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Abstract
Purpose  The aim of the present study was to determine whether depression of maximal muscular force and neural drive 
subsequent to prolonged ( ≥ 60 s) passive muscle stretching is associated with altered corticospinal excitability or intracorti-
cal (GABAB-mediated) inhibition.
Methods  Fourteen healthy adult males were tested before and after 5 min (5 × 60-s stretches) of intense, passive static stretch-
ing of the plantar flexor muscles. Two protocols (A and B) were conducted in a randomized order. Transcranial magnetic 
stimulation was delivered to the contralateral motor cortex at rest (Protocol A) and during maximal voluntary contractions 
(Protocol B). Changes in maximal voluntary isometric torque, voluntary surface electromyographic activity of triceps surae 
muscles (normalized to M-wave; EMG/M), motor-evoked potentials (MEP), and cortical silent period (cSP; Protocol B) in 
soleus elicited by transcranial magnetic stimulation were examined 10 min after stretch.
Results  In both protocols A and B, significant decreases were observed immediately after stretching in maximal voluntary 
plantar flexion torque ( − 20.1 ± 15.9%, P = 0.004; and − 17.2 ± 13.5%, P = 0.006) and EMG/M ( − 18.0 ± 18.2%, P = 0.023; 
and − 13.0 ± 9.3%, P = 0.003). Decreases in torque and EMG/M were highly correlated (r = 0.67–0.85, P < 0.05). However, no 
changes were observed in MEP amplitudes during rest ( + 29.3 ± 50.0%) or maximum voluntary contraction ( + 1.9 ± 16.8%), 
or in cSP ( + 2.1 ± 15.1%).
Conclusions  Impaired neural drive contributed to the stretch-induced force loss; however, changes in corticospinal excit-
ability and intracortical inhibition could not explain the phenomenon.

Keywords  Static stretching · Maximum voluntary contraction · Transcranial magnetic stimulation · Corticospinal 
excitability
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cSP	� Cortical silent period
EMG	� Electromyography
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MGRMS	� Medial gastrocnemius root-mean square
Mmax	� Maximal motor-wave
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Introduction

After prolonged (e.g. ≥ 60 s) stretching of relaxed (i.e., 
passive) human skeletal muscle held at a (near-) constant 
length causes a short-lasting, but significant, reduction 
in maximal voluntary force and power production (Kay 
and Blazevich 2012; Simic et al. 2013; Behm et al. 2016). 
There is strong evidence that this stretch-induced impair-
ment of force output results predominately from decreases 
in neural drive to the muscle (Behm et al. 2001; Trajano 
et al. 2017). This proposition has been corroborated by 
the simultaneous and highly correlated stretch-induced 
decreases (and then recovery) in voluntary force and both 
electromyogram (EMG) and V-wave amplitudes and vol-
untary muscle activation assessed using the interpolated 
twitch technique (Fowles et al. 2000; Behm et al. 2001; 
Kay and Blazevich 2009; Trajano et al. 2013, 2014a). 
Potentially, the reduced neural drive may be caused partly 
by a stretch-induced reduction in spinal motoneuron facili-
tation mediated by a withdrawal of excitatory muscle spin-
dle feedback (Trajano et al. 2014b). However, it is not 
known if other parallel changes within the central nervous 
system after prolonged stretching contribute to the reduc-
tion in neural drive, because the methods used in the pre-
vious studies have not targeted specific sites or processes 
within the nervous system (e.g., corticospinal processes).

One possibility is that decreases in neural drive after 
stretching result from stretch-induced reductions in cor-
ticospinal excitability that outlast the period of muscle 
stretch. Corticospinal excitability, describing the ability of 
the corticospinal–motoneuronal pathway to receive, initi-
ate, and transmit excitatory synaptic input, is particularly 
sensitive to the net excitation and inhibition from sensory/
afferent feedback (Chen 2004) and can be estimated by 
measuring the amplitude/area of motor-evoked potentials 
(MEPs) elicited non-invasively by transcranial magnetic 
stimulation (TMS; Rothwell 1997; Rothwell et al. 1999). 
Several sensory/afferent receptors are responsive to slow, 
passive muscle stretch, depending on stretch amplitude 
(Stuart et al. 1970; Kniffki et al. 1978; Burke et al. 1988; 
Gandevia 2011), and can influence corticospinal excitabil-
ity through direct and trans-cortical projections to cortical 
motor areas (Hore et al. 1976; Wiesendanger and Miles 
1982; Huerta and Pons 1990). Indeed, during slow, pas-
sive cyclic stretches of upper and lower limb muscles there 
are muscle length-dependent reductions in MEP ampli-
tudes, which return to pre-stretch levels once stretch is 
removed (Guissard et al. 2001; Coxon et al. 2005; Chye 
et al. 2010). These decreases in MEP amplitude become 
more clear during large amplitude stretches similar to 
those imposed during standard static stretching protocols 

(i.e., near maximum joint range of motion; Lewis et al. 
2001; Guissard and Duchateau 2006). Of interest is that 
sustained somatosensory input through electrical stimu-
lation (Veldman et al. 2014) or stretch-related forms of 
sensory feedback such as tendon/muscle vibration and 
acute muscle pain (Kniffki et al. 1978; Gandevia 2011) 
can induce similar, but short lasting, depressive effects on 
MEP amplitude and voluntary motor output after stimuli 
were removed (Marconi et al. 2008; Burns et al. 2016). It 
is not yet known, however, whether the stretch-dependent 
reduction in MEP amplitude (i.e., corticospinal excit-
ability) previously observed during muscle stretching is 
exacerbated by prolonged muscle stretches and outlasts the 
period of stretch and contributes to impairment in volun-
tary neural drive to the muscle during subsequent muscle 
contractions.

