©Journal of Sports Science and Medicine (2019) 18, 13-20
http://www.jssm.org

Research article

Dynamic Stretching Has Sustained Effects on Range of Motion and Passive

Stiffness of the Hamstring Muscles

Masahiro Iwata *30<, Ayano Yamamoto *, Shingo Matsuo !, Genki Hatano 5, Manabu Miyazaki ¢,
Taizan Fukaya 7, Mitsuhiro Fujiwara *®, Yuji Asai ! and Shigeyuki Suzuki °

! Department of Rehabilitation, Faculty of Health Sciences, Nihon Fukushi University, Handa, Japan; 2 Department of
Physiology, University of Kentucky, Lexington, USA; 3 Program in Physical and Occupational Therapy, Nagoya Univer-
sity, Nagoya, Japan; 4 Kamiiida Daiichi General Hospital, Nagoya, Japan; 5 Institute of Sport Science, ASICS Corporation,
Kobe, Japan; ¢ Department of Physical Therapy, Faculty of Medical Science for Health, Teikyo Heisei University, To-
shima-ku, Japan; ? Kyoto Kujo Hospital, Kyoto, Japan; 8 Kamiiida Rehabilitation Hospital, Nagoya, Japan; ® Department
of Health and Sports Sciences, School of Health Sciences, Asahi University, Mizuho, Japan

Abstract

Dynamic stretching (DS) is often performed during warm-up to
help avoid hamstring muscle injuries, increase joint flexibility,
and optimize performance. We examined the effects of DS of the
hamstring muscles on passive knee extension range of motion
(ROM), passive torque (PT) at the onset of pain (as a measure of
stretch tolerance), and passive stiftness of the muscle-tendon unit
over an extended period after stretching. Twenty-four healthy
subjects participated, with 12 each in the experimental and con-
trol groups. Stretching was performed, and measurements were
recorded using an isokinetic dynamometer pre-intervention, and
at 0, 15, 30, 45, 60, 75, and 90 min post-intervention. DS con-
sisted of ten 30-s sets of 15 repetitions of extension and relaxation
of the hamstrings. ROM increased significantly (range, 7%—10%)
immediately after DS, and the increase was sustained over 90
min. PT at the onset of pain also increased immediately by 10%
but returned to baseline by 30 min. Passive stiffness decreased
significantly (range, 7.9%—16.7%) immediately after DS, and the
decrease was sustained over 90 min. Post-DS values were nor-
malized to pre-DS values for the respective outcomes in both
groups. ROM was significantly higher (range, 7.4%—10%) and
passive stiffness was significantly lower (range, 5.4%—-14.9%) in
the experimental group relative to the control group at all time
points. Normalized PT values at the onset of pain were signifi-
cantly higher in the experimental group at 0—15 min than in the
controls, but the differences were smaller at 30—45 min and not
significant thereafter. We conclude that DS increases ROM and
decreases passive stiffness in a sustained manner, and increases
PT at the onset of pain for a shorter period. Overall, our results
indicate that when performed prior to exercise, DS is beneficial
for the hamstring muscles in terms of increasing flexibility and
reducing stiffness.

Key words: Flexibility, muscle stretching, retention time, mus-
cle-tendon unit, stretch tolerance, exercise.

Introduction

Hamstring strain injuries are one of the most common
types of noncontact injuries experienced during sports ac-
tivities and exercise (Opar et al., 2012), accounting for
12%—16% of injuries in athletes, with a reported reinjury
rate as high as 22%-34% (Schmitt et al., 2012). These in-
juries typically occur during sports activities that involve
rapid acceleration/deceleration and fast running (Opar et

al., 2012). The eccentric contraction of the hamstrings that
occurs during the late swing phase of running to decelerate
knee extension has been reported to be associated with
such injuries (Opar et al., 2012). Lack of flexibility in the
hamstrings may also result in major muscle imbalances,
which predispose to muscle injuries, patellar tendinopathy,
patellofemoral pain, and the development of low back pain
(Heiderscheit et al., 2010; Lankhorst et al., 2013; Sadler et
al., 2017; van der Worp et al., 2011). In an attempt to in-
crease joint flexibility and avoid injury, the hamstrings are
frequently stretched prior to exercise (Behm et al., 2016;
Chen et al., 2018b).

