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Abstract An objective of a warm-up prior to an athletic
event is to optimize performance. Warm-ups are typically
composed of a submaximal aerobic activity, stretching and
a sport-specific activity. The stretching portion traditionally
incorporated static stretching. However, there are a myriad
of studies demonstrating static stretch-induced perfor-
mance impairments. More recently, there are a substantial
number of articles with no detrimental effects associated
with prior static stretching. The lack of impairment may be
related to a number of factors. These include static
stretching that is of short duration (<90 s total) with a
stretch intensity less than the point of discomfort. Other
factors include the type of performance test measured and
implemented on an elite athletic or trained middle aged
population. Static stretching may actually provide benefits
in some cases such as slower velocity eccentric contrac-
tions, and contractions of a more prolonged duration or
stretch-shortening cycle. Dynamic stretching has been
shown to either have no effect or may augment subsequent
performance, especially if the duration of the dynamic
stretching is prolonged. Static stretching used in a separate
training session can provide health related range of motion
benefits. Generally, a warm-up to minimize impairments
and enhance performance should be composed of a
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submaximal intensity aerobic activity followed by large
amplitude dynamic stretching and then completed with
sport-specific dynamic activities. Sports that necessitate a
high degree of static flexibility should use short duration
static stretches with lower intensity stretches in a trained
population to minimize the possibilities of impairments.
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Introduction

Static stretching was considered an essential component of
a warm-up for decades (Young and Behm 2002). The tra-
ditional warm-up consisted of a submaximal aerobic
component (i.e. running, cycling) whose goal was to raise
the body temperature 1-2°C (Young and Behm 2002;
Young 2007). The increase in body and muscle tempera-
ture has been found to increase nerve conduction velocity,
enzymatic cycling and increase muscle compliance
(Bishop 2003; Young and Behm 2002). Traditionally, the
second component was a bout of static stretching (Young
and Behm 2002; Young 2007). Static stretching usually
involves moving a limb to the end of its range of motion
(ROM) and holding the stretched position for 15-60 s
(Norris 1999; Young and Behm 2002). Static stretching has
been demonstrated as an effective means to increase ROM
about the joint (Bandy et al. 1997; Power et al. 2004). This
bout of stretching is commonly followed by a segment of
skill rehearsal where the players would perform dynamic
movements similar to the sport or event for which they
were preparing (Young and Behm 2002).

The increased ROM achieved with an acute bout of
stretching has been attributed to changes in the length and
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stiffness (compliance) of the affected limb musculotendi-
nous unit (MTU) and have been classified as elastic
changes (temporary) (Alter 1996). Although the exact
mechanisms responsible for chronic or plastic increases in
ROM (flexibility) are debatable, the increases have been
primarily attributed to decreased MTU stiffness (Wilson
et al. 1991, 1992) as well as increased tolerance to stretch
(Magnusson et al. 1996c¢).

In addition to increasing ROM, the proposed benefits of
static stretching were the reduction (Safran et al. 1989) or
prevention (Smith 1994) of injury, a decrease in subsequent
muscle soreness (High et al. 1989) and improved perfor-
mance (Young and Behm 2002; Young 2007). The
improvement in performance has been suggested to be due
to the enhanced ability to stretch or reach during a sport as
well as the decreased resistance of a more compliant or less
stiff muscle to the intended movement (Young 2007).
However, a number of researchers have concluded that
stretching has no effect on injury prevention (Gleim and
McHugh 1997; Herbert and Gabriel 2002; Small et al.
2008). Other studies have illustrated that the most flexible
individuals were more likely to suffer injuries than mod-
erately flexible individuals (Bauman et al. 1982; Cowan
et al. 1988). Furthermore, a substantial body of research
appeared early in this decade that showed that sustained
static stretching could impair subsequent performance
(Behm et al. 2001, 2004, 2006; Behm and Kibele 2007,
Fowles et al. 2000; Kokkonen et al. 1998; Nelson et al.
2001a, b; Power et al. 2004). These performance measures
include laboratory-based physiological strength measures,
such as maximal voluntary contraction (MVC) isometric
force and isokinetic torque, training-related strength mea-
sures such as one repetition maximum lifts, power-related
performance measures such as vertical jump, sprint, run-
ning economy, agility as well as measures of balance,
which are more functional measures of athletic perfor-
mance. However, the stretch literature is not unanimous in
reporting stretch-induced impairments.

One of the first published articles (114 citations, Google
Scholar, October 2010) of the present era investigating
static stretch-induced effects on performance was pub-
lished by Worrell et al. (1994). In opposition to the
majority of studies, Worrell’s group reported an enhance-
ment in hamstring concentric and eccentric torque fol-
lowing four hamstrings stretches of 15-20 s each. Another
early and more widely cited article (228 citations, Google
Scholar, October 2010) in this area was published by
Kokkonen et al. (1998) in the late 1990s. They illustrated a
7-8% decrease in knee flexion and extension force fol-
lowing six repetitions of five different lower limb stretches
of 15-s each. Kokkonen’s article was followed by two other
highly cited investigations by Fowles et al. (2000) (257
citations Google Scholar, October 2010) and Behm et al.
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(2001) (159 citations Google Scholar, October 2010) that
continued to ferment the plethora of articles regarding the
effects of static stretching on subsequent performance. The
Fowles et al. (2000) study included 13 plantar flexors (PF)
static stretches of 135 s resulting in approximately 30 min
of PF stretching. The consequence of this prolonged
duration of stretching was a 28% decrease in PF maximum
voluntary contraction (MVC) force immediately post-
stretch with a continued 9% impairment after 60 min.
Muscle activation as measured by the interpolated twitch
technique (ITT) and electromyography (EMG) remained
impaired for 15 min. Recently, Costa et al. (2010) used a
similar duration of stretching with nine repetitions of 135 s
of PF passive static stretch with 5-10 s rest between
stretches resulting in decreases in peak twitch force and
rate of force development as well as an increase in the
electromechanical delay. Soon following the Fowles et al.
(2000) study, Behm et al. (2001) reduced the volume of
static stretching to 20 min of stretching on the quadriceps
and reported decrements of 12, 20 and 12% for MVC force,
EMG activity and evoked twitch force respectively.

From Worrell’s study of 15 years ago to the present day,
the perception regarding the benefits of static stretching in
a warm-up has changed dramatically. There are many
studies showing that static stretching can lead to impair-
ments in subsequent performance. Figures 1 and 2 illus-
trate the far greater preponderance of studies reporting
significant impairments as compared to no significant
change or facilitation of strength/force and isokinetic
power (Fig. 1) and jump height (Fig. 2) performance.
Therefore, while static stretching predominantly leads to
performance deficits, there are a number of studies that
suggest static stretching has no significant effect or can
improve performance. For example, Fig. 3 illustrates that
static stretching does not lead to such pervasive negative

60
50
wv
3
@
o 30
E
‘s 20
k-
0
Significant Non-significant Significant
impairment change Improvement

Fig. 1 The number of measures (tests) from 42 studies encompassing
1,606 participants that report static stretch-induced changes in force
and power. Measures of force and power in these studies included
isometric force and torque, isokinetic power, and one repetition
maximum lifts, such as squats and bench press
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Fig. 2 The number of measures (tests) from 20 studies encompassing
484 participants that report the effect of static stretch on jump height
performance. Changes in jump height in these studies included
countermovement jumps (CMJ), squat jumps, and drop jumps
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Fig. 3 The number of measures (tests) from 16 studies encompassing
415 participants that report the effect of static stretching on sprint and
running performance

effects with sprinting and running activities. Presently, the
overwhelming consensus is against static stretching prior to
subsequent performance, especially involving higher
velocities and power; however, there are populations and
activities where static stretching may improve flexibility
without impairing performance. Dynamic stretching which
involves controlled movement through the active range of
motion for each joint (Fletcher 2010) is currently replacing
static stretching in the modern athletic warm-up. However,
it is important not to ignore the studies that report no
impairments as they may reveal stretch-related mecha-
nisms and opportunities to employ static stretching prior to
performance for various activities or populations. This
review will attempt to investigate negative, null and posi-
tive responses to stretching and provide some clarity
regarding the conflicting findings.

