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ABSTRACT

CÈ, E., G. CORATELLA, A. V. BISCONTI, M. VENTURELLI, E. LIMONTA, C. DORIA, S. RAMPICHINI, S. LONGO, and F.

ESPOSITO. Neuromuscular versus Mechanical Stretch-Induced Changes in Contralateral versus Ipsilateral Muscle.Med. Sci. Sports Exerc.,

Vol. 52, No. 6, pp. 00–00, 2020. Purpose:Whether or not the homologous contralateral muscle (CM) undergoes stretch-induced force reduc-

tion as the stretched muscle (SM) is still unclear. The neuromuscular and mechanical factors underlying the force reduction in CM and SM

were investigated. Methods: Twenty-one participants underwent unilateral knee extensors passive stretching. In both CM and SM, before,

immediately after (POST), 5 (POST5), and 10 min (POST10) after passive stretching, maximum voluntary contraction (MVC), peak force

(pF), and voluntary activation (VA) were measured. During MVC, the electromyographic and mechanomyographic root mean square

(EMG RMS and MMG RMS, respectively) was calculated in rectus femoris, vastus lateralis, and vastus medialis, together with M-wave.

The total electromechanical delay (EMD), divided in time delay (Δt) EMG-MMG and Δt MMG-F was calculated. Results: In CM at POST,

the decrease in MVC (−11%; 95% confidence interval [CI], −13 to −9; effect size [ES], −2.27) was accompanied by a fall in VA (−7%; 95%

CI, −9 to −4; ES, −2.29), EMGRMS (range, −22% to −11%; ES, −3.92 to −2.25),MMGRMS (range, −10% to −8%; ES, −0.52 to −0.39) and
an increase in Δt EMG-MMG (≈+10%; ES, 0.73 to 0.93). All changes returned to baseline at POST5. In SM, decrease in MVC (−19%; 95%

CI, −24 to −18; ES, −3.08), pF (−25%; 95%CI, −28 to −22; ES, −4.90), VA (−10%; 95%CI, −11 to −9; ES, −5.71), EMGRMS (≈−33%; ES,

−5.23 to −3.22) and rise inMMGRMS (range, +25% to +32%; ES, 4.21 to 4.98) and EMD (≈+28%; ES, 1.59 to 1.77) were observed at POST

and persisted at POST10. No change inM-wave occurred.Conclusions: The contralateral central motor drive stretch-induced inhibition seems

to account for the force reduction in CM. In SM, both central inhibition and mechanical factors concurred. Key Words:

ELECTROMECHANICAL DELAY, VOLUNTARY ACTIVATION, MAXIMAL VOLUNTARY CONTRACTION, EMG ACTIVITY,

MMG ACTIVITY, CONTRALATERAL LIMB
Passive stretching is widely performed in sport and re-
habilitation mainly to improve joint range of motion.
Concomitantly with the increase in range of motion,

a reduction in force-generating capacity during maximal
voluntary (1,2) or electrically elicited (3,4) contractions
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has been often described acutely in the stretched muscle
(SM). The increase in range of motion and the reduction
in the force-generating capacity were shown to be accounted
for both neuromuscular factors, such as an alteration in the af-
ferent feedback given by type Ia, type II (muscle spindles) (3),
type III (mechanoreceptors), and type IV (metabo/nociceptors)
fibers (5,6) and mechanical factors, such as alterations in the
viscoelastic properties of the muscle-tendon unit (1,7). The neu-
romuscular factors may have a central, that is, a supraspinal in-
hibition and a reduction in spinal reflex excitability, and/or a
peripheral origin, that is, a possible impairment in the events in-
volved in excitation–contraction coupling process, although its
role in reducing the contractile force-generating capability still
remains to be elucidated (8). In addition, the mechanical fac-
tors further impair the force transmission to the tendon inser-
tion point (1,9). The changes induced by passive stretching
were still visible after 2 h from its administration (4,10), so
the investigation of the time course of both neuromuscular
and mechanical factors should be considered systematically.
e. Unauthorized reproduction of this article is prohibited.
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AQ3
Recently, a growing body of literature focused on the pos-
sible crossover effects induced by passive stretching on the
homologous contralateral muscle (CM), which has not been
directly exposed to passive stretching (3,11–16). In CM, an
increase in range of motion has been very often reported
(11,12,17,18). Conversely, inconsistent results for the force-
generating capacity were found. Although some studies re-
ported no change in CM after passive stretching (2,11,12), a
reduction in the CM force-generating capacity was also ob-
served (12,15,16,19,20). Because CM is not directly involved
in the passive stretching maneuver, it could be argued that
neuromuscular (central or peripheral) rather than mechanical
factors could be prevalently involved. Four possible mecha-
nisms merging a final common end, that is, the decrease in
the contralateral α-motoneuron pool excitability, have been
proposed to explain the passive stretching-induced increase
in range of motion and reduction in the force-generating ca-
pacity in CM: (i) a reduction in the stretch-reflex sensitivity,
involving muscle spindles (3,12,16); (ii) an increase in the in-
hibitory afferent feedback from SM, involving mechanorecep-
tors and nociceptors (12,16); (iii) an altered spinal-reflex
excitability (14); and (iv) an increase in the stretch tolerance,
a mechanism associated with the nociceptive nerve endings
activity at the muscle/joint level (15).

The neuromuscular factors involved in the force-generating
capacity can be further divided into central or peripheral by
using the interpolated twitch technique (21). Indeed, through
electrical stimulations, it is possible to calculate the voluntary
activation and the peak force (pF) recorded after a maximal
voluntary contraction as central or peripheral factor, respec-
tively (22). In SM, the central contribution has been identified
as a prevalent neuromuscular factor affecting the force-
generating capacity (8). Whether or not an impairment in cen-
tral contribution could occur in CM is still an open question, as
well as its possible persistence in both CM and in SM.

