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Abstract

We investigated the acute effects of dynamic stretching on me-
chanical properties of plantar flexor muscles and tested the hy-
pothesis that it would result from an interaction between muscle-
tendon stretching and muscle warm-up. To test the stretching ef-
fect, dynamic stretching (DS) was compared to static stretching
(SS). To test the warm-up effect, DS was compared to submaxi-
mal isometric muscle activity (SIMA) with similar contraction in-
tensity. A control condition served as reference. These four con-
ditioning activities were time matched (2%20s) and tested on sep-
arate days on 13 volunteers. Electrical neurostimulation was ap-
plied to investigate muscle mechanical properties (peak doublet
torque (PDT) and rate of torque development (RTD)), before as-
sessing maximal voluntary isometric torque (MVIT). Passive
torque and muscle fascicles length, were measured respectively
with a dynamometer and ultrasonography during a maximal pas-
sive dorsiflexion. These parameters were recorded before and af-
ter each conditioning activities. MVIT, PDT, RTD and fascicles
length remained unaffected, while passive torque was signifi-
cantly reduced (-11.6 £ 14.8%) after DS. SS significantly de-
creased MVIT (-7.7 + 3.8%) and enhanced fascicles length (45.3
+ 49.2%), whereas SIMA increased PDT (5.8 + 5.2%) and RTD
(7.4 £ 8.3%) without affecting passive torque or fascicles length.
These results may suggest that, during dynamic stretching, mus-
cle-tendon stretching effects would partly counteract muscle
warm-up effects.

Key words Pre-exercise intervention; muscle stretching; sub-
maximal contractions; passive resistive torque; fascicles extensi-
bility; contractile properties.

Introduction

Static stretching is usually involved in pre-exercise rou-
tines in sport and rehabilitation environments (Behm et al.,
2016), in order to enhance range of motion (ROM) around
a joint (Young and Behm, 2002). However, a large body of
evidence reported that it may acutely impair the subsequent
muscular performance, reducing maximal voluntary
strength, muscle power or balance (Behm and Chaouachi,
2011). Theses impairments could originate from neural (re-
duced central drive (Budini et al., 2017; Trajano et al.,
2017)) and peripheral (altered intrinsic muscular properties
and musculotendinous unit (MTU) stiffness (Opplert et al.,
2016)) mechanisms. Alternatively, dynamic stretching,
consisting of muscle contractions to move the joint through
a full active ROM, is also incorporated as pre-exercise in-
terventions (Opplert and Babault, 2018). In addition, recent
studies revealed that dynamic stretching may provide an
acute increase in muscular contractility (Yamaguchi et al.,
2007), sprints, jumps or even balance (Opplert and

Babault, 2018). Therefore, such a modality appears to be
more favorable than prolonged static stretching to prepare
the musculotendinous system for subsequent exercises.

These two pre-exercise activities might be expected
to impact differently the MTU stiffness and thus the state
of the muscle-tendon system for subsequent exercises. In-
deed, it is known that mechanical effects of stretching
could be mediated by a number of stretch characteristics,
including amplitude and muscular activation (Taylor et al.,
1990; Knudson, 2007), which obviously differ between
static and dynamic stretching. For instance, static stretch-
ing implies a greater load of MTU than dynamic stretching.
It results from a greater ROM and the stress relaxation
which occurs when the muscle is kept stretched in a fixed
position (Magnusson et al. 1996b). Thus, static stretching
would likely involve larger changes in stiffness of different
tissues, especially muscle fascicles (Mizuno et al., 2013).
Moreover, because muscles are contracting actively and
rhythmically, dynamic stretching may increase muscle fi-
bers temperature (Fletcher, 2010) and thus lower viscosity
(Mutungi and Ranatunga, 1998; Bishop, 2003a). Indeed, it
has been shown that repetitive muscle contractions, such as
those produced during warm-up procedures, also influ-
enced MTU mechanical properties (Bishop, 2003b, a). In
addition, repetitive movements and contractions may also
induce improved muscle contractility, mainly attributable
to temperature- and/or potentiation-related mechanisms
(Bishop, 2003a; Turki et al., 2011). Consequently, the in-
fluence of dynamic stretching on viscoelastic and contrac-
tile properties seems to result from both the stretching of
muscle-tendon structures and muscle warm-up. However,
how these two mechanisms interact and specifically impact
the mechanical properties remains unexplored.