When TMS is superimposed on a voluntary contrac-
tion, there is a period of EMG silence following the MEP, 
known as the cortical silent period (cSP), with at least 
the latter part ( > 50 ms) of the cSP reflecting a form of 
intracortical inhibition of cortical motor output in both 
upper and lower limbs, which is thought to be mediated by 
gamma-aminobutyric acid (GABA)B-receptors (Ziemann 
et al. 1993; Siebner et al. 1998). The effects of sustained 
stretch-induced somatosensory feedback on the cSP, and 
thus intracortical inhibitory mechanisms, are unknown. 
During muscle vibration, which selectively activates 
stretch sensitive Ia afferent feedback, GABAB-mediated 
intracortical inhibition increases, as indicated by larger 
long-interval intracortical inhibition (LICI; Rosenk-
ranz and Rothwell 2003). However, sustained soma-
tosensory electrical stimulation does not appear to alter 
GABAB-mediated inhibition, with no changes in either 
cSP or LICI being observed (Veldman et al. 2014). None-
theless, the effect of prolonged stretching and its resulting 
sensory/afferent feedback on cSP is unknown.

The purpose of the present study was to investigate 
stretch-induced changes in corticospinal excitability and 
intracortical inhibition which were assessed by measur-
ing MEP amplitude and cSP duration, respectively. Rest-
ing measurements were made to examine the balance of 
inhibition and excitation within the corticospinal pathway 
without the confounding influences of afferent feedback or 
volitional drive, and then active measurements were made 
to test the pathway under modulatory influences, e.g., from 
afferent pathways that are activated during muscle contrac-
tions similar to those during voluntary muscle contraction. 
It was hypothesized that acute passive muscle stretching 
would reduce corticospinal excitability, evidenced by 
decreased MEP amplitudes and prolongation of the cSP 
and that these changes would coincide and correlate with 
reductions in both plantar flexor voluntary peak torque and 
maximal voluntary EMG amplitudes.
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Methods

Subjects

Fourteen recreationally trained men (mean ± SD: age, 
28.5 ± 4.7  years; height, 1.76 ± 0.59  m; body mass, 
80.5 ± 12.9 kg) volunteered to participate. All partici-
pants completed a Physical Activity Readiness Ques-
tionnaire (PAR-Q) and a TMS Readiness Questionnaire 
and reported no lower limb neuromuscular disorders or 
contraindications to the safe use of TMS (i.e., no neuro-
logical disorders, medical implants, or use of medications 
that alter neuronal activity). All participants reported no 
engagement in flexibility-training programs for at least 
6 months prior to the study and refrained from muscle-
stretching activities during data collection. Written 
informed consent was obtained from all participants and 
all procedures in the study were conducted in accord-
ance with the Declaration of Helsinki and were approved 
by the Edith Cowan University Human Research Ethics 
Committee.

Study overview

Participants visited the laboratory at the same time of day on 
three different occasions, separated by at least 48 h. Partici-
pants were asked to abstain from consuming stimulants and 
depressants for 12 h and from performing intense exercise 
for 48 h, prior to all visits. The first visit included a full 
familiarization of the experimental procedures, including: 
(1) plantar flexor muscle stretching; (2) TMS; (3) tibial nerve 
stimulation; and (4) maximal voluntary isometric contrac-
tions (MVC) of the plantar flexor muscles. At each of the 
two subsequent visits, participants performed one of the two 
different protocols that were randomly allocated, Protocol 
A and Protocol B (explained below), and two experimental 
conditions were completed in each session: (1) a 5-min pas-
sive rest control period and (2) a prolonged static muscle-
stretching protocol (Fig. 1).

During the familiarization session, participants completed 
three maximum tolerable passive stretches of the plantar 
flexors to measure maximum ankle dorsiflexion range of 
motion and maximum passive joint torque. This followed 
a standardized warm-up of 5 min of stationary cycling at 
60 rpm with a 1-kg load followed by five voluntary iso-
metric plantar flexions in the dynamometer ranging from 

Fig. 1   Study 1 design. Participants completed PREP, which included 
participant setup and defining stimulus parameters, and then tested 
immediately before (PRE1) and after (PRE2) a 5-min control period 
and immediately (POST) and 10-min after (POST10) stretching 
(STR; 5 × 60-s stretching). Protocol A: 12 resting TMS and three 

Mmax measurements were completed at an ankle joint angle of 0° 
(neutral) followed by two isometric plantar flexion MVCs. Protocol 
B: six MVCs; superimposed with TMS (MEP and SP); and three rest-
ing Mmax measurements
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20 to 100% perceived maximum effort with 30 s of rest 
between contractions. Two-minute rest intervals separated 
each stretch. The greatest maximum passive joint torque 
was used to calculate the stretch intensity for all participants 
(see “Stretching protocol”). Protocols A and B included a 
preparation period consisting of the standardized warm-up 
followed by the determination of stimulation sites and inten-
sities for TMS (see “Transcranial magnetic stimulation”) 
and tibial nerve stimulation (see “Tibial nerve stimulation”). 
Participants were then assessed immediately before (PRE1) 
and after (PRE2) the control period. Following a 5-min rest 
after PRE2, participants completed the stretching protocol 
and were then assessed immediately (POST) and 10-min 
(POST10) after stretching. All measurements were com-
pleted on the plantar flexors of the right leg, while seated 
in a slightly reclined position in an isokinetic dynamometer 
(Biodex System 4 Pro, Biodex Medical Systems, NY, USA). 
The knee joint was fully extended (0°), ankle joint in a neu-
tral position (0°), so the sole of the foot was perpendicular to 
the shank, and the lateral malleolus aligned with the centre 
of rotation of the dynamometer. The upper body, knee, and 
foot were firmly secured to the dynamometer with straps 
and the contralateral leg rested on a stool to avoid unwanted 
movements. Visual feedback of torque data was provided 
by a television monitor placed ~ 2 m in front of participants. 
All data were recorded synchronously at 2000 Hz on a per-
sonal computer running LabChart software (version 7.1.3, 
ADInstruments, NSW, Australia) using a 16-bit analogue-to-
digital converter (PowerLab 16/35, ADInstruments).

