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Abstract The purpose of this study was to investigate the
acute eVects of passive stretching on the electromechanical
delay (EMD), peak twitch force (PTF), rate of force
development (RFD), and compound muscle action potential
(M-wave) amplitude during evoked twitches of the plantar
Xexor muscles. 16 men (mean age § SD = 21.1 § 1.7  years;
body mass = 75.9 § 11.4 kg; height = 176.5 § 8.6 cm)
participated in this study. A single, square-wave, supramax-
imal transcutaneous electrical stimulus was delivered to the
tibial nerve before and after passive stretching. The stretching
protocol consisted of nine repetitions of passive assisted
stretching designed to stretch the calf muscles. Each repetition
was held for 135 s separated by 5–10 s of rest. Dependent-
samples t tests (pre- vs. post-stretching) were used to
analyze the EMD, PTF, RFD, and M-wave amplitude data.
There were signiWcant changes (P · 0.05) from pre- to
post-stretching for EMD (mean § SE =  4.84 § 0.31 and
6.22 § 0.34 ms), PTF (17.2 § 1.3 and 15.6 § 1.5), and
RFD (320.5 § 24.5 and 279.8 § 28.2), however, the

M-wave amplitude did not change (P > 0.05). These Wndings
suggested that passively stretching the calf muscles aVected
the mechanical aspects of force production from the onset
of the electrically evoked twitch to the peak twitch force.
These results may help to explain the mechanisms underlying
the stretching-induced force deWcit that have been reported
as either “mechanical” or “electrical” in origin.

Keywords Electromyography · Rate of force 
development · Electrical stimulation · Mechanical 
properties · Muscle mechanics

Introduction

Recent evidence has shown that a bout of stretching may
temporarily reduce the force producing capabilities of a
muscle (Avela et al. 1999, 2004; Behm et al. 2001; Costa
et al. 2009a; Cramer et al. 2004, 2005, 2007; Evetovich
et al. 2003; Fowles et al. 2000; Herda et al. 2008b; Kokkonen
et al. 1998; Kubo et al. 2001; Nelson et al. 2001a, b;
Nelson and Kokkonen 2001; Power et al. 2004; Ryan et al.
2008b; Weir et al. 2005). This has been demonstrated dur-
ing voluntary isokinetic (Costa et al. 2009a; Cramer et al.
2004, 2005, 2007; Evetovich et al. 2003; Nelson et al.
2001b), isotonic (Kokkonen et al. 1998; Nelson and
Kokkonen 2001), and isometric (Avela et al. 1999, 2004;
Behm et al. 2001; Fowles et al. 2000; Herda et al. 2008b;
Kubo et al. 2001; Nelson et al. 2001a; Ogura et al. 2007;
Power et al. 2004; Ryan et al. 2008b; Weir et al. 2005)
muscle actions as well as involuntary, evoked twitches
(Avela et al. 2004; Behm et al. 2001; Cè et al. 2008; Ryan
et al. 2008b). This transient reduction in force production after
stretching has been termed the “stretching-induced force
deWcit” (Ryan et al. 2008b), and it has been implicated as
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detrimental to athletic performance (Rubini et al. 2007;
Shrier 2004). Therefore, practical recommendations have been
made to either discontinue static stretching prior to athletic
events (Kokkonen et al. 1998; Nelson et al. 2001b, 2005;
Nelson and Kokkonen 2001; Shrier 2004) and rehabilita-
tion testing (Costa et al. 2009a, b; Marek et al. 2005),
engage in other types of pre-exercise stretching (i.e.,
dynamic stretching) (Yamaguchi and Ishii 2005), or con-
duct stretching regiments after exercise or performances to
attain the beneWts of chronic stretching (Shrier 2004).
Understanding the mechanisms that are responsible for the
stretching-induced force deWcit may provide insight regard-
ing such practical recommendations (Kokkonen et al. 1998;
Shrier 2004; Yamaguchi and Ishii 2005). Although the pre-
cise mechanisms are unknown, a growing body of literature
has suggested that the stretching-induced force deWcit is
caused by neural factors that reduce muscle activation,
mechanical factors that aVect the transmittal of force and/or
the length-tension relationship, or a combination of both
the neural and mechanical factors (Avela et al. 1999; Behm
et al. 2001, 2004; Cè et al. 2008; Cramer et al. 2004, 2005,
2007; Evetovich et al. 2003; Fowles et al. 2000; Herda
et al. 2008a, b; Kokkonen et al. 1998; Marek et al. 2005;
McHugh and Nesse 2008; Nelson et al. 2001a; Power et al.
2004; Rosenbaum and Hennig 1995).

