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ABSTRACT

The purpose of this study was to examine the acute effects
of static versus dynamic stretching on peak torque (PT)
and electromyographic (EMG), and mechanomyographic
(MMG) amplitude of the biceps femoris muscle (BF) during
isometric maximal voluntary contractions of the leg flexors at
four different knee joint angles. Fourteen men ((mean + SD)
age, 25 * 4 years) performed two isometric leg flexion
maximal voluntary contractions at knee joint angles of 41°,
61°, 81° and 101° below full leg extension. EMG (V) and
MMG (m-s™2) signals were recorded from the BF muscle
while PT values (Nm) were sampled from an isokinetic
dynamometer. The right hamstrings were stretched with
either static (stretching time, 9.2 = 0.4 minutes) or dynamic
(9.1 = 0.8 minutes) stretching exercises. Four repetitions of
three static stretching exercises were held for 30 seconds
each, whereas four sets of three dynamic stretching
exercises were performed (12-15 repetitions) with each
set lasting 30 seconds. PT decreased after the static
stretchingat 81° (p=0.019) and 101° (p=0.001) but not at
other angles. PT did not change (p > 0.05) after the dynamic
stretching. EMG amplitude remained unchanged after the
static stretching (p > 0.05) but increased after the dynamic
stretching at 101° (p < 0.001) and 81° (p < 0.001). MMG
amplitude increased in response to the static stretching at
101° (p = 0.003), whereas the dynamic stretching in-
creased MMG amplitude at all joint angles (p = 0.05). These
results suggested that the decreases in strength after
the static stretching may have been the result of mechani-
cal rather than neural mechanisms for the BF muscle.
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Overall, an acute bout of dynamic stretching may be less
detrimental to muscle strength than static stretching for the
hamstrings.
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INTRODUCTION

tretching is commonly performed before exercise
(1) and athletic events (6,23). Traditionally, it is
believed that increasing flexibility (increasing joint
range of motion) will promote better performance
(55) and reduce the risk of injury during strenuous exercise
(56). Several studies have used muscle stretching techniques
to examine various aspects of muscle function including pas-
sive force production (33-35,56), stress-relaxation (41,59,60),
neuromuscular reflex patterns (22,25,62), factors contributing
to muscle damage (2,31), and the mechanisms of increase in
musculotendinous compliance (33,60). However, recent
studies have reported that stretching before exercise or
performance events actually decreases isometric (3,9,19,45)
and dynamic muscle strength (12,14,29,37,45,47,48). As a
result, this phenomenon has been termed the stretching-
induced force deficit (19). Two primary hypotheses have
been proposed to explain the stretching-induced force deficit
(3,9,12,16,19,27,29,44,66): (a) mechanical factors such as
decreases in muscle stiffness may affect the length-tension
relationship and (b) neural factors such as altered motor
control strategies and/or reflex sensitivity.
Mechanomyography (MMG) and electromyography
(EMG) can provide unique information about the mechanical
properties and neural activation strategies of skeletal muscles.
For example, the MMG signal records and quantifies the low-
frequency lateral oscillations of active skeletal muscle fibers
and provides a noninvasive method to examine muscle
function (5,50,57). The lateral oscillations produced by
contracting muscles may reflect the mechanical counterpart
of the muscle activation as measured by surface EMG (20).
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It has been suggested that MMG amplitude is inversely
proportional to the active stiffness of a muscle (13,15,50);
therefore, stretching-induced decreases in muscle stiffness
might be detected by increases MMG amplitude (16). Con-
versely, surface EMG reflects the algebraic sum of electrical
muscle action potentials that pass within the recording areas
of the EMG electrodes. Therefore, EMG amplitude
quantifies muscle activation, which can be altered by the
number of motor units recruited and the firing rates of the
activated motor units (7,50-52). It has also been hypothe-
sized (3,9,12,19) that static stretching reduces muscle activa-
tion, perhaps through central nervous system inhibitory
mechanisms. Thus, EMG amplitude may be able to detect
stretching-induced alterations in muscle activation (11,12,37).
Together, MMG and EMG amplitude may be useful to test
the hypotheses regarding the mechanical and neural factors,
respectively, underlying the stretching-induced force deficit.

The angle-torque relationship during maximal isometric
contractions (MVCs) is an additional approach to examining
the mechanical factors that may be responsible for the
stretching-induced force deficit. During isometric contractions,
muscle fibers shorten and the tendons and aponeuroses
lengthen (21). Theoretically, a stretching-induced decrease in
passive stiffness of the tendon and aponeurosis will allow
greater muscle fiber shortening at a given muscle length. This
would affect the length-tension relationship such that, after
stretching, torque would be decreased at short muscle lengths
and increased at long muscle lengths. Therefore, the stretch-
ing-induced force deficit may only be apparent at muscle
lengths shorter than the length for optimal force production.