Protocol A At each timepoint  (PRE1, PRE2, POST, 
POST10), 12 single TMS pulses were applied at 0.2 Hz (5-s 
inter-stimulus interval) with the participants relaxed fol-
lowed by three supramaximal tibial nerve electrical stimu-
lations to elicit maximal motor wave responses (Mmax; 10-s 
inter-stimulus interval). A larger number of MEPs may have 
provided higher test reliability. However, this would also 
have increased the time required for the measurements to 
be taken, which is problematic in studies like the present 
one where neurophysiological changes are expected to 
occur rapidly. Thus, we increased sample size above that 
used in other studies in order to maintain statistical power. 
Participants also performed two isometric plantar flexion 
MVCs following stimulation procedures, a 30-s passive rest 
separated each MVC. A total of sixty stimulations, including 
TMS (total = 48) and tibial nerve (total = 12), were imposed 
in each session.

Protocol B At each timepoint, the participants performed six 
3-s isometric MVCs of the plantar flexors with a single-TMS 
pulse superimposed on each isometric MVC when voluntary 
torque reached a plateau (30-s rest intervals between MVCs) 
followed by three supramaximal tibial nerve stimulations 

at rest to elicit Mmax (10-s inter-stimulus interval). A total 
of 36 stimulations, including TMS (total = 24) and tibial 
nerve (total = 12), were imposed in each session.

Stretching protocol

Passive stretching of the plantar flexors was performed in the 
isokinetic dynamometer. While relaxed, the plantar flexors 
were stretched by rotating the ankle joint at 5°s− 1 into dor-
siflexion from a 15° plantar flexion position until a passive 
torque resistance equal to 90% of the maximum tolerable 
passive stretch torque recorded during familiarization was 
attained (Fig. 2). Because the muscle–tendon unit exhibits 
a viscoelastic stress relaxation response during stretching, 
which steadily decreases the passive stretch torque and thus 
stretch intensity when the joint position is held constant 
(Magnusson 1998), the joint angle was continually adjusted 
(i.e., increased dorsiflexion), so that passive torque was 
always within a range of 85–90% of the maximum tolerable 
passive torque level. This also ensured that the intensity of 
stretch was similar for all participants. A total of five 60-s 
stretches were performed (5 × 60-s stretches) with 15-s non-
stretch intervals; the ankle joint was returned to the plantar 
flexed position (15°) between stretches. The total stretching 
duration was 300 s (i.e., 5 min). The stretching protocol was 
chosen based on findings of Trajano and colleagues (Tra-
jano et al. 2013, 2014a) which showed larger stretch-induced 
reductions in muscular force and neural drive than continu-
ous stretch.

Maximal voluntary contraction (MVC)

To assess muscular strength following the control period and 
stretching intervention, peak isometric plantar flexor torque 
(Tpeak) was quantified during MVCs. At PRE1, PRE2, POST, 
and POST10, participants performed either two (Protocol 
A) or six (Protocol B) 3–5 s MVCs separated by 30 s while 
seated in the isokinetic dynamometer with the ankle in the 
neutral position (0°). Participants were instructed to perform 
the MVCs ‘as fast and as hard as possible’. Strong verbal 
encouragement was given to participants during each MVC. 
At each measurement timepoint, Tpeak during each MVC was 
averaged and used for subsequent analysis. Tpeak data from 
PRE1, POST, and POST10 are expressed relative to PRE2 
(i.e., pre-stretch) data. All torque data were low-pass filtered 
at 25 Hz.

Electromyography (EMG)

Surface EMG was used to record muscle activity as well 
as evoked responses to TMS (i.e., MEP and cSP) and tibial 
nerve stimulation (Mmax). Voluntary EMG activity from 
medial gastrocnemius (MG) and tibialis anterior (TA) of 
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the right leg was recorded during MVCs and stretching 
using bipolar configurations of two Ag/AgCl self-adhesive 
electrodes (inter-electrode distance of 2 cm; Blue Sensor 
N-00-S, 28 mm2, Ambu, Ballerup, Denmark). MG elec-
trodes were positioned over the most prominent area of 
MG when isometrically contracted and TA electrodes were 
placed 1/3 of the distance between the lateral epicondyle 
of the tibia and the medial malleolus. A pseudo-monopolar 
EMG configuration was used over SOL to record voluntary 
EMG activity and evoked responses (i.e., MEP, cSP, and 
Mmax) with better signal-to-noise ratios with one electrode 
placed ~ 3 cm distal to the head of the MG and the second 
electrode placed ~ 3 cm superior to the medial malleolus and 
over the Achilles tendon-soleus muscle–tendon junction 
(Blazevich et al. 2012). EMG was sampled at 2000 Hz and 
bandpass filtered at 10–1000 Hz (BioAmp EMG System, 
ADInstruments, NSW, Australia; gain = 1000, input imped-
ance = 200 MΩ, common mode rejection ratio ≥ 85 dB at 
1–60 Hz, noise input ≤ 1.3 μV RMS).

