. 1999, 2003).

With this approach, EMD can be, therefore, partitioned
in: (1) a component that is mainly electrochemical (time
lag between the onset of EMG and the onset of MMG, At
EMG-MMG), in which the excitation—contraction (E-C)
coupling, from the propagation of the motor unit action
potential at the sarcolemmal level to myosin head rotation,
and pressure wave transmission to the skin surface (detected
by MMG) are included (Hufschmidt 1985; Petitjean et al.
1998); and (2) a mechanical component (time lag between
the onset of MMG and the onset of F, At MMG-F), a poten-
tial index of the time required for taking up the muscle—ten-
don unit slack, before force transmission becomes efficient
at the tendon insertion point (Cé et al. 2013; Esposito et al.
2011; Hufschmidt 1985; Sasaki et al. 2011).

Fatigue, which is one of the factors affecting the con-
traction process, alters the mechanisms involved in neu-
romuscular activation and muscle contraction, causing an
EMD elongation (Cé et al. 2013; Yavuz et al. 2010; Zhou
et al. 1996, 1998). In fatigued muscle, indeed, among other
phenomena, a slowing of the motor unit action potential
propagation along the sarcolemma, a decrement of Ca*"
efflux from sarcoplasmic reticulum and a reduction in
cross-bridge cycling rate take place (Ament and Verkerke
2009; Fitts 1994, 2008). When partitioning EMD in At
EMG-MMG and At MMG-F component, fatigue has been
shown to affect both of them to a similar extent (Cé et al.
2013). However, although with some controversy related to
voluntary contraction (Bigland-Ritchie et al. 1982), fatigue
may alter not only the processes included in EMD, but also
the mechanisms at the neuromuscular junction (Kirkendall
1990; Wieser 1915).

With electrically evoked contractions, the simultaneous
detection of the stimulation current (Stim) together with
the surface EMG may provide additional information on
the processes at the pre-synaptic and synaptic level (At
Stim-EMG). Indeed, the time delay between Stim, applied
either on the nerve or on the muscle motor point, and the
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generated M-wave reflects the latency between the origin
of the action potential at the axonal level and the action
potential along the sarcolemma, thus including also the
synaptic latency. Consequently, in addition to the tradition-
ally defined EMD, the latency between the beginning of
Stim and force development can be calculated (Delay ).
Methodological concerns about EMD measurement,
though, have been recently raised by Hug et al. (2011b). In
particular, EMG electrodes positioning may greatly influ-
ence onset detection of electrical muscle activation (up to
20 ms), thus affecting EMD measurement reliability. A
detailed and reliable characterization of Delayrqp and its
components may represent an important aid for the evalua-
tion of neuromuscular activation and muscle contraction in
clinical, rehabilitative and physical training fields.
Therefore, the aim of the present study was twofold: (1)
to evaluate the intra- and inter-operator reliability of the
measurement of each single Delay;gr component, both
before and after fatigue; and (2) to assess the effects of
fatigue on Delayqr and its components, and the time course
of recovery. To this purpose, participants underwent, on
two different days, electrically evoked tetanic stimulations
before and 1, 3 and 7 minutes after a fatiguing protocol.

Methods
Participants

After receiving a full explanation of the aim of the study
and of the experimental procedures, 16 physically active
males (age: 25.0 & 3.9 years, body mass: 77.5 £ 13.8 kg;
stature: 1.79 £ 0.08 m; mean + standard deviation, SD)
gave their written informed consent to volunteer in the
study. Participants were all clinically healthy with no his-
tory of previous lower limb injuries. They were asked to
abstain from caffeine or similar beverages in the 24 h pre-
ceding tests and to report to the laboratory without any
form of physical exercise of heavy intensity of the lower
limbs in the previous 48 h. The study was approved by
the local University Ethical Committee and had been per-
formed in accordance with the principles of the 1975 Dec-
laration of Helsinki.