Decreases in the force-producing capabilities of isolated
muscle actions have been demonstrated as a result of static
(9,12,14,16,19,27,37,47,53,64), proprioceptive neuromuscular
facilitation (PNF) (37), and ballistic (48) stretching. Isolated
muscle actions, such as isometric or isokinetic leg extensions
(12,14,37,47), forearm flexions (16), or plantarflexions (19),
provide well-controlled environments to examine the
mechanisms underlying the stretching-induced force deficit.
As a result of these studies, recommendations have been
made to avoid static, PNF, and ballistic stretching before
athletic performance activities that require high levels of
force production. In contrast, recent investigations have
reported improvements in performance after an acute bout of
dynamic stretching when power output is measured during
whole-body dynamic tasks (17,18,32,42) and explosive,
multi-joint lower-body exercises (65). However, no previous
studies have compared the acute effects of static and dynamic
stretching in isolated muscle performance, which was the
original model used to demonstrate the stretching-induced
force deficit. The hamstring muscle was chosen in the present
study because it is commonly stretched for fear of hamstring
strains and because most previous studies have examined the
quadriceps femoris (9,12,14,37,47), gastrocnemius (19,64), or
biceps brachii (16). Therefore, the purpose of this study was
to examine the acute effects of static versus dynamic
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stretching on peak torque (PT) and EMG and MMG
amplitude of the biceps femoris muscle (BF) during MVCs of
the leg flexors at four different knee joint angles.

MEeTHODS

Experimental Approach to the Problem

This study was designed to examine whether dynamic
stretching elicits the same acute inhibitory influences on muscle
force production as static stretching (9,19,53,64) during iso-
metric leg flexion muscle actions at four different joint angles.
EMG and MMG amplitude were recorded from the biceps
femoris muscle to test the hypothesis that stretching reduces
muscle activation (EMG) and muscle stiffness (MMG) (11,14,
16,37). Multiple joint angles were examined to test the
hypothesis that the stretching-induced force deficit is caused
by alterations in the length-tension relationship (11,39,47,48).

Subjects

Fourteen healthy men ((mean = SD) age, 25 * 4 years;
height, 177 = 6 cm; weight, 78 * 9 kg) volunteered for this
investigation. None of the participants reported any current
or ongoing neuromuscular diseases or musculoskeletal
injuries specific to the ankle, knee, or hip joints. Each
participant completed a pre-exercise health questionnaire
and signed a written informed consent document. Of the
14 participants, 10 reported engaging in 1-8 h-wk ™' of aero-
bic exercise, 10 reported 1-7 h-wk ™! of resistance exercise,
and 12 reported 1-4 h-wk™! of recreational sports. None
of the participants were competitive athletes; however, as
a result of their reported levels of aerobic exercise, resistance
training, and recreational sports, these individuals would be
classified as normal, moderately active, recreationally trained
participants. This study was approved by the University’s
institutional review board for human subjects research.

Isometric Strength Assessments

Before (pre) and after (post) the stretching exercises, isometric
PT for the right hamstring muscles was measured using a
Biodex System 3 isokinetic dynamometer (Biodex Medical
Systems, Inc., Shirley, NY). PT was measured at four ran-
domly ordered knee joint angles of 41°, 61°, 81°, and 101°
below full extension. The participants were seated with
restraining straps over the pelvis, trunk, and contralateral
thigh, and the lateral condyle of the femur was aligned with
the input axis of the dynamometer in accordance with the
Biodex User’s Guide (Biodex Pro Manual, Applications/Op-
erations; Biodex Medical Systems, Inc.). Two 4-second
isometric MVCs of the leg flexors were performed at each
joint angle with 30 seconds of rest between each MVC and
30 seconds of rest between joint angles. PT was determined as
the higher of the two MVC trials at each joint angle. All
isometric PT assessments were performed with a 60° angle
between the thigh and torso (Figure 1). Isometric PT
assessments began 4.2 * 0.6 minutes after the completion
of stretching treatments and ended 9.1 = 0.1 minutes after
the beginning of the stretching treatment.
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Figure 1. An example of subject positioning for the isometric strength
assessments.

Static and Dynamic Stretching Exercises

Immediately after the pre-stretching isometric strength
assessments, each subject performed three static or dynamic
stretching exercises designed to stretch the right hamstrings.
For the static stretching, four repetitions of each stretching
exercise were held for 30 seconds at the point of discomfort, but
not pain, as acknowledged by the subject. For the dynamic
stretching, four sets of each stretching exercise were performed
by repeating the stretch continuously in a slow and controlled
manner for 30 seconds, which resulted in 12-15 repetitions per
set. Between each static stretching repetition or dynamic
stretching set, there was a 15-second rest period. The
repetitions, sets, and rest periods where chosen based on
previous studies (17,30) to equalize the volume of static and
dynamic stretching. Consequently, the average total stretching
time was 9.2 = 0.4 minutes for the static stretching and 9.1 =
0.3 minutes for the dynamic stretching.

For the static stretching, each subject performed one unas-
sisted stretching exercise followed by two assisted stretching
exercises. For the unassisted stretching exercise (Figure 2a), the
subject positioned the heel of his right foot 5-10 cm lateral to
the toes of his left foot, flexed the right leg to maintain a 5-10°
angle at the knee joint, then flexed the torso downward while
reaching for the right toes with both hands until the right
hamstrings were stretched. After the unassisted stretching
exercise, the remaining static stretching exercises were
performed with the assistance of the primary investigator.

The first assisted stretching exercise (Figure 2b) was
performed with the subject seated on a padded mat. The
right leg was fully extended, left leg flexed, and left thigh
abducted and externally rotated so that the bottom of the left
foot faced the medial aspect of the right thigh. In this
position, the subject flexed the torso forward while reaching
for the right toes with both hands, while the investigator
gently pushed the torso forward to complete the stretch. The
final assisted static stretching exercise (Figure 2¢) began with
the subject lying supine on a padded mat with the left thigh
and leg extended. The investigator knelt over the left thigh
while passively flexing the subject’s right thigh at the hip by
applying pressure to the posterior aspects of the right leg and
ankle. The right leg was flexed slightly to maintain a 5-10°
angle at the knee joint, and the right foot was dorsiflexed to
maintain a 90° angle at the ankle.