For a deeper understanding of the possible crossover effect,
the simultaneous recording of the electromyographic (EMG),
mechanomyographic (MMG) and force signals could be used
(23–25). The MMG is considered the mechanical counterpart
of the EMG signal (26,27). Indeed, EMG and MMG provide
electrochemical and mechanical information, respectively, on
muscle excitation and activation from sarcolemmal depolariza-
tion to force transmission to the tendon insertion point (26,28).
The continuous dimensional changes of the contracting muscle
fibers, indeed, generate pressure waves that can be detected at
the skin surface level. Three main physiological mechanisms
are included: (i) the gross lateral movement of the contracting
muscle at the beginning of muscle contraction, (ii) the subse-
quent vibrations at the resonance frequency of the muscle,
and (iii) the dimensional changes in the active muscle fibers
when the force generated during muscle contraction reaches
the plateau (26,27). The MMG root mean square is calculated
from the oscillation during the force plateauing. Contrarily to
the EMG root mean square, MMG root mean square is sensi-
tive to both the number of active motor units (27) and the me-
chanical characteristics of the contractile and viscoelastic
2 Official Journal of the American College of Sports Medicine
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components during muscle contraction (1). This offers the
possibility to observe the contribution of both neuromuscular
and mechanical factors to muscle excitation and activation.
Because mechanical factors are not expected to affect CM, it
can be hypothesized that a possible stretching induced re-
duction in MMG root mean square could derive from neuro-
muscular factors. Moreover, the frequency content of the
MMG signal is strictly related to central drive (26,27).
The MMG MF has been proposed to reflect the average fir-
ing rate of the active fibers (26,27). Therefore, a stretching-
induced reduction in central drive should result in a possible
decrease in MMG MF.

Additionally, when combining the EMG and MMGwith
the force signal, the electromechanical delay (EMD), that
is, the latency between the onset of the muscle excitation
(EMG) and the following mechanical response at the ten-
don insertion point (force) can be calculated (23,25). The
EMD can be divided into a mainly electrochemical (e.g.,
the latency between the onset of the EMG andMMG signals)
and a mainly mechanical component (e.g., the latency be-
tween the onset of the MMG and force signal) (4,23,29). In
SM, an EMD elongation was reported, which persisted for
at least 15 min after a passive stretching bout and encompassed
both the electrochemical andmechanical components (4). How-
ever, in CM, no EMD analysis is currently available. In line
with a possible reduction in MMG MF previously hypothe-
sized, the EMD in CM should be elongated only in the electro-
chemical component due to a possible crossed reduction in
central drive reflected into a slower sarcolemmal conduction ve-
locity. No changes in the mechanical component of the overall
delay should be expected. Lastly, the time course of these pos-
sible neuromuscular alterations in CM is, to date, unknown.

Therefore, the present study aimed to investigate whether or
not passive stretching may induce an increase in range of mo-
tion and a reduction in the force generating capacity in CM.
Additionally, the specific contribution of the neuromuscular
and/or mechanical factors using both the interpolated-twitch
technique and the simultaneous detection of the EMG, MMG,
and force signals, was investigated. Lastly, the time course of
these possible alterations was also measured.

METHODS

Study Design

The present investigation was designed as a cross-sectional,
within-subject study. The sample size calculation was based on
a previous investigation, considering the strength loss in CM as
the reference parameter (19) and computed using statistical soft-
ware (G-Power 3.1, Dusseldorf, Germany). Given the present de-
sign, the Cohen’s d effect size (ES) = 0.65 computed using the
referenced study, a two-tail effect, α = 0.05 and a required power
(1 − β) = 0.80, the desired sample size resulted in 21 participants.

Participants

Twenty-one healthy male participants (age, 22 yr [3 yr];
stature, 1.75 m [0.08 m]; body mass, 73 kg [9 kg], mean
http://www.acsm-msse.org
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[SD]) volunteered for the present investigation. The inclusion
criteria were: (i) no evident orthopedic and/or neurological pa-
thologies, (ii) no lower-limb muscular or joint injury in the
previous 6 months, and (iii) no involvement in a systematic
passive stretching routine in the previous 6 months. The local
University Ethics Committee approved the study that was per-
formed in accordance with the principles of the latest version
of the Declaration of Helsinki. The participants gave their
written informed consent after being fully explained on the
purpose of the study and the experimental design. The partic-
ipants were free to withdraw from the study at any time.

Procedures

All measurements were performed in a laboratory with con-
stant room temperature (22°C [1°C]) and humidity (50%
[3%]). To minimize the circadian changes in force and joint
mobility, the tests were conducted at the same hour between
9:00 AM and 12.00 noon. The participants visited the labora-
tory three times. In the first session, they familiarized with
the experimental set-up and passive stretching technique.
Particularly, the participants got accustomed to the maxi-
mum voluntary contraction (MVC) and the interpolated
twitch technique procedures. On this occasion, a map with
some identification points over the skin (moles, scars, angio-
mas), together with the position of the angle transducers,
EMG electrodes, and accelerometers were drawn on transpar-
ency sheets, to permit accurate electrodes repositioning con-
sistency within the same area. Because the familiarization
could result in a “learning effect,” the second visit served as
a control, in which the testing procedures were performed
without any intervention in both limbs and replicated after
the duration of the stretching protocol (POST) and then after
5 min (POST5) and 10 min (POST10) from its end. In this ses-
sion, the limbs were randomly assigned to stretched or CM in
the control condition (SMCTRL and CMCTRL, respectively).
During the third visit, the participants underwent the unilateral
knee extensors passive stretching intervention. The same test-
ing procedures were repeated POST, POST5, and POST10.
The stretched and contralateral limbs were the same as in
the control condition within the second session (i.e., SM
for SMCTRL and CM for CMCTRL). The limbs were tested
in a randomized order.

To investigate the neuromuscular factors, the voluntary ac-
tivation, EMG root mean square, mean fiber conduction veloc-
ity, M-wave, MMG MF and the delay between the onset of
EMG and MMG signal (Δt EMG-MMG) were measured. To
investigate the mechanical factors, MMG root mean square
and the delay between the onset of the MMG and force signal
(Δt MMG-F) were measured.

Measurements

Knee range of motion. The knee joint range of motion
was measured by a bi-axial angle transducer (mod. TSD130B;
Biopac System Inc., Santa Barbara, CA) previously calibrated,
with the participants lying prone. The hip extension = 0° of
CONTRALATERAL STRETCH-INDUCED CHANGES

Copyright © 2020 by the American College of Sports Medicin
extension, and hip adduction = 0° in relation to the anatomical
positionwere visually checked by a second biaxial angle trans-
ducer positioned at hip level. The same operator performed the
knee flexion maneuver until the point of discomfort. Full
flexion was reached in 6 s, with a metronome beating time
for reproducibility purposes. The angle transducer signals
were driven to an A/D converter (mod. UM 150; Biopac
System Inc.), sampled at 1000 Hz, directed to an auxiliary in-
put of the electromyography amplifier (mod. EMG-USB;
OtBioelettronica, Turin, Italy) and stored on a personal com-
puter. The maneuver was repeated three times. The maximum
joint angle reached during the maneuver was considered for
the calculation of the maximum range of motion.