Experimental design

After a first visit for familiarization purposes, participants
reported to the laboratory on two different days (D; and D,),
with at least 48 h in between. In both occasions, they were
tested at about the same time of the day, to minimize pos-
sible differences induced by circadian effects, and with the
same protocol to assess inter-day reliability. A schematic
representation of the testing procedures is given in Fig. 1.
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Fig. 1 Experimental design. During D;, two sessions (S, and Sg)
of three tetanic stimulations (50 Hz for 3 s, with 5 min of rest in
between) were applied on the motor point of the gastrocnemius medi-
alis muscle. Between S, and Sg, 10 min of rest was allowed. There-
after, a fatiguing stimulation protocol (35 Hz for 120 s) was admin-
istered. To monitor the time course of the investigated parameters
during recovery, the same tetanic stimulations (50 Hz for 3 s) before
fatigue were delivered at minute 1, 2 and 7 from the end of the fatigu-
ing protocol (POST;, POST, and POST,, respectively). Identical pro-
cedures were followed during D,. Pooled data from S, and Sy during
D, and D, of both operators were considered as the PRE condition

Each test consisted of two sessions (S, and Sg) of three
tetanic stimulations of the gastrocnemius medialis muscle
(GM), for the assessment of intra-day (inter-session) reli-
ability. S, and Sg were divided by 10 min of rest and were
considered as the PRE condition. Thereafter, a fatiguing
stimulation of 120 s began, after which tetanic stimulations
at minute 1, 2 and 7 (POST,, POST, and POST,, respec-
tively) were administered to assess the effects of fatigue
and to monitor the time course of the investigated param-
eters during recovery.

Experimental procedures and measurements

All experiments were performed in a laboratory at constant
temperature (22 £ 1 °C) and relative humidity (50 & 5 %).
During tests, all participants sat on a custom-built ergom-
eter with a resonant frequency >200 Hz. As shown in
Fig. 2 (panel A), the knee of the dominant limb was fully
extended and, to minimize the elongation of the triceps
surae muscle at the distal level and the pre-tensioning of
the fibres [which could per se alter EMD duration (Mura-
oka et al. 2004)], the ankle joint was fixed at 20° in plantar-
flexion, the reference position (0°) being perpendicularity
of the tibia relative to the sole. The foot was attached by
Velero® straps (Velcro Industries, Willemstad, Netherlands
Antilles) to a metal plate provided with a heel support and
connected to a load cell.

Neuromuscular transcutaneous electrical  stimula-
tions under isometric condition were delivered to GM in
monopolar technique by an electrical stimulator (St-Pro
Multichannel Programmable Neuromuscular Stimulator,
LiSin, Turin, Italy). Electrical stimulation was used to acti-
vate only a target muscle (Muraoka et al. 2004), to by-pass
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Fig. 2 Schematic representation of the experimental setup. Panel A
Positioning of the participant on the ergometer. Panel B Positioning
of the stimulation and EMG electrodes and of the accelerometer for
MMG detection on the gastrocnemius medialis muscle. For stimu-

central nervous system inhibitory mechanisms and to focus
mainly on the peripheral mechanisms of fatigue-induced
muscle alterations (Bigland-Ritchie et al. 1982; Fitts 2008).
The cathode (90 x 40 mm) was placed over the most proxi-
mal motor point of GM (Gobbo et al. 2011), whereas the
anode (130 x 100 mm) was positioned posteriorly at the
third distal of the leg. A set of brief 2-Hz stimulations of
increasing amplitude was administered to determine the
maximum compound motor unit stimulus (M-wave). Once
detected the stimulus that elicited the maximal peak-to-
peak M-wave, participants rested for 5 min. Hence, a ses-
sion of three tetanic stimulations (S,), consisting of a train
of pulses (wave shape: biphasic; pulse duration: 304 s;
stimulation frequency: 50 Hz; current amplitude: 110 % of
the maximum M-wave; duration: 3 s), was delivered with
5 min of rest in between. After S,, participants rested for
10 min while sitting on the ergometer. Then, the same set
of stimulations was repeated (Sp). Thereafter, the fatiguing
stimulation protocol (120 s at 35 Hz) previously utilized by
Esposito et al. (2009) was administered, after which GM
was stimulated tetanically at minute 1, 2 and 7 with the
same train of pulses as before fatigue.