On a separate day, each subject performed three dynamic
stretching exercises based on the methods of a previous study
(36). The first dynamic stretching exercise (Figure 2d) was
performed with both arms abducted and forearms extended
to be horizontal to the floor. The subject flexed the right
thigh while maintaining an extended leg so that the right toes
approached both hands. The right thigh was then extended
back to the starting position. Once completed, the subject
took a regular step forward with the left leg and then
repeated the dynamic stretching movement of the right thigh
in a forward linear direction. The second dynamic stretching
exercise (Figure 2e) involved an exaggerated step forward
with the right leg while flexing the trunk at the hip and waist
until both hands approached the right foot. Because of some
limited forward momentum, this motion was balanced by
extension of the left thigh. Once completed, the subject
returned to the start position and repeated the movement in
a forward linear direction. The third and final dynamic
stretching exercise (Figure 2f) was performed with the hands
on the hips. The subject flexed the right thigh, extended the
right leg, and then took an exaggerated step forward. Once
completed, the subject brought the left leg to the starting
position and then repeated the dynamic stretching exercise of
the right leg in a forward linear direction.

Surface Electromyography

Bipolar surface EMG electrode arrangements (Ag-Ag Cl,
Quinton Quick Prep; Quinton Instruments Co., Bothell, WA)
were placed along the longitudinal axis of the right BF muscle.
Electrodes were placed at 50% of the distance from the ischial
tuberosity to the medial epicondyle of the tibia. The center-to-
center interelectrode distance was approximately 4 cm, which
was selected to accommodate placement of the MMG
sensors between the active EMG electrodes (14). For all
EMG measurements, the reference electrode was placed
over the spinous process of the 7th cervical vertebrae.
Interelectrode impedance for each muscle was kept below
2,000 Q by carefully abrading the skin and swabbing with
isopropyl alcohol. The EMG signals (recorded in microvolts)
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Figure 2. Examples of the (a) unassisted static stretching exercise, (b) first assisted static stretching exercise, (c) second assisted static stretching exercise, (d)
first dynamic stretching exercise, (e) second dynamic stretching exercise, and (f) third dynamic stretching exercise.

were differentially amplified with a bandwidth of 1-500 Hz,
input impedance of 2 M (differential), common mode
rejection ratio of 110 dB, maximal input voltage of =10 V,
and gain of 1,000 (EMB100C; Biopac Systems Inc., Santa
Barbara, CA).

Mechanomyography

The MMG signals were detected with active miniature
accelerometers (EGAS-FS-10-/VO5; Measurement Special-
ties, Inc., Hampton, VA) that were pre-amplified with a gain of
200, frequency response of 0-200 Hz, sensitivity of 70
mV/m-s2, and range of £98 m-s~2 The sensor was placed
over the right BF muscle between the active EMG
electrodes. The accelerometers were fixed to the skin with
3M double-sided foam tape.

Signal Processing

The EMG, MMG, and torque signals were recorded
simultaneously with a Biopac data acquisition system
(MP150WSW, Biopac Systems, Inc.) during each isometric
MVC. The torque (Nm) signal from the Biodex dynamometer
and the EMG (wV) and MMG (m-s?) signals were stored on
a personal computer (Dell Inspiron 8200; Dell, Inc., Round
Rock, TX) and expressed as root mean square (rms) ampli-
tude values by software (LabVIEW v 7.1; National Instru-
ments, Austin, TX). The sampling frequency was 1,000 Hz
for all signals. The EMG and MMG signals were bandpass
filtered (zero phase fourth-order Butterworth filter) at 10-500
Hz and 5-100 Hz, respectively, while the torque signal was
low-pass filtered with a 10-Hz cutoff (zero-phase fourth-
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order Butterworth filter). All rms amplitude calculations were
performed on the filtered signals.

MVC torque (Nm) was determined as the highest 1-second
average torque value that occurred during the middle of the
4-second MVC. The same 1-second epoch used to calculate
MVC torque was also used to calculate EMG and MMG
amplitude during the MVC trials. The EMG and MMG
amplitude values were normalized (%max) to the highest am-
plitude values recorded during the pre-stretching isometric
strength assessments separately for each subject.

Statistical Analysis

A three-way repeated measures ANOVA (mode (static vs.
dynamic) X time (pre- vs. post-stretching) X angle (101° vs.
81° vs. 61° vs. 41°)) was used to analyze the PT data. Two
separate three-way repeated measures ANOVAs (mode
(static vs. dynamic) X time (pre- vs. post-stretching) X angle
[101° vs. 81° vs. 61° vs. 41°]) were used to analyze the
normalized EMG and MMG amplitude values. When
appropriate, follow-up analyses included additional lower-
order ANOVAs and paired-samples #tests. SPSS software
(version 12.0, Chicago, IL) was used for all statistical
comparisons. The a level was set at p = 0.05 to determine
statistical significance.