Search strategy

This review integrated studies that examined the acute
effects of static and dynamic stretching on performance. A
literature search was performed independently by the two
authors using ASAP, ProQuest 5000, MEDLINE, SPORT
Discus, AUSPORT, ScienceDirect, Web of Science and
Google Scholar databases. The databases were selected as
they contain extensive relevant literature in the areas of
sports science. The search period ranged from 1989 to
2010. The electronic databases were searched using a
number of key terms as selected by the authors: static
stretching, dynamic stretching, ballistic stretching, flexi-
bility, warm-up, prior exercise, performance, and acute
effects. These keywords were used individually and/or
combined. A search for relevant articles was also per-
formed from the reference lists of the identified studies.
Articles referenced by authors online or articles with
restricted full text online were found in hardcopy form in
library archives.

Inclusion criteria (or study selection)

The methodological design of the review included a set of
criteria that had to be adhered to select only relevant
studies. Studies were included in the review if they fulfilled
the following selection criteria. (1) The study contained
research questions regarding the effect of static and
dynamic stretching as the experimental variables on per-
formance and used (2) healthy and active human subjects.
(3) The outcome was a physiological (e.g. MVC isometric
force, isokinetic torque, one repetition maximum, balance
and others) or performance (vertical jump, sprint, running
economy, agility and others) measure. (4) Only studies
from 1989 to June 2010 were reviewed; earlier studies,
although considered, were excluded from assessment to
review findings from more recently conducted studies
reflecting recent static and dynamic stretching practices.
(5) The study must have been written in the English lan-
guage and published as an article in a peer-reviewed
journal or conference proceeding; any abstracts or unpub-
lished studies were excluded. Studies were further delin-
eated with respect to their internal validity. Selection was
based on the recommendations by Campbell and Stanley
(1966) and included; (i) studies involving a control group,
(i) randomized control studies, (iii) studies using instru-
ments with high reliability and validity.

Effect sizes (ES) which are a standardized value that
permits the determination of the magnitude of the differ-
ences between the groups or experimental conditions
(Cohen 1988) were calculated for each study that provided
absolute mean data and standard deviations. Cohen

@ Springer



2636

Eur J Appl Physiol (2011) 111:2633-2651

assigned descriptors to the effect sizes such that effect sizes
less than 0.4 represented a small magnitude of change
while 0.41-0.7 and greater than 0.7 represented moderate
and large magnitudes of change, respectively. Analysis of
variance (ANOVA) measures and ¢ tests (GBStat, Dynamic
Microsystems Inc., Silver Springs Maryland) were per-
formed using the percentage changes in measures from
various studies when there were a sufficient number of
studies to allow the analysis. Figure columns illustrate
mean percentage changes with standard deviation bars.

Effect of stretching duration

The duration of the stretching protocols used in some
studies do not always coincide with typical practice of
athletes and fitness enthusiasts. A series of articles that
surveyed North American strength and conditioning coa-
ches from professional sports reported average stretch
repetition durations of approximately 12 s (Ebben et al.
2005), 14.5 s (Simenz et al. 2005), 17 s (Ebben et al. 2004)
and 18 s (Ebben and Blackard 2001) for baseball, basket-
ball, hockey and football players respectively. A number of
the aforementioned stretching studies have used extensive
durations that involved 30-60 min (Avela et al. 2004,
Fowles et al. 2000) or 15-20 min (Bacurau et al. 2009;
Behm et al. 2001; Costa et al. 2010; Cramer et al. 2005) of
static stretching. More moderate durations of static
stretching of 90 s or less per muscle group (Brandenburg
2006; Kokkonen et al. 1998), 2 min (Cramer et al. 2004;
Marek et al. 2005; Nelson et al. 2001a, b, 2005a; Yam-
aguchi et al. 2006), 3 min (Bacurau et al. 2009) and
>5 min (Nelson et al. 2005b; Zakas et al. 2006) have also
produced decrements. Tables 1, 2, 3 illustrate a sample of
studies which documented strength or force (Table 1),
jump height or power (Table 2) and sprint and agility
(Table 3) impairments with static stretching durations of
individual muscle groups from 30 s to 20 min. The
majority of these studies employed relatively moderate
durations of static stretching ranging from 90 s to over
2 min for each muscle group. Whereas the mean percent-
age strength and force impairments (Table 1: 6.9%) exceed
the jump (Table 2: 2.7%) and sprint (Table 3: 2.4%) defi-
cits, the magnitude of change calculated from effect sizes
are all in the moderate range. Protocols implementing
moderate durations of static stretching have also reported
impairments in subsequent reaction and movement time
(Behm et al. 2004) and balance (Behm et al. 2004; Nagano
et al. 2006).

These static stretch-induced impairments can continue for
2 h. For example, Power et al. (2004) had subjects stretch the
quadriceps, hamstrings and PF with two different stretches of
three repetitions each for 45 s (270 s/muscle). They reported
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mean decreases in quadriceps MVC force (9.5%), muscle
activation (5.4%) and increased ROM (7.4%) that endured
for 2 h after stretching. Similarly Fowles et al. (2000)
reported force deficits for 1 h following the stretch protocol.
However, both protocols used stretching durations that
exceeded normal athletic practice.

A factor mitigating the deleterious effects of static
stretching may be the stretch duration. Young et al. (2006)
and Knudson and Noffal (2005) were among the first to
investigate volume and intensity effects with static stretch-
ing. Young et al. (2006) found that 1 min of stretching gar-
nered significantly less jumping impairments than 2 or
4 min; hence a greater duration of stretching resulted in
greater deficits. The literature tends to illustrate that when the
total duration of static stretching of a single muscle group is
more than 90 s (i.e. 3 stretches of 30 s each) there is strong
evidence for performance impairments (Figs. 4, 5). How-
ever, if the total duration of static stretching is less than 90 s,
there seems to be more variability in the evidence for
impairments (Figs. 4, 5). Effect sizes calculated from studies
testing force, torque and isokinetic power show trivial
magnitudes of change with <30 s of static stretching as
compared to moderate magnitudes with more than 90 s
(Table 4). An ANOVA performed on the percentage chan-
ges in studies measuring force, torque and power pre- and
post-static stretching shows a trend (p = 0.09) for a signif-
icantly greater impairment with studies employing over 90 s
(—5.8% *+ 6.4) versus <90s (—3.3% + 4.1) of static
stretching. A less dramatic contrast is seen with jump height
as the test variable, with trivial magnitudes for <30 s of static
stretching as compared to small effect sizes for more than
90 s (Table 4). Significantly (p = 0.05) greater vertical
jump height impairments were detected when compar-
ing studies instituting more (—3.3% =+ 3.4) versus less
(—1.03% =+ 2.5) than 90 s of static stretching. Percentage
changes and effect sizes associated with sprint and run tests
range from trivial to small. A review of the mean effect sizes
in Table 4 also illustrates that the mean magnitude of change
is significantly greater for strength measures than for jump
and sprint measures. The role of the stretch shortening cycle
and the length tension relationship as dependent factors with
stretch-induced impairments is provided later in the review.