We aimed to test the hypothesis that dynamic
stretching would result from an interaction between MTU
stretching and muscle warm-up. Therefore, the effects of
MTU stretching have been studied through the comparison
between static and dynamic stretching, while the muscle
warm-up effects were investigated comparing dynamic
stretching to submaximal isometric muscle activity (of a
similar intensity). To test this hypothesis, this study ex-
plored mechanical properties of plantar flexor muscles
through contractile properties, passive resistive torque and
muscle fascicles extensibility.

Methods

Thirteen healthy recreationally active men (mean + stand-
ard deviation: age 24.9 + 2.5 years; height 1.81 £+ 0.05 m;
body mass 82.3 + 11.6 kg; 6.5 £2.5 h of physical activity
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per week, such as soccer, rugby or handball) without recent
injury or illness were recruited for this study (see the sta-
tistical analysis section for the statistical power values).
They were all volunteers and gave their written consent to
participate in the experiment after being informed about the
investigation. The study conformed to the standards set by
the World Medical Association Declaration of Helsinki
“Ethical Principles for Medical Research Involving Human
Subjects” (2008) and approval was obtained from the local
committee on human research (EAST-1, number: 2017-
72).

Experimental procedure

This study used a randomized and cross-over design with
control condition to assess the effects of three conditioning
interventions on mechanical properties of plantar flexor
muscles. Participants attended the laboratory on five sepa-
rate occasions. The first session served as familiarization
in order to practice the different conditioning activities and
the testing procedures. Four 2 X 20-s experimental sessions
including (i) static stretching (SS), (ii) dynamic stretching
(DS), (iii) submaximal isometric muscle activity (SIMA),
and (iv) control (CON) were completed in a random order
with at least 48 h between. Testing procedures were con-
ducted immediately before (pre-conditioning tests) and 10
s after (post-conditioning tests) the conditioning activities
to quantify changes in evoked contractile properties, max-
imal voluntary isometric torque, passive resistive torque
and muscle fascicles extensibility (Figure 1). Limb domi-
nance was ignored and all experimental procedures were
conducted on the right plantar flexor muscles.

Figure 2. Experimental setup with the volunteer lying in neu-
tral position.

Conditioning activities and testing procedures were
performed on an isokinetic dynamometer (Biodex System
4, BIODEX Corporation, Shirley NY, USA). To avoid
gravitational influences, subjects laid on their left side
(Figure 2). The contralateral leg was flexed (about 90°) for
comfort and the right leg fully extended (0°) to ensure that
the plantar flexor muscles were placed under significant
stretch (Cresswell et al., 1995). To maintain this position,
the right knee was positioned and secured on a dynamom-
eter support. To minimize heel displacements, the foot was
positioned and fastened inside a shoe (adapted to partici-
pant's size and fixed by the sole to the dynamometer foot-
plate), and firmly attached to the footplate of the dyna-
mometer with straps. The lateral malleolus was aligned to
the center of rotation of the dynamometer. From here, sub-
jects were in a standardized position for ~20-min.

~17-min

Experimental procedure settings
Passive range of motion
5 repetitions of dynamic stretching
Ultrasound probe setting
M recruitment curves

Warm-up

S-min rest

40-3

Pre-interventions tests
Supramaximal doublets x 2
Maximal voluntary isometric contraction
Passive dorsiflexion

No rest

Randomized

Static

G0-4 stretching

Dynamic
stretching

Submaximal
isometric No

muscle stretching

activity

10-s rest

40-5

€ ——— -

Post-interventions tests
Supramaximal doublets x 2
Maximal voluntary isometric contraction
Passive dorsiflexion

Figure 1. Timeline of the experimental protocol with the four randomized interventions.
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The passive maximal range of motion was first de-
termined by the experimenter, stretching slowly the plantar
flexor muscles from a maximal plantar flexion until the
point of maximal tolerated discomfort (ROMenq), and re-
turned immediately to a neutral position (0°). Then and for
all four experimental sessions, subjects were asked to per-
form 5 repetitions of dynamic stretching (see below for DS
procedure). These repetitions aimed to evaluate muscle
electromyographic (EMGQG) activity during DS for repro-
duction during SIMA conditioning activity (see below for
SIMA procedure). Thereafter, while the subjects remained
relaxed in the neutral position, the ultrasound probe was
positioned and the M-wave recruitment curve was estab-
lished. Then, a short warm-up of ten incremental submax-
imal voluntary contractions was performed and followed
by a rest period of 5 min.