Reliability

Previous test-retest reliability from our laboratory for PT,
EMG amplitude, and MMG amplitude during maximal,
voluntary, isometric leg extensions indicated that, for 12 male
and seven female subjects measured 48 hours apart, the
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intraclass correlation coeffi-
cients (R) ranged from 0.92 to

0.93, 0.70 to 0.94, and 0.69 to A 100 5
0.85, respectively, with no sig- 90 1
nificant (p > 0.05) differences
between mean values for test vs. Peak 80
Torque
retest. (Nm)
REsuLTS 60
Peak Torque 50
For PT, there was a significant OT
three-way interaction (mode X B 100
time X angle; p = 0.035). PT %
decreased from pre- to post-
stretching at 81° (p=0.019) and Peak 80
101° (p = 0.001) for the static Tme 70
stretching. In addition, the PT 0
values at 41° and 101° were
lower (p = 0.05) than PT at 81° 50

and 61° for both the static and

static stretching

—e— pre-stretching
* ---e--- post-stretching

dynamic stretching

dynamic stretching trials. No
other differences were observed
from pre- to post-stretching for
either the static or dynamic
stretching conditions (Figure 3).

EMG Amplitude

The analyses indicated a three-way interaction (mode X time
X angle; p = 0.018). Normalized EMG amplitude increased
from pre- to post-stretching at 101° (» < 0.001) and 81° (p <
0.001) for the dynamic stretch-

ing condition; however, no

other differences were observed

from pre- to post-stretching for A 120
either the static or dynamic 110
stretching (Figure 4). 100
EMG
MMG Amplitude Amplitude 90
The analyses indicated no sig- (%omax)
nificant three-way interaction
(mode X time X angle; p = 70
0.994) and no two-way interac- o7
tion for mode X angle (p = B 120
0.316), but there were two-way 110
interactions for time X angle 100
(p = 0.006) and mode X time Ami)nll:ﬁj de 9
(p = 0.008). Normalized MMG (%max)
amplitude increased from pre- 80
to post-stretching at 101° (p = 70
0.003) for the static stretching o7

101 ' 81 ' 61 ' 4
Knee Joint Angle (°)

Figure 3. Isometric peak torque (Nm) plotted as a function of knee joint angle (°) during the pre- (solid line) and
post-stretching (dashed line) assessments for the (a) static and (b) dynamic stretching conditions. *Decreases
from pre- to post-stretching (p = 0.05). Values are means = SEM.

In addition, MMG amplitude was greater at 101° than at 61°
(p = 0.002) and 41° (p = 0.001) during the post-static
stretching assessments, 81° and 61° were greater than 41°

—e— pre-stretching
---o0--- post-stretching

static stretching

condition. MMG amplitude
also increased from pre- to post-
stretching at 101° (p = 0.007),
81° (p=0.004), 61° (» = 0.003),
and 41° (p < 0.001) for the

dynamic stretching condition.

101 81 61 41
Knee Joint Angle (°)

Figure 4. Normalized mean electromyographic amplitude (%max) plotted as a function of knee joint angle (°) during
the pre- (solid line) and post-stretching (dashed line) assessments for the (a) static and (b) dynamic stretching
conditions. *Decreases from pre- to post-stretching (p = 0.05). Values are means = SEM.
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increase in power output after
the dynamic stretching. Simi-
larly, Fletcher et al. (18) dem-
onstrated  static  stretching-
induced increases in 20-m sprint
times, whereas the dynamic
stretching improved sprint per-
formance. Although we did not
observe increases in hamstring
strength as a result of the
dynamic stretching, the results
of the present study support the
hypothesis ~ that  dynamic
stretching may be less detri-
mental to muscle force pro-
duction than static stretching.

»*

101 81 61

Knee Joint Angle (°)

Figure 5. Normalized mean mechanomyographic amplitude (%max) plotted as a function of knee joint angle (°)
during the pre- (solid line) and post-stretching (dashed line) assessments for the (a) static and (b) dynamic
stretching conditions. *Decreases from pre- to post-stretching (p = 0.05). Values are means *= SEM.

(p = 0.027 and 0.001, respectively) during the pre-dynamic
stretching assessments, and 101° and 81° were greater than
61° (p = 0.001 and 0.026, respectively) during the post-
dynamic stretching assessments (Figure 5).

DiscussioN

The results of the present study indicate that the static
stretching decreased isometric PT of the hamstrings muscles
at knee joint angles of 101° (15.94%) and 81° (7.2%), but there
were no changes in strength as a result of the dynamic
stretching (Figure 3). These results are consistent with
previous studies (9,19,45) that have reported acute decreases
in isometric muscle strength after a bout of static stretching,
which has since been termed the stretching-induced force
deficit. To our knowledge, however, this is the first study to
examine the acute effects of dynamic stretching on isolated
muscle strength. The stretching-induced force deficit has
been observed after ballistic (48), proprioceptive neuromus-
cular facilitation (PNF) (10,37), and static stretching (3,9,12,
14,16,19,29,45,47); however, based on the findings of the
present study, dynamic stretching may not have an adverse
affect on the isometric strength of the leg flexors.

Previous studies have reported acute increases in 20-m sprint
performance (18), vertical jump height (17,32), and shuttle run
performance (17,43) as a result of dynamic stretching. Static
stretching, however, has been shown to either decrease
(12,14,16,18,32,37,46,47,49,63,66) or have no affect on
(33,42,53,61,65) the performance of similar tasks, such as
sprinting (18,32,46), jumping (53,63,66), and agility drills
(17,32,42). Yamaguchi et al. (65) reported no changes in leg
extension power after static stretching; however, there was an

814  Journal of Strength and Conditioning Research

41 The fact that previous studies
(17,18,32,42,65) have examined
the acute affects of dynamic
stretching on power output
measured during dynamic tasks,
whereas the present study mea-
sured isometric muscle strength
at different joint angles, may explain the differences among
findings.