Stretching is often performed during the warm-up
before exercise to increase joint flexibility (defined as the
ability to move a joint through its complete range of motion
[ROM]) (Medicine ACoS, 2017), reduce the stiffness of
muscle-tendon units, and optimize performance (Behm et
al., 2016). Various stretching techniques, such as static
stretching (SS), dynamic stretching (DS), ballistic stretch-
ing (BS), and proprioceptive neuromuscular facilitation,
are often practiced. Of these, SS, in which the target muscle
is held in a lengthened position for a defined period of time
(Kisner and Colby, 2017), is the most commonly per-
formed because of its beneficial effects on reducing mus-
cle-tendon unit stiffness and increasing stretch tolerance
(Kataura et al., 2017; Magnusson et al., 1996; Matsuo et
al., 2015; Mizuno et al., 2013; Morse et al., 2008; Nordez
et al. 2006; Ryan et al., 2008). However, concerns have
been raised that SS, BS, and proprioceptive neuromuscular
facilitation may reduce muscle strength, muscle power,
maximum number of repetitions, and vertical jump perfor-
mance (Barroso et al., 2012; Bradley et al., 2007; Lima et
al., 2016; Marek et al., 2005). In particular, if SS is pro-
longed and performed in isolation, it can lead to impair-
ments (Behm et al., 2011; 2016; Kay et al., 2012), though
if performed for an appropriate length of time and within a
full warm-up regimen, impairments are inconsequential
(Blazevich et al., 2018; Reid et al., 2018). In comparison,
DS, in which limbs are moved through their active ROM
by contracting the muscle group antagonist to the target
muscle group without bouncing (Samukawa et al., 2011;
Yamaguchi and Ishii, 2005), has been reported to improve
muscle strength, muscle power, sprint time, vertical jump
performance, and golf swing performance (Hough et al.,
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2009; Little and Williams, 2006; Moran et al., 2009; Sekir
et al., 2010; Yamaguchi and Ishii, 2005). As a result, DS
has been recently promoted for warm-up prior to exercise
(Behm et al., 2016).

While DS has been reported to improve joint ROM
(Chaouachi et al., 2017; Chen et al., 2018a; Herda et al.,
2013; Mizuno, 2017; Mizuno and Umemura, 2016; Samu-
kawa et al., 2011), there have been conflicting reports
about its effect on muscle-tendon unit stiffness (Chen et al.,
2018a; Herda et al., 2013; Mizuno, 2017; Mizuno and
Umemura, 2016; Samukawa et al., 2011). Furthermore, it
has been suggested that the improvement in joint ROM
seen after DS is due to increased stretch tolerance rather
than reduced stiffness of the muscle-tendon unit (Mizuno,
2017; Mizuno and Umemura, 2016). As stretching routines
are typically performed 15-60 min prior to competition or
exercise (Woods et al., 2007), it is important to not only
clarify the effect of DS on the stiffness of the muscle-ten-
don unit and stretch tolerance, but also to investigate the
temporal profile of these effects. The purpose of this study
was to examine the effects of DS of the hamstring muscles
on the ROM of passive knee extension, passive torque (PT)
at the onset of pain (as a measure of stretch tolerance)
(Kataura et al., 2017; Matsuo et al., 2015; Mizuno et al.,
2013), and passive stiffness of the muscle-tendon unit over
an extended period after stretching. We hypothesized that
DS performed before exercise would improve performance
of the hamstring muscles by increasing ROM and PT at the
onset of pain and reducing the passive stiffness of the mus-
cle-tendon unit, and that the effects on passive stiffness
would not be maintained as long as the changes in ROM or
PT at the onset of pain.

Methods

Participants

Twenty-four healthy individuals between the ages of 20
and 23 years were recruited from a university population
and sequentially assigned to either an experimental or con-
trol group (n = 12/group). All of the participants were se-
lected on the basis of a screening test to confirm that they
were not able to fully extend their knee from the measuring
start position (Figure 1A). Potential subjects who had a his-
tory of hip or lower extremity joint surgery, had lower ex-
tremity neurological complications, were receiving hor-
mones and/or medications that could affect their muscles,
or who were involved in competitive sports or regular re-
sistance, aerobic, or flexibility training were excluded from
participation. There were no significant differences in age
(21.8 £ 0.8 years vs. 21.0 = 0.9 years), sex (6 males and 6
females in both groups), height (1.68 + 0.08 m vs. 1.64 =
0.08 m), body mass (61.9 + 9.8 kg vs. 57.5 + 7.4 kg), or
body mass index (22.0 + 2.2 kg/m? vs. 21.5 + 2.3 kg/m?)
between the experimental and control groups.