Signal acquisition

The stimulation current, the surface EMG and MMG and F
signals were recorded during contraction. MMG probe and
electrode positioning on the investigated muscle are shown
in Fig. 2 (panel B). The stimulation current and the surface
EMG and MMG signals from the GM were acquired by a
multichannel amplifier (mod. EMG-USB, OtBioelettronica,
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Cathode

EMG array lerometer

Anode

lation, the cathode was positioned on the motor point, whereas the
anode was positioned posteriorly at the third distal of the leg. The
ankle joint was fixed at 20° in plantarflexion, with a total angle of
110° between the foot and the leg

Turin, Italy; input impedance: >90 MQ; CMRR: >96 dB;
EMG and MMG bandwidth: 10-750 and 0.7-100 Hz,
respectively; gain: *1, *1,000 and *2 for stimulation cur-
rent, EMG and MMG, respectively) with a sampling rate
of 10,240 Hz. F signal was recorded by a calibrated load
cell (mod. SM-1000 N, Interface, UK) operating linearly
between 0 and 1,000 N, amplified (gain: *200) by a 16
bits A/D converter (mod. UM150, Biopac System, CA,
USA) and driven to the auxiliary input of the EMG ampli-
fier. EMG signal was detected in single differential modal-
ity by a linear array of four electrodes (mod. ELSCHO004,
OtBioelettronica, Turin, Italy; linear array 45 x 20 mm;
electrode 2 x 1 mm; inter-electrode distance 10 mm) fixed
to the skin by dual-adhesive foam (mod. AD004, OTBio-
elettronica, Turin, Italy) filled with conductive gel (Cogel,
Comedical, Trento, Italy). The EMG array was oriented
with the major axis parallel to the muscle fibres direction
and with the EMG electrodes positioned perpendicularly
to the major axes of muscle fibres, in accordance with the
European recommendations about surface EMG (Hermens
et al. 1999). The skin area under the electrodes was cleaned
carefully with ethyl alcohol and gently abraded with a spe-
cial abrasive and conductive cream (Nuprep, Weaver and
Co., Aurora, USA) to achieve an inter-electrode impedance
below 2,000 2. The third electrode of the EMG array was
removed and replaced by a mono-directional accelerometer
(mod. ADXL103, Analog Devices, Norwood, MA, USA;
device weight: <1.0 g; sensitivity: 1,000 mV/g; measure
range: £+ 1.7 g) placed directly on the skin over the muscle
belly for MMG detection. Consequently, the inter-electrode
distance from which surface EMG was detected (between
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Fig. 3 Stimulation current
(Stim), EMG, MMG and F

signals in a representative Stim !
participant. Continuous, dashed,
dashed-and-dotted, and dotted
lines indicate the onset of the
stimulation current (Stim),
EMG, MMG, and force (F)
signals, respectively. First grey
area represents the synaptic
component, light grey area
shows the E-C coupling com-
ponent, dark grey area indicates
the mechanical component, top
dark grey area represents the
traditionally computed EMD
and the very dark grey area
indicates the Delayrgr

AStim-EMG

EMG -

MMG

At EMG-MMG

At MMG-F

the second and the fourth EMG electrodes displaced
across the accelerometer) became 20 mm. To minimize
site-to-site variability in EMG and MMG signals during
repeated measurements on different days, a map with the
EMG-MMG probe and the stimulation electrodes position,
together with some skin repere points (moles, angiomas
and scars), was drawn on a transparency. EMG electrodes
were also positioned over the belly of the tibialis anterior
muscle to exclude the presence of simultaneous contrac-
tions of the GM antagonist muscle.

To evaluate any possible temperature effect on the investi-
gated variables, skin temperature was measured in proximity
of the EMG and MMG probes by an infrared thermometer
with a laser beam pointer (mod. 826-T2, Testo, Lenzkierch,
Germany) throughout the entire testing sessions.

Data analysis

Data analysis was performed off-line by a custom-built
routine using a commercially available software (Labview

10 20 30 1000
time (ms)

7.1, National Instruments, Austin, TX, USA). In Fig. 3, the
four raw signals from a representative participant are given.

We considered the first positive peak of the recorded sig-
nal to determine Stim onset. The EMG onset corresponded
to the first negative peak of the stimulation artefact (Yavuz
et al. 2010). These determinations were based on automatic
procedures. According to previous studies (Cé et al. 2013;
Esposito et al. 2011), MMG and F signals onsets required
to exceed, for three consecutive points, the three SD of
the mean value obtained in a 100-ms interval of the rest-
ing condition immediately preceding the contraction. The
three-SD method is a good compromise between operator
visual recognition and objective thresholds assessments,
even though the risk of an overestimation cannot be ruled
out. Signals were visually inspected and the interval was
moved when necessary, e.g. when this time frame contained
spurious oscillations that would contaminate mean and SD
values and, in turn, MMG and F signals onset. This proce-
dure could potentially induce an operator-dependent varia-
tion in delays measurement. Therefore, delays calculation

@ Springer



644

Eur J Appl Physiol (2014) 114:639-651

was conducted by two independent and expert operators
(Op. 1 and Op. 2) to assess inter-operator reliability.