Two hypotheses have been proposed to explain the
stretching-induced force deficit (3,9,12,16,28,47,66): (a)
mechanical factors, such as decreases in muscle stiffness
and increases in the resting length of sarcomeres that alter the
length-tension relationship of a muscle and (b) neuromus-
cular factors, such as altered motor control strategies and/or
reflex sensitivity. Fowles et al. (19) reported that after 15
minutes of recovery from intense stretching, most of the
decreases in muscle strength were attributable to intrinsic
mechanical properties of the musculotendinous unit, rather
than neural factors. It was hypothesized that the stretching
may have altered the length-tension relationship and/or the
plastic deformation of connective tissues such that the
maximal force-producing capabilities of the muscle could be
limited (19). Nelson et al. (47) also suggested that the primary
mechanism underlying the stretching-induced decreases in
force production was related to a decrease in musculotendi-
nous stiffness that may alter the length-tension relationship of
the muscle fibers. McHugh et al. (40) examined the angle-
torque relationship during isometric leg flexion muscle
actions at six different knee joint angles (80°, 65°, 50°, 35°,
20°, and 5°) as an indirect assessment of the length-tension
relationship and reported that the stretching-induced force
deficit was most prominent at the shorter muscle lengths.
The results of the present study are consistent with those of
McHugh et al. (40) and indicate decreases in isometric PT
after the static stretching at the two shortest muscle lengths
(101° and 81°), whereas the dynamic stretching elicited no
changes in isometric PT at any of the knee joint angles.
Therefore, this evidence provides tentative support to the
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hypothesis that static stretching causes acute alterations in
the length-tension relationship that may reduce the capacity
for maximal force production at short muscle lengths. It is
possible that the increased EMG activity for isometric
contractions at the two shortest muscle lengths after dynamic
stretching is sufficient to counteract a loss of force production
because of the shift in the length-tension relationship.
Although force loss at short muscle lengths is consistent
with a rightward shift in the length-tension relationship for
isometric contractions, it follows that there should also be
a force increase at muscle lengths beyond optimal length.
However, an increase in knee flexion torque at 41° (longest
muscle length tested) was not apparent. An additional
measure at 21° would have provided a better assessment of
force production in which cross-bridge formation is com-
promised by muscle length.

Several studies have examined the neuromuscular factors
underlying the stretching-induced force deficit with both
surface EMG and MMG (3,9,14,19). For example, Cramer
et al. (11,14) and Marek et al. (37) reported decreases in
muscle activation (EMG amplitude), but no changes in MMG
amplitude, in the vastus lateralis and rectus femoris muscles
after a bout of static stretching. In contrast, Evetovich et al.
(16) reported no changes in EMG amplitude, but increases in
MMG amplitude, for the biceps brachii after static stretching.
The results of the present study support those of Evetovich
et al. (16) and suggest that neither static nor dynamic
stretching decrease muscle activation (EMG amplitude) but
that both modes of stretching increase muscle compliance
(MMG amplitude). These conflicting results between the
stretching-induced changes in EMG and MMG amplitude
for the quadriceps femoris (11,16,37) versus the biceps brachii
(16) and BF (present study) maybe the result of muscle-
specific differences in responses to stretching. For example,
stretching-induced increases in MMG amplitude, but no
changes in EMG amplitude, have been observed in the
biceps brachii (16) and the BF. However, the studies that
have reported stretching-induced decreases in EMG ampli-
tude, but no changes in MMG amplitude, have examined the
vastus lateralis and rectus femoris muscles (11,16,37). It is
possible that stretching affects the activation (EMG
amplitude) and stiffness (MMG amplitude) of the biceps
brachii and BF differently than the quadriceps femoris
muscles. Future studies should examine whether structural,
architectural, and/or morphological differences among
muscles influence their acute responses to stretching.

It is possible that the increases in EMG amplitude at 101°
and 81° and the increases in MMG amplitude at all knee joint
angles were the result of some level of post-activation
potentiation (PAP). PAP is commonly defined as the transient
increase in muscle contractile performance after a previous
“conditioning” contractile activity (54). PAP may increase the
rate constant of cross-bridge attachments (24), which in turn
may allow a greater number of cross-bridges to form, result-
ing in an increase in force production (8). Faigenbaum

et al. (17) and Yamaguchi et al. (65) hypothesized that the
increases in force output after dynamic stretching were
caused by an enhancement of neuromuscular function, and
they implied that the dynamic stretching had a PAP effect on
performance. In the present study, dynamic stretching did
not improve muscular strength, although EMG amplitude
increased (101° and 81°) and MMG amplitude increased,
which may have reflected a potentiating effect of the
dynamic stretching on muscle activation.