Voluntary EMG activities of SOL, MG, and TA were 
smoothed post-hoc using a symmetric root-mean square fil-
ter using a 100-ms averaging window (SOLRMS, MGRMS, and 
TARMS). Maximal SOLRMS, MGRMS, and TARMS were col-
lected from a 500-ms epoch around the Tpeak values for Pro-
tocol A and from 500-ms epoch just prior to the TMS pulse 
in Protocol B for each measurement timepoint. SOLRMS and 
MGRMS were averaged to obtain a global measure of tri-
ceps surae EMG (TSRMS; Trajano et al. 2013). All maximal 
EMGRMS amplitudes were normalized to Mmax amplitude of 

the corresponding muscle (EMGRMS/M; see “Tibial nerve 
stimulation”) to account for potential influence of periph-
eral changes in fibre membrane characteristics (Arabadzhiev 
et al. 2010). EMGRMS/M ratios at PRE1, POST, and POST10 
are expressed relative to the PRE2 EMGRMS/M ratio, and any 
changes in this ratio are considered to reflect alterations in 
central drive to the muscle (Neyroud et al. 2015). To ensure 
that stretching was imposed on resting muscle (i.e., passive), 
SOL and MG EMG were monitored, so that EMG activity 
was < 10% of maximum measured during MVCs in PRE, 
and TA EMG was also monitored to ensure that voluntary 
or reflexive activation was not present (see Fig. 2).

Tibial nerve stimulation

Percutaneous tibial nerve stimulation was used to evoke 
M-waves to assess potential changes in peripheral (muscle) 
function. A constant-current electrical stimulator (DS7A, 
Digitimer Ltd., Welwyn Garden City, UK) was used to 
deliver supramaximal single square-wave pulses (200-
µs duration, 400 V) to the tibial nerve of the right leg. A 
self-adhesive circular cathode (pick-up area 77 mm2; Uni-
lect 4535 M, Ag/AgCl, Unomedical Ltd, Redditch, UK) 
was placed over the tibial nerve in the popliteal fossa and 
a rectangular self-adhesive anode (5 × 9 cm; Dura-Stick 
Plus, DJO Global LLC., Vista, USA) was placed just proxi-
mal to the patella. An elastic band was placed around the 
knee over the cathode to hold the cathode in position and 
to apply constant pressure throughout testing sessions. 

Fig. 2   Traces from a single subject during a 60-s plantar flexor stretch of the passive stretch protocol of the passive torque (first row) and joint 
angle (second row) as well as soleus (third row), medial gastrocnemius (fourth row), and tibialis anterior (fifth row) root-mean square EMG
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The stimulation site that elicited the greatest SOL M-wave 
response at a submaximal stimulation intensity was located 
by a hand-held cathode electrode pen (Compex Motor Point 
Pen, DJO Global LLC., Vista, USA). The stimulation inten-
sity for SOL Mmax was determined by increasing stimulator 
intensity in 5–10 mA increments from a sub-motor thresh-
old intensity, where no evoked response was observed, 
until the M-wave amplitude plateaued, with 10-s intervals 
between stimuli, while the participants were at rest in the 
isokinetic dynamometer. The stimulus intensity eliciting 
resting SOL Mmax was then increased by 50% to ensure a 
supramaximal stimulus intensity (150%) was used (Proto-
col A: 103.1 ± 48.0 mA; Protocol B: 104.1 ± 50.3 mA). The 
supramaximal stimulus intensity for Mmax was held constant 
throughout the experiment.

Transcranial magnetic stimulation

To assess changes in corticospinal excitability during both 
Protocol A and Protocol B, magnetic stimulation was pro-
vided by a double-cone coil (110 mm diameter) delivering 
single magnetic stimuli from a Magstim 2002 stimulator 
(Magstim, Whitland, UK) to the motor cortex area con-
tralateral to the plantar flexors of the right leg. The coil was 
orientated to induce a posterior-anterior current. The opti-
mal stimulation site was found by moving the coil over the 
contralateral motor cortex area in 1-cm increments laterally, 
anteriorly, and posteriorly to the vertex using a pre-defined 
grid marked on a cap worn by the participants which was set 
according to the intersection of lines between the inion and 
nasion and the left and right ear tragus. The position elicit-
ing the greatest average of three SOL MEPs while evok-
ing minimal TA response ( < 50% of SOL MEP) was then 
marked on the cap to ensure positioning throughout experi-
mental sessions. A custom-made coil holder and an expe-
rienced investigator maintained coil placement throughout 
the experiments. Using Parameter Estimation by Sequential 
Testing (Awiszus 2003) procedures through the TMS Motor 
Threshold Assessment Tool software (MTAT 2.0; Awiszus 
and Brockhardt 2011; Silbert et al. 2013), resting motor 
threshold (RMT) was determined as the lowest TMS inten-
sity that yielded a peak-to-peak resting SOL MEP amplitude 
of at least 60 μV [mean ± SD; Protocol A: 52.5 ± 10.9% of 
maximal stimulator output (MSO); Protocol B: 46.3 ± 14.5% 
MSO]. TMS intensity was then set at 120% of RMT (Proto-
col A: 63.0 ± 13.1% MSO; Protocol B: 55.6 ± 17.4% MSO) 
and this intensity was kept constant throughout the sessions 
(Soto et al. 2006).

SOL MEP peak-to-peak amplitudes were measured and 
normalized to Mmax amplitude (MEP/M). In Protocol B, the 
TMS-induced EMG cortical silent period (cSP) duration was 
measured manually by quantifying the time (ms) from MEP 
onset to a constant ( > 1 s) return of voluntary EMG activity 

that was greater than 2 standard deviations of the pre-stim-
ulus average SOL EMG (Damron et al. 2008). The individ-
ual MEP/M ratios and cSP durations were averaged and are 
expressed relative to those obtained at PRE2. Changes in 
MEP/M ratio were used to assess corticospinal excitability. 
The cSP was used to assess intracortical inhibition. While 
some recent evidence suggests that cSP is mediated by both 
spinal and cortical mechanisms at long durations (> 50 ms; 
Yacyshyn et al. 2016), these data were collected during 
stimulations with greater intensities than used in the cur-
rent study, and spinal excitability was tested during a period 
without descending drive and compared to a control con-
dition with descending drive. Respectively, several direct 
recordings, clinical population, and pharmacological studies 
strongly suggest a critical role for GABAB-mediated intra-
cortical inhibition affecting the cSP at durations longer than 
50 ms (Roick et al. 1993; Ziemann et al. 1993; Siebner et al. 
1998; Chen et al. 1999). Given that changes in neurophysi-
ological function were expected to occur rapidly, measure-
ments at each time point had to be collected in the shortest 
time possible and thus additional measurements, including 
test of short- and long-interval intracortical inhibition, could 
not be included.