Conditioning activities

All conditions were time matched for direct comparison.
The static stretching (SS) intervention included two sets of
static stretching. The subjects’ ankle was passively rotated
using the isokinetic dynamometer with a standardized 25°
of ROM until individual ROM.yq, in order to match the
lengthening duration of the static stretches. A slow angular
velocity (5 °.s™') was set in order to avoid the myotatic re-
flex (Kay and Blazevich 2010) to obtain a good resolution
of the fascicles via ultrasonography. Each set of static
stretching took 20 s, including 5 s of lengthening, a 15-s
hold before the ankle was released immediately to the start
position at 60 °-s!' in readiness for the next stretch (20-s
between-stretch rest). The subjects were instructed to relax
during the stretching, and not to offer any resistance to the
dynamometer, which was controlled with EMG activity of
SOL and GL muscles. For the dynamic stretching (DS)
condition, the subjects were instructed to pull their right
foot towards maximal dorsiflexion as fast as possible
against the resistance provided by the mechanical inertia of
the isokinetic dynamometer, and to extend their foot back
towards maximal plantar flexion at a self-regulated pace
that permitted a dorsi-plantar flexions cycle frequency of 1
Hz set by a metronome. Two 20 s sets, including 20 cycles
(20-s between-set rest), were performed through a full ac-
tive ROM, for a total stretch procedure of 60 s. The sub-
maximal isometric muscle activity (SIMA) condition was
performed in a neutral position, to avoid any MTU stretch-
ing. It consisted of replicating the EMG activity of plantar
flexors occurring during the plantar flexions of dynamic
stretching, using the mean root mean squared (RMS) value
displayed on-screen as a target line. During 20 s, partici-
pants had to perform short plantar flexors voluntary iso-
metric contractions for a frequency of 1Hz during two sets
of 20 s (20-s between-set rest). During the control condi-
tion (CON), the subjects were instructed to relax with the
ankle held in the neutral position for a duration correspond-
ing to the stretching protocol (60 s).

Electromyographic activity (EMG values) was reg-
istered from the soleus (SOL) and the gastrocnemius lat-
eralis (GL) to control contraction intensities during condi-
tioning activities. The belly of GM muscle being mostly

covered by the ultrasound probe, the EMG signals were not
collected for this muscle. The skin under the electrodes was
shaved and dry cleaned with alcohol to obtain low imped-
ance (<5 kQ). EMG signals were recorded by two pairs of
silver-chloride electrodes (10-mm diameter) with an inte-
relectrode distance of 2 cm. Electrodes for SOL were ap-
plied 2 cm below the intersection of the gastrocnemii over
the Achilles tendon. For GL, electrodes were placed over
the mid-belly of the muscle. The reference electrode was
pasted over the contralateral patella. EMG signals were
amplified with a bandwidth frequency ranging from 10 Hz
to 5 kHz (gain = 500). EMG signals (and also torque traces)
were recorded with a Biopac MP150 system (Biopac Sys-
tem, Santa Barbara, CA) at a sampling rate of 2 kHz, and
stored for analysis with the AcqKnowledge software (Ac-
gKnowledge 4.2 for MP systems, Biopac System, Santa
Barbara, CA). EMG activity during plantar flexion move-
ments (for ~350 ms) was quantified using RMS values.

Testing procedure

The testing procedure (total duration = ~40 s) was con-
ducted immediately before and 10 s after the intervention.
Two doublets (two single electrical impulses delivered suc-
cessively at 100 Hz) were applied at rest with 10-s interval
in between. Ten seconds after these doublets, a single 5-s
maximal voluntary isometric contraction (MVIC) was per-
formed. The ankle was set in the neutral position for these
assessments. To investigate passive resistive torque and
muscle fascicles extensibility, the subjects’ ankle was pas-
sively rotated from the neutral position until the maximal
dorsiflexion, previously determined, at 5 °.s'; a slow an-
gular velocity was set in order to avoid the myotatic reflex
(Blazevich et al. 2014), which ensured that torque data
were observed under passive conditions. Without holding
the stretched position, the ankle returned immediately in a
neutral position. Tests were performed in an inter-individ-
ual randomized order, which remained constant during
each session for a same subject.