The overall time delay between the onset of the stimula-
tion current and the onset of F development, Delay gy, and
its partitioning in the time delay between Stim and EMG
(At Stim-EMG, which includes the processes between the
action potential at the axonal level and the action poten-
tial along the sarcolemma, thus containing also the synap-
tic latency), between EMG and MMG (At EMG-MMG,
which includes the E-C coupling processes, cross-bridge
formation and the time for pressure waves transmission
to the skin), and between MMG and F (At MMG-F, the
mechanical component from pressure wave propagation to
the skin to force transmission at the bone insertion point)
were then calculated. Therefore, by adding At EMG-MMG
to At MMG-F, the time delay corresponding to the classi-
cal EMD, as defined by Cavanagh and Komi (1979), can be
obtained. Consequently, the addition of At Stim-EMG to
EMD (At EMG-MMG + At MMG-F) leads to Delayrgr.

After identifying the peak F (pF) as the highest level
of F achieved, only the transient phases corresponding
to muscle contraction (on-phase) between 5 and 95 % of
the pF were considered for calculations (Esposito et al.
2009). Subsequently, the rate of F development (RFD, i.e.
the slope of F raise during the on-phase), was determined
together with MMG peak-to-peak (MMG p-p).

Force and MMG variables were computed off-line by a
custom-built routine of a commercially available software
(Labview 7.1, National Instruments, Austin, TX, USA).

Statistical analysis

Raw data were analysed using a statistical software pack-
age (IBM SPSS Statistics v. 19, Armonk, NY, USA). To
check the normal distribution of the sampling, a Kolgo-
morov—Smirnov test was applied. A sample size of 16 par-
ticipants was selected to ensure a statistical power higher
than 0.80. A one-way analysis of variance (ANOVA) for
repeated measures and an intraclass-coefficient correlation
(ICC) analysis were performed to determine the repeat-
ability of the three tetanic stimulations within each session
(S, and Sy of both D, and D,) before fatigue. A three-way
ANOVA for repeated measures was applied on each vari-
able before fatigue to assess the effects of session, day and
operator, and the interaction among the three factors. The
effect of fatigue and the time course during recovery were
determined by a one-way ANOVA for repeated measures.
The location of possible differences was assessed by a
Holm-Sidak post hoc test. The magnitude of the changes
was assessed using effect size (ES) statistics with the lower
and upper 95 % confidence interval (CI). ES was classified
as trivial for ES values <0.2, small between 0.2 and 0.6,
moderate between 0.6 and 1.2, large between 1.2 and 2.0,
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and very large when >2.0. Intra- and inter-operator reliabil-
ity among sessions and days was assessed using a two-way,
mixed ICC model and the standard error of measurements
(SEM). ICC values were consider as very high if >0.90,
high if between 0.70 and 0.89 and moderate if between
0.50 and 0.69. The sensitivity of the different delays was
checked by calculating the minimum detectable change at
95 % confidence as a percentage (MDCys5 %). The level of
significance was set at o < 0.05. Unless otherwise stated,
the results are expressed as mean =+ standard error (SE).

Results

PRE and POST (POST,, POST, and POST,) values were
assessed according to the following results and considerations.

Before fatigue, the repeatability analysis among the val-
ues of the parameters was calculated from the three tetanic
stimulations within each session for the two operators. ICC
values ranged from high to very high for all the variables
(0.874-0.996) and SEM was comprised between 0.78 and
6.61 %. Moreover, ANOVA did not disclose significant
differences among the stimulations. Thus, the three values
obtained for each session were averaged (S, and Sy for the
first and the second session within the same day, respec-
tively) and used for further statistical analysis. Moreover,
no significant differences were detected by the three-way
ANOVA (session, day and operator) among results of each
variable. All the data were then pooled together and used as
PRE value for further comparisons.