A number of studies have documented no significant
change in force/torque (Beedle et al. 2008; Egan et al.
2006; Molacek et al. 2010; Torres et al. 2008; Winke et al.
2010) and throwing velocity (Haag et al. 2010; Torres
et al. 2008) with stretching durations ranging from 30 to
120 s for individual muscle groups. Other studies using
45 s (Gonzalez-Rave et al. 2009; Knudson et al. 2001;
Unick et al. 2005), <60 s (Robbins and Scheuermann
2008) and <90 s (Behm et al. 2006; Handrakis et al.
2010; Samuel et al. 2008) of static stretching have also
reported no effects on jump heights. Nonetheless, there are
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Table 1 Static-stretching induced force impairments

References n  Stretch duration per muscle Stretch Effect and percentage change Effect size
intensity
Bacurau et al. (2009) 14 3 sets of 6 stretches x 30 s NR | 1 RM leg press 19.1% 1.93
Beedle et al. (2008) 19 3 reps x 15 s bench press-men <POD No sig effect on 1 RM bench orleg  0.01
3 reps x 15 s leg press-men <POD Press 0.11% (bench) and 2.3% 0.09
(leg)
Behm et al. (2004) 16 3reps x 45s POD No sig change in force 1.3% 0.08
Brandenburg (2006) 16 2 hamstrings stretches x 3 NR | isometric torque 6.3% 0.29
reps X 15 s
2 hamstrings stretches x 3 6.1% 0.24
reps x 30 s
Brandenburg (2006) 16 2 hamstrings stretches x 3 NR | concentric torque 2.8% 0.12
reps X 15 s
2 hamstrings stretches x 3 3.4% 0.13
reps x 30 s
Brandenburg (2006) 16 2 hamstrings stretches x 3 NR | eccentric torque 5.3% 0.20
reps x 15's
2 hamstrings stretches x 3 5.8% 0.22
reps x 30 s
Cramer et al. (2004) 21 4 sets of 4 stretches x 30 s <POD | leg isokinetic peak torque 2.7%  0.51
Cramer et al. (2006) 13 4 sets of 4 stretches x 30 s at 60°s™'  <POD | leg isokinetic peak torque 1.1%  0.17
4 sets of 4 stretches x 30 s at 180° <POD 6.5% 0.86
-1
s
Cramer et al. (2007a, b) 15 4 sets of 4 stretches x 30 s at 60° s™'  <POD | leg isokinetic peak torque 2.6%  0.14
4 sets of 4 stretches x 30 s at 180° <POD 1.8% 0.08
o
Franco et al. (2008) 19 1,2o0r3reps x 20 s POD | muscle endurance after 40 s 0.21
4.9%
Franco et al. (2008) 15 1lrep x20s POD | muscle endurance 7.8% 0.41
1rep x 40 s 19.2% 1.12
1 PNF 24.5% 1.33
Garcia-Lopez et al. (2010) 25 2reps x 25s <POD | bench press lifting velocity NA
Herda et al. (2008) 15 O9reps x 135s POD | plantar flexor torque 10% NA
Herda et al. (2010) 11 9reps x 135s POD | plantar flexor torque 11.5% NA
Knudson and Noffal (2005) 57 10 reps of 10 s <POD | grip strength only after 40 s of  0.68
stretch 4.9%
Kokkonen et al. (1998) 30 5 stretches x 3 reps x 15 s assisted ~ NR | knee flexion/ext force 16% NA
5 stretches x 3 reps x 15 s POD
unassisted
Marek et al. (2005) 19 4 repetitions x 30 s at 60° s~ POD | isokinetic torque 0.4% 0.05
4 repetitions x 30 s at 300° 5! POD 2.6% 0.26
Nelson et al. (2005a, b) 22 4 stretches x 4 reps of 30 s unassisted <POD | muscle endurance 16.1% 0.95
or assisted <POD
Nelson et al. (2001a, b) 55 2 stretches x 4 reps of 30 s unassisted Assisted-POD | MVC at 162° but not shorter NA
or assisted Unassisted-NR ROM
Nelson et al. (2001a, b) 15 4 stretches x 4 reps x 30 s Assisted-POD | isokinetic torque at slower NA
unassisted or assisted Unassisted-NR angular velocities, but not higher
velocities 7.2%
Nelson et al. (2005a, b) 31 5 quadriceps and hamstrings ballistic ~ Assisted-<POD | knee flexion and extension 1 RM  0.61
stretches x 6 reps x 15 s each (3 Unassisted-POD  3.2%
reps assisted and 3 reps unassisted)
Ogura et al. (2007) 10 30 s vs. 60 s stretch <POD | MVC with 60 s stretch 8.7% 0.83
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Table 1 continued

References n  Stretch duration per muscle Stretch Effect and percentage change Effect size
intensity
Siatras et al. (2008) 1 rep of either 10, 20, 30 or 60 s | isokinetic torque only after 30 NA
and 60 s stretches
Winchester et al. (2009) 18 1-6 reps x 30 s stretches POD | 1 RM knee flexion with all NA
repetitions
Yamaguchi et al. (2006) 12 6 stretches of 4 sets x 30 s at 5% POD | leg extension power 10.8% 0.47
MVC
Yamaguchi et al. (2006) 12 6 stretches of 4 sets x 30 s at 30% POD | leg extension power 3.7% 0.25
MVC
Yamaguchi et al. (2006) 12 6 stretches of 4 sets x 30 s at 60% POD | leg extension power 10.6% 0.56
MVC
Zakas (2005) 14 1 x 30s vs. <POD | isokinetic torque only 0.78
10 x 30 s vs. <POD After multiple stretches 0.86
16 reps x 30 s <POD 2.8, 3.3, and 2.8% 0.79
Zakas et al. (2006) 16 3 reps x 15 s vs. 20 x 15 s-30° s7! <POD | isokinetic torque 5.2% 0.32
3reps x 15 s vs. 20 x 15 s-60° s~ <POD 5.4% 0.36
3reps x 155 vs. 20 x 15 s-120°s™'  <POD 8.4% 0.60
3reps x 155 vs. 20 x 155-180° s™'  <POD 6.5% 0.47
3reps x 155 vs. 20 x 155-300° s~'  <POD 12.9% 0.89
Means 6.9% | ES = moderate magnitude 0.51
NR not reported, NA not available
more prolonged duration static stretching studies stretching be minimized. Hence should static stretching

employing 2—8 min that also do not elicit isokinetic torque
impairments (Cramer et al. 2007a, b; Ryan et al. 2008b).

To further obscure the clarity of the findings, other short
duration static stretching protocols using only 30 s
of stretching have recorded performance impairments
(Winchester et al. 2009). In addition, Vetter (2007) used
only 60 s of stretching for each muscle group resulting in
decreased jump height, but no effect on sprint time.
However, the extent of static-stretch-induced jump
impairments in the Winchester study was only 0.6%, while
Vetter reported 5.4% decrements. Deficits in concentric
and eccentric leg extensor and flexor torque occurred fol-
lowing just two repetitions of 20 s static stretches (Sekir
et al. 2009). Table 1 illustrates a number of studies where
the longer durations of static stretching-induced greater
impairments compared to shorter durations (Franco et al.
2008; Knudson and Noffal 2005; Ogura et al. 2007; Siatras
et al. 2008; Zakas 2005). Thus, the message that shorter
durations of static stretching do not negatively impact
performance is not unanimous. Furthermore, for the rec-
reational fitness enthusiasts, impairments of <5% may not
be considered a significant consequence.