Several studies have shown that an acute bout of stretch-
ing may cause decreases in muscle activation (Avela et al.
1999; Behm et al. 2001, 2004; Cramer et al. 2004, 2005;
Evetovich et al. 2003; Fowles et al. 2000; Kokkonen
et al. 1998; Marek et al. 2005; Nelson et al. 2001a; Power
et al. 2004). For example, Avela et al. (1999), Behm et al.
(2001), and Fowles et al. (2000) have demonstrated
15–20% decrements in electromyographic (EMG) amplitude
following stretching. SpeciWcally, Fowles et al. (2000)
found a 15% decrease in EMG amplitude after 30 min of
passive stretching of the plantar-Xexors and reported that
57% of the force decreases were attributed to neural factors.
In addition, Behm et al. (2001) found 20% decreases in
EMG amplitude following 20 min of stretching and sug-
gested that the decrements in force observed post-stretching
were primarily due to neural rather than mechanical factors.
Cramer et al. (2005) found decreases in force and EMG
amplitude in the stretched and unstretched leg extensor
muscles, which tentatively suggested that the stretching-
induced force deWcit may have been caused in part by an
unidentiWed central nervous system inhibitory mechanism.

Other studies have indicated that mechanical factors may
also explain the stretching-induced force deWcit. For exam-
ple, Fowles et al. (2000) reported that most of the force
decreases from stretching were attributed to alterations in
the mechanical properties of the musculotendinous unit
rather than neural factors. The authors suggested that the
stretching may have altered the length–tension relationship

and/or caused plastic deformation of the connective tissues
that help to transfer force from the contractile component to
the bone (Fowles et al. 2000). In addition, Nelson et al.
(2001a) was among the Wrst to report joint-angle speciWc
decreases in isometric force at the shortest muscle length
(i.e., 162° of leg extension), but no decreases were found at
the longer muscle lengths (i.e., 90°, 108°, 126°, and 144° of
leg extension), which was further evidence suggesting that
stretching may alter the length-tension relationship. Other
studies have shown similar acute eVects of stretching in the
hamstrings muscles (Herda et al. 2008a; McHugh and
Nesse 2008). Similarly, Cramer et al. (2007) reported that
an acute bout of stretching the leg extensors “Xattened” the
shape of the isokinetic angle-torque curve, although the
area under the curve was unaltered by the stretching. These
Wndings tentatively suggested that stretching may decrease
the peak torque, but may allow for greater torque produc-
tion at the extremes of the range of motion (Cramer et al.
2007). The authors further conjectured that these Wndings
may also translate to how stretching may aVect the sarco-
meric length–tension relationship (Cramer et al. 2007). Fur-
thermore, acute stretching is thought to provoke transient
decreases in musculotendinous stiVness (Kubo et al. 2001;
Magnusson et al. 1996; Morse et al. 2008; Ryan et al.
2008a), which have largely been attributed to alterations in
the viscoelastic properties of the stretched tissues—particu-
larly the noncontractile connective tissues. Since these con-
nective tissues are responsible for transferring force from
the sarcomeres to the bone, stretching may transiently aVect
the eYciency of this force transfer.