After fatigue, two-way ANOVA (day and operator) dis-
closed no significant differences in each variable. Thus,
for further comparisons, all the data were pooled together
and considered as POST,, POST, and POST;, for the values
after 1, 2 and 7 min from the end of the fatiguing stimula-
tion, respectively.

Reliability

MDCys % values were 11.0, 3.7, 21.5 and 11.1 % for
Delayrgor, At Sim-EMG, At EMG-MMG and At MMG-F,
respectively.

In Table 1, the mean values (n = 16) of Delayrqr and
its components calculated by both operators (Op. 1 and Op.
2) for each session (S, and Sp) in both days (D; and D,)
before fatigue are given. Inter-operator analysis for all the
considered variables showed ICC values between 0.901
and 0.999, indicating a very high reliability. Intra-operator
analysis revealed a very high intra-day reliability between
sessions (S, and Sg, from 0.919 to 0.989), while reliability
was from high to very high for between-day analysis (Inter-
day reliability, D, and D,, from 0.781 to 0.981). SEM val-
ues ranged from 1.79 to 8.71 % of the relative mean value.
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Reliability analysis after fatigue is provided in Table 2.
Inter-operator reliability results were between 0.847 and
0.999, indicating a high to very high reliability for all vari-
ables. Intra-operator analysis showed values between 0.863
and 0.991 for all the variables during recovery (POST,,
POST, and POST,), evidencing a high to very high relia-
bility of the measurement. SEM values after fatigue ranged
from 1.77 to 11.29 % of the relative mean value.

Effects of fatigue

The effects of fatigue on F and MMG signals are presented
in Fig. 4. After fatigue, ANOVA disclosed a pF reduction
from 687 + 51 to 639 £ 51 N (P < 0.05, ES = 0.9, CI
0.19-1.65). pF remained depressed during the entire recov-
ery period (POST,: 671 £ 60 N and POST;: 655 + 60 N;
P < 0.05, ES = 0.3, CI 0.42-0.98 and ES = 0.6, CI 0.15-
1.27 for POST, and POST,, respectively). Fatigue reduced
significantly also RFD from 860 + 111 to 555 4+ 57 N/s
(P < 0.05, ES = 3.4, CI 2.29-4.45), which returned to
baseline within 2 min from the end of the fatiguing stimu-
lation. Lastly, MMG p-p decreased significantly after the
fatiguing stimulation from 19.6 & 1.9 to 15.9 + 1.6 m/s*
(P <0.05, ES = 2.0, CI 1.20-2.91), then remaining signifi-
cantly lower for the entire recovery period (17.4 + 1.7 m/s?
at minute 7 of recovery; ES = 1.2, C1 0.44-1.94, P < 0.05).

In Fig. 5, the effects of fatigue on Delay g and its com-
ponents are shown.

After the fatiguing stimulation, ANOVA revealed a sig-
nificant increase in Delayrqr by 4.7 & 0.7 ms (P < 0.05,
ES = 1.5 and CI 0.73-2.31). All Delay gy components
were significantly affected by fatigue, with an increase in
At Stim-EMG, in At EMG-MMG and in At MMG-F by
0.106 £ 0.028, 1.30 & 0.31 and 3.35 £ 0.54 ms, respec-
tively (P < 0.05, ES = 0.8 and CI 0.06-1.50, ES = 0.6 and
CI 0.06-1.36, ES = 1.4 and CI 0.60-2.13 for At Stim-
EMG, At EMG-MMG and At MMG-F, respectively).
When partitioning each contribution to the overall fatigue-
induced increase in Delayrop, At Stim-EMG, At EMG-
MMG and At MMG-F contributed by about 2.2, 27.3 and
70.5 %, respectively. During recovery, At Stim-EMG and
At EMG-MMG recovered within 2 min from the fatigu-
ing stimulation, while Delayrqy returned to baseline within
7 min. On the contrary, At MMG-F was still elongated
after 7 min of recovery.

Discussion
The novel finding of the present study was that intra- and
inter-operator reliability of the measurement of each single

Delaygr component was from high to very high, When
assessing reliability after the effects of fatigue, reliability

@ Springer

was still from high to very high. Collectively, these data
indicate that when delays are assessed under a controlled
and standardized condition, very reliable and sensible data
can be obtained. Fatigue lengthened Delay q; by about
18 %, which recovered within 7 min. Delaytor compo-
nents were all altered by fatigue, with a larger effect on the
mechanical aspect. Moreover, At Stim-EMG and At EMG-
MMG recovered within 2 min, while mechanical events
took longer to restore.