Based on the majority of the literature, it would seem
logical to recommend that prolonged static stretching not
be performed prior to a high level or competitive athletic or
training performance. It would also seem prudent based on
the conflicting literature that even shorter duration static
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ever be included in a warm up? There are many dynamic
sports where enhanced static flexibility would be expected
to affect performance. Some examples would include the
ability of a goaltender in ice hockey to maximally abduct
his/her legs when in a butterfly position, gymnasts per-
forming and holding a split position, wrestling, martial arts,
synchronized swimming, figure skating and others.
Although some studies have indicated that dynamic
stretching provides similar increases in static flexibility as
static stretching (Beedle and Mann 2007), other studies
have indicated that dynamic stretching is not as effective at
increasing static flexibility as static stretching within a
single warm-up session (Bandy et al. 1998; O’Sullivan
et al. 2009) or with prolonged training (Covert et al. 2010).
Hence, it could be important to include static stretching in
the warm-up for specific sport flexibility applications.
Based on the solid evidence showing impairments with
more than 90 s of stretching and the mixed results when
examining 30-90 s of stretching, as well as the trivial
effect sizes for <30 s versus the small to moderate effect
sizes for >30 s (Table 4), static stretching for each indi-
vidual muscle should be <30 s in total duration. Recent
research has demonstrated that just 36 s of static stretching
(6 repetitions of 6 s each) can significantly improve ROM
(Murphy et al. 2010). There may also be other factors
contributing to the decision of whether to include short
duration static stretching within the warm-up.
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Table 2 Evidence of static-stretching induced jump impairments with relatively brief durations of stretching

References n  Stretch duration per muscle Stretch intensity Effect and percentage change Effect size

Behm et al. (2006) 18 3 reps x 30 s POD No effect on jump height but 0.47
increased contact time by 5.4%
Bradley et al. (2007) 18 4 repetitions x 30 s <POD | VI 4.0% 0.62
Cornwell et al. (2002) 16 1.5 min stretch of quadriceps NR | concentric jump NA
and gluteals | drop jump
Fletcher and Monte-Colombo (2010) 21 2 reps x 15s <POD | countermovement Jump 3.7% 0.37
| drop jump 4.8% 0.49
Gonzalez-Rave et al. (2009) 24 3 stretches of 3 reps x 15 s CMJ <POD No effect on jump height 3.1% 0.25
3 stretches of 3 reps x 15 s SJ (CMJ) 11.11% (SJ) 0.75
Holt and Lambourne (2008) 64 3reps x 5s POD 2] NA
Hough et al. (2009) 11 Trep x30s <POD I VI 1.7% 0.11
Knudson et al. (2001) 20 3reps x 15s <POD No sig effect on jump height 0.4% 0.02
Power et al. (2004) 12 3 reps x 45 s POD No effect on jump height 14.3%  1.00
Robbins and Scheuermann (2008) 20 2 reps of 15 s POD 1 VI 0.8% 0.20
4repsof 15s POD 2.2% 0.58
6 reps of 15 s POD 3.2% 0.85
Samuel et al. (2008) 24 3reps x 30s <POD No sig effect on jump height NA
Torres et al. (2008) 11 2 reps x 15 s—force <POD No change in throw performance 0.29
4.2% (force) and

2 res x 15 s—power <POD 2.2% (power) 0.15
Vetter (2007) 12 2 reps x 30 s (women) NR 1 VI 0.35% 0.08
Vetter (2007) 14 2 reps x 30 s (men) NR 1 VI 0.9% 0.25
Wallman et al. (2005) 14 3 reps x 30 s stretches <POD | VI 5.6% 0.84
Young and Elliott (2001) 14 3reps x 15s POD | drop jump NA
Means 2.7% | ES = moderate magnitude 0.43

NR not reported, NA not available

Contraction type responses to static stretching

The literature tends to indicate that different types of
contractions are more or less susceptible to static stretch-
induced deficits. For example, although a number of
studies have shown that more flexible individuals (Gleim
et al. 1990; Jones 2002; Trehearn and Buresh 2009) or
those who have implemented static stretching immediately
prior to the performance (Wilson et al. 2010) decreased
running economy, others have shown no effect (Hayes and
Walker 2007) or decreased (Godges et al. 1989) energy
cost with running. An acute bout of stretching did not
reduce the maximum duration of time that runners could
continue at their VO,,, (Samogin Lopes et al. 2010). This
discrepancy in running-related findings may be related to
the type of contraction or action. Because static stretching
can increase muscle compliance (Wilson et al. 1991, 1992),
it can enhance the ability of the MTU to store elastic
energy over a longer period (Bosco et al. 1982a, b; Cava-
gna et al. 1968; Edman et al. 1978). Some studies using
longer duration contractions or slower stretch—shortening

cycle (SSC) activities have shown either no effect or
increased performance following stretching. Comparing
both low (40 s) and high (150 s) volumes of static
stretching, Molacek et al. (2010) did not find any signifi-
cant change in 1 RM bench press. Similarly, Torres et al.
(2008) reported no effect of static stretching on isometric
bench press or bench press throws while Wilson et al.
(1992) found a 5% increase in rebound bench press
following 8 weeks of flexibility training. Furthermore,
Cramer et al. (2006) reported no effect of static stretching
on isokinetic eccentric contractions. When compared with
sprinting-related contractions, the eccentric contractions
were relatively slow being performed at 60° and 180° s~ .
These eccentric contractions and prolonged SSC of the
bench press actions may have benefited from a more
compliant muscle that possessed the ability to store elastic
energy over a longer period. Some of the previously
mentioned running studies that reported no or enhanced
effects following stretching used either recreational runners
(Godges et al. 1989) or had their subjects run at submax-
imal speeds (Hayes and Walker 2007). The prolonged SSC

@ Springer



2640

Eur J Appl Physiol (2011) 111:2633-2651

Table 3 Evidence of static-stretching induced sprint and agility impairments with relatively brief durations of stretching

References n  Stretch duration Stretch intensity  Effect and percentage change Effect
per muscle size
Beckett et al. (2009) 12 6 reps x 20 s stretches <POD | repeated sprints 1.4% 0.87
Chaouachi et al. (2008) 48 2 reps x 20 s <POD | single 10 m sprint 0.4% 0.07
| single 30 m sprint 1.2% 0.19
Fletcher and Anness (2007) 10 3 reps x 22 s—men <POD | 50 m sprint time compared with active 0.44
8 3 reps x 22 s—women <POD dynamic stretch 2.5% (men) and 1.4% (women) () g7
Gelen (2010) 26 1 reps x 20 s of 5 stretches <POD | sprint and slalom dribbling 1.56
1 reps x 30 s of 5 stretches of soccer ball 8.5%
Mohammadtaghi et al. (2010) 19 1 rep x 30s <POD | Ilinois agility test time 5.1% 1.38
Nelson et al. (2005b) 16 4 reps x 30 s of 3 stretches POD | 20-m sprint time 1.2% 1.00
Sayers et al. (2008) 20 3 reps x 30 s of 3 stretches 2 stretches < POD | sprint time 2.1% 0.36
1 stretch POD
Siatras et al. (2003) 11 2 reps x 30 s <POD | gymnast sprint speed 3.8% 0.09
Winchester et al. (2008) 22 3reps x 30 s POD | sprint—1st 20 m run 1.2% 0.12
2nd 20 m run 1.2% 0.11
Combined 40 m run 1.7% 0.24
Means 2.4% | ES = moderate magnitude 0.56
6 3
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Fig. 4 The effect of static stretching duration on force/torque and
power production. Measures of force and power in these studies
included isometric force and torque, isokinetic power, and one
repetition maximum lifts, such as squats and bench press. Columns
represent mean percentage changes with standard deviation bars.
Mean values may include multiple measures from a single study (e.g.
61 force or torque measures from 33 studies)