Electrical neurostimulation was applied to investi-
gate plantar flexors contractile properties. The posterior
tibial nerve was stimulated with single rectangular pulses
(1 ms) using a Digitimer stimulator (DS7A, Hertfordshire,
UK) with the ankle in the neutral position. The cathode (10
mm diameter) was placed in the popliteal fossa and the an-
ode (5 x 10 c¢m) to the patella on the anterior surface of the
knee. The optimal stimulation site was determined by elic-
iting, with a hand-held stimulation probe, the greatest am-
plitude of SOL M-wave for a given intensity. Then, the
stimulation electrode was pasted to the site. The stimula-
tion intensity was increased by 5 mA increments from 0
mA to the maximal SOL M-wave (Mmax), in order to build
the recruitment curve and determine the intensity used for
contractile properties assessments. For the recruitment
curve, two stimulations were delivered at each intensity
with a 10-s interval between stimuli. During the testing
procedure, stimulations were applied at a supramaximal
stimulus intensity (120% Mmax intensity) (Ryan et al.
2008a).

Fascicles extensibility of gastrocnemius medialis
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(GM) muscle was investigated via measurements of fasci-
cles length using a B-mode ultrasound video imaging
(AUS; Esaote Biomedica, Florence, Italy). A 7.5 MHz lin-
ear-array probe was oriented along the longitudinal axis of
the MTU and held at 50% of GM muscle length in the mid-
sagittal line. The probe was then firmly attached over the
skin in this position with a custom-made apparatus, which
permitted a constant pressure between the probe and the
dermal surface. An echo-sensitive wire serving as a marker
was placed under the probe and pasted over the skin to
check for a constant probe position.

Data analysis

From the mechanical responses elicited by doublets were
calculated the peak doublet torque (PDT) and the maximal
rate of torque development (RTD, maximal value meas-
ured from the torque first derivate). These values were de-
termined as the highest value of the two doublets. Addi-
tionally, maximal voluntary isometric torque (MVIT) was
recorded from the MVIC. Dynamometer and ultrasound
data were synchronized using a custom-made trigger to en-
sure that passive torque and fascicles length were measured
every five degrees during the final 15° until ROMeng
(Herdaetal. 2011,2012). Accordingly, variation of passive
torque was quantified as a difference between values ob-
tained from 15 to 10° (noted 15-10°), from 10 to 5° (noted
10-5°) and from 5° to ROMenq (noted 5°-ROMcqa). Finally,
the difference between values obtained from 15° to
ROM;nq (noted 5°-ROM;ng) Was also calculated. Similarly,
variation of fascicles length was quantified, using an open
source digital measurement software (Image J, NIH, USA).
When fascicles extended off the acquired ultrasound im-
age, the length of the missing portion of the fascicle was
estimated by extrapolating linearly both the fascicular path,
visible in the image, and the aponeurosis. Length variations
from three fascicles per passive stretch were measured and
then averaged.

Statistical analysis

Statistical analyses were performed with Statistica
(StatSoft, version 7.1, Tulsa, OK). The normality of all data
was tested and confirmed by the Shapiro-Wilk test. A two-
way [conditioning activity (SS vs. DS vs. SIMA vs. CON)
x time (pre- vs. post-intervention tests)] analysis of vari-
ance (ANOVA) with repeated measures was used on abso-

lute values. From main effects or interactions of the
ANOVA were calculated partial eta squared (1,%) with val-
ues of 0.01, 0.06 and above 0.14 represented small, me-
dium and large differences, respectively (Cohen J 1988).
When significant main effects or interactions were present,
Student Newman-Keuls (SNK) post-hoc tests were con-
ducted. A one-way ANOVA with repeated measures was
used to compare relative changes (percentage of pre-inter-
vention tests) between conditioning activities. When sig-
nificant conditioning activity effects were present, SNK
post-hoc tests were subsequently conducted. Statistical sig-
nificance was accepted at P<0.05. Exact P values were
specified, except for values <0.001. Statistical power for
all comparisons ranged from 0.23 to 0.99. Subsequently,
Cohen’s qualitative descriptors of standardized effects
were used for pair-wise comparison, such that effect sizes
(ES) <0.4, 0.41-0.7 and >0.7 represented small, moderate
and large magnitudes of change, respectively (Cohen J
1988). Absolute values are expressed as mean + standard
deviations (SD) and relative changes as percentage of pre-
intervention tests + standard deviations (SD).