Reliability

The electromechanical latency reliability has been already
evaluated only for EMD (Almosnino et al. 2009; Cé¢ et al.
2013; Hopkins et al. 2007; Howatson et al. 2009; Lacour-
paille et al. 2013b; Sasaki et al. 2011), while reliability
assessment for Delayrqor and its components is still miss-
ing in the literature. Moreover, only few studies tested
EMD reliability over different days (Almosnino et al. 2009;
Cé et al. 2013; Lacourpaille et al. 2013b). Therefore, the
present study is the first to assess the consistency of the
measurement of each Delayryr component when data
refer to different sessions, different days and also differ-
ent operators. As previously mentioned (see “Data analy-
sis”), indeed, an operator-dependent variation in MMG and
F signal onset detection could exist. Intra-operator reli-
ability analysis compared the data of the different sessions
and the different days within each operator, and showed
values from high to very high for all Delayygr compo-
nents, both between different sessions within the same day
(inter-session reliability, S, vs. Sg) and between different
days (inter-day reliability, D; vs. D,). At Stim-EMG and
At EMG-MMG showed the highest ICC values for inter-
session and inter-day reliability. Inter-operator reliability
assessment (Op. 1 vs. Op. 2) showed a high consistency of
the measurement for the delays calculated by the operators,
both between sessions and days. Therefore, this approach
can provide repeatable measurements, even when per-
formed by different operators on different days.

Lastly, the significant changes of the different compo-
nents above the MDCys found after fatigue indicate that
this approach can afford adequate levels of sensitivity
under this experimental condition.

Electrochemical and mechanical contribution to Delayqor

At Stim-EMG in the present study was about 1.44 ms, a
period of time compatible with the duration of the mecha-
nisms included (see “Introduction”). Indeed, the neuro-
transmitter release by the motor nerve impulse starts after
210 ps (Hubbard and Schmidt 1963) and lasts 200 s
(Martyn et al. 2009). The time to depolarize the end-plate
region takes less than 150 ps (Katz and Miledi 1965) and
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Fig. 4 Main force and MMG parameters. Peak force (pF), rate of
force development (RFD) and MMG peak-to-peak (MMG p-p) values
before (PRE) and 1, 2 and 7 min after the fatiguing protocol (POST|,
POST, and POST;, respectively), normalized to the value before
fatigue. PRE values were pooled from each session (S, and Sp) of
both days (D, and D,). POST values were pooled from results of both
days (D, and D,). The vertical grey bar represents the fatiguing pro-
tocol. Data are expressed as mean & SE. *P < 0.05

the delay between the excitatory post-synaptic potential
and the firing of the postsynaptic cell have been shown to
range between 210 and 650 s, respectively (Sabatini and
Regehr 1999).

Although slightly longer than in previous reports
(Esposito et al. 2011; Hufschmidt 1985; Nordez et al.
2009; Petitjean et al. 1998; Sasaki et al. 2011), also At
EMG-MMG (about 9 ms) lasted for a period of time that
can reasonably include all the processes involved in this
latency. Indeed, after sarcolemmal depolarization, dihydro-
pyridine and ryanodine receptors interaction occurs within
2 ms (Fill and Copello 2002), Ca** release by sarcoplasmic
reticulum has a time to peak between 1.6 and 4.0 ms (Bay-
lor and Hollingworth 2007), and the time for troponin acti-
vation of about 2.7 ms (Solzin et al. 2007). Lastly, the time
for the pressure wave generated by myosin heads rotation
to propagate toward the skin should also be included, even
though its duration has not been measured yet.