with eccentric contractions, bench press actions and longer
distance running as well as longer ground contact or tran-
sition times, may be more advantageous with a more
compliant and flexible MTU. This positive association
between force output and muscle compliance is further
supported by Walshe and Wilson (1997). They compared
MTU stiffness and the ability to perform drop jumps from
various heights. The results indicated that stiff participants
were significantly disadvantaged at higher drop heights (80
and 100 cm) than their more compliant counterparts. They
postulated that the stiffer MTU would have a decreased
ability to mitigate the high loads, thus stimulating
increased inhibition via the Golgi tendon organs. This
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Fig. 5 The effect of static stretching duration on jump height
performance. Changes in jump height in these studies included
countermovement jumps (CMJ), squat jumps, and drop jumps.
Columns represent mean percentage changes with standard deviation
bars. Mean values may include multiple measures from a single study
(e.g. 15 jump measures from 10 studies)

inhibition would override the facilitation effect of the
stretch reflex resulting from a bias towards a protective
mechanism (Walshe and Wilson 1997) when high levels of
force are placed on the muscle. Hence, while not all ath-
letic actions benefit from a less complaint MTU, higher
force output over relatively extended durations (prolonged
SSC) may be advantaged by a more compliant MTU.
Conversely with more elite sprinters, static stretch-
induced changes in the viscoelastic properties and stiffness
of the MTU (Cornwell et al. 2002; Cramer et al. 2004,
2005; Fowles et al. 2000; Nelson et al. 2001a; Torres et al.
2007) might be expected to negatively impact the trans-
mission of forces and the rate of force transmission, which



Eur J Appl Physiol (2011) 111:2633-2651

2641

Table 4 Effect sizes and percentage changes associated with the
effect of various durations of static stretching on force and isokinetic
power, vertical jump height and sprint speed

Duration Number Effect Percentage
of subjects size change (%)
Force/power
0-30 s 98 0.004 —0.5
30-90 s 329 0.62 —4.7
>90 s 1,203 0.61 -5.9
Mean 1,642 (sum) 0.55 5.1
Jump height (s)
0-30 94 0.08 -0.8
30-90 148 0.14 —-1.2
>90 242 0.27 -33
Mean 554 (sum) 0.18 —2.4
Sprint speed (s)
0-30 147 0.25 -1.3
30-90 186 0.29 -0.9
>90 36 0.08 -0.7
Mean 415 (sum) 0.28 —-1.3

are essential variables in sprinting (Dintiman and Ward
2003) (Table 3). Wilson et al. (1994) reported that MTU
stiffness was significantly related to isometric and con-
centric performance (r = 0.57 and 0.78, respectively).
They suggested that a stiffer MTU augments force pro-
duction via an improved force—velocity and length—tension
relationship. A stiffer MTU would be more effective during
the initial transmission of force, thus increasing rate of
force development. A slacker parallel and series elastic
component could increase the electromechanical delay
(Costa et al. 2010) by slowing the period between myo-
filament crossbridge kinetics and the exertion of tension by
the MTU on the skeletal system. A number of researchers
have found that leg stiffness is either correlated with
maximum sprint velocity (Chelly and Denis 2001) or
joint stiffness increases with running speed (Farley and
Morgenroth 1999; Kuitunen et al. 2002). Furthermore, a
lengthened muscle due to an acute bout of static stretching
could have a less than optimal crossbridge overlap which,
according to the length—tension relationship (Rassier et al.
1999), could diminish muscle force output. Fowles et al.
(2000) demonstrated an 8-mm increase in fascicle length of
the soleus and lateral gastrocnemius with 30 min of
stretching. The elongation of tendinous tissues can also
have an effect on force output (Kawakami et al. 2002)
through a reduction in either the passive or active stiffness
of the MTU (Kokkonen et al. 1998). Static stretching may
alter the length—tension relationship and/or the plastic
deformation of connective tissues such that the maximal
force-producing capabilities of the MTU could be limited

(Fowles et al. 2000; Herda et al. 2008). Fowles et al.
(2000) reported that after 15 min of recovery from
intense stretching, most of the decreases in muscular force-
generating capacity were attributable to intrinsic mechan-
ical properties of the MTU rather than neural factors.
Specifically, it was hypothesized that 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 MTU could be limited.
It is possible, therefore, that stretching-induced alterations
in the length—tension relationship may be manifested
through changes in the angle—torque relationship, which in
turn, may be evident by changes in the area under the
angle—torque curve (Marek et al. 2005). Thus, dependent
on the contraction velocity, SSC or contact time, a more
compliant muscle due to stretching could impair perfor-
mance in higher speed contractions or conversely enable
the more efficient storage and transfer of energy with
more prolonged actions. Changes in the length—tension
relationship would have its greatest effect upon isometric
contractions. The significantly greater effect sizes or
magnitudes of change associated with static stretch-
induced impairments in force/strength studies may be
influenced by the many studies utilizing isometric con-
tractions (see Tables 1, 2, 3, 4).

The literature seems to indicate that neural effects are
more transient (shorter duration) (Guissard et al. 1988) or
play a smaller (McHugh et al. 1992) or insignificant (Costa
et al. 2010; Magnusson et al. 1996a, c; Weir et al. 2005)
disruptive role than viscoelastic properties in static-stretch-
induced impairments. The static stretching evidence indi-
cates a greater contribution to impairments derives from
viscoelastic or mechanical changes (Avela et al. 2004;
Costa et al. 2010; Magnusson et al. 1995; McHugh
et al. 1992, 1998; Weir et al. 2005). The impairments in
these studies which utilized stretching durations of 90 s
(Magnusson et al. 1995; McHugh et al. 1992), 2 min (Ryan
et al. 2008a), 2.5 min (Magnusson et al. 1996b) to 20 min
(Costa et al. 2010) persisted from 10 to 20 min (Ryan et al.
2008a) to 1 h (Magnusson et al. 1995, 1996b) post-
stretching. Once again the evidence points to the employ-
ment of shorter duration of static stretching (<30 s) to
minimize the more persistent and substantial changes to
viscoelastic properties.

Effect of intensity of stretching

Based on personal experience and anecdotal evidence, a
number of flexibility practitioners attempt to place the
muscle under stress in the belief that stretching to the point
of discomfort (POD) will bring about the greatest increases
in ROM. Previous research involving prior static stretching
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to the POD have resulted in impairments of force (Behm
et al. 2001, 2004, 2006; Fowles et al. 2000; Kokkonen et al.
1998; Nelson et al. 2001a; Power et al. 2004; Young and
Behm 2003), jump height (Cornwell et al. 2002; Young
and Elliott 2001; Young and Behm 2003), drop jump
ground contact times (Behm et al. 2006), muscle activation
(Behm et al. 2001; Power et al. 2004; Rosenbaum and
Hennig 1995), reaction and movement time and balance
(Behm et al. 2004). However, all these studies instituted
stretching regimes that had the participants stretch to the
POD. There has been some evidence in the literature to
suggest that less than maximal intensity stretching might
not produce these deficits (Knudson et al. 2001, 2004;
Manoel et al. 2008; Young et al. 20006).