Maximum voluntary contraction. The knee extensors
MVCwasmeasured on both SM and CMwith the participants
lying supine, with the tested knee flexed at 90° and firmly
secured at ankle level by a Velcro® strap (Velcro Industries
Inc., Willemstad, Netherlands Antilles) to a load cell (mod.
SM-2000 N operating linearly between 0 and 2000 N; Inter-
face, Crowthorne, UK) for the force signal detection. The
hips were maintained extended at 0° and secured by a Velcro®
strap to the ergometer. After a standardized warm-up (10� 2-s
contractions at 50% MVC determined during familiarization),
three MVC attempts were performed at baseline, whereas
one MVC was executed at each posttest to reduce the effects
of fatigue. The participants were instructed to push as fast and
hard as possible for 3 s. Each MVC attempt was interspersed
by at least 2 min of passive recovery. The force signal was
driven to an A/D converter (mod. UM 150 Biopac; Biopac
System Inc., sampled at 10,240 Hz, directed to an auxiliary
input of the electromyography amplifier (mod. EMG-USB;
OtBioelettronica) and stored on a personal computer. The
maximum force value recorded during the MVCwas inserted
into the data analysis.

Voluntary activation. The voluntary activation level was
calculated using the interpolated twitch technique. At baseline,
the interpolated twitch technique was performed eliciting a
superimposed doublet with an interpulse duration of 10 ms
(100Hz) (2,22). During this procedure, a stimulating electrode
(24 � 24 mm circle electrode; Spes Medica, Battipaglia
(SA), Italy) was positioned above the femoral nerve un-
der the iliopubic ligament, whereas the receiving elec-
trode (40 � 90 mm rectangular electrode; Spes Medica)
was placed 2 cm under the superior posterior iliac spine.
The electrodes were connected to a high-voltage stimulator
(Digitimer Stimulator Model DS7AH, Hertfordshire, UK).
The amperage (10 mA–1 A) of a 100- to 150-V square-
wave pulse [1 ms, with an interpulse duration of 10 ms (22)]
was progressively increased until the maximum elicited force
was achieved. Thereafter, the doublet was elicited during
(superimposed) and 5 s after (potentiated) each MVC. The
force signal was also sent to an auxiliary input of the
EMG amplifier (mod. EMG-USB; OtBioelettronica).
The force signal was exported as .CSV file and converted
in AcqKnowledge property file (AcqKnowledge 4.4;
Biopac Systems, Goleta, CA). The software allowed calculating
Medicine & Science in Sports & Exercise® 3

e. Unauthorized reproduction of this article is prohibited.



the voluntary activation and the maximum force signal gener-
ated by the 100-Hz doublet, which was identified as the pF.

The voluntary activation was calculated as follows (21):

voluntary activation ¼ 1− superimposed force=potentiated forceð Þ � 100½ �:

EMGassessment.The surface EMG signal was detected
during the MVC vastus lateralis, rectus femoris, and vastus
medialis. The EMG signal was detected by a linear array of
eight electrodes (mod. ELSCH004; OtBioelettronica; probe
45 mm � 20 mm; electrode length 2 mm; interelectrode
distance 10 mm) fixed to the skin by dual-adhesive foams
(mod. AD004; OtBioelettronica) and filled with conduc-
tive gel (Cogel, Comedical, Trento, Italy). The skin area
under the EMG electrodes was cleaned with ethyl alcohol,
abraded gently with fine sandpaper and prepared with a
conductive cream (Nuprep, Weaver and Co., Aurora, CO) to
achieve an interelectrode impedance below 2000 Ω. For each
muscle, the EMG array was placed over the muscle belly
along the direction of the muscle fibers, in accordance with
the European recommendations for surface EMG (30). The
surface EMG signal was detected during the MVC and ac-
quired by a multichannel amplifier with a sampling rate of
10,240 Hz (mod. EMG-USB; OtBioelettronica; input imped-
ance: >90 MΩ; CMRR: >96 dB), amplified (gain, �1000)
and filtered (filter type: II order Butterworth filter; bandwidth,
10–500 Hz) for further analysis.

MMGassessment. TheMMG signal was detected during
the MVC and acquired with a sampling rate of 10,240 Hz by a
multichannel amplifier (mod. EMG-USB; OtBioelettronica; in-
put impedance, >90 MΩ; CMRR, >96 dB), amplified (gain,
�2), and filtered (filter type: II order Butterworth filter; band-
width, 4–120 Hz) for further analysis. Three monodirectional
accelerometers were placed between the second and the third
electrodes of the EMG array on the vastus lateralis, rectus
femoris, and vastus medialis (mod. ADXL103; Analog De-
vices, Norwood, MA; device weight, <1.0 g; sensitivity,
1000 mV·g−1; measure range, ±1.7 g) for MMG detection
from the same muscle area as EMG.

EMD assessment. The criteria used to identify the refer-
ence points for EMD components have been fully reported in a
previous investigation (23). Briefly, during the MVC, the
EMD was divided into (i) Δt EMG-MMG, from the EMG to
MMG onset; and (ii) Δt MMG-F, from the MMG to force on-
set. A threshold of three SD above the baseline signal for three
consecutive points obtained in a 100-ms interval of the resting
condition immediately preceding the contraction was used to
the onset of the EMG, MMG, and force signal (23). To this
purpose, the EMG, MMG, and force signals during the MVC
were exported as .CSV file. Data analysis was performed
off-line by a custom-built routine using a commercially avail-
able software (Labview 7.1; National Instruments, Austin,
TX). The measurements were simultaneously performed in
vastus lateralis, rectus femoris, and vastus medialis.

Signal processing and data analysis. The analysis
was performed by the software OtBiolab+ (OtBioelettronica).
4 Official Journal of the American College of Sports Medicine
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The EMG and the MMG signal epochs were aligned with the
same force signal epochs for a simultaneous quantification of
the EMG and MMG parameters. The EMG signal was ana-
lyzed in time domain within the same 1-s period detected in
the middle of the MVC plateau. The MMG signal was ana-
lyzed in time and frequency domain using the same time win-
dows for the EMG signal analysis. The EMG and MMG root
mean square were calculated in consecutive 250-ms time win-
dows and then averaged. The mean fiber conduction velocity
was automatically calculated by the OtBiolab+ software as fol-
lows (31):

mean fiber conduction velocity ¼ d=τ0

where d is the interelectrode distance and τ0 is the delay be-
tween the two double differential signals. The MF of the
MMG was calculated in consecutive 250-ms time windows
applying a Fast Fourier Transform method. The EMG signal
recorded during the M-wave elicited by the 100-Hz doublet
recorded during the on-phase of the muscle contraction
were exported as .CSV file and converted in .ACQ files
(AcqKnowledge 4.4; Biopac Systems). The software allowed
calculating the maximum peak-to-peak of the M-wave.