Data and statistical analysis

Data are presented in text and figures as mean ± standard 
deviation (SD). Normality of all data was checked by Sha-
piro-Wilk test. Separate one-way repeated measures ANO-
VAs were performed to compare changes Tpeak, MEP/M, 
cSP, joint angle, TARMS, and a one-way repeated measures 
MANOVA were used for changes in SOLRMS/M, MGRMS/M, 
and TSRMS/M over time, using SPSS statistical software 
(IBM Corporation, NY, USA). When Mauchly’s Test of 
Sphericity was violated, Greenhouse–Geisser corrections 
were used. Bonferroni-corrected pairwise comparisons 
were performed when significant time effects were detected. 
Pearson’s product-moment correlations were calculated to 
determine relationships between changes in torque, EMG, 
MEPs, and cSP immediately and 10 min after stretching. 
The 90% confidence intervals (CI) are also presented for 
statistically significant correlations. Intraclass correlations 
(ICC) and coefficient of variation were calculated for reli-
ability of experimental variables (Table 1). Statistical sig-
nificance was set at an α level of 0.05.

Results

There were no significant changes after the control period 
in any voluntary or TMS measure for either Protocol A 
(Table 2) or B (Table 3).
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There were significant time effects for joint angle dur-
ing the stretching from the end of the first minute to end 
of the fifth minute for both Protocols A (F4,48 = 35.56, 
P < 0.001) and B (F1.97,23.65 = 3.98, P = 0.033) with 
increases of 8.2 ± 3.6% (30.5 ± 6.5° vs. 33.1 ± 6.8°; 
P < 0.001) and 5.8 ± 7.7% (30.8 ± 7.9° vs. 32.5 ± 8.2°; 
P = 0.033), respectively.

There were significant time effects for Tpeak in 
both Protocols A (F1.95,23.47 = 11.16, P < 0.001) and B 
(F1.47,17.64 = 17.63, P < 0.001) with significant decreases 
of 20.1 ± 15.9% (P = 0.004) and 17.2 ± 13.5% (P = 0.006), 
respectively (Fig. 3). The decreases in Tpeak recovered by 
10 min, and no significant differences were observed relative 
to immediately before stretching (PRE2).

In Protocol A, there were significant time effects for 
maximal SOLRMS/M (F3,36 = 7.94, P < 0.001) and TSRMS/M 
(F1.87,22.48 = 5.14, P = 0.016) during MVCs with decreases 
of 19.1 ± 19.2% (P = 0.023) and 18.0 ± 18.2% (P = 0.023) 
immediately after stretching, respectively (Fig. 5). A non-
significant decrease of 17.7 ± 21.2% in MGRMS/M was 
observed immediately after stretching (P = 0.066). In Proto-
col B, there were also significant time effects for SOLRMS/M 
(F3,36 = 11.57, P < 0.001), MGRMS/M (F3,36 = 6.67, 
P = 0.001), and TSRMS/M (F3,36 = 10.28, P < 0.001) with 
decreases immediately after stretching of 13.6 ± 9.0% 
(P < 0.001), 14.9 ± 13.0% (P < 0.01), and 13.0 ± 9.3% 
(P < 0.01), respectively. In both Protocols A and B, all EMG 
amplitudes returned to PRE2 levels by 10 min. There were 
no significant changes in TARMS during MVCs for either 
Protocol A or B.

There were significant moderate–strong correlations 
between the decreases in Tpeak and SOLRMS/M [r = 0.94 (CI 
0.87–0.98), P < 0.001], MGRMS/M [r = 0.70 (CI 0.36–0.88), 
P = 0.008) and TSRMS/M [r = 0.85 (CI 0.64–0.94], P < 0.001] 
in Protocol A when measured immediately after stretch-
ing. For Protocol B, there were also moderate–strong 
correlations between decreases in Tpeak and SOLRMS/M 
[r = 0.81 (CI 0.56–0.93), P = 0.001], MGRMS/M [r = 0.47 
(CI 0.01–0.76), P = 0.102], and TSRMS/M [r = 0.67 (CI 
0.30–0.86), P = 0.012]. During the recovery period from 
POST to POST10 in Protocol A, the recovery of Tpeak 
was correlated with the recovery of SOLRMS/M [r = 0.83 

Table 1   Intrasession reliability 
and coefficients of variation 
(CV) of experimental variables

Tpeak peak MVC torque, SOL-
RMS soleus RMS EMG, MGRMS 
medial gastrocnemius RMS 
EMG, TSRMS triceps surae RMS 
EMG, MEPA, motor-evoked 
potential during rest Protocol A, 
MEPB motor-evoked potential 
during MVC Protocol B, cSP 
cortical silent period, SOLPSU 
Mmax soleus pseudo-monopolar 
EMG maximal M-wave, SOLBP 
Mmax soleus bipolar EMG maxi-
mal M-wave, MG Mmax medial 
gastrocnemius maximal M-wave

ICC CV (%)

Tpeak 0.98 5.3
SOLRMS 0.98 12.2
MGRMS 0.96 10.9
TSRMS 0.98 9.3
MEPA 0.95 17.0
MEPB 0.95 11.4
MEPA latency 0.98 1.0
MEPB latency 0.77 2.3
cSP 0.99 4.0
SOLPSU  Mmax 0.99 2.1
SOLBP  Mmax 0.99 4.7
MG  Mmax 0.99 6.4