Study design

The study protocol was reviewed and approved by the Eth-
ics Committee for Research on Human Subjects at Nihon
Fukushi University (approval number 14-23). The study
abided by the principles of the Declaration of Helsinki, and
written informed consent was obtained from each partici-

pant prior to participation in the study.

The participants were instructed to maintain their
normal dietary habits and to refrain from vigorous physical
activity for two days before the experiment. At least one
day before the testing day, the participants reconfirmed
their health history and familiarized themselves with the
equipment and experimental procedure. The experiment
was performed in the university’s temperature-controlled
laboratory at 26°C. The ROM of passive knee extension,
PT at the onset of pain, and passive stiffness of the ham-
string muscles were measured using an isokinetic dyna-
mometer (Primus RS, BTE Technologies, Hanover, MD,
USA) at various time points before and after DS, as shown
in Figure 1. Specifically, measurements were taken before
DS (PRE) and at 0, 15, 30, 45, 60, 75, and 90 min after DS
(POSTO, POST15, POST30, POST45, POST60, POST75,
and POST90, respectively) in the experimental group.
Measurements were obtained at the same time points but
without any DS in the control group.

w w
o o

25
20

PT at the onset of pain (Nm)

T T T . T G 1

0 10 20 30 40 50 60 70 80 90
ROM (°)

[ a, b Passive stiffness

- @ Pre-stretching

w O Post-stretching

Figure 1. (A) Position for passive knee extension test using an
isokinetic dynamometer. Left - Start position with the knee
and hip both in approximately 110° of flexion. Right - The
knee is extended passively until the subject experiences the
onset of pain (maximum knee extension). (B) Typical torque-
angle curves showing pre-stretching and 15-min post-stretch-
ing data. Stiffness was determined using a regression line between 50%
and 100% of the pre-stretching range of motion (ROM)-passive torque
(PT) relationship. PT at the onset of pain and ROM were determined using
the PT and knee extension angle at the onset of pain.

Dynamic stretching protocol

Each subject performed DS of their right leg only to keep
experimental conditions consistent between subjects. The
right leg was dominant in all 24 subjects; this was deter-
mined by asking the subjects which leg they use to kick a
soccer ball. No warm-up was performed in any subjects to
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eliminate any potential interaction between warm-up and
stretching. The subjects stood upright with their feet paral-
lel and facing forward while holding onto parallel bars with
both hands (original standing position; Figure 2A). The
subjects were then instructed to contract their hip flexors
intentionally once every 2 s so that their hip joints flexed
while keeping their knees extended so that their right leg
swung up to the anterior aspect of their body and their right
hamstring muscles were stretched (Figure 2B). Each sub-
ject performed 5 repetitions of the stretching exercise
slowly while learning to accurately perform the motion,
and then 10 repetitions as quickly and powerfully as possi-
ble without bouncing and in synchrony with the rhythm of
a digital metronome set to 30 beats/min (0.5 Hertz) (Yama-
guchi and Ishii, 2005). DS was performed for 5 min, com-
prising ten 30-s long sets (2-s stretch x 15 repetitions) with
a 20-s rest period between sets during which the subject
was allowed to rest in the original standing position. A 5-
min period of DS was selected because our previous stud-
ies showed that 5 min of static stretching at a tolerable in-
tensity and without pain significantly increased ROM and
PT, and decreased passive stiffness after stretching (Mat-
suo et al., 2013; 2015).
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Figure 2. The procedure for dynamic stretching of the ham-
string muscles. (A) The subjects started in a standing position
with their feet parallel and facing forward and their hands
holding the parallel bars (original standing position). (B) The
subjects contracted their hip flexors intentionally with the
knee extended and the hip joint flexed so that the leg swung
up anteriorly (the subjects’ hamstrings were stretched).