Stretching Protocol

During the passive stretching protocol, the participants re-
mained supine with the nonstretched limb supported by a sup-
plemental medical bed and the stretched limb supported by an
operator. First, the participants were accustomed to the dis-
comfort induced by the passive stretching through a visual an-
alog scale. Then, an operator flexed the knee of the stretched
limb until 80% to 90% of the maximal discomfort point. To
minimize a possible muscle reflex activity, the elongation
was reached in 6 s and maintained for 45 s (4,10). Five sets in-
terspersed by 15 s of passive recovery were performed, for a
total duration of 225 s. The EMG signal was checked during
the passive stretching protocol to minimize any possible mus-
cle activation during the elongation. Whether the EMG signal
during the passive stretching bout was >5% of that obtained
during the MVC, the participant was excluded from the study
and replaced with another participant to ensure the warranted
statistical power. In the control session, the participants laid
supine as relaxed as possible with the knee extended for an
equivalent duration.

Statistical Analysis

Statistical analysis was performed using a statistical
software package (IBM SPSS Statistics 22, Armonk, NY).
To check the normal distribution of the sampling, the
Shapiro–Wilk’s test was applied. The baseline values of
the two experimental sessions were utilized to calculate
the interday reliability and sensitivity. To determine the interday
reliability, the intraclass correlation coefficient (ICC) and the
standard error of the measurement (SEM%) were calculated.
The ICC was interpreted as follows: ≥0.90, very high; 0.89 to
0.70, high; 0.69 to 0.50, moderate. The minimal detectable
http://www.acsm-msse.org
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TABLE 1. Interday reliability (ICC and SEM%) and sensitivity (MDC95%) in the SM and CM.

SM CM

Day 1, mean (SD) Day 2. mean (SD) ICC SEM% MDC95% Day 1, mean (SD) Day 2, mean (SD) ICC SEM% MDC95%

ROM (°) 137 (3) 139 (4) 0.93 3 5 139 (3) 138 (4) 0.94 3 5
MVC (N) 665 (41) 665 (42) 0.87 4 8 666 (33) 669 (33) 0.89 4 7
pF (N) 211 (12) 210 (14) 0.95 2 4 212 (13) 214 (11) 0.97 2 4
VA (%) 97 (2) 96 (3) 0.92 1 2 98 (3) 97 (4) 0.93 1 2

Rectus femoris EMG RMS (mV) 0.80 (0.04) 0.79 (0.06) 0.83 2 4 0.78 (0.06) 0.80 (0.06) 0.82 2 4
CV (m⋅s−1) 5.5 (0.7) 5.5 (0.8) 0.90 2 4 5.4 (0.9) 5.5 (0.7) 0.91 2 4
M-wave (mV) 0.80 (0.06) 0.79 (0.04) 0.93 2 5 0.81 (0.05) 0.80 (0.06) 0.90 2 5
MMG RMS (m⋅s−2) 0.97 (0.06) 0.97 (0.06) 0.91 3 6 0.96 (0.06) 0.97 (0.06) 0.93 2 5
MMG MF (Hz) 21 (1) 22 (1) 0.93 2 3 22 (1) 22 (1) 0.94 2 3
Δt EMG-MMG (ms) 7.7 (1.1) 7.8 (1.1) 0.96 4 8 7.7 (1.3) 7.8 (1.3) 0.98 3 7
Δt MMG-F (ms) 13.7 (2.2) 13.6 (2.1) 0.97 2 5 13.5 (2.2) 13.6 (2.2) 0.98 2 4
EMD (ms) 21.4 (3.3) 21.4 (3.1) 0.99 1 3 21.2 (3.5) 21.4 (3.5) 0.98 2 3

Vastus lateralis EMG RMS (mV) 0.96 (0.05) 0.98 (0.06) 0.94 1 3 0.94 (0.06) 0.96 (0.05) 0.81 3 5
CV (m⋅s−1) 5.2 (0.4) 5.3 (0.7) 0.91 2 4 5.1 (0.6) 5.3 (0.6) 0.89 2 5
M-wave (mV) 0.83 (0.05) 0.85 (0.06) 0.94 2 4 0.83 (0.07) 0.84 (0.06) 0.92 2 5
MMG RMS (m⋅s−2) 0.95 (0.06) 0.95 (0.06) 0.93 2 3 0.96 (0.06) 0.96 (0.06) 0.92 2 4
MMG MF (Hz) 21 (1) 21 (1) 0.95 1 3 22 (1) 22 (1) 0.96 1 2
Δt EMG-MMG (ms) 7.7 (1.1) 7.7 (1.4) 0.96 4 8 7.6 (1.2) 7.7 (1.2) 0.97 4 7
Δt MMG-F (ms) 13.9 (2.2) 13.6 (2.2) 0.97 3 5 13.4 (2.2) 13.7 (2.2) 0.98 2 4
EMD (ms) 21.6 (3.3) 21.3 (3.5) 0.98 2 4 21.0 (3.4) 21.4 (3.5) 0.97 2 5

Vastus medialis EMG RMS (mV) 0.90 (0.10) 0.92 (0.06) 0.93 2 3 0.89 (0.05) 0.90 (0.10) 0.82 2 5
CV (m⋅s−1) 5.2 (0.3) 5.4 (0.2) 0.92 2 3 5.3 (0.2) 5.1 (0.3) 0.94 1 3
M-wave (mV) 0.80 (0.05) 0.79 (0.04) 0.92 1 3 0.82 (0.05) 0.81 (0.05) 0.93 2 3
MMG RMS (m⋅s−2) 0.95 (0.06) 0.95 (0.06) 0.94 2 3 0.96 (0.06) 0.96 (0.06) 0.95 1 3
MMG MF (Hz) 22 (1) 22 (1) 0.94 2 3 23 (1) 22 (1) 0.95 1 2
Δt EMG-MMG (ms) 7.6 (1.3) 7.3 (1.1) 0.99 2 4 7.4 (1.2) 7.3 (1.2) 0.98 3 6
Δt MMG-F (ms) 14.2 (2.1) 14.0 (2.1) 0.98 2 4 13.9 (2.2) 14.0 (2.2) 0.98 2 5
EMD (ms) 21.8 (3.5) 21.3 (3.2) 0.97 2 4 21.3 (3.5) 21.3 (3.5) 0.98 2 4