Results

Statistical analyses revealed a significant main condition-
ing activity effect for the averaged range of dorsiflexion
reached during stretching (p < 0.001, n,*> = 0.79), which
was significantly greater during SS (39.8 £ 8.7°) in com-
parison with DS (30.9 £ 8.8°) (p < 0.001, ES = 1.02).

For PDT and RTD, the two-way ANOVA indicated
a conditioning activity and time interaction (p < 0.001, n,?
=0.36 and p = 0.023, n,>= 0.23 for PDT and RTD, respec-
tively). Post-hoc analyses only revealed that PDT and RTD
significantly increased after SIMA as compared to pre-in-
tervention (p =0.001, ES=0.31 and p =0.002, ES = 0.41;
respectively) (Table 1). When considering relative
changes, the one-way ANOVA revealed a significant main
conditioning activity effect (p < 0.001, n,2=0.38 and p =
0.012, n,>= 0.26 for PDT and RTD, respectively), showing
an increase in PDT and RTD after SIMA as compared to
SS (p <0.001, ES =1.85 and p = 0.01, ES = 0.99; respec-
tively), DS (p <0.001, ES=1.31 and p=0.007, ES=0.93;
respectively) and CON (p=0.001, ES=1.67 and p=0.003,
ES = 1.27; respectively).

Table 1. Evoked contractile properties and MVIT immediately before (Pre) and 10 s after (Post) the four

conditioning activities for the plantar flexor muscles.

SS DS SIMA CON
PTT, Nm Pre 344+£6.5 35.1+84 33.5+6.0 36.0+£6.3
Post 334+73 341 £8.5 353+54* 35.1+£5.7
A% -3.4+48 27+7.6 58+52 ¢ 22+42
RTD, Nm's! Pre 443.8 £ 65.8 435.6 £84.3 436.1 +74.4 455.1+74.2
Post 4452 +84.4 433.5+£1004 4649+67.8* 4452 £ 68.5
A% -0.2+6.8 -09+94 74+83+ -1.8+6.0
MVIT,Nm Pre 132.5+24.7 136.4 £ 24 .4 132.7+£21.0 131.5+17.9
Post 122.2+233 * 134.7 £23.6 131.6 £21.4 132.1£17.0
A% -7.7+£387 -1.1+64 -1.0+£7.0 0.7+6.7

Absolute values are expressed as mean + standard deviations (SD) and change scores as percentage of pre-
intervention test + standard deviations (SD). Significant difference from: *pre-intervention tests, Tthe other
three conditioning activities (P<0.05). CON: Control; DS: Dynamic stretching; MVIT: Maximal voluntary
isometric torque; PTT: Peak twitch torque; RTD: Rate of torque development; SIMA: Submaximal isometric

muscle activity; SS: Static stretching.
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Table 2. Variations of passive torque and fascicles length immediately before (Pre) and 10 s after (Post)

the four conditioning activities for the plantar flexor muscles.

SS DS SIMA CON
Passive torque variations, Nm
15°-ROMena =~ Pre 37.7+8.8 347+£9.2 38.0+13.4 39.8+11.8
Post 347+£9.0 31.9+£8.5 36.0+14.5 383+£11.2
A% -8.3£59 -8.1+£7.8 -6.5+74 -3.5+£6.2
15-10° Pre 9.9+24 82+26 9.9+3.9 10.2+3.9
Post 83+22 7.7+2.1 9.0+£4.0 93+34
A% -16.2+9.8 -3.5+12.7 -94+104 -6.4+14.4
10-5° Pre 124+£2.9 11.2+3.1 12.4+4.6 13.5+£4.2
Post 11.2+£3.0 10.7£3.0 12.1+5.18 12.8 +4.1
A% -10.0 +10.8 -4.2+13.3 -3.5+12.9 -5.5+4.1
5°-ROMend Pre 15.3+4.0 154+4.1 15.7+£5.1 16.0+3.9
Post 15.2+4.2 13.5+£3.7* 149+5.4 16.1 £4.1
A% -1.1+6.5 -11.6 + 14.8 #; -6.1+8.7 0.8+8.0
Fascicles length variations, cm
15°-ROMena =~ Pre 0.33 £ 0.05 0.39£0.07 0.38 +0.08 0.38 £0.06
Post 0.42+0.11* 0.39+0.1 0.40 = 0.09 0.37+£0.07
A% 28.1+29.8 -0.4+17.1 5.7+ 14.5 -3.3+7.0
15-10° Pre 0.11 £0.03 0.14 +£0.04 0.14 +£0.05 0.13+£0.03
Post 0.14 £ 0.06 0.14 £0.05 0.14 +0.05 0.12+0.04
A% 21.8+44.2 -1.7+21.8 4.4+323 -6.7+16.1
10-5° Pre 0.11 +0.03 0.14 +0.05 0.13 £0.03 0.11+0.04
Post 0.13 +0.04 0.14 £0.04 0.14 £ 0.05 0.11 +£0.04
A% 25.2+37.6 15.5+62.9 14.7+37.0 -4.7+£7.9
5°-ROMena Pre 0.11+0.03 0.12 +0.02 0.11 £0.03 0.14 +£0.04
Post  0.15+0.05 * 0.12+0.05 0.11+0.04 0.14 £0.04
A% 453+492 } -4.0+26.2 3.9+26.6 03+7.5