The slight discrepancy between At EMG-MMG duration
in the present study and that previously reported (Esposito
et al. 2011; Hufschmidt 1985; Petitjean et al. 1998; Sasaki
et al. 2011) could be possibly explained by differences in
the reference point adopted for EMG onset detection, in
the criteria adopted for signal onset detection, in the trans-
ducers utilized for monitoring muscle mechanical activity,
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Fig. 5 Delay gy and its subcomponents. Delayrqp, At Stim-EMG,
At EMG-MMG and At MMG-F values before (PRE) and 1, 2 and
7 min after the fatiguing protocol (POST,;, POST, and POST,,
respectively), normalized to the value before fatigue. PRE values
were pooled from the data measured by the two operators in each ses-
sion (S, and Sp) of both days (D, and D,). POST values were pooled
from results of both operators in the 2 days (D, and D,). The verti-
cal grey bar represents the fatiguing protocol. Data are expressed as
mean + SE. *P < 0.05

in the transducer position with respect to EMG electrodes
location, in fibre typing of the investigated muscles, in the
intensities and durations of stimulation and in the joint
angles investigated (Hug et al. 2011b; Lacourpaille et al.
2013a; Muraoka et al. 2004; Nilsson et al. 1977; Viitasalo
and Komi 1981; Yavuz et al. 2010).

Lastly, the duration of At MMG-F (about 17 ms) is
within the range of previous studies reporting values
between 8 and 42 ms (Cé et al. 2013; Esposito et al. 2011;
Nordez et al. 2009; Petitjean et al. 1998; Sasaki et al.
2011). Differences in muscle fibre type composition, mus-
cle temperature, subject positioning on the ergometer, joint
angle, site of stimulation, frequency and amplitude of the
current delivered to the muscle, and criteria for detecting
signals onset could explain also in this case the difference.

Overall, Delayqr was about 27.5 ms. When partitioning
Delaypqr in its three sub-components, the relative contri-
bution of At Stim-EMG, At EMG-MMG and At MMG-F
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was about 5, 34 and 61 %, respectively. When extracting
EMD (At EMG-MMG + At MMG-F) from Delaypqr,
this latency was about 26 ms, which is within the range
of the previously reported values between 11.6 and 45 ms
(Esposito et al. 2011; Hufschmidt 1985; Nordez et al. 2009;
Petitjean et al. 1998; Sasaki et al. 2011). The relative con-
tribution of At EMG-MMG and At MMG-F to EMD was
about 35 and 65 %, respectively, indicating that the rela-
tive weight of the mechanical component was predominant.
This observation is qualitatively in line with previous find-
ings, in which the electrochemical contribution to EMD
ranged from 17 to 40 % (Hufschmidt 1985; Petitjean et al.
1998; Sasaki et al. 2011).

Noticeably, Nordez et al. (2009) found by a high frame
rate ultrasound technique that the delay between the elec-
trical stimulation and the onset of fascicle motion and
between the onset of fascicle motion and the onset of F
production contributed to EMD by 52 and 48 %, respec-
tively. The first delay had an absolute duration relatively
similar to that found in the present study (about 6.0 and
9.2 ms for Nordez et al. and the present study, respec-
tively). The slightly shorter duration in Nordez et al. can be
reasonably ascribed to the ultrasound technique, which per-
mits to detect the first mechanical event, fascicle motion,
before pressure wave transmission to the skin, where the
accelerometer can detect it. On the contrary, the absolute
time required for the processes included in the second
delay differs markedly between these two studies (about
5.5 and 16.8 ms for Nordez et al. and the present study,
respectively). This discrepancy may be attributed to the dif-
ferent criteria utilized for force onset detection (first point
with a negative derivative in the reverse direction of time
and 3 SD above baseline, for Nordez et al. and the present
study, respectively) and the ankle joint angle utilized dur-
ing isometric contraction. Indeed, the 10° angle in plan-
tarflexion adopted by Nordez et al. compared to the 20° in
the present study likely induced a higher level of passive
pre-tensioning of the muscle—tendon unit, thus shortening
force transmission to the tendon insertion point. Moreover,
inter-subject variability of the mechanical properties of the
passive elements involved in tension transmission along the
muscle and the tendon should not be disregarded (Nordez
et al. 2009).

Acute effects of fatigue on delays

In the present study, Delayqr and its three subcomponents
all lengthened after fatigue.

The elongation of At Stim-EMG suggests a fatigue-
induced effect on several mechanisms, among which a
propagation failure at axonal level (Sieck and Prakash
1995), an alteration of synapsis functionality (Sieck and
Prakash 1995; Wieser 1915), a desensitization of the

post-synaptic end plate (Sieck and Prakash 1995) and an
impairment of the propagation of the action potential at
the sarcolemmal level (Juel 1988). Given some controver-
sial findings, whether this lengthening occurs also during
voluntary contraction is still a matter of debate (Kirkendall
1990) and requires further investigation.