ROM, range of motion; RMS, root mean square; CV, mean fiber conduction velocity.
change with a 95% confidence interval (MDC95%) was used to
detect the sensitivity of the intervention. The differences in
range of motion, MVC, pF, and voluntary activation in SM
and CM over time were evaluated by a two-way (limb–time)
ANOVA for repeated measures. To calculate the between-
muscle (vastus lateralis, rectus femoris, and vastus medialis)
differences in the EMG, MMG, and EMD parameters in SM
and CM, a three-way (muscle–limb–time) ANOVA for re-
peated measures was performed. Multiple comparisons were
adjusted using the Bonferroni correction. To calculate the
differences in the between-limb changes difference in the
stretching-induced changes (SM vs CM, SM vs SMCTRL,
CM vs CMCTRL), an ANCOVA was performed, assuming
the baseline values as covariate. The significance was set at
P value <0.05. If not otherwise stated, descriptive statistics
are presented as mean (SD). The changes were reported as
percentage change with a 95% confidence interval (95%
CI). The Cohen’s d ES was calculated and interpreted as fol-
lows: 0.00 to 0.19, trivial; 0.20 to 0.59, small; 0.60 to 1.19,
FIGURE 1—The individual data for the knee range of motion in the SM, CM,
(POST), after 5 (POST5) and 10 min of recovery (POST10) from the passive str
or CM vs CMCTRL.
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moderate; 1.20 to 1.99, large; ≥2.00, very large. The 95%
CI of the ES was also reported (https://www.cem.org/
effect-size-calculator).
RESULTS

The ICC and MDC95% in CM and SM are reported in
Table 1. The ICC ranged from 0.81 to 0.98 and from 0.83 to
0.99 in CM and SM, respectively. The SEM% ranged from
1.1% to 5.7% and from 1.1 to 4.8 in CM and SM, respectively.
Lastly, MDC95% ranged from 2.1% to 10.8% and from 2.1%
to 10.2% in CM and SM, respectively.

For each parameter, the main findings are shown in the
Figures and explained in-text. Each pairwise comparison in-
cluding ES with 95% CI is reported in the tables as Supple-
mental Digital Content.

The individual data for the range of motion are reported in
Figure 1. Time–limb interaction was found for range of mo-
tion (F3,240 = 12.14, P < 0.001). A main effect for factor time
SMCTRL, and CMCTRL are shown for baseline (PRE), immediately after
etching bout. *P < 0.05 vs PRE, #P < 0.05 SM vs CM, §SM vs SMCTRL
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was observed (F3, 20 = 17.57, P < 0.001). In CM, compared
with PRE, range of motion increased at POST (6%; 95% CI,
1 to 11; P < 0.001), returning to baseline within 5 min. In
SM, range of motion increased at POST (11%; 95% CI, 10
to 13; P < 0.001) and remained higher at POST5 (9%; 95%
CI, 8 to 10; P < 0.001) and POST10 (6%; 95% CI, 5 to 7;
P < 0.001). No change in SMCTRL and CMCTRLwas observed.
ANCOVA retrieved amain effect for factor limb (F3,20 = 14.91,
P < 0.001). The changes in range of motion at any time were
greater in SM versus CM or versus SMCTRL, and in CM versus
CMCTRL only at POST (see Table, Supplemental Digital Con-
tent 1, where Cohen’s dESwith 95%CI of the changes in range
of motion is shown, http://links.lww.com/MSS/B891).

Figure 2 shows the individual data for theMVC (A), pF (B),
and voluntary activation (C). Time–limb interaction was
found for maximal voluntary contraction (F3,240 = 10.72,
P < 0.001). A main effect for factor time was observed
(F3,20 = 12.98, P < 0.001). In CM, the MVC decreased at
POST (−11%; 95% CI, −13 to −9; P < 0.001), returning
to baseline within 5 min. In SM, the MVC decreased at
POST (−19%; 95% CI, −20 to −18; P < 0.001) and remained
lower at POST5 [−9% (−11 to −8), P < 0.001] and POST10

(−6%; 95% CI, −7 to −4; P = 0.006). No change in SMCTRL

and CMCTRL was observed. ANCOVA retrieved a main effect
FIGURE 2—The individual data for theMVC (A), VA, and pF (C) in the SM, CM
(POST), after 5 (POST5) and 10 min of recovery (POST10) from the passive stre
CM vs CMCTRL.
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for factor limb (F3,20 = 13.58 P < 0.001). The changes in the
MVC at any time were greater in SM versus CM or versus
SMCTRL, and in CM versus CMCTRL only at POST (see Table,
Supplemental Digital Content 2, where Cohen’s d ES with
95% CI of the changes in MVC is shown, http://links.lww.
com/MSS/B892).

Time–limb interaction was found for the pF (F3,240 = 9.09,
P < 0.001). A main effect for factor time was observed
(F3,20 = 8.69, P < 0.001). In CM, the pF did not show any
change. In SM, the pF decreased at POST (−25%; 95% CI,
−28 to −22; P < 0.001) and remained lower at POST5

(−10%; 95% CI, −13 to −7; P < 0.001) and POST10 (−9;
95% CI, −11 to −6; P < 0.001). No change in SMCTRL and
CMCTRL was observed. ANCOVA retrieved a main effect
for factor limb (F3,20 = 9.16, P < 0.001). The changes in pF
at any time were greater in SM versus CM or versus SMCTRL,
whereas no difference occurred in CM versus CMCTRL (see
Table, Supplemental Digital Content 2, where Cohen’s d ES
with 95% CI of the changes in pF is shown, http://links.lww.
com/MSS/B892).

Time–limb interaction was found for the voluntary activa-
tion (F3,240 = 10.54, P < 0.001). A main effect for factor time
was observed (F3,20 = 15.39, P < 0.001). In CM, the voluntary
activation decreased at POST (−7; 95%CI, −9 to −4; P < 0.001),
, SMCTRL, and CMCTRL are shown for baseline (PRE), immediately after
tching bout. *P < 0.05 vs PRE, #P < 0.05 SM vs CM, §SM vs SMCTRL or
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returning to baseline at POST10 In SM, compared with PRE, the
voluntary activation decreased at POST (−10%; 95% CI, −11 to
−9;P < 0.001) and remained lower at POST5 (4%; 95%CI,−5 to
−3; P < 0.001), returning to baseline at POST10. No change in
SMCTRL andCMCTRLwas observed.ANCOVA retrieved amain
effect for factor limb (F3,20 = 13.88, P < 0.001). The changes in
voluntary activation at POST and POST5were greater in SMver-
sus CM or versus SMCTRL, whereas no difference occurred in
CM versus CMCTRL only at POST (see Table, Supplemental
Digital Content 2, where Cohen’s d ES with 95% CI of the
changes in voluntary activation is shown, http://links.lww.com/
MSS/B892).