A time delay exists from the onset of muscle activation
to the onset of force development (Cavanagh and Komi
1979). This time delay has been termed the electromechan-
ical delay (EMD) (Cavanagh and Komi 1979; Conforto
et al. 2006; Gabriel and Boucher 1998; Hopkins et al. 2007;
Vint et al. 2001). It is thought that the elongation of the
series elastic component (SEC) of the musculotendinous unit
may account for a major portion of the EMD (Cavanagh
and Komi 1979), and there may be an inverse relationship
between the EMD and musculotendinous stiVness (Grosset
et al. 2009). If the EMD is inversely proportional to muscu-
lotendinous stiVness and an acute bout of stretching
decreases musculotendinous stiVness (Kubo et al. 2001;
Magnusson et al. 1996; Morse et al. 2008; Ryan et al.
2008a), then it is possible that the EMD may also be
aVected by stretching. Furthermore, if the EMD is mea-
sured during electrically evoked twitches, it may help to
control for any neural factors that may contribute to the
stretching-induced force deWcit, which in turn, may allow
the research study to focus on any potential mechanical fac-
tors. Therefore, the purpose of the present study was to
investigate the acute eVects of passive stretching on the
EMD during evoked twitches of the plantar Xexor muscles.
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Methods

Subjects

Sixteen men (mean age § SD = 21.1 § 1.7 years; body
mass = 75.9 § 11.4 kg; height = 176.5 § 8.6 cm) volun-
teered for this study that was approved by The University
of Oklahoma Institutional Review Board for the protection
of human subjects. Prior to the start of testing, all subjects
read and signed an informed consent form and completed
a health status questionnaire. Ten men reported engag-
ing in 1–5 h week¡1 of aerobic exercise, ten reported
2–6 h week¡1 of resistance training, and seven reported
1–5 h week¡1 of recreational sports. Only one subject did
not report some form of weekly exercise. In addition,
none of the participants reported any past hip-, knee-, or
ankle-related injuries. Therefore, these subjects might be
best classiWed as healthy, college-aged, recreationally active
men.

Research design

A repeated measures design (pre- vs. post-stretching) was
used to investigate the acute eVects of passive stretching on
the EMD, PTF, RFD, and the M-waves of the SOL and MG
muscles. Subjects visited the laboratory on two occasions
separated by 48–120 h. The Wrst visit was a familiarization
session, and the subsequent visit was the experimental trial.
Familiarization included a practice of the evoked twitch
procedure that would be completed during the experimental
trial. In addition, the maximum amount of passive torque
the participant could tolerate during a stretch (i.e., the point
of discomfort, but not pain as acknowledged by the partici-
pant) was identiWed. This stretching intensity (i.e., passive
torque) was used to stretch the plantar Xexors during the
experimental trial. Furthermore, the passive stretching
exercises were performed during the familiarization trial to
ensure that each subject could tolerate the stretches. During
the experimental trial, subjects completed the pre-stretching
assessments, the passive stretching protocol, and the post-
stretching assessments. The time elapsed from the end of
stretching to the start of the post-stretching assessment was
approximately 2 min.

Pre- and post-stretching assessments

Each participant was seated with restraining straps over the
pelvis and thigh, with a leg Xexion angle of 0° below the
horizontal plane (full extension) on a custom-built appara-
tus equipped with a load cell (Omegadyne, model LC402,
range 0–500 lbs; Stamford, CT, USA) that was designed to
isolate the plantar Xexor muscle contributions (Fig. 1). This
apparatus was also connected to a calibrated isokinetic

dynamometer (Biodex System 3, Biodex Medical Systems,
Inc. Shirley, NY, USA, 1998), which allowed the subject to
be stretched in “passive mode” while remaining in the
apparatus. The lateral malleolus of the Wbula was aligned
with the input axis of the dynamometer. The foot was
secured in a thick rubber heel cup attached to the footplate
of the apparatus with straps over the toes and metatarsals
(distal to the malleoli). A single, square-wave, supramaxi-
mal transcutaneous electrical stimulus was delivered to the
tibial nerve before and after passive stretching. Transcuta-
neous electrical stimuli were delivered to the tibial nerve
using a high-voltage (maximal voltage = 400 V), constant-
current stimulator (Digitimer DS7AH, Herthfordshire,
UK). The cathode was a metal probe (8 mm diameter) with
the tip covered in a saline-soaked sponge, which was
pressed over the tibial nerve in the popliteal fossa. The
anode was a 9 £ 5 cm rectangular self-adhesive electrode
(Durastick Supreme, Chattanooga Group, Hicton, TN,
USA) that was positioned between the tibial tuberosity and
the patella. Single stimuli were administered to the tibial
nerve at a low current (amperage = 20 mA) to determine
the optimal probe location based on the visual inspection of
the compound muscle action potential (M-wave) and HoV-
mann reXex (H-reXex) of the SOL muscle that were moni-
tored on an external computer. Once the location was
determined and marked, the maximal M-wave was
achieved with incremental (5 mA) amperage increases until
a plateau in the peak-to-peak (p-p) M-wave was observed
after three successive amperage increases. To assure a
supramaximal stimulus, 120% of the stimulus that elicited
the maximal M-wave was used during the evoked twitch
procedures. A single stimulus was deWned as a 200-�s dura-
tion square wave impulse. The EMD was deWned as the
time (ms) that elapsed between the onset of the M-wave
and the onset of the twitch response recorded from the load