Absolute values are expressed as mean =+ standard deviations (SD) and change scores as percentage of pre-
intervention test + standard deviations (SD). Significant difference from: *pre-intervention tests, #CON,
1SS, fthe other three conditioning activities (P<0.05). CON: Control; DS: Dynamic stretching; ROMend:
Maximal dorsiflexion; SIMA: Submaximal isometric muscle activity; SS: Static stretching.

The two-way ANOVA for MVIT indicated a condi-
tioning activity and time interaction (p = 0.003, n,2= 0.32).
MVIT significantly decreased after SS as compared to pre-
intervention tests (p < 0.001, ES = 0.43). Relative changes
revealed a significant main conditioning activity effect (p
=0.002, np>= 0.33); MVIT was significantly decreased af-
ter SS relative to DS (p = 0.005, ES = 1.26) and SIMA (p
=0.003, ES = 1.23) and CON (p <0.001, ES = 1.55).

A significant main time effect was reported for pas-
sive torque variation (15-10°) (p < 0.001, ny2= 0.65), (10-
5°) (p = 0.002, np2 = 0.58), (5°-ROMenq) (p = 0.002, 0,2 =
0.55) and (15°-ROMeng) (p < 0.001, n?>= 0.8) with a reduc-
tion from pre- to post-intervention (p = 0.002, ES=0.18; p
< 0.001, ES = 0.3; p < 0.001, ES = 0.21 and p = 0.002,
ES=0.16; respectively). In addition, statistical analyses re-
vealed a conditioning activity and time interaction (p =
0.01, ny2= 0.26) for passive torque variation during the last
degrees (5°-ROMend), which was significantly decreased
after DS in comparison with pre-intervention (p < 0.001,
ES = 0.47). When considering relative changes, the one-
way ANOVA indicated a significant main conditioning ac-
tivity effect (p = 0.014, n,2= 0.25); passive torque variation
(5°-ROMcnq) was reduced after DS as compared to SS (p =
0.011, ES = 0.92) and CON (p = 0.003, ES = 1.04) (Table
2). Passive torque variation recorded on other parts of
ROM (15-10°, 10-5° and 15°-ROMgyg) remained unaf-
fected after DS.

The two-way ANOVA for fascicle length variations
recorded during the last degrees (5°-ROMeug) and total

ROM (15°-ROM.nq) revealed a conditioning activity and
time interaction (p < 0.001, n,>= 0.39 and p < 0.001, n>=
0.36, respectively). Post-hoc analyses only exposed that
fascicle length variations (5°-ROMend) and (15°-ROMeng)
significantly increased after SS as compared to pre-inter-
vention tests (p <0.001, ES=1.05 and p <0.001, ES=1.01;
respectively) (Table 2). Relative changes indicated a main
conditioning activity effect (p < 0.001, n,2= 0.4 and p <
0.001, ny% = 0.42, respectively); fascicle length variations
(5°-ROM;nq) and (15°-ROMena) significantly increased af-
ter SS in comparison with DS (p <0.001, ES = 1.25 and p
<0.001, ES = 1.17; respectively), SIMA (p <0.001, ES =
1.04 and p < 0.001, E S=0.95; respectively) and CON (p <
0.001, ES = 1.28 and p < 0.001, ES = 1.45; respectively).
Fascicles length variation measured on partial ROM (15-
10°) and (10-5°) remained unaltered after SS.