Measurement procedure and outcomes

Measurements were made with the participant seated on a
chair (Figure 1A) with an attached isokinetic dynamome-
ter. The seat of the chair was tilted maximally to 35° from
the horizontal position and a wedge-shaped cushion was
inserted between the trunk and the backrest; this set the an-
gle between the seat and the back at approximately 60°.
The participant’s chest, pelvis, and right thigh were stabi-
lized with Velcro® straps. The knee joint was aligned with
the axis of rotation of the isokinetic dynamometer, and the
lever arm attachment was placed just proximal to the me-
dial malleolus and stabilized with Velcro® straps. Next, the
knee was extended passively at 5°/s to the point of maxi-
mum knee extension just before the subjective onset of

pain (Figure 1A). We confirmed with electromyography
that the muscles did not contract during this passive knee
extension. With the isokinetic dynamometer programmed
in passive mode, the torque and angle signals were contin-
uously measured and recorded. Gravity correction was not
performed when the torque-angle curve was measured, per
our previous protocols (Kataura et al., 2017; Matsuo et al.,
2013; 2015). All output signals underwent analog-to-digi-
tal conversion and were recorded using LabChart 8.0
(PowerLab 4/20T, ADInstruments, NSW, Australia) for
torque-angle relationship analyses (Figure 1B) (Kataura et
al., 2017; Matsuo et al., 2013; 2015). In the initial position
(0°), there were no significant differences between groups
with regard to the average hip and knee flexion angles, as
described below. ROM (in degrees) was defined as the
maximum knee extension angle from the initial position
(0°) until the onset of pain, and PT at the onset of pain (in
Nm) was defined as the torque at the onset of pain (Kataura
etal., 2017; Matsuo et al., 2015; Mizuno et al., 2013). Pas-
sive stiffness (in Nm/°) was calculated as the slope of the
regression line (using the least-squares method (Kataura et
al., 2017; Matsuo et al., 2013; 2015)) of the torque-angle
relationship between 50% and 100% of the maximum knee
extension angle (Figure 1B), as we and others have de-
scribed (Kataura et al., 2017; Kubo et al., 2007; 2017; Mat-
suo et al., 2013; 2015). Passive stiffness was calculated
from the same knee extension angle range before and after
stretching, and the pre-stretching value was compared with
that after stretching. The lower pre-stretching and post-
stretching maximum knee extension angles were used for
passive stiffness calculation.

Test/retest reliability was determined for all meas-
urement outcomes in a separate cohort of four men and
three women (age, 21.9 £ 0.7 years; height, 1.67 + 0.10 m;
body mass, 61.3 £ 7.3 kg) using two tests performed 1-7
days apart at the same time of day (1 h). Intraclass corre-
lation coefficients and their 95% confidence intervals were
highly reliable for all the measures (ROM: 0.94 [0.74—
0.99], PT at the onset of pain: 0.95 [0.76—0.99], and passive
stiffness: 0.90 [0.59-0.98]) (Shrout and Fleiss, 1979). The
coefficient of variation for the measures also showed ac-
ceptable reliability (ROM: 6.5%, PT at the onset of pain:
3.9%, and passive stiffness: 7.5%) (Dow, 1976).

Statistical analysis
G*Power software (version 3.1.9.2; University of Kiel,
Kiel, Germany) was used to estimate the sample size re-
quired for this repeated-measures study (Faul et al., 2007);
a minimum sample size of n = 10/group was required to
reach a statistical power level (1 — B) of 0.95 based on an a
level of 0.05 and a predicted effect size of 0.40. To allow
for possible dropout, 12 participants were recruited for
each group.

Sigma Plot 13 software (Systat Software Inc., San
Jose, CA, USA) was used for all statistical analyses. Non-
parametric tests were performed on the passive stiffness
data, which was shown to be non-normally distributed us-
ing the Shapiro-Wilk normality test (Shapiro and Wilk,
1965). The data for ROM and PT at the onset of pain were
normally distributed. The Friedman repeated-measures
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analysis of variance on ranks was used to calculate tem-
poral changes in outcome measures (ROM, PT at the onset
of pain, and passive stiffness) within each group. When a
significant time effect was found, post-hoc analysis with
Wilcoxon signed-rank tests was conducted with a Bonfer-
roni correction applied to detect significant differences
from pre-DS values. Between-group differences in pre-DS
values for all outcome measures were assessed using the
Mann-Whitney U test. Post-DS values (POSTO, POST15,
POST30, POST45, POST60, POST75, and POST90) were
normalized to the pre-DS values for the respective outcome
in both groups. Between-group differences in post-DS
value for all outcome measures were then assessed for each
time point using the Mann-Whitney U test. For transpar-
ency, both significant differences (p < 0.05) and differ-
ences approaching significance (0.05 < p < 0.1) are re-
ported where appropriate. Owing to the non-normal data
distribution, all data are presented as medians and inter-
quartile ranges unless otherwise noted.