Fig. 1 Custom-built apparatus equipped with a load cell designed for
passive stretching and evoked-twitch assessments
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cell mounted in the apparatus. These onsets were manually
determined oV-line by an experienced investigator (P.B.C.)
using custom-written software that provided interactive
graphs viewing the force and EMG signals in 20 ms win-
dows for an accurate visual representation.

Range of motion assessment

The range of motion (ROM) of the plantar Xexors was
examined pre- and post-stretching for each participant
using the isokinetic dynamometer (Biodex System 3, Bio-
dex Medical Systems, Inc. Shirley, NY, USA, 1998) pro-
grammed in passive isokinetic mode. The dynamometer
lever arm moved at an angular velocity of 5° s¡1 until the
subject verbally acknowledged the point of discomfort, but
not pain. Two assessments were performed pre- and post-
stretching and the averages of the two ROM assessments
were used to calculate the ROM data. Maximal ROM was
calculated as the ROM attained from 90° (between foot and
leg) to the maximum tolerable point of passive dorsiXexion.

Surface electromyography

Pre-ampliWed, bipolar surface EMG electrodes (EL254S,
Biopac Systems Inc.; Santa Barbara, CA, USA, gain =
350) with a Wxed center-to-center inter-electrode distance
of 20 mm were taped over the SOL and MG muscles
of the right leg. For the SOL, the electrodes were placed
along the longitudinal axis of the tibia at 66% of the
distance between the medial condyle of the femur and the
medial malleolus. For the MG, the electrodes were placed
on the most prominent bulge of the muscle in accordance
with the recommendations of Hermens et al. (1999).
A single pre-gelled, disposable electrode (Ag–AgCl,
Quinton Quick Prep, Quinton Instruments Co., Bothell,
WA, USA) was placed on the spinous process of the 7th
cervical vertebrae to serve as a reference electrode. To
reduce inter-electrode impedance and increase the signal-
to-noise ratio, local areas of the skin were shaved and
cleaned with isopropyl alcohol prior to placement of the
electrodes.

Signal processing

The EMG and force signals were recorded simulta-
neously with a Biopac data acquisition system
(MP150WSW, Biopac Systems, Inc.; Santa Barbara, CA,
USA) during each assessment. The force (N) signal from
the load cell and the EMG signals from the SOL and MG
muscles were sampled at 2 kHz using a 16-bit analog-
to-digital converter (DHQCard-6036E, National Instruments,
Austin, TX, USA) interfaced with a laptop computer
(Inspiron 8200, Dell Inc., Round Rock, TX, USA). All

signals were recorded, stored, and processed oV-line
with custom-written software (LabView 8.5, National
Instruments, Austin, TX, USA). EMG signals from the
SOL and MG muscles were analog Wltered with a pass
band of 10–500 Hz. The subsequent M-waves from the
SOL and MG were expressed as peak-to-peak (p-p)
amplitude values. A digital low-pass Wlter was applied to
the force signal with a cutoV frequency of 20 Hz, and all
subsequent force-related variables were computed using
the Wltered force signal. PTF values (N) were calculated
as the highest mean of 20 consecutive data points that
occurred at the apex of the evoked twitch. RFD values
(N s¡1) were represented as the peak of the Wrst deriva-
tive of the force signal that occurred between the onset of
force production and the apex of the evoked twitch (Cè
et al. 2008).