Discussion

The present study aimed to test the hypothesis that dynamic
stretching would result from an interaction between MTU
stretching and muscle warm-up. The results provided po-
tential support for this assumption, because dynamic
stretching did not affect maximal voluntary and evoked
torque production, as well as fascicles extensibility, while
decreased passive resistive torque. Conversely, static
stretching significantly reduced MVIT and enhanced fasci-
cles extensibility, whereas submaximal isometric muscle
activity increased evoked contractile properties (PDT and
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RTD) without affecting viscoelastic properties.

Stretching effects

Our data revealed an alteration of MVIT after static stretch-
ing, which is congruent with a part of the literature that has
found decreases in maximal voluntary torque after similar
static stretching durations (Behm et al., 2004; Power et al.,
2004). They could originate from various neural (Budini et
al., 2017; Trajano et al., 2017) and peripheral mechanisms
such as altered intrinsic muscular properties and viscoelas-
tic properties (Mizuno et al., 2013; Opplert et al., 2016).
However, our results did not reveal any influence of static
stretching on PDT and RTD. Previous studies (Ryan et al.,
2008a; Cannavan et al., 2012) have even reported similar
results and suggested that such a stretch duration would not
be sufficient to induce cellular damage of a magnitude
large enough to impair evoked torque. In contrast, our find-
ings revealed that dynamic stretching had no detectible in-
fluence on both maximal evoked (PDT, RTD) and volun-
tary (MVIT) torque. This is congruent with previous stud-
ies, which have demonstrated no adverse effects on force
with dynamic stretching (Herda et al., 2008; Jaggers et al.,
2008; Costa et al., 2014). Consistent with the literature, dy-
namic stretching appears to be less detrimental to the sub-
sequent muscular performance than static stretching
(Opplert and Babault, 2018).

Further, passive torque variation remained statisti-
cally unaltered after static stretching, which is in disagree-
ment with the most part of the literature (Yeh et al., 2005;
Ryan et al., 2008b; Morse et al., 2008; Herda et al., 2014).
However, these studies used constant-torque stretches
while the present one applied constant-angle stretches.
Constant-torque protocols have been demonstrated to in-
duce greater changes in passive resistive torque (Herda et
al. 2014). It would be mainly due to a muscle creep occur-
ring during the stretch, which may place more tension on
the MTU than a constant-angle stretching protocol
(Gajdosik, 2001; Herda et al., 2014). Inversely, a constant
angle static stretching may induce a stress relaxation re-
sponse, likely reducing the tension on the MTU (Gajdosik
2001; Herda et al. 2014). Unlike static stretching, passive
torque variation was significantly decreased after dynamic
stretching. Similarly, McNair et al. (McNair et al., 2000)
have compared viscoelastic responses to static and cyclic
passive stretching and only reported a decline in MTU
stiffness during cyclic passive stretching. It suggests that
cycling stretching may be more effective to reduce passive
resistive torque than static stretching. Authors proposed
that a reorganization of the muscle-tendon tissue, and es-
pecially a redistribution of the more mobile constituents of
collagen fibers, such as the polysaccharides and water,
could occur more rapidly during cycling stretching
(McNair et al., 2000; Kubo et al., 2001; Nordez et al.,
2009).

Ours results also revealed that fascicles length vari-
ation was increased after static stretching, which is in
agreement with some previous studies (Morse et al., 2008;
Bouvier et al., 2017), while it remained unaltered after dy-
namic stretching. As previously discussed, the magnitude
of change in viscoelastic properties is load-dependent
(Gajdosik 2001). For instance, some studies (Nordez et al.,
2006; Herda et al., 2012) reported that the magnitude in

passive stiffness decrease was larger at the end of the range
of motion. Given that, it is understandable that changes in
fascicles extensibility would be lower after dynamic
stretching, which involves smaller amplitude than static
stretching. To explain the current results, the viscoelastic
stress relaxation occurring during static stretching appears
to be a strong candidate for the increase in fascicles length
variation (Magnusson et al., 1996a; 1997; Gajdosik, 2001).
To summarize, static and dynamic stretching differentially
modulated the viscoelastic properties. While cyclic motion
probably explains the reduced passive resistive torque after
dynamic stretching, stress relaxation that occurred during
static stretching more likely affected muscle fascicles ex-
tensibility.