Table 2   Plantar flexor torque, 
EMG, and TMS data measured 
in Protocol A

Values are mean ± SD
Tpeak peak torque during maximal voluntary isometric plantarflexion, SOLRMS/M, MGRMS/M, TSRMS/M, 
soleus, medial gastrocnemius and triceps surae (SOL + MG) root-mean square EMG normalized to maxi-
mal M-wave amplitude, TARMS tibialis anterior root-mean square EMG, MEP/M motor-evoked potential 
amplitude normalized to Mmax, SOL soleus, MG medial gastrocnemius
*Changes significantly different from PRE2; *P < 0.05, **P < 0.001

PRE1 PRE2 POST POST10

Tpeak (Nm) 194.3 ± 54.1 198.9 ± 52.2 162.2 ± 63.1** 191.7 ± 58.0
SOLRMS/M 0.033 ± 0.013 0.035 ± 0.016 0.028 ± 0.012* 0.035 ± 0.014
MGRMS/M 0.041 ± 0.014 0.041 ± 0.018 0.036 ± 0.018 0.041 ± 0.019
TSRMS/M 0.077 ± 0.042 0.076 ± 0.039 0.063 ± 0.030* 0.074 ± 0.034
TARMS (mV) 0.055 ± 0.037 0.062 ± 0.044 0.055 ± 0.050 0.062 ± 0.057
MEP/M 0.041 ± 0.021 0.036 ± 0.017 0.045 ± 0.024 0.037 ± 0.021
MEP Latency (ms) 34.1 ± 2.1 33.9 ± 1.9 34.2 ± 2.0 34.0 ± 1.9
SOL  Mmax (mV) 20.5 ± 5.4 20.1 ± 5.3 20.6 ± 5.4 20.0 ± 5.2
MG  Mmax (mV) 8.2 ± 3.5 8.1 ± 3.6 7.9 ± 3.5 7.7 ± 3.5
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(CI 0.60–0.93), P < 0.001], MGRMS/M [r = 0.81 (CI 0.56 
– 0.93), P = 0.001], and TSRMS/M [r = 0.84 (CI 0.62–0.94), 
P < 0.001]. Similarly, during Protocol B POST-to-POST10 
recovery period, the recovery of Tpeak was correlated with 
recovery of SOLRMS/M [r = 0.57 (CI 0.15–0.82), P < 0.05], 

MGRMS/M [r = 0.62 [CI 0.23–0.84], P < 0.05], and TSRMS/M 
[r = 0.73 (CI 0.41–0.89), P < 0.01].

There were no significant time effects for MEP/M in either 
Protocol A (F1.67,20.08 = 2.71, P = 0.098) or B (F3,36 = 0.171, 
P = 0.915; Fig. 4). Similarly, there were no significant time 

Table 3   Plantar flexor torque, 
EMG and TMS data from 
Protocol B

Values are mean ± SD
Tpeak peak torque during maximal voluntary isometric plantarflexion, SOLRMS/M, MGRMS/M, TSRMS/M 
soleus, medial gastrocnemius and triceps surae (SOL + MG) root-mean square EMG normalized to maxi-
mal M-wave amplitude, TARMS tibialis anterior root-mean square EMG, MEP/M motor-evoked potential 
amplitude normalized to Mmax, cSP cortical silent period, SOL soleus, MG medial gastrocnemius
*Changes significantly different from PRE2; *P < 0.05, **P < 0.001

PRE1 PRE2 POST POST10

Tpeak (Nm) 204.9 ± 42.0 207.3 ± 38.2 177.2 ± 46.3** 202.4 ± 37.2
SOLRMS/M 0.037 ± 0.017 0.038 ± 0.018 0.033 ± 0.015** 0.039 ± 0.018
MGRMS/M 0.042 ± 0.017 0.045 ± 0.020 0.037 ± 0.013* 0.045 ± 0.021
TSRMS/M 0.082 ± 0.047 0.086 ± 0.049 0.075 ± 0.045** 0.085 ± 0.048
TARMS (mV) 0.037 ± 0.01 0.037 ± 0.009 0.033 ± 0.014 0.039 ± 0.012
MEP/M 0.19 ± 0.06 0.18 ± 0.05 0.18 ± 0.06 0.18 ± 0.06
MEP latency (ms) 30.1 ± 1.0 30.0 ± 1.2 30.0 ± 1.0 30.0 ± 0.5
cSP (ms) 93.0 ± 32.2 93.3 ± 37.3 96.6 ± 51.2 90.1 ± 41.6
SOL  Mmax (mV) 20.2 ± 4.1 20.0 ± 4.3 19.9 ± 4.5 19.5 ± 4.7
MG  Mmax (mV) 8.3 ± 4.6 8.0 ± 4.4 7.7 ± 4.3 7.7 ± 4.6

Fig. 3   Changes in and correlations of torque and EMG measured 
before and after stretching. a Changes in torque from immediately 
before stretch (PRE2) to immediately (POST) and 10  min after 
(POST10) stretching. b Changes in triceps surae RMS EMG rela-
tive to immediately before stretching (PRE2). c Correlation between 
changes in MVC torque and triceps surae EMGRMS normalized to 

Mmax from immediately before stretching (PRE2) to after (POST) 
stretching. d Correlation between recovery of MVC torque and tri-
ceps surae EMGRMS normalized to Mmax from immediately (POST) 
to 10 min after (POST10) stretching; (black square) Protocol A (open 
circle) Protocol B. (*) Changes significantly different from PRE2, 
*P < 0.05
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effects for cSP in Protocol B (F1.41,16.93 = 1.26, P = 0.294). No 
correlations were observed between changes in TMS variables 
and changes in either Tpeak or EMG. No changes were observed 
in Mmax amplitude for either Protocol A or B (Fig. 5).