Passive stretching

The right plantar Xexor muscles were stretched by an
isokinetic dynamometer (Biodex System 3, Biodex Medi-
cal Systems, Inc. Shirley, NY, USA, 1998) programmed
in passive mode. The dynamometer lever arm was
attached to the custom-built apparatus used for testing
(Fig. 1). The dynamometer lever arm passively dorsi-
Xexed the foot at 5° s¡1 until the maximum tolerable
torque threshold (identiWed during the familiarization
trial) was achieved. The dynamometer maintained this
torque while the plantar Xexors were stretched for 135 s.
Approximately 5–10 s elapsed between each passive
stretching repetition, which was the time it took for the
dynamometer to move the foot to 10° of plantar Xexion in
order to start the subsequent stretching repetition. The
stretching protocol consisted of nine repetitions of passive
stretches for a total of 1,215 s (i.e., 20.25 min) of time
under stretch.

Statistical analyses

Six separate dependent-samples t tests (pre- vs. post-
stretching) were used to analyze the EMD, RFD, PTF, p-p
amplitudes for the M-waves of the SOL and MG muscles,
and ROM. Pearson product moment correlation coeY-
cients (r) were used to quantify the relationship between
EMD and PTF as well as EMD and RFD pre- and post-
stretching. An alpha level of P · 0.05 was considered sta-
tistically signiWcant for all comparisons. SPSS version
16.0 (SPSS Inc., Chicago, IL, USA) was used for all sta-
tistical analysis. CoeYcients of variation (CV) were used
to calculate the variability among the passive evoked
twitch properties. Table 1 contains the baseline coeY-
cients of variations and standard errors for all dependent
variables analyzed.
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Results

Table 2 contains the means and standard errors (SE) for the
pre- and post-stretching values for all of the dependent vari-
ables. Figures 1 and 2 present the mean and SE for EMD,
PTF, RFD, and p-p M-wave amplitudes values from the
SOL and MG muscles before and after the stretching.

Dependent t tests (pre- vs. post-stretching) for each variable
indicated signiWcant (P · 0.05) stretching-induced changes
in EMD, PTF, and RFD. EMD increased by 28%, RFD
decreased by 13%, and PTF decreased by 9% from pre- to
post-stretching. In addition, ROM had a signiWcant
(P · 0.05) increase of 15% from 18.1° (SE = 2.27) to 20.8°
(2.40) from pre- to post-stretching. There were no signiW-
cant (P > 0.05) stretching-induced changes for p-p M-wave
amplitude values recorded from the SOL or MG muscles.
There were signiWcant (P < 0.05) negative, linear relation-
ships between EMD and PTF pre- and post-stretching
(r = ¡0.52 and r = ¡0.75, respectively) as well as between
EMD and RFD (r = ¡0.53 and r = ¡0.79, respectively).

Discussion

The primary Wndings of the present study indicated that
passively stretching the plantar Xexors for 20 min increased

Table 1 Baseline coeYcient of variation (CV) and standard errors
(SE) values for the electromechanical delay (EMD), peak twitch
force (PTF), rate of force development (RFD), p-p amplitudes for
the M-waves of the soleus (SOL) and medial gastrocnemius (MG)
muscles, and range of motion (ROM)

EMD PTF RFD p-p (SOL) p-p (MG) ROM

CV 0.26 0.30 0.31 0.35 0.41 0.50

SEM 0.31 1.30 24.5 0.60 0.99 2.27

Table 2 Pre- and post-stretching means and standard errors (SE) values for the electromechanical delay (EMD), peak twitch force (PTF), rate of
force development (RFD), p-p amplitudes for the M-waves of the soleus (SOL) and medial gastrocnemius (MG) muscles, and range of motion
(ROM)

* Indicates signiWcant decrease from pre- to post-stretching

EMD (ms) PTF (N) RFD p-p (SOL) p-p (MG) ROM (°)

Pre-stretching 4.84 (0.31) 17.2 (1.3) 320.5 (24.5) 6.9 (0.6) 9.6 (1.0) 18.1 (2.3)

Post-stretching 6.22 (0.34)* 15.6 (1.5)* 279.8 (28.2)* 6.5 (0.6) 9.2 (0.9) 20.8 (2.4)*