Warm-up effects

Recent studies revealed that dynamic stretching may pro-
vide an acute increase in subsequent muscular performance
(Opplert and Babault, 2018), which could mainly be at-
tributable to temperature- and/or potentiation-related
mechanisms (Bishop, 2003a; Turki et al., 2011). To inves-
tigate the muscle warm-up effects, similar intensity con-
tractions in unstretched position were performed. As pre-
sented before, dynamic stretching had no detectible influ-
ence on maximal evoked and voluntary torque, while sub-
maximal isometric muscle activity enhanced PDT and
RTD. Because post-activation potentiation would be more
likely associated with high force activities (Maloney et al.,
2014), temperature-related mechanisms seem to be more
likely to explain these results. Indeed, heavier loadings
would shorten the time to peak torque and increase the rate
of torque development, increasing muscular force, power
and speed in subsequent performance, relative to lighter
loadings (Sale, 2002; Tillin and Bishop, 2009). Therefore,
voluntary and repetitive light contractions in unstretched
position appeared to be sufficient enough to improve slight
but significant muscle contractile properties, probably by
inducing a muscle warm-up process, increasing muscular
and core temperature (Fletcher and Monte-Colombo,
2010). Furthermore, MVIT remained also unaffected fol-
lowing submaximal isometric muscle activity, underpin-
ning that such an intensity of contractions was likely not
sufficient to increase maximal voluntary torque. Lastly,
due to the lack of change in PDT and RTD, dynamic
stretching appears to be less efficient for the subsequent
muscular performance than isometric muscle activity of a
similar intensity.

It could have been expected that repetitive muscle
contractions may affect MTU stiffness through tempera-
ture-related mechanisms; by increasing muscle fibers tem-
perature and thus lowering viscous resistance (Buchthal et
al., 1944; Mutungi and Ranatunga, 1998; Bishop, 2003a),
increasing muscle extensibility and reducing passive mus-
cle stiffness (Mutungi and Ranatunga, 1998; Herda et al.,
2012). Nevertheless, the present results demonstrate that
submaximal isometric muscle activity is unlikely to affect
passive resistive torque and/or fascicles extensibility, high-
lighted by the lack of change in passive torque and fascicles
length variations. It could be related to the methodology
used to evaluate passive torque variations, especially to the
velocity of the dorsiflexion. According to Noonan et al.
(Noonan et al., 1993), a lower lengthening velocity may
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attenuate the change in muscle stiffness induced by the en-
hanced temperature, compared to a greater velocity. This is
important because the low velocity used in our study may
explain the lack of change in viscoelastic properties after
SIMA.

Conclusion

The present data demonstrated no effect of dynamic
stretching on maximal voluntary and evoked torque pro-
duction, in contrast to static stretching and submaximal iso-
metric muscle activity, which respectively reduced the
maximal voluntary torque and enhanced the maximal
evoked torque. Thus, dynamic stretching appears to be less
detrimental than static stretching, probably due to the dis-
tinct stretching characteristics (static vs. cycling stretching,
passive vs. active movements), but less beneficial than sub-
maximal isometric muscle activity, likely owing to the
stretch-induced effects. These results provide potential
support for the hypothesis that, during dynamic stretching,
MTU stretching effects would partly counteract muscle
warm-up effects. From this basis, we can suggest to term
dynamic muscle activity instead of dynamic stretching. Fi-
nally, from a practical point of view, dynamic stretching
could be a part of warm-up procedure, but should be asso-
ciated to stronger contractions to optimize the improve-
ment in muscle strength capacities.
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Key points

e Dynamic stretching did not affect maximal voluntary
and evoked torque production, but decreased passive
resistive torque.

e During dynamic stretching, MTU stretching effects
would partly counteract muscle warm-up effects.

e Associated to stronger contractions, dynamic stretch-
ing could be a part of warm-up procedure, to optimize
the subsequent muscle performance.

AUTHOR BIOGRAPHY

Jules OPPLERT

Employment

Ph.D student in Sport Sciences, INSERM
UMR1093-CAPS

Degree

MSc

Research interests

Stretching exercise, neuromuscular sys-
tem

E-mail: opplert.jules@gmail.com
Nicolas BABAULT

Employment

INSERM UMRI1093-CAPS, Professor at
the Sport Sciences

Degree

PhD

Research interests

Exercise training, neuromuscular system,
electrical stimulation

E-mail: nicolas.babault@u-bourgogne.fr

< Jules Opplert

INSERM UMR1093-CAPS, Faculté des Sciences du Sport, Uni-
versité de Bourgogne-Franche-Comté, BP 27877, 21078 Dijon
Cedex, France