Young et al. (2006) manipulated the volume of
stretching and in one condition had the participants stretch
to 90% of POD. The submaximal intensity stretch of the
plantar flexors was calculated by decreasing the range of
motion by 10% from the ankle joint dorsiflexion angle
achieved when the subjects were stretched at the POD.
They found that 2 min of static stretching at 90% intensity
had no effect on muscle performance (concentric calf raise
and drop jump height). Knudson et al. (2001, 2004) pub-
lished two studies where the subjects were stretched to a
point “just before” discomfort. Neither study showed sig-
nificant decreases in performance. In one study (Knudson
et al. 2001), there was a trend towards impaired vertical
jump height (3%), while the other study reported no change
in tennis serve velocity (Knudson et al. 2004). Manoel
et al. (2008) had subjects stretch to mild discomfort
(3 repetitions of 30 s) and reported no effect on knee
extension power at 60° and 180° s~'. Beedle et al. (2008)
employed three static stretches of 15 s each of moderate
intensity stretching (stretch as far as possible without
assistance) and reported no adverse effects upon bench
press and leg press 1 RM. Other studies have also stretched
to the point of mild discomfort and reported impairments in
isokinetic peak torque (Cramer et al. 2004, 2005), vertical
jump height (Bradley et al. 2007; Hough et al. 2009) and
30 m sprint time (Sayers et al. 2008). Other than the Young
study (2006), the other studies used subjective intensities
and did not accurately measure the degree of submaximal
stretch intensity.

In contrast, Behm and Kibele (2007) did find stretch-
induced impairments with university sport science students
who were stretched four times for 30 s each for the
quadriceps, hamstrings and PF at 100% (POD), 75% and
50% of POD or a control condition. The stretch intensities
in this study were precisely monitored based on percentage
changes in passive tension as measured with a strain gauge.
All three stretching intensities adversely affected jump
heights with significant decreases in drop, squat, and
countermovement jump heights. The lower intensity
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stretching actually provided greater numerical increases in
flexibility with 12.6-13.9% increases with less than POD
versus 9.7% with POD stretching, although this difference
was not statistically significant. Thus, while the literature
that institutes stretching to the POD overwhelmingly is
associated with stretch-induced impediments, studies using
submaximal stretching intensities (<POD) do not provide
clarity regarding static stretch-induced impairments. More
studies are needed that accurately monitor the degree of
stretch intensity and its subsequent effects on ROM and
performance.

Static stretch intensity mechanisms

High intensity (POD) stretch-induced stress might have a
detrimental effect on neuromuscular activation (Avela
et al. 1999; Behm et al. 2001; Power et al. 2004). Avela
et al. (1999) reported that following 1 h of passive
stretching of the triceps surae there were significant
decreases in MVC (23.2%), EMG (19.9%), and H-reflex
(43.8%). Guissard et al. (2001) stretched the ankle joint to
10° and 20° of dorsiflexion and reported that the attenu-
ation of reflex responses with small stretching amplitudes
were mainly attributed to pre-motoneuronal or pre-
synaptic mechanisms whereas large amplitude stretch-
induced motoneuron excitation decreases were dominated
by post-synaptic mechanisms. In an earlier article by the
same laboratory (Guissard et al. 1988), the static stretch-
induced decrease in H-reflex recovered quickly and was
only limited to the duration of the stretch. It has been
suggested that the decrease in the excitation of the
motoneuron pool resulted from a reduction in excitatory
drive from the Ia afferents onto the alpha motoneurons,
possibly due to decreased resting discharge of the muscle
spindles via increased compliance of the MTU (Avela
et al. 1999). Less responsive muscle spindles could result
in a reduction in the number of muscle fibers that are
subsequently activated (Beedle et al. 2008; Cramer et al.
2004). Moreover, it is suggested that to compensate for
the decrease in force production, a greater activation/
stimulation rate was required, and this in turn resulted in
a faster rate of neural fatigue. Further inhibitory influ-
ences on the motoneuron could arise from types III
(mechanoreceptor) and IV (nociceptor) afferents (Fowles
et al. 2000). However, this decreased excitation is more
prevalent during the stretch and recovers immediately
after the stretch (Fowles et al. 2000; Guissard et al. 2001).
Beyond neuromuscular effects, higher intensity stretching
has also been shown to impair blood flow through a
muscle during the stretch (Nelson et al. 2005a). Hence,
performance could also be affected by changes in blood
circulation to the muscle.”
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Effect of study population

Previous studies cited in this review have demonstrated
that greater durations and maximum intensity (POD) static
stretching may contribute to stretch-induced impairments.
Both factors suggest that the muscle has been placed under
unaccustomed stress that may have led to deleterious
changes in the muscle or neuromuscular system. It may be
possible that the stretch-induced impairments reported in
the literature are a training-specific phenomenon. Some
authors have suggested that trained athletes might be less
susceptible to the stretching-induced deficits than untrained
(Egan et al. 2006; Unick et al. 2005). Would a greater
ROM or training to increase ROM minimize stretch-
induced deficits since the stress of stretching would not be
as much of an unaccustomed stress? A more flexible
(greater ROM) MTU or an MTU that is more tolerant of
stretch tension might accommodate the stresses associated
with an acute bout of stretching more successfully than a
stiff MTU. A decrease in muscle stiffness has been
reported following stretch training (Guissard and Ducha-
teau 2004). In contrast, Magnusson et al. (1996c) reported
no significant differences in stiffness, energy or peak tor-
que around the knee joint after 3 weeks of stretch training.
These authors suggested that the increased ROM achieved
with training could be a consequence of an increased
stretch tolerance. Regardless of the mechanisms, there have
been conflicting studies using cross-sectional studies with
elite athletes. Whereas studies using NCAA Division I
female basketball players (Egan et al. 2006), and Division
II female volleyball players (Dalrymple et al. 2010)
reported no static-stretch-induced effect on subsequent
peak torque or power and jumps respectively, another
American study employing Louisiana University track and
field athletes reported decreased sprint times following
static stretching (Winchester et al. 2008). In addition,
actively trained American college-aged women did not
experience any significant impairment in vertical jump
(Unick et al. 2005) following static or ballistic stretching.
A group of elite Tunisian athletes demonstrated no dele-
terious effects from sequencing static, dynamic stretches
and different intensities of stretch (eight combinations) on
sprint, agility and jump performance (Chaouachi et al.
2010). Little and Williams (2006) reported no effect of
static stretching on sprint times of highly trained male
professional soccer players. It is difficult to compare these
studies as a variety of stretch durations were utilized (45 s
to >2 min per muscle group), as well there could be a
gender effect affecting the variability in the results.
Figure 6 illustrates the results from 99 studies that involved
a static stretching intervention and measured either force or
jump height. Statistical analysis conducted between the
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Fig. 6 Studies using trained and untrained subjects that report the
effect of static stretching on force and jump performance

groups indicated the lack of significant difference between
the groups of trained versus untrained studies.

Fewer studies have examined subjects beyond the typi-
cal university age. A study examining trained and active
middle aged adults reported no significant stretch-induced
impairments in broad jump, single, triple, crossover and
6 m timed hop performances (Handrakis et al. 2010). Static
stretching actually improved dynamic balance (Handrakis
et al. 2010). The lack of impairments and balance
enhancement occurred even though participants were sub-
jected to four stretches with three repetitions of 30 s each
(90 s total for each muscle) which in the majority of studies
using younger populations results in deficits. It could be
argued that since middle aged individuals tend to contract
slower and have longer ground contact periods with SSC
activities that a more compliant or flexible muscle would
be advantageous, as it could store elastic energy for longer
periods (Bosco et al. 1982b; Cavagna et al. 1968; Komi and
Bosco 1978). Young elite athletes need nearly immediate
transfer of elastic energy due to their shorter contact peri-
ods with SSC activities. In opposition to this age-related
theory, older untrained women (mean 64.6 years & 7.1)
did experience MVC strength deficits following three
repetitions of 30-s static stretches (Gurjao et al. 2009).
Perhaps, the relatively trained or active middle aged mar-
tial artists in the Handrakis study (2010) had sufficient
musculotendinous strength such that the stretching was not
particularly stressful as compared to the older women
(Gurjao et al. 2009) and with their relatively slower age-
related movement times could capitalize on the longer
storage and transfer time of a more compliant MTU.
Because this review has illustrated more consistent stretch-
induced deficits with force/strength and jump measures
when compared with sprint or run measures (Figs. 1, 2, 3),
the performance measures may have been a factor with the
difference in the results.
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Behm et al. (2006) compared individuals with a greater
ROM to those with less flexibility hypothesizing that those
with more flexibility would experience less strain from an
acute bout of static stretching. However, in their cross-sec-
tional correlation study, they showed that there was no
relationship between ROM around hip and ankles with
stretch-induced deficits (3 stretches with 3 repetitions of 30 s
each at POD) in force and jump height. However, cross-
sectional studies are fraught with variability difficulties, so
training studies may give a clearer indication of the effects of
flexibility training on static stretch-induced deficits.