In theory, increases in physiological temperature will
increase the compliance of both the contractile and non-
contractile tissues in the muscle (58). The non-contractile
proteins and connective tissues at the levels of the sarcomere
and muscle fiber, respectively, provide the structural rigidity
necessary for the actin and myosin filaments to generate
force in series (38); therefore, temperature-related increases
in the compliance of the non-contractile tissues may allow for
greater lateral oscillations (i.e, MMG amplitude) during
contraction. In support of this hypothesis, previous studies
have demonstrated decreases in MMG amplitude caused by
experimentally induced hypothermia in vivo (26) and in vitro
(4). As a result, Kimura et al. (26) concluded that the surface
MMG may be a useful and reliable method for monitoring
the contractile properties of active skeletal muscle under
a wide range of physiological temperatures. In the present
study, MMG amplitude increased as a result of the dynamic
stretching at all four knee joint angles; however, EMG
amplitude only increased at 101° and 81° after the dynamic
stretching. These results suggest that the increases in MMG
amplitude cannot be fully explained by the joint angle-
dependent increases in muscle activation (ie, EMG
amplitude) and may reflect increases in muscle temperature
as a result of the dynamic stretching. Indeed, Fletcher et al.
(18) hypothesized that improvements in power output after
dynamic stretching maybe related to increases in muscle
temperature. However, future studies should test this
hypothesis by examining the acute effects of dynamic
stretching on muscle temperature.

PRACTICAL APPLICATIONS

This study was designed to test isolated muscular strength after
dynamic stretching in the same manner as previous studies that
first reported the stretching-induced force deficit after static
stretching (3,9,12,16,19,27,29,44,66). The results of this study
have implications for strength and conditioning coaches and
men who perform stretching before performance events. The
decreases in strength as a result of the static stretching may
adversely affect the performance of athletes in sports that
require high levels of force production, and these findings are
consistent with previous studies (29,43,45,48,66,67). The
dynamic stretching, however, did not have a detrimental
effect on hamstring strength in the present study. Previous
studies (17,18,32,45,65) have reported increases in power
output after dynamic stretching. Therefore, our findings, in
conjunction with previous studies (17,18,32,45,65), suggest that
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strength and conditioning professionals should consider
incorporating dynamic stretching, rather than static stretching,
before performance-related activities to maintain or increase
muscle strength and/or power output. In addition, our
findings suggest that the decreases in strength that occurred
as a result of static stretching were the result of a combination
of mechanical (length-tension relationship) and neural (de-
crease muscle activation) mechanisms. Future studies are
needed to identify the mechanisms underlying the differential
effects of static versus dynamic stretching on muscle strength,
power output, and neuromuscular function, such as increases
in muscle temperature and/or potentiation that may occur as
a result of dynamic stretching. In addition, investigations are
needed to determine whether dynamic stretching has the
same influence on joint range of motion as static stretching, or
whether certain types of athletic performance even benefit
from increases in range of motion.

REFERENCES

1. American College of Sports Medicine, Franklin, BA, Whaley, MH,
Howley, ET, and Balady, GJ. ACSM’s Guidelines for Exercise Tésting
and Prescription (6th ed.). Philadelphia: Lippincott Williams &
Wilkins; 2000.

2. Armstrong, RB, Duan, C, Delp, MD, Hayes, DA, Glenn, GM, and
Allen, GD. Elevations in rat soleus muscle [Ca2+] with passive
stretch. J Appl Physiol 74: 2990-2997, 1993.

3. Avela, ], Kyrolainen, H, and Komi, PV. Altered reflex sensitivity after
repeated and prolonged passive muscle stretching. J.App! Physiol 86:
1283-1291, 1999.

4. Barry, DT. Acoustic signals. J Bigphys 52: 769-773, 1987.

5. Barry, DT, and Cole, NM. Fluid mechanics of muscle vibrations.
Bigphys J 53: 899-905, 1988.

6. Beaulieu, JE. Developing a stretching program. Phys Sports Med 9:
59-66, 1981.

7. Beck, TW, Housh, TJ, Johnson, GO, Cramer, JT, Weir, JP,
Coburn, JW, and Malek, MH. Does the frequency content of the
surface mechanomyographic signal reflect motor unit firing rates?
A brief review. J Electromyogr Kinestol 17: 1-13, 2007.

8. Behm, DG, Bambury, A, Cahill, F, and Power, K. Effect of acute
static stretching on force, balance, reaction time, and movement
time. Med Sci Sports Exerc 36: 1397-1402, 2004.

9. Behm, DG, Button, DC, and Butt, JC. Factors affecting force loss
with prolonged stretching. Can J Appl Physiol 26: 261-272, 2001.

10. Church, JB, Wiggins, MS, Moode, FM, and Crist, R. Effect of
warm-up and flexibility treatments on vertical jump performance.
J Strength Cond Res 15: 332-336, 2001.

11. Cramer, JT, Housh, TJ, Coburn, JW, Beck, TW, and Johnson, GO.
Acute effects of static stretching on maximal eccentric torque
production in women. J Strength Cond Res 20: 354-358, 2006.

12. Cramer, JT, Housh, TJ, Johnson, GO, Miller, JM, Coburn, JW, and
Beck, TW. Acute effects of static stretching on peak torque in
women. J Strength Cond Res 18: 236-241, 2004.

13. Cramer, JT, Housh, TJ, Weir, JP, Johnson, GO, Berning, JM,
Perry, SR, and Bull, AJ. Gender, muscle, and velocity comparisons
of mechanomyographic and electromyographic responses during
isokinetic muscle actions. Scand J Med Sci Sports 14: 116-127, 2004.

14. Cramer, JT, Housh, TJ, Weir, JP, Johnson, GO, Coburn, JW, and
Beck, TW. The acute effects of static stretching on peak torque,

mean power output, electromyography, and mechanography. Eur J
Appl Physiol 93: 530-539, 2005.