Discussion

The present study examined the potential contribution of 
changes in corticospinal excitability to the decreases in neural 
drive and voluntary force following acute passive, static mus-
cle stretching in the human plantar flexors. As in the previous 
studies, decreases in EMG activity were correlated with the 
reductions and the recovery of voluntary torque production in 
both protocols after the muscle stretching (Kay and Blazevich 
2009; Trajano et al. 2013, 2014a). The mechanism(s) under-
pinning this change are not currently clear; however, both 
motor-evoked potential amplitude, measured in resting and 
maximally active conditions, and cortical silent period dura-
tion remained unchanged after the stretching in the current 
study. Thus, the current evidence suggests that the stretch-
induced attenuation of neural drive and voluntary force out-
put was not mediated by changes in corticospinal excitability 
or intracortical inhibitory mechanisms.

The finding of clear and correlated changes in SOL and 
TS EMGRMS/M ratios and voluntary peak torque following 

stretching is consistent with several earlier studies (Fowles 
et al. 2000; Behm et al. 2001; Kay and Blazevich 2009; Tra-
jano et al. 2013, 2014a; Ryan et al. 2014) and supports the 
view that impaired voluntary muscular force production after 
an acute bout of stretching largely results from a reduction 
in neural drive. Although the use of changes in EMG ampli-
tude as a measure of neural drive alterations should be done 
with caution, even when normalized to the maximal M-wave 
amplitude (Enoka and Duchateau 2015), the magnitude and 
temporal profile of the stretch-induced changes in both EMG 
and voluntary torque in the present study closely mirror those 
reported in previous studies that have also shown depressions 
in other measures of neural drive (i.e., V-wave amplitude and 
voluntary activation assessed using the interpolated twitch 
technique; Fowles et al. 2000; Behm et al. 2001; Trajano 
et al. 2013, 2014a; Ryan et al. 2014). Therefore, the present 
results are consistent with earlier research and suggestive of 
a decrease in neural drive to muscle being a major causative 
factor to voluntary torque loss after an acute bout of pro-
longed passive, static muscle stretching.

The mechanisms underlying this decrease in neural drive 
after muscle stretching are not well described, although 
reductions in corticospinal excitability might be hypothe-
sized to play a role. There is good evidence for phasic reduc-
tions in MEP amplitudes during maintenance of a muscle 
stretch, indicating a muscle length-dependent decrease in 

Fig. 4   Changes in MEP/M and correlations with SOLRMS/M after 
stretching in Protocols A and B. a Individual (grey) and mean (black) 
changes in MEP/M from Protocol A. b Relation between changes in 
SOLRMS/M and MEP/M from immediately before (PRE2) to after 

stretching (POST) from Protocol A. c Individual (grey) and mean 
(black) changes in MEP/M ratio from Protocol B. d Relation between 
changes in SOLRMS/M and MEP/M from immediately before (PRE2) 
to after stretching (POST) from Protocol B
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Fig. 5   Traces of raw data. Example data obtained from a single sub-
ject immediately before (PRE1) and after (PRE2) the control period 
and immediately (POST) and 10  min after (POST10) the stretching 
protocol. A decrease in MVC torque (first row), a decrease in raw 
soleus EMG (second row), and a decrease in triceps surae root-mean 
square EMG amplitudes (third row) are all clearly visible immedi-

ately after the stretching protocol. Fourth-tosixth rows, average SOL 
maximal M-wave traces from three trials, average SOL MEP traces 
from 12 trials during rest from Protocol A, and average SOL MEP 
traces from six trials during MVC from Protocol B. Arrows denote 
when TMS pulse was applied
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corticospinal excitability (Guissard et al. 2001; Coxon et al. 
2005). Additionally, sustained sensory/afferent stimula-
tioncan induce lasting depressive effects on corticospinal 
excitability and voluntary motor output (Marconi et  al. 
2008; Burns et al. 2016). However, despite our findings of 
both impaired neural drive (EMGRMS/M ratio) and volun-
tary force output, we found no changes in MEP amplitudes 
during rest or maximally active conditions nor any relation 
between changes in MEP amplitude and either maximal 
EMG amplitudes or peak torque during MVCs. In addition, 
we did not find a change in the duration of the cortical silent 
period after stretching when TMS was superimposed on 
an MVC. Taken to together, these results suggest a lack of 
stretch-induced shift in inhibitory and excitatory influences 
after prolonged muscle stretching, which thus suggests that 
these mechanisms are unlikely to play a key regulatory role 
in neural drive impairments after stretching.

It should be noted that the lack of change in MEP ampli-
tudes after muscle stretching does not completely rule out 
the possibility of changes in the corticospinal pathway. It is 
known that the MEP is influenced by both cortical and spi-
nal mechanisms (Taylor and Gandevia 2004) and that the 
TMS-elicited MEP is composed of corticospinal volleys in 
both direct monosynaptic and indirect polysynaptic pathways 
when targeting the soleus muscle (Brouwer and Ashby 1992; 
Nielsen and Petersen 1995a, b). Thus, divergent changes at 
any of these sites could obscure potential stretch-induced 
changes in MEP amplitude. For example, this potentially was 
displayed by the decrease in EMG activity and lack of change 
in MEP amplitude after stretching, where the lack of change 
in MEP could be explained by a potential decrease in spinal 
excitability (implied by a decrease in EMG activity) cancel-
ling out a possible strectch-induced increase in cortical excita-
bility. However, the reduced, and significantly different, EMG 
activity immediately after stretching may have had confound-
ing implications on MEP responses and the interpretation of 
the effects of stretching on corticospinal excitability given 
that ongoing EMG activity directly influences MEP amplitude 
(Oya et al. 2008).  Therefore, it may be of interest in future 
studies to control spinal excitability during neurophysiological 
measurements to better interrogate mechanisms contributing 
to the stretch-induced neural drive and force loss. In addition, 
because measurements at each time point had to be collected 
in the shortest time possible, and thus paired-pulse TMS 
examinations of short- and long-interval intracortical inhibi-
tion could not be included, should be done in future studies. 
Additional testing of the integration of afferent information at 
the spinal level, through H-reflex and other tests (i.e. recipro-
cal inhibition and presynaptic inhibition), might also provide 
a more rigorous inspection of neurophysiological changes in 
response to acute static stretching. Furthermore, a non-signif-
icant trend towards an increase in MEP amplitude measured 
in soleus was observed in Protocol A (see Fig. 4a; Table 2), 