The changes in EMG root mean square, conduction velocity
andM-wave are shown in Figure 3. There was no muscle–time–
limb interaction for EMG root mean square (F6,720 = 0.93,
P = 0.470), mean fiber conduction velocity (F6,720 = 1.18,
P = 0.311) and M-wave (F6,720 = 0.65, P = 0.689), indicating
that rectus femoris, vastus lateralis and vastus medialis experi-
enced similar trends for each parameter. In CM, considering
all muscles, EMG root mean square decreased by ≈−16%
(P < 0.05) at POST, mean fiber conduction velocity by
FIGURE 3—The changes in EMG root mean square, mean fiber conduction velo
tral column), and vastus medialis (right side column) are shown for the SM (clo
square) at baseline (PRE), immediately after (POST), after 5 (POST5) and 10 m
PRE, #P < 0.05 SM vs CM, §SM vs SMCTRL or CM vs CMCTRL.
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≈−16% (P < 0.05) and returned to baseline within 5 min. No
change in M-wave occurred. In SM, EMG root mean square
decreased at POST (≈−33%, P < 0.001) and remained lower
at POST5 (≈−29%, P < 0.05) and POST10 (≈−20%,
P < 0.05). Mean fiber conduction velocity decreased at POST
(≈−22%, P < 0.001) and remained lower at POST5 (≈−22%,
P < 0.05) and POST10 (≈−12%, P < 0.05). No change in
M-wave occurred. No change in SMCTRL and CMCTRL was
observed. ANCOVA retrieved a main effect for factor limb
in EMG root mean square (F3,20 = 8.54, P < 0.001), mean fiber
conduction velocity (F3,20 = 8.67, P < 0.001), but not for
M-wave (F3,20 = 0.36, P = 0.969). The changes in EMG root
mean square and mean fiber conduction velocity at POST and
POST5 and POST10 were greater in SM versus CM or versus
SMCTRL, whereas these changes in CM versus CMCTRL were
greater only at POST. No between-limb difference in M-wave
was retrieved (see Table, Supplemental Digital Content 3,
Supplemental Digital Content 4 and Supplemental Digital
Content 5, where Cohen’s d ESwith 95%CI of the changes in
EMG root mean square, conduction velocity and M-wave,
respectively is shown, http://links.lww.com/MSS/B893,
city, andM-wave in vastus lateralis (left side column), rectus femoris (cen-
sed circle), CM (closed square), SMCTRL (open circle), and CMCTRL (open
in of recovery (POST10) from the passive stretching bout. *P < 0.05 vs
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http://links.lww.com/MSS/B894, and http://links.lww.com/
MSS/B895).

The changes in MMG root mean square and MF are shown
in Figure 4. There was no muscle–time–limb interaction for
MMG root mean square (F6,720 = 0.71, P = 0.639) and
MMG MF (F6,720 = 0.60, P = 0.724), indicating that rectus
femoris, vastus lateralis and vastus medialis experienced sim-
ilar trends for each parameter. In CM, considering all muscles,
MMG root mean square decreased by ≈−9% (P < 0.05),MMG
MF by ≈−18% (P < 0.05) and returned to baseline within
5 min. In SM, MMG root mean square increased at POST
(≈+29%, P < 0.001) and remained higher at POST5 (≈+16%,
P < 0.05) and POST10 (≈+7%, P < 0.05). The MMG MF
decreased at POST (≈−24%, P < 0.001) and remained
lower at POST5 (≈−14%, P < 0.05) and POST10 (≈−10%,
P < 0.05). No change in SMCTRL and CMCTRL was ob-
served. ANCOVA retrieved a main effect for factor limb
in MMG root mean square (F3,20 = 13.12, P < 0.001) and
MMG MF (F3,20 = 12.74, P < 0.001). The changes in MMG
root mean square and MMG MF at POST, POST5, and
POST10 were greater in SM versus CM or versus SMCTRL,
whereas these changes in CM versus CMCTRL were greater
only at POST (see Table, Supplemental Digital Content 6
and Supplemental Digital Content 7, where Cohen’s d ESwith
95% CI of the changes inMMG root mean square and MF, re-
spectively, is shown, http://links.lww.com/MSS/B896 and
http://links.lww.com/MSS/B897).
FIGURE 4—The changes in MMG root mean square and MF in vastus lateral
(right side column) are shown for the SM (closed circle), CM (closed square), SM
ately after (POST), after 5 (POST5) and 10 min of recovery (POST10) from the
SMCTRL or CM vs CMCTRL.
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The changes in the total EMD, Δt EMG-MMG and Δt
MMG-F are shown in Figure 5. There was no muscle–
time–limb interaction for the total EMD (F6,720 = 0.91,
P = 0.493), Δt EMG-MMG (F6,720 = 0.60, P = 0.728) and
Δt MMG-F (F6,720 = 0.67, P = 0.671), indicating that rectus
femoris, vastus lateralis and vastus medialis experienced
similar trends for each parameter. In CM, considering all
muscles, the total EMD and Δt EMG-F did not change,
whereas EMG-MMG increased by ≈+10% (P < 0.05) at
POST and returned to baseline within 5 min. In SM, the total
EMD increased at POST (≈+28%, P < 0.001) and remained
lower at POST5 (≈+19%, P < 0.05) and POST10 (≈+12%,
P < 0.05). Δt EMG-MMG increased at POST (≈+26%,
P < 0.001) and remained higher at POST5 (≈+15%, P < 0.05)
and POST10 (≈+8%, P < 0.05). Δt MMG-F increased at POST
(≈+29%, P < 0.001) and remained higher at POST5 (≈+21%,
P< 0.05) and POST10 (≈+14%,P< 0.05). No change in SMCTRL

and CMCTRL was observed. ANCOVA retrieved a main ef-
fect for factor limb in the total EMD (F3,20 = 8.82,
P < 0.001), Δt EMG-MMG (F3,20 = 9.33, P < 0.001) and
Δt MMG-F (F3,20 = 9.13, P < 0.001). The changes in the
total EMD, Δt EMG-MMG, and Δt MMG-F at POST,
POST5, and POST10 were greater in SM versus CM or versus
SMCTRL, whereas these changes in CM versus CMCTRL were
greater only at POST (see Table, Supplemental Digital Con-
tent 8, Supplemental Digital Content 9 and Supplemental Dig-
ital Content 10, where Cohen’s d ES with 95% CI of the
is (left side column), rectus femoris (central column), and vastus medialis
CTRL (open circle), and CMCTRL (open square) at baseline (PRE), immedi-
passive stretching bout. *P < 0.05 vs PRE, #P < 0.05 SM vs CM, §SM vs
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FIGURE 5—The changes in the delay between the EMG and MMG signals onset (Δt EMG-MMG, upper panels), the delay between the MMG and force
signals onset (Δt MMG-F, middle panels), and in the total EMD (lower panels) in vastus lateralis (left side column), rectus femoris (central column), and
vastus medialis (right side column) are shown for the SM(closed circle), CM (closed square), SMCTRL (open circle), and CMCTRL (open square) at baseline
(PRE), immediately after (POST), after 5 (POST5) and 10 min of recovery (POST10) from the passive stretching bout. *P < 0.05 vs PRE, #P < 0.05 SM vs
CM, §SM vs SMCTRL or CM vs CMCTRL.
changes in the total EMD, Δt EMG-MMG and Δt MMG-F re-
spectively is shown, http://links.lww.com/MSS/B898, http://
links.lww.com/MSS/B899, http://links.lww.com/MSS/B900).
DISCUSSION