816  Journal of Strength and Conditioning Research

15.

16.

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Evetovich, TK, Housh, TJ, Stout, JR, Johnson, GO, Smith, DB, and
Ebersole, KT. Mechanomyographic responses to concentric
isokinetic muscle contractions. Eur J Appl Physiol Occup Physiol T5:
166-169, 1997.

Evetovich, TK, Nauman, NJ, Conley, DS, and Todd, JB. Effect of
static stretching of the biceps brachii on torque, electormyography,
and mechanomyography during concentric isokinetic muscle
actions. J Strength Cond Res 17: 484-488, 2003.

Faigenbaum, AD, Bellucci, M, Bernieri, A, Bakker, B, and Hoorens, K.
Acute effects of different warm-up protocols on fitness performance
in children. J Strength Cond Res 19: 376-381, 2005.

Fletcher, IM and Jones, B. The effect of different warm-up stretch
protocols on 20 meter sprint performance in trained rugby union
players. J Strength Cond Res 18: 885-888, 2004.

Fowles, JR, Sale, DG, and MacDougall, JD. Reduced strength
after passive stretch of the human plantarflexors. J App/ Physiol 89:
1179-1188, 2000.

Gordon, G and Holbourn, AH. The sounds from single motor units
in a contracting muscle. J Physiol 107: 456-464, 1948.

Griffiths, RI. Shortening of muscle fibres during stretch of the active
cat medial gastrocnemius muscle: the role of tendon compliance.

J Phystol 436: 219-236, 1991.

Guissard, N, Duchateau, ], and Hainaut, K. Muscle stretching and
motoneuron excitability. Eur J Appl Physiol Occup Physiol 58: 47-52,
1988.

Holcomb, WR. Stretching and Warm-Up. Champaign, IL: Human
Kinetics, 2000. pp. 321-342.

Houston, ME and Grange, RW. Myosin phosphorylation, twitch
potentiation, and fatigue in human skeletal muscle. Can J Physiol
Pharmacol 68: 908-913, 1990.

Hutton, RS. Neuromuscular basis of stretching exercises. In: Strength
and Power in Sport. P.V. Komi, ed. Oxford, UK: Blackwell Scientific,
1992. pp. 29-38.

Kimura, T, Hamada, T, Massako Ueno, L, and Moritani, T. Changes
in contractile properties and neuromuscular propagation evaluated
by simultaneous mechanomyogram and electromyogram during
experimentally induced hypothermia. J Electromyogr Kinesiol 13:
433-440, 2003.

Knudson, D, Bennett, K, Corn, R, Leick, D, and Smith, C. Acute
effects of stretching are not evident in the kinematics of the vertical
jump. J Strength Cond Res 15: 98-101, 2001.

Knudson, D and Noffal, G. Time course of stretch-induced isometric
strength deficits. Eur J Appl Physiol 94: 348-351, 2005.

Kokkonen, ], Nelson, AG, and Cornwell, A. Acute muscle stretching
inhibits maximal strength performance. Res Q Exerc Sport 69:
411-415, 1998.

Laur, DJ, Anderson, T, Geddes, G, Crandall, A, and Pincivero, DM.
The effects of acute stretching on hamstring muscle fatigue and
perceived exertion. J Sports Scr 21: 163-170, 2003.

Lieber, RL, Woodburn, TM, and Friden, J. Muscle damage induced
by eccentric contractions of 25% strain. J.4ppl Physiol 70: 2498-2507,
1991.

Little, T and Williams, AG. Effects of differential stretching
protocols during warm-ups on high-speed motor capacities in
professional soccer players. J Strength Cond Res 20: 203-207,
2006.

Magnusson, SP. Passive properties of human skeletal muscle
during stretch maneuvers: a review. Scand J Med Sci Sports 8: 65-T7,
1998.

Magnusson, SP, Simonsen, EB, Aagaard, P, Dyhre-Poulsen, P,
McHugh, MP, and Kjaer, M. Mechanical and physical responses
to stretching with and without preisometric contraction in
human skeletal muscle. Arch Phys Med Rehabil T7: 373-378,
1996.



Jotrnal of Strength and Conditioning Research | wwwascajscrorg

35.

36.

37

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Magnusson, SP, Simonsen, EB, Aagaard, P, Gleim, GW, McHugh,
MP, and Kjaer, M. Viscoelastic response to repeated static stretching
in the human hamstring muscle. Scand J Med Sci Sports 5: 342-347,
1995.

Mann, DP and Jones, MT. Guidelines to the implementation of
a dynamic stretching program. Na#/ Strength Cond Assoc 21: 53-55,
1999.

Marek, SM, Cramer, JT, Fincher, Al, Massey, LL, Dangelmaier, SM,
Purkayastha, S, Fitz, KA, and Culbertson, JY. Acute effects of
static and proprioceptive neuromuscular facilitation stretching on
muscle strength and power output. J Athlet Train 40: 94-103,
2005.

McArdle, WD, Katch, FI, and Katch, V1. Exercise Physiology: Energy,
Nutrition, and Human Performance. Baltimore: Lippincott Williams &
Wilkins; 2001.

McHugh, M and Johnson, A. Strength loss following static
stretching: the role of muscle length. In: MSSE: Nicholas Institute of
Sports Medicine and Athletic Trauma, 2006. pp. S373-S374.

McHugh, MP. Strength loss following static stretching: the role of
muscle length. Med Sci Sports Exerc 38: S373-S374, 2006.