In a 6-week longitudinal training study of 13—15-year-old
youth, stretch and sprint-trained participants were more
resistant to stretch-induced sprint deficits than the sprint only
group. However, both groups still experienced acute static
stretch-induced impairments with only two stretches of 20 s
each for each lower body muscle group (Chaouachi et al.
2008). Another flexibility (static stretching) training study of
5 weeks duration utilizing recreationally active participants
demonstrated post-training gains in sit and reach, hip flexion
and extension ROM of 12-20%, but trained subjects still
experienced deficits of 6-8% in knee extension and flexion
MVC and 6% in countermovement jump following an acute
session of static stretching using three stretches with three
repetitions of 30 s each at POD (Behm et al. 2006). Hence,
there is no consensus from the literature indicating an effect
of training on the resistance to static stretch-induced deficits
in performance.

Effect of the combination of static stretching
with dynamic activities

As mentioned in the introduction, the traditional warm-up
was a three-step process involving an aerobic warm-up,
static stretching followed by dynamic skill rehearsal
activities. Many of the static stretching studies although
have studied static stretching in isolation. However, even
when combined with a prior aerobic warm up (Behm et al.
2001; Behm and Kibele 2007; Ce et al. 2008; Fletcher and
Anness 2007; Holt and Lambourne 2008; Power et al.
2004; Vetter 2007), dynamic warm up (Wallmann et al.
2008; Winchester et al. 2008) or post-stretch skill rehearsal
(Young and Behm 2003), static stretching has still exerted
negative influences upon subsequent performance. Chaou-
achi et al. (2008) concocted a sequencing study imple-
menting eight stretch protocols that included (1) static
stretch (SS) to point of discomfort (POD), (2) SS less than
POD (SS < POD), (3) dynamic stretching (DS), (4) SS
POD combined with DS, (5) SS < POD combined with
DS, (6) DS combined with SS POD, (8) DS combined with
SS < POD and (9) a control warm up condition. There
were no significant effects on sprint, agility and jump
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performance. However, the subjects were elite or profes-
sional athletes which may have played a role in the non-
significant outcomes. Similarly Gelen (2010) combined
static and dynamic stretching with a prior aerobic warm-up
and found no adverse effects upon sprint time, soccer
dribbling ability or soccer penalty kick distance. The lack
of impairments in these two studies may be related to the
data from Fig. 3 which illustrated that sprint performance
was not as strongly affected by prior static stretching.
Young (2007) in a review paper suggests that if a moderate
volume of static stretching is performed between the gen-
eral and specific components of the warm-up, it has a
limited impact on subsequent performance.

Hence, while there may be mitigating factors, such as
types of contractions or actions, duration, intensity of
stretching and population, static stretching should be used
expeditiously during a warm-up to prevent the possibility
of performance deficits. If the objective is to achieve
chronic improvements in ROM, then static stretching
should be instituted as a separate training program as its
inclusion in the warm-up may be counterproductive to the
ensuing performance. If the objective is acute improve-
ments in ROM then dynamic stretching activities may
provide a suitable alternative to static stretching within the
warm-up. Research investigating dynamic stretching pro-
tocols may provide us with evidence for the appropriate
warm-up stretching activity.

Dynamic stretching

Dynamic stretching that involves controlled movement
through the active range of motion for a joint (Fletcher
2010) show either facilitation of power (Manoel et al.
2008; Yamaguchi et al. 2008) sprint (Fletcher and Anness
2007; Little and Williams 2006) and jump (Holt and
Lambourne 2008; Hough et al. 2009; Jaggers et al. 2008;
Pearce et al. 2009) performance or no adverse effect
(Christensen and Nordstrom 2008; Samuel et al. 2008;
Torres et al. 2008; Unick et al. 2005). In the context of
dynamic stretching, the literature tends to indicate that
shorter durations of dynamic stretching do not adversely
affect performance (Table 5), and longer duration of
dynamic stretches may facilitate performances (Fig. 7)
(Hough et al. 2009; Pearce et al. 2009; Yamaguchi et al.
2008). An ANOVA comparing percentage changes in
dynamic stretching studies (studies from Fig. 7) involving
force and isokinetic power demonstrates significant
(p = 0.006) performance enhancements with more
(7.3% =+ 5.3) compared with less (0.5% =+ 2.3) than 90 s
of dynamic stretching (Bacurau et al. 2009; Beedle et al.
2008; Bradley et al. 2007; Christensen and Nordstrom
2008; Gelen 2010; Jaggers et al. 2008; Papadopoulos et al.
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Table 5 Effect of short term dynamic stretching on performance

References n  Stretch duration per muscle Stretch Effect and percentage change Effect
intensity size
Bacurau et al. (2009) 14 20 min of ballistic stretching NR No effect on 1 RM leg press 11.7% 1 0.74
Beedle et al. (2008) 19 3 reps of 15 s bench press-men <POD No effect on 1 RM 0.8% 1 0.04
3 reps of 15 s leg press-men <POD 0.7% 1 0.03
Beedle et al. (2008) 32 3 reps of 15 s bench press-women <POD No effect on 1 RM 0.4% 1 0.03
3 reps of 15 s leg press-women <POD 0.9% 1 0.05
Bradley et al. (2007) 18 4 reps of 5 stretches x 5 s hold x 25 s bob NR No effect of on VJ NA
Christensen and 68 8 exercises x 5 reps NR No effect of on VJ 0.1% 1 0.005
Nordstrom (2008)
Gelen (2010) 26 12 exercises x 2 reps X 15 m-sprint NR Sprint 4.1% 1 0.95
Dribbling, penalty kick Slalom soccer dribbling 5.1% 1 1.20
Penalty kick 3.3% 1.25
Jaggers et al. (2008) 20 2 sets x 15 reps of 5 stretches NR No effect on jump height 4.4% 0.17
Force 3.8% 1 1.53
Power 4.1% 1 0.13
Papadopoulos et al. 6 repetitions of 30 s NR No effect on isokinetic torque NA
(2005)
Samuel et al. (2008) 24 2 repetitions x 30 s ballistic <POD No effect on VJ or torque NA
Sekir et al. (2009) 10 6 min of dynamic stretching, ballistic NR 1 concentric torque output of quadriceps 1.12
(8.4%) hamstrings (6.8%) and eccentric 1.11
torque .output of quadriceps (14.5%) and 450
hamstrings (14.1%)
4.11
Torres et al. (2008) 11 7 exercises x 30 reps—force NR No effect on upper body strength 3.6% 1 0.30
7 exercises x 30 reps—power NR (force), 0.1% 1 (power) 0.01
Unick et al. (2005) 16 4 exercises x 3 repetitions x 15s x 24 s NR No effect of on VJ—initial 0.9% 1 0.06
bob—ballistic 15 min 0.12% 1 0.01
Mean 4.1% 1—ES = large magnitude 0.87

NR not reported, NA not available
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12 2 studies
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Fig. 7 The effect of dynamic stretching duration on force/torque and
power production from 241 participants. Measures of force and power
in these studies included isometric force and torque, isokinetic power,
and one repetition maximum lifts such as squats and bench press.
Columns represent mean percentage changes with standard deviation
bars. Mean values may include multiple measures from a single study
(e.g. 4 force or torque measures from two studies)

2005; Samuel et al. 2008; Sekir et al. 2009; Torres et al.
2008; Unick et al. 2005).