indicating the possibility for change, at least in some individu-
als. Examination of the individual data (Fig. 4a) shows that 
this trend resulted from increases in 4 of the 14 participants, 
and that these changes were not correlated with the changes 
in torque production. The interpretation of the current data 
may be constrained, however, as  only a limited number of 
MEPs were evoked in each protocol (Protocol A: 12 MEPs 
and Protocol B: 6 MEPs). Though the current data appears to 
be reliable (see Table 1) studies with greater number of MEPs 
should be completed to confirm the current results. Nonethe-
less, the current data do not provide reasonable evidence for 
changes in corticospinal excitability being a factor influencing 
force production after muscle stretching.

Previous researchers have speculated that stretch-induced 
impairment in neural drive may result from alterations in the 
recruitment and/or firing frequency of higher threshold moto-
neurons (Ryan et al. 2014). However, it is also noteworthy that 
MEP amplitudes in the present study were approximately 4% 
(Protocol A) and 20% (Protocol B) of Mmax, with voluntary 
contraction facilitating MEP amplitudes by increasing spinal 
motoneuron excitability (Oya et al. 2008). If Mmax amplitude 
is an electrophysiological estimate of complete motoneuron 
pool activation (Pierrot-Deseilligny and Burke 2012) and 
TMS recruits motoneurons in a physiological order (Bawa 
and Lemon 1993) then, comparatively, only a sub-population 
of motoneurons (i.e., those with lower activation thresholds) 
were examined by TMS in the current study. This inability to 
test a larger number of motoneurons may have been due to: 
(1) a scarcity of monosynaptic corticospinal projections and 
larger degree of indirect polysynaptic pathways from motor 
cortex to soleus (Brouwer and Ashby 1992), and/or (2) acti-
vation of inhibitory neurons, as they are activated at lower 
TMS intensities than excitatory neurons for lower leg mus-
cles (Nielsen et al. 1993), and/or (3) higher discharge rates 
of motoneurons during maximal contractions might have 
increased the proportion of motoneurons at refractory periods 
due to after-hyperpolarization (Matthews 1999).

It has been suggested that the stretch-induced neural drive 
impairment mainly reflects changes in the properties of 
motoneurons due to a withdrawal of facilitatory muscle spin-
dle feedback that would reduce maximal motoneuron recruit-
ment and firing rates (Ryan et al. 2014; Trajano et al. 2014b). 
Despite evidence of a change in facilitatory muscle spindle 
feedback being presented previously (Trajano et al. 2014b), 
it is uncertain whether this disfacilitation could be able to 
influence MEP amplitudes. When MEPs are measured dur-
ing rest, the rapid multiple volleys caused by TMS-excitatory 
input might not be sensitive to alterations in slow-activated 
calcium persistent inward currents at the (spinal) motoneu-
rons which have been observed in a previous study (e.g., 
Trajano et al. 2014b). Calcium PICs are generated slowly 
by L-type Ca2+ channels and exhibit progressively larger 
Ca2+ currents in response to repetitive activation (Heckman 
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and Enoka 2012). It is also important to note that PICs are 
strongly initiated by excitatory monosynaptic input from Ia 
afferents (Heckman and Enoka 2012) and these inputs gener-
ate larger depolarizations in slow-type motoneurons. On the 
other hand, MEPs are generated by input from the descend-
ing pathways, and these inputs favour the activation of high-
threshold fast units (Johnson et al. 2017). For instance, it is 
known that corticospinal input is nine times larger in high-
threshold fast units compared with low-threshold slow units 
(Johnson et al. 2017). Therefore, because synaptic input is 
non-uniformly distributed across lower and higher threshold 
motor units, it is possible that the different tests used could 
be testing distinct motoneuron pools. Thus, an interesting 
question remains as to whether muscle stretching might dif-
ferentially modulate cortical and spinal responses, and this 
requires examination in future studies.

In conclusion, the current results support the view that the 
attenuation of voluntary torque output after prolonged pas-
sive, static stretching is predominately mediated by a reduced 
neural drive to the muscle, as evidenced by simultaneous and 
correlated reductions in, and recoveries of, normalized EMG 
amplitudes and maximal muscle force. However, prolonged 
stretching had no consistent effect on corticospinal excitabil-
ity or intracortical inhibitory mechanisms, and changes in 
corticospinal excitability and silent period were not related 
to the post-stretch reductions (or recoveries) in neural drive 
(EMGRMS/M) or maximal torque production. Given that the 
previous evidence is suggestive that a change in motoneu-
ron facilitation might occur after muscle stretching (Herda 
et al. 2010; Trajano et al. 2014b), future work might focus 
on examining discrete (divergent) changes in cortical vs. spi-
nal processes to elucidate the mechanisms underpinning the 
stretch-induced force loss. Such information may thus aid the 
development of interventions to minimize the impairment in 
neuromuscular function after acute muscle stretching.
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