Fig. 2 Mean + standard error (SE) values for (a) electromechanical delay (EMD), (b) peak twitch force (PTF), and (c) rate of force development
(RFD) before (Pre) and after (Post) the stretching. *Indicates a signiWcant (P · 0.05) diVerence from pre- to post-stretching

A B

C
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ROM and aVected the mechanical twitch properties of the
stretched muscles by increasing the EMD and decreasing
the PTF and RFD (Fig. 2). Although this study was the Wrst
to examine the acute eVects of stretching on the EMD, our
Wndings were consistent with previous studies that have
reported stretching-induced decreases in the PTF and the
RFD (Cè et al. 2008; Ryan et al. 2008b). Overall, our Wnd-
ings were also consistent with the growing body of litera-
ture regarding the stretching-induced force deWcit (Rubini
et al. 2007), which has shown that an acute bout of stretch-
ing can inhibit muscle strength (Behm et al. 2001; Cramer
et al. 2004, 2005; Evetovich et al. 2003; Fowles et al. 2000;
Kokkonen et al. 1998; Nelson et al. 2001a, b; Power et al.
2004), and power (Cramer et al. 2002) production. Two
basic mechanisms have been proposed as the causes of the
stretching-induced force deWcit: (a) mechanical mecha-
nisms, such as stretching-induced alterations in the length-
tension relationship and (b) neural mechanisms, such as
decreases in muscle activation as a result of stretching
(Avela et al. 1999; Behm et al. 2001, 2004; Cornwell et al.
2002; Cramer et al. 2004; 2005; Evetovich et al. 2003;
Fowles et al. 2000; Kokkonen et al. 1998; Nelson et al.
2001a, b; Nelson and Kokkonen 2001; Power et al. 2004).

The EMD has been deWned as the time elapsed between
the onset of electrical activation of the muscle and the onset
of force development (Cavanagh and Komi 1979; Conforto
et al. 2006; Gabriel and Boucher 1998; Hopkins et al. 2007;
Vint et al. 2001). Several factors may inXuence the EMD
including the time course for the propagation of the action
potential, the duration of the excitation–contraction cou-
pling process, and the elongation of the series elastic com-
ponent (SEC) (Grosset et al. 2009). In addition, the EMD
may be inXuenced by the muscle length (Muro and Nagata
1985), gender (Winter and Brookes 1991), age (Grosset
et al. 2005), fatigue (Minshull et al. 2007; Zhou et al. 1996,
1998), type of muscle action (Blanpied and Oksendahl
2006; Cavanagh and Komi 1979; Hopkins et al. 2007;
Norman and Komi 1979; Vint et al. 2001; Zhou et al. 1995),
training mode and status (Grosset et al. 2009; Linford et al.
2006), and muscle temperature (Zhou et al. 1998). It is
believed, however, that the time elapsed during the elonga-
tion of the SEC may account for a major portion of the
EMD (Cavanagh and Komi 1979). Furthermore, Grosset
et al. (2009) recently compared the chronic eVects of endur-
ance and plyometric training on the EMD and reported a
strong, inverse relationship between the EMD and muscu-
lotendinous stiVness. That is, during the course of the
endurance training program, there were increases in muscu-
lotendinous stiVness and decreases in the EMD whereas the
plyometric training program elicited decreases in musculo-
tendinous stiVness along with increases in EMD (Grosset
et al. 2009). These previous Wndings (Grosset et al. 2009)
were consistent with a study by Wilson et al. (1994) that

reported strong positive correlations between musculoten-
dinous stiVness and isometric and concentric performance.
Furthermore, our recent study reported strong positive rela-
tionships between musculotendinous stiVness and muscle
cross-sectional area (Ryan et al. 2009). The results of the
present study also supported these previous Wndings (Ryan
et al. 2009) in that 20 min of passive stretching increased
the EMD (Fig. 2a), which suggested that the stretching may
have elongated the SEC resulting in a “less stiV” transfer of
force from the contractile component to the bone. Since
previous studies have demonstrated transient decreases in
musculotendinous stiVness after a bout of stretching (Kubo
et al. 2001; Magnusson et al. 1996; Morse et al. 2008; Ryan
et al. 2008a), it is possible that the stretching may have cre-
ated more “slack” in the musculotendinous unit that may
have diminished the SEC requiring more time (increased
EMD) to take up that slack.