The current study investigated whether or not passive
stretching could induce changes in the range of motion and
muscle force-generating capacity in CM, similarly to what
usually reported in SM. The contribution of the neuromus-
cular and mechanical factors underlying the passive stretching-
induced changes in CM was also assessed using the
interpolated-twitch technique and the simultaneous detection
of the EMG,MMG and force signals. In CM, the range of mo-
tion increased and the MVC decreased immediately after the
passive stretching bout but both recovered within 5 min. Addi-
tionally, the changes in range of motion andMVC in CMwere
accompanied by a reduction in voluntary activation, EMG and
MMG activity and by a rise in Δt EMG-MMG. A return to
baseline within 5 min with no further change was observed
also in these parameters. Altogether, the present findings
CONTRALATERAL STRETCH-INDUCED CHANGES
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support the hypothesis that the changes in range of motion
and force-generating capacity in CM seem to be mainly af-
fected by crossed neuromuscular factors occurring at the cen-
tral level. All these stretching-induced changes were greater
and longer-lasting in SM. Lastly, as expected, no change in
any parameter occurred in in SMCTRL and CMCTRL and the
high reliability recorded here indicates that the observed find-
ings are attributable to the intervention and not to the possible
bias introduced by the study design and not even to low repro-
ducibility of the protocols used.

Range of motion. Increases in range of motion were al-
ready observed in both CM and SM (11,12,15,17). However,
the changes in CM observed here returned to baseline sooner
(within 5 min) than those in SM (>10 min). An increase in
range of motion is usually attributable to a decrease in the
muscle-tendon unit stiffness, which depends on: (i) the cross-link
between the actin andmyosin filaments (32); (ii) the noncontractile
proteins of the endosarcomeric (33) and exosarcomeric cy-
toskeletons (34); (iii) the changes in the viscoelastic proper-
ties of the connective tissue located within and surrounding
the muscle (33); and (iv) an augmented stretch-tolerance
Medicine & Science in Sports & Exercise® 9
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occurring during passive stretching, involving a reduction in
muscle tone possibly associated with a reduction in the noci-
ceptive activity (35). The first three factors mainly hark back
to mechanical stimuli, which CMwas not involved in. Conse-
quently, the augmented stretch tolerance is the only factor that
could have occurred in CM, being the only one involving neu-
romuscular pathways. In contrast, all the aforementioned
mechanisms could account for the increment in range of mo-
tion observed in SM immediately after passive stretching, thus
involving both neuromuscular and mechanical factors (4,10).
The protracting of these mechanisms over time was shown
to be different because the mechanical factors can last over
2 h (4,10), whereas the neuromuscular factors are no longer
impaired after 5 to 10 min (35). Taking it together, the rise
in stretch-tolerance might be pointed as the most likely mech-
anism to explain the increase in range of motion in CM.

Force. The force-generating capacity depends on both
neuromuscular (8) and mechanical factors (1). The procedures
adopted in the present study allowed to partition the contribu-
tion of each factor, as discussed in the following sections. In
CM, a reduction in the MVC occurred, returning to baseline
within 5 min. The literature reported inconsistent results on
this phenomenon, because some studies showed falls in max-
imal force (15,16,19,20), whereas other studies did not ob-
serve any change (2,11,12). Such an inconsistency may
derive from the type of muscle stretched, the stretching modal-
ity (e.g., passive or dynamic stretching), the overall duration of
the passive stretching protocol and the stretching intensity (8).
In SM, as previously reported in the literature, the MVC and
the pF were reduced more than 10 min after passive stretching
administration, as in previous investigations (1,10) reporting
long-lasting passive stretching-induced reductions in force
(2) that persisted up to 2 h (4,10). (4,10)

Voluntary activation. The loss in voluntary activation in
CM and SM observed here are suggestive of a passive
stretching-induced inhibitory effect occurring at supraspinal
level, leading to a simultaneous reduction in the motor drive
toward both CM and SM (11,12,16). This inhibitory effect
may derive from an afferent feedback originating from the pe-
ripheral mechanoreceptors, proprioceptors and nociceptors lo-
cated in SM (3,12,15,16). It seems that such an inhibitory
afferent feedback might have been transferred to the contralat-
eral hemisphere, resulting in a reduction in the voluntary acti-
vation shown here in CM. The interhemispheric connection
between the cortical motor areas via the corpus callosum
(36) and the subcortical neural pathways associated with the
cortical-subcortical loops between the basal ganglia and cere-
bellum (37) have been proposed as possible pathways permit-
ting the afferent stimuli to be crossed over. It should be noted
that the cortical activity may not be affected by a passive
stretching bout, given the unchanged motor evoked potential
reported in previous studies (38–40). Additionally, a passive
stretching bout could alter the monoaminergic (e.g., norepi-
nephrine and serotonin) drive to the motoneurons’ excitability
in a nonlocalized way via an increase in parasympathetic ac-
tivity (41), possibly decreasing muscle force in CM and SM
10 Official Journal of the American College of Sports Medicine
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(8,42). In CM, the voluntary activation returned to base-
line after 5 min, in line with the decrement in MVC. In
SM, the drop in voluntary activation disappeared after
10 min. In line with the present findings, voluntary activation
returned to baseline after 15 min (8) in plantar flexors but
was still reduced after passive stretching bout in quadri-
ceps and hamstrings (43), leading to hypothesize a muscle-
specific effect.