It appears that dynamic stretching is preferable to static
stretching as part of a warm-up designed to prepare for
physical activity due to the close similarity to movements
that occur during subsequent exercises (Torres et al. 2008).
10 min of dynamic warm-up activities (stretching or aer-
obic activity) have been reported to result in improvements
in shuttle run time, medicine ball throw distance and five
step jump distance (McMillian et al. 2006), as well as a
tendency (p = 0.06) for increased jump height (Curry et al.
2009). Hough et al. (2009) instituted 7 min of dynamic
stretching resulting in increased vertical jump height and
EMG activity. Furthermore, there have also been studies
with shorter durations of dynamic stretching that demon-
strated facilitation of performance. Herda et al. (2008) used
four sets of three dynamic stretches of 30 s each and found
increased EMG and mechanomyogram activity. Similarly,
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Manoel et al. (2008) reported improved knee extensor
power at 60° and 180° s~' with three repetitions of 30-s
dynamic stretches. Another factor to consider is the
intensity of the dynamic stretching. Dynamic stretch
studies are inconsistent in their description of stretch
intensity making it difficult to compare between studies.
Although some studies do not report the intensity (e.g.
frequency, range of motion) (Dalrymple et al. 2010;
Manoel et al. 2008), others control the dynamic stretch
intensity by reporting the frequency of movement (Bacurau
et al. 2009; Fletcher 2010; Mohammadtaghi et al. 2010).
Herman and Smith (2008) as another example used a
combination of dynamic activities and stretches and indi-
cated that they were performed at a slow to moderate
cadence, but this was not precisely defined. A further
complication is the definition or difference between
dynamic activities and dynamic stretches. Further studies
are needed to determine whether there is an advantage to
perform warm-up activities that move the joint dynami-
cally through a ROM or are dynamic activities through a
partial ROM similarly effective?

Dynamic stretching activities at 100 beats/min resulted
in significantly greater countermovement jump (CMJ) and
drop jump heights than dynamic stretching activities using
50 beats/min (Fletcher 2010). Even the lower frequency
dynamic stretching (50 beats/min) showed significantly
greater performances in the jumps than the no stretch
condition (Fletcher 2010). Although there is no clear dis-
tinction regarding the duration of dynamic stretching nee-
ded to enhance performance, there is clarity that dynamic
stretching does not impair performance. As some studies
have indicated that dynamic stretching provides similar
acute increases in static flexibility as static stretching
(Beedle and Mann 2007; Herman and Smith 2008) the use
of dynamic rather than static stretching for the warm-up
would tend to be a more judicious choice.

The mechanisms by which dynamic stretching improves
muscular performance have been suggested to be elevated
muscle and body temperature (Fletcher and Jones 2004),
post-activation potentiation in the stretched muscle caused
by voluntary contractions of the antagonist (Hough et al.
2009; Torres et al. 2008), stimulation of the nervous sys-
tem, and/or decreased inhibition of antagonist muscles
(Jaggers et al. 2008; Yamaguchi and Ishii 2005). As a
result of these effects, dynamic stretching may enhance
force and power development (Hough et al. 2009; Torres
et al. 2008; Yamaguchi and Ishii 2005). Indeed, Faigen-
baum et al. (2005) and Yamaguchi and Ishii (2005)
hypothesized that the increases in force output after
dynamic stretching are caused by an enhancement of
neuromuscular function, and they implied that the dynamic
stretching had a post-activation potentiation effect on
performance via an increase the rate of cross-bridge
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attachments (Houston and Grange 1990). Consequently, it
allows a greater number of cross-bridges to form, and
resulting in an increase in force production (Behm 2004).
However, Herda et al. (2008) reported that dynamic
stretching did not improve muscular strength, although
electromyographic amplitude increased, which may reflect
a potentiating effect of the dynamic stretching on muscle
activation. As the mechanisms of static and dynamic
stretching are not the primary focus of this review, readers
would be encouraged to read further material on this topic
(Guissard and Duchateau 2006; Magnusson 1998).

Limitations

When assessing the literature, it is sometimes difficult to
make comparisons between studies. In summary, some of the
factors that may interfere with the interpretation of a body of
literature may be related to gender issues (far fewer female
subjects), the lack of randomization, and tester blinding,
inter-tester reliability and hydration status of subjects. In
addition, comparing uniarticular (i.e. dorsiflexion) tests of
ROM to multiarticular (i.e. sit and reach) where various
muscle groups can have differing levels of flexibility (i.e.
lower back vs. hamstrings) can obscure comparisons. Fur-
thermore, not all jumping activities involve similar range and
speed of movement. Although squat jumps and drop jumps
are both jumps, they differ dramatically in the SSC charac-
teristics and may be affected differently by stretching.
Testing immediately after a stretching routine or performing
static stretching in isolation without aerobic-type exercise
does not specifically mimic the typical warm-up routine of
athletes. As mentioned previously, using subjective per-
ceptions of stretch intensity leads to difficulty in ascertaining
the effect of stretch intensity on performance. The difference
between dynamic stretches and dynamic activities is not well
defined in many studies and thus it is not known if it is
necessary to move the joint through a full range of motion
with dynamic activities to achieve significant increases in
ROM. However, even with these limitations, the review of
over 150 articles should still allow for some general inter-
pretations and recommendations.

Conclusions and recommendations

Although there is strong evidence regarding the deleterious
effects of static stretching prior to performance, the studies
reporting no impairments or facilitation highlight possible
mitigating factors. Static stretch-induced changes in muscle
compliance which can affect the length—tension relation-
ship of the muscle manifests its negative effects consis-
tently and significantly with strength measures, especially
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when expressed with isometric contractions. Static
stretching may not affect or possibly augment performance
with dynamic SSC activities or contractions that involve a
longer period for the storage of elastic energy. Submaximal
speed running with longer SSC, relatively long contact
times when jumping or hopping, application of forces over
more prolonged periods as, for example, with a shot put or
discus and eccentric contractions may not be adversely
affected by prior static stretching. Furthermore, shorter
durations of stretching within a warm-up, such as a total
stretching duration per muscle of <30 s may not negatively
impact subsequent performance especially if the population
is more highly trained. However, it would be wise to be
cautious when implementing static stretching of any
duration or for any population when high-speed, rapid SSC,
explosive or reactive forces are necessary, particularly if
any decreases in performance, however small, would be
important. For these types of movements, the neuromus-
cular system should be primed with activities that excite
the system. According to the literature, dynamic stretches
and activities will either have no detrimental effect or may
augment performance. Longer durations of dynamic
stretching and activity seem to provide a positive response
to the neuromuscular system enhancing performance. The
optimal warm-up should be composed of a submaximal
intensity aerobic activity followed by large amplitude
dynamic stretching and then completed with sport specific
dynamic activities. As static stretching can still increase
ROM, it still plays an important role for health-related
benefits associated with flexibility and particular sports or
activities that necessitate a great increase in static ROM
relative to the flexibility of the athlete or patient. However,
static stretching should normally not be pursued prior to
strength, high speed, explosive or reactive activities. All
individuals should include static stretching in their overall
fitness and wellness activities for the health and functional
benefits associated with increased ROM and musculoten-
dinous compliance. However, a separate static stretch
training workout time or during post-exercise cool-down
should be planned independent of other training workouts
or competitions to achieve a more permanent change in
flexibility for health or performance.
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