In addition to the 28.4% increases in EMD, the stretch-
ing protocol in the present study also caused a 9.3%
decrease in PTF when evoked with a single square-wave
pulse (Fig. 2b). Previous studies have also suggested that
stretching may aVect twitch force (Avela et al. 2004; Behm
et al. 2001; Cè et al. 2008; Fowles et al. 2000; Ryan et al.
2008b). For example, stretching-induced decreases in PTF
of 6–18% have been reported (Avela et al. 2004; Behm
et al. 2001; Cè et al. 2008; Fowles et al. 2000; Ryan et al.
2008b). However, Herda et al. (2008b) found no changes in
PTF evoked with a doublet following 20 min of passive
stretching. In addition, Behm et al. (2001) found decreases
in PTF when evoked with a single stimulus, but reported no
changes in twitch force when summated with a tetanic train
of stimuli after a bout of passive stretching. The authors
suggested that the force summation caused by the high-fre-
quency tetanic stimuli was suYcient to overcome the
stretching-induced increase in laxity of the musculotendi-
nous unit (Behm et al. 2001). Consequently, it was con-
cluded that the causes of the stretching-induced decreases
in force were neural in origin (Behm et al. 2001). Avela
et al. (2004) also suggested that their Wndings of reduced
twitch amplitudes could have been explained by a greater
time required to elongate the slack in the SEC. Thus, over-
all, the present study found a stretching-induced force deW-
cit that was consistent with previous studies strength (Behm
et al. 2001; Cramer et al. 2004, 2005, 2007; Evetovich et al.
2003; Fowles et al. 2000; Kokkonen et al. 1998; Nelson
et al. 2001a, b; Power et al. 2004), but the concomitant
changes in EMD and RFD suggested that mechanical fac-
tors related to increased musculotendinous laxity may be
partially responsible.

The RFD is commonly deWned as the maximal rate of
rise in muscle force and reXects the force generated during
the early phase of a muscle action (Aagaard et al. 2002).
The RFD is thought to be directly related to success in sport
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performances involving explosive types of muscle actions
(Aagaard et al. 2002; Andersen and Aagaard 2006; Behm
and Sale 1993; HaV et al. 2005; Kawamori et al. 2006;
Mirkov et al. 2004; Moritani 2002) and is often used as an
outcome measure associated with power-related exercises
(HaV et al. 2005; Kawamori et al. 2006; Mirkov et al. 2004;
Murphy et al. 1994; Stone et al. 2004; Viitasalo and Aura
1984). For example, Kawamori et al. (2006) reported that
the RFD was correlated (r = 0.65–0.74) with explosive per-
formance such that as dynamic RFD increased, vertical
jump performance also increased, suggesting that athletes
who exhibit greater RFD may be able to jump higher.
Alternatively, Ryan et al. (2009) hypothesized that there
may be an inverse relationship between muscle twitch
properties and musculotendinous stiVness. Therefore, it is
possible that a stiVer muscle–tendon unit may be able to
generate force quicker (greater RFD) than a more compli-
ant muscle. The results of the present study supported this
hypothesis and indicated that the passive stretching elicited
a 12.7% decrease in the RFD of the evoked twitches
(Fig. 1c). These Wndings were also consistent with those of
Cè et al. (2008) who showed a 24% decrease in the RFD as
a result of stretching the plantar Xexors. Although the pre-
cise mechanisms underlying the stretching-induced
decrease in RFD are unknown, it may have been related to
the decreases in muscle–tendon stiVness through changes in
the viscoelastic properties of the connective tissue sheaths
surrounding the muscle (Ryan et al. 2008a). Such changes
in the perimysium (Morse et al. 2008), for example, may
not allow for a rapid transfer of force from the sarcomeres
to the bone. However, further studies are needed to test this
hypothesis.