McHugh, MP, Magnusson, SP, Gleim, GW, and Nicholas, JA.
Viscoelastic stress relaxation in human skeletal muscle. Med Sci Sports

Exerc 24: 1375-1382, 1992.

McMillian, DJ, Moore, JH, Hatler, BS, and Taylor, DC.
Dynamic vs. static-stretching warm up: the effect on power
and agility performance. J Strength Cond Res 20: 492-499,
2006.

McNeal, JR and Sands, WA. Static stretching reduces power
production in gymnasts. Tec/nigue 21: 5, 2001.

McNeal, JR and Sands, WA. Acute static stretching reduces lower
extremity power in trained children. Pediatr Exerc Sci 180: 249-254,
2003.

Nelson, AG, Allen, JD, Cornwell, A, and Kokkonen, J. Inhibition
of maximal voluntary isometric torque production by acute
stretching is joint-angle specific. Res Q Exerc Sport 72: 68-70,
2001.

Nelson, AG, Driscoll, NM, Landin, DK, Young, MA, and
Schexnayder, IC. Acute effects of passive muscle stretching on sprint
performance. J Sports Sci 23: 449-454, 2005.

Nelson, AG, Guillory, IK, Cornwell, C, and Kokkonen, ]. Inhibition
of maximal voluntary isokinetic torque production following
stretching is velocity-specific. J Strength Cond Res 15: 241-246,
2001.

Nelson, AG and Kokkonen, J. Acute ballistic muscle stretching
inhibits maximal strength performance. Res Q Exerc Sport 72:
415-419, 2001.

Nelson, AG, Kokkonen, J, and Arnall, DA. Acute muscle stretching
inhibits muscle strength endurance performance. J Strength Cond Res
19: 338-343, 2005.

Orizio, C. Muscle sound: bases for the introduction of a
mechanomyographic signal in muscle studies. Crit Rev Biomed Eng
21: 201-243, 1993.

Orizio, C, Gobbo, M, Diemont, B, Esposito, F, and Veicsteinas, A.
The surface mechanomyogram as a tool to describe the influence
of fatigue on biceps brachii motor unit activation strategy: historical

52.

53.

54.

55.

56.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

basis and novel evidence. Eur J Appl Physiol 90: 326-336,
2003.

Orizio, C, Perini, R, and Veicsteinas, A. Muscular sound and force

relationship during isometric contraction in man. Eur J Appl Physiol
Occup Physiol 58: 528-533, 1989.

Power, K, Behm, D, Cahill, F, Carroll, M, and Young, W. An acute
bout of static stretching: effects on force and jumping performance.
Med Sci Sports Exerc 36: 1389-1396, 2004.

Sale, DG. Postactivation potentiation: role in human performance.
Exerc Sport Sci' Rev 30: 138-143, 2002.

Shellock, FG and Prentice, WE. Warming-up and stretching for
improved physical performance and prevention of sports-related
injuries. Sports Med 2: 267-278, 1985.

Smith, CA. The warm-up procedure: to stretch or not to stretch—a
brief review. J Orthop Sports Phys Ther 19: 12-17, 1994.

. Stokes, MJ. Acoustic myography: applications and considerations

in measuring muscle performance. Isokinet Exerc Sci 3: 4-15,
1993.

Taylor, BF, Waring, CA, and Brashear, TA. The effects of
therapeutic application of heat or cold followed by static stretch on
hamstring muscle length. J Orzhgp Sports Phys Ther 21: 283-286,
1995.

Taylor, DC, Dalton Jr, JD, Seaber, AV, and Garrett Jr, GE.
Viscoelastic properties of muscle-tendon units: the

biomechanical effects of stretching. Am J Sports Med 18: 300-309,
1990.

Toft, E, Sinkjaer, T, Kalund, S, and Espersen, GT. Biomechanical
properties of the human ankle in relation to passive stretch.
J Biomech 22: 1129-1132, 1989.

Unick, ], Kieffer, HS, Cheesman, W, and Feeney, A. The acute effects
of static and ballistic stretching on vertical jump performance in
trained women. J Strength Cond Res 19: 206-212, 2005.

Vujnovich, AL and Dawson, NJ. The effect of therapeutic muscle
stretch on neural processing. J Orthop Sports Phys Ther 20: 145-153,
1994.

Wallman, HW, Mercer, JA, and McWhorter, JW. Surface
electromyographic assessment of the effect of static stretching of the
gastrocnemius on vertical jump performance. J Strength Cond Res 19:
684-688, 2005.

Weir, DE, Tingley, ], and Elder, GC. Acute passive stretching alters
the mechanical properties of human plantar flexors and the optimal
angle for maximal voluntary contraction. Eur J Appl Physiol 93:
614-623, 2005.

Yamaguchi, T and Ishii, K. Effects of static stretching for 30 seconds
and dynamic stretching on leg extension power. J Strength Cond Res
19: 677-683, 2005.

Young, W and Elliott, S. Acute effects of static stretching,
proprioceptive neuromuscular facilitation stretching, and
maximum voluntary contractions on explosive force production
and jumping performance. Res Q Exerc Sport 72: 273-279,

2001.

Young, WB and Behm, DG. Effects of running, static stretching and
practice jumps on explosive force production and jumping
performance. J Sports Med Phys Fit 43: 21-27, 2003.

VOLUME 22 | NUMBER 3 | MAY 2008 | 817