Similarly, also At EMG-MMG elongated after fatigue.
Such an increase depends on the well-known alterations
induced by fatigue on the several factors included in this
latency, such as a decrease in sarcolemmal propagation
velocity (Edwards et al. 2012), an impairment in Ca*"
release by sarcoplasmic reticulum (Ament and Verkerke
2009; Fitts 2008), an alteration of the ryanodine recep-
tor functionality (Debold 2012), and of the actin—-myosin
cross-bridges cycle rate (Ament and Verkerke 2009; Fitts
2008).

Lastly, a significant and large At MMG-F elongation
occurred after fatigue, suggesting modifications of the
MTU mechanical properties, such as a decrease in stiffness
(Jaskolski et al. 2007; Taylor et al. 1997; Zhang and Rymer
2001). A reduced MTU stiffness, indeed, causes an elon-
gation of the time necessary to tension the SEC and, con-
sequently, to transfer F to the insertion point (Yavuz et al.
2010).

Overall, the distribution of the effects of fatigue
appeared to affect mainly the mechanical factors. Indeed,
Delayrqor elongation after the fatiguing stimulation was
distributed among the three sub-components by 2, 27 and
71 % for At Stim-EMG, At EMG-MMG and At MMG-F,
respectively.

Taking into account that before fatigue At Stim-EMG
represents only 5 % of Delayrqy, its variations may have
paltry effects on the overall delay.

The present study is the first that stepped forward to
evaluate the time course of recovery of Delayqr and its
sub-components, showing that during recovery, Delay-
tor returned to baseline within 7 min from the end of
the fatiguing stimulation. This was the case also for At
MMG-F, but not for At Stim-EMG and At EMG-MMG,
which recovered earlier (within 2 min), indicating that the
mechanical events occurring after myosin head rotation
took longer to restore than those involved in synaptic trans-
mission, action potential propagation, and E-C coupling
processes. Only one previous study evaluated the time
course of recovery of the electromechanical latency (EMD,
not Delayrqy) changes after a fatiguing protocol and found
that the fatigue-induced elongation recovered within 5 min
(Zhou 1996). However, the mechanisms responsible for
this behaviour could not be identified, as EMD partitioning
was not applied.

Lastly, a final consideration should be taken into
account. EMG onset assessment may influence markedly
the exact duration of the first two components of Delay gy
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(At Stim-EMG and At EMG-MMG). In the present study,
we decided not to remove the stimulation artefact to avoid
partial EMG signal cancellation due to artefact suppres-
sion (O’Keeffe et al. 2001). Consequently, the beginning
of M-wave was fused with the stimulation artefact. There-
fore, the choice of the stimulation artefact as the beginning
of muscle electrical activation, which was adopted also
in many other investigations (Lacourpaille et al. 2013a,
b; Muraoka et al. 2004; Nordez et al. 2009), may slightly
anticipate the EMG onset and, therefore, introduce the risk
of a bias in At Stim-EMG (underestimation) and At EMG-
MMG (overestimation) measurement.

Conclusion

The combined EMG, MMG and F approach allowed the
partitioning of the time interval between neuromuscular
activation and force production (Delayrqr). The three com-
ponents, (At Stim-EMG, At EMG-MMG and At MMG-F)
contributed to the total delay by 5, 34 and 61 %, respec-
tively. After the administration of a fatiguing protocol,
our approach was sufficiently sensitive to detect fatigue-
induced elongations of each sub-component. In spite of
methodological issues raised on previous investigations, the
present study indicates that the measurement of Delayrqrp
and its components presents a very high intra- and inter-
operator reliability within the same session and between
different days, both before and after fatigue. Collectively,
these findings indicate that, when the measurement is per-
formed under controlled and standardized conditions, sen-
sitive and reliable data on the investigated latencies can be
obtained. Consequently, this combined approach could be
a valid means to detect changes induced by physiological
and/or pathological processes, such as the effects of train-
ing, fatigue, muscle temperature as well as myotonic phe-
nomena, even when the evolution of the changes has to be
monitored in different laboratories over a long period of
time.
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