The present study was designed to examine the acute
eVects of stretching on involuntary, evoked muscle twitch
properties. To ensure that the stimulation intensities
remained consistent, the M-waves that evoked the twitches

were measured, and the results indicated that the stretching
protocol did not change the M-wave amplitude values for
either the SOL or MG muscles (Fig. 3). These Wndings
conWrmed that the stimulation intensities were unaltered
from pre- to post-stretching. Consequently, the stretching
induced changes in EMD, PTF, and RFD were probably
not related to any neural factors that were controlled in this
study. These Wndings were in agreement with previous
studies that found signiWcant decreases in PTF and RFD
following passive stretching, but no changes in EMG
amplitude (Cè et al. 2008; Ryan et al. 2008b). For
instance, Cè et al. (2008) stated that the lack of change in
EMG parameters observed in their investigation implied a
preservation of neuromuscular synaptic eYciency and
maintenance of action potentials, suggesting that changes
in viscoelastic and contraction properties were likely
responsible for the deWcit in force following passive
stretching. Conversely, Weir et al. (2005) reported
decreases in p-p M-wave amplitude, but no changes in
PTF after 10 min of plantar Xexor passive stretching.
However, because the authors reported decreases in MVC
and passive torque, but no changes in EMG amplitude dur-
ing the MVCs, they suggested that the decreases in MVC
force following stretching may have been attributed to
alterations in the mechanical properties of the plantar Xex-
ors rather than a decrease in muscle activation. Although
we cannot rule out a neural impairment as a possible
mechanism underlying the stretching-induced force deW-
cits observed in previous studies (Avela et al. 1999; Behm
et al. 2001, 2004; Cramer et al. 2004; 2005; Evetovich
et al. 2003; Fowles et al. 2000; Kokkonen et al. 1998; Nelson
et al. 2001a, b; Nelson and Kokkonen 2001; Power et al.
2004), the present Wndings suggested that stretching-
induced force deWcits measured by evoked twitches may
be related to transient decreases in musculotendinous stiV-
ness (Ryan et al. 2008a, b).

Fig. 3 Mean + standard error (SE) values for the peak-to-peak (p-p) amplitude of the compound muscle action potentials (M-waves) recorded
from the soleus (SOL; darker bars) and medial gastrocnemius (MG; lighter bars) muscles before (Pre) and after (Post) the stretching
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Nelson et al. (2001a, b) have shown that stretching
caused joint angle-speciWc decreases in isometric force at
the shortest muscle lengths, but not at the longer muscle
lengths. These Wndings suggested that passive stretching
may alter the length-tension relationship. Other studies
have reported similar Wndings for the hamstrings muscles,
such that the stretching-induced force deWcit was observed
at short, but not long, muscle lengths (Herda et al. 2008a;
McHugh and Nesse 2008). It is possible that the stretching-
induced changes in twitch properties observed in the present
study may have been more pronounced at shorter muscle
lengths and less pronounced at longer muscle lengths.
Nevertheless, this observation further validates our hypothesis
and conclusion that the mechanism underlying the stretch-
ing-induced force deWcit in the present study was mechani-
cal in origin. Thus, future studies should examine the acute
eVects of passive stretching on the EMD and other twitch
properties at several diVerent ankle joint angles.

In summary, the results of the present study were consis-
tent with previous Wndings that have shown acute decrease
in PTF and RFD after a bout of stretching (Cè et al. 2008;
Ryan et al. 2008b). However, to our knowledge, this study
was the Wrst to report acute stretching-induced increases in
the EMD. Due to the hypothesized direct relationship
between the EMD and musculotendinous stiVness (Grosset
et al. 2009), our Wndings suggested that mechanical factors
related to the stiVness of the muscle–tendon unit may con-
tribute to the explanation for why stretching causes acute
deWcits in the force producing capabilities of evoked
twitches. Furthermore, we found no changes in p-p M-wave
amplitude from pre- to post-stretching, suggesting that the
activation of the plantar Xexor muscles was controlled in
this study. Thus, the stretching-induced increases in EMD
and decreases in PTF and RFD during the evoked muscle
actions in this investigation may have been unrelated to
muscle activation (i.e., neural factors). Future studies are
needed to elaborate on the acute stretching-induced
changes in the viscoelastic properties of the connective tis-
sues surrounding the muscles and how these changes aVect
the relationship between the EMD and force production.
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