EMG. In both CM and SM, EMG root mean square, and
mean fiber conduction velocity were reduced immediately af-
ter the passive stretching bout. The drop in EMG root mean
square is suggestive of a reduction in the gross motor drive
occurring concurrently at the supraspinal, spinal, and/or pe-
ripheral level (8). The reduction in mean fiber conduction ve-
locity suggests that the velocity at which the activated motor
units are recruited during a muscle contraction decreased
(44). Particularly, mean fiber conduction velocity depends
mainly on the type of recruited motor units, because the
higher the number of high-threshold motor units activated,
the higher the mean fiber conduction velocity (44), suggesting
that the passive stretching bout could have mainly inhibited
the high-threshold motor units. The present findings agree
with a previous study reporting a decrease in EMG root mean
square in the contralateral homologous quadriceps (19). How-
ever, no previous studies recorded the mean fiber conduction
velocity in the CM. Based on the current outcomes, it seems
that a specific crossed inhibition may have occurred in CM
in the high-threshold motor units. In CM, EMG root mean
square and mean fiber conduction velocity returned to base-
line within 5 min, whereas in SM they remained depressed
longer than 10 min (14). In contrast, no change occurred in
M-wave, both in CM and in SM. As reported previously, an
unchanged electrically-evoked EMG response after passive
stretching indicates that the neuromuscular synapsis effi-
ciency and the sarcolemma action-potential propagation
properties have been preserved (31). Thus, the reduction
in EMG root mean square and mean fiber conduction ve-
locity but not in M-wave suggests that the reduction in mo-
tor drive could be ascribed to central but not peripheral
neuromuscular factors.

MMG. TheMMG root mean square adds mechanical infor-
mation to the neuromuscular data provided by the EMG root
mean square (26). In CM, the decrease in MMG root mean
square immediately after the passive stretching bout is coupled
with the aforementioned reduction in EMG root mean square,
and could reflect a reduced number of active motor units re-
cruited during the MVC (26). On the contrary, in SM MMG
root mean square increased and remained higher compared
with baseline up to 10 min. It is to bear in mind that during
the plateau phase of contraction, both the in-series elastic com-
ponents and the contractile elements reach their isometric con-
dition, during which the MMG signal amplitude is mainly
influenced by the contractile and in-parallel viscoelastic ele-
ments (26). A rise in MMG root mean square was reported
in the gastrocnemius medialis muscle after a similar passive
stretching protocol (10). Additionally, MMG root mean
http://www.acsm-msse.org
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square was reported to be inversely correlated with the muscle,
tendon and muscle-tendon unit stiffness, measured as the pas-
sive force/angle relationship (1). The authors showed that such
a correlation persisted after passive stretching and addressed it
to an augmented mechanical compliance (1). In line, the in-
creased MMG root mean square shown here in SM leads to
argue that the mechanical factors might have exceeded the
neuromuscular factors. Therefore, this corroborates the hy-
pothesis that the changes in CM are mainly due to neuromus-
cular rather than mechanical factors. The different behavior of
the MMG root mean square in CM versus SM offers an inter-
esting point of view to understand the contribution of the
neuromuscular and mechanical factors in decreasing the
force-generating capacity. In this scenario, although CM ap-
pears to be sensitive to the neuromuscular factors only, SM is
likely affected by both neuromuscular and mechanical factors.

The MMGMF decreased in both CM and SM but remained
lower than baseline after 10 min only in SM. The reduction in
MMG MF reflects the fall in firing rate of the high-threshold
motor units (26). Taking it together, the different behavior of
the MMG signal in CM versus SM offers an interesting point
of view to understand the contribution of the neuromuscular
and mechanical factors in decreasing the force-generating ca-
pacity. In this scenario, although CM appears to be sensitive to
the neuromuscular factors only, SM is likely affected by both
neuromuscular and mechanical factors.

Delays. The total EMD is the sum of Δt EMG-MMG and
Δt MMG-F. These represent the delay from the onset of the
EMG to MMG signal and from the onset of the MMG to the
beginning of the force generation, respectively (23). Specifi-
cally, the former denotes the time delay between the action-
potential propagation along the sarcolemma underneath the
EMG electrodes and the cross-bridge activation, that is, the
first mechanical event occurring at the muscle-belly level
before the tensioning of the in-series elastic components
(4). Instead, the latter monitors the overall duration of the
mechanical events after the cross-bridge formation, that is,
the elongation of the in-series elastic components, the trans-
mission of the force exerted to the tendon insertion point
(4). The raise in Δt EMG-MMG may depend on: (i) the
amount of force generated during the maximum voluntary
isometric contraction (23); (ii) the sarcolemmal excitability
(45); (iii) a possible reduction in Ca2+ release and sensitivity
(45); (iv) a desensitization of the link between the dihydropyridine
and ryanodine receptors (45); (v) a possible impairment of
the t-tubules depolarization process; (vi) alterations in the
contractile cross-bridge efficiency and elastic properties of
the semi-active proteins (e.g., titin) (46). Particularly, the first
two mechanisms include eventual changes in supraspinal
motor drive (23). In CM, only Δt EMG-MMG increased im-
mediately after the passive stretching bout, recovering within
5 min, whereas in SM, the elongation of the total EMD was
due to the simultaneous rises in both Δt EMG-MMG and Δt
MMG-F. The slower and longer-lasting Δt EMG-MMG de-
lay observed in SM versus CM can be accounted for the si-
multaneous contribution of both peripheral and supraspinal
CONTRALATERAL STRETCH-INDUCED CHANGES
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mechanisms, whereas only the supraspinal mechanisms can
be pointed out in CM, that is, the first aforementioned mecha-
nism. The elongation inΔt EMG-MMG inCMpossibly due to
a different motor drive (slower sarcolemmal conduction veloc-
ity) is in line with the decrease in MMGMF, which reflects a
reduction of the average firing rate of the active fibers. Lastly,
the increase in Δt MMG-F in SM, but not in CM, reflects the
decrement in muscle and tendon stiffness only after a mechan-
ical stress directly in the stretched limb (23).

Limitations.The present study comes with some acknowl-
edged limitations. First, the spinal mechanisms possibly im-
plied in the passive stretching-induced effect on CM and SM
have not been investigated. It is acknowledged that the present
design could have benefited from this further assessment and
future studies should address this point. Second, no informa-
tion about the role played by the peripheral receptors has been
provided. Future studies are required to clarify their role.
Thirdly, the entire procedures were conducted at a “neutral”
ankle angle position (i.e., 90°). Because it was shown that
muscle length affected the stretching-induced neuromuscular
response (47,48), assessing the procedures at short or long
muscle length could result in different outcomes. Future stud-
ies should check this. Lastly, the present results may depend
specifically on the stretching modality, its overall duration
and the muscles involved. Different procedures may likely in-
cur in different outcomes.

CONCLUSIONS

In conclusion, a passive stretching bout increased the range
of motion in both CM and SM, although it returned to baseline
within 5 min in CM and persisted in SM up to 10 min. Addi-
tionally, as shown, the passive stretching-induced strength loss
in CM seems to be mainly affected by crossed neuromuscular
factors occurring at the central level that disappeared within
5 min. Conversely, the strength loss seen in SM depends on
both neuromuscular and mechanical factors that overall persist
up to 10 min.
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