Results

Baseline measures

There were no significant between-group differences in the
average angles of hip flexion (111.3° £ 1.7° vs. 111.4° +
1.6°) and knee flexion (110.7° £+ 1.4° vs. 109.8° £+ 2.3°) at
the beginning of the test. There were also no significant
between-group differences in the pre-DS values of any of
the outcome measures (Table 1).

Intragroup analysis of changes in outcome measures af-
ter DS

No significant temporal changes in any of the outcome
measures in the control group were found, but significant
changes in all outcome measures were observed over time
in the experimental group (Table 1, Figure 3). In the exper-
imental group, knee ROM increased significantly by a me-
dian of 8.1° (range, 6.8°-11.5°; 10% increase over pre-DS
values) immediately after DS. The significant increase in
knee ROM was sustained over 90 min (15 min: 9.5° [8.0°—
11.5°], 30 min: 9.0° [6.0°-11.9°], 45 min: 8.0° [5.5°-
10.3°], 60 min: 7.0° [4.9°-8.0°], 75 min: 8.0° [3.8°-9.2°],

and 90 min: 8.0° [3.6°-9.0°]) and was 9.4% greater than
the pre-DS value at 90 min after DS.

Similarly, PT at the onset of pain increased signifi-
cantly by 9.7% immediately after DS; however, post-DS
PT values were not significantly different from pre-DS val-
ues 30 min after DS. Passive stiffness decreased signifi-
cantly by 7.9% immediately after DS, continued to be
lower than the control group over 90 min, and was 13.4%
lower than the pre-DS value at 90 min after DS.

Intergroup analysis of changes in normalized outcome
measures after DS

Normalized ROM values were significantly higher in the
experimental group at all time points than in the control
group (higher by 9.4% at 0 min, 9.8% at 15 min, 10.0% at
30 min, 8.5% at 45 min, 7.4% at 60 min, 7.5% at 75 min,
and 9.8% at 90 min; Figure 3A). Similarly, normalized PT
values at the onset of pain were significantly higher (by
8.8%) in the experimental group at 0 and 15 min, ap-
proached significance at 30 min (3.2% higher, P = 0.069),
and were slightly but significantly higher by 4.7% at 45
min after DS (Figure 3B). Normalized passive stiffness
values were significantly lower in the experimental group
at all time points after DS (lower by 6.5% at 0 min, 10.5%
at 15 min, 14.9% at 30 min, 8.4% at 45 min, 5.4% at 60
min, 8.3% at 75 min, and 9.0% at 90 min; Figure 3C).

Discussion

We investigated whether DS would influence the following
parameters of hamstring flexibility: ROM, PT at the onset
of pain, and passive stiffness of the hamstring muscles. In
addition, we studied the long-term effects of DS by evalu-
ating the temporal changes in each flexibility parameter af-
ter DS. We found that DS produced an immediate increase
in passive knee extension ROM, a decrease in passive stiff-
ness of the hamstrings, and an increase in PT at the onset
of pain. Knee ROM increased significantly by 10% (me-
dian, 8.1°) relative to baseline immediately after DS. Alt-
hough the extent of the effect of DS on ROM differed be-
tween individuals, the significant increase in ROM was
sustained over 90 min (median, 8.0°).

Table 1. Changes in range of motion, passive torque at the onset of pain, and passive stiffness before and after dynamic stretch-

ing. Values are expressed as median (interquartile range).

Condition
Outcome measure PRE POSTO POST15 POST30 POST45 POST60 POST75 POSTI0
Experimental group (n =12)
ROM (°) 84.9 92.5% 94.0* 91.9* 91.5% 91.0* 90.5* 89.4*
(77.5-90.0)  (86.0-97.4) (86.0-98.9) (85.7-99.6) (85.5-98.9) (83.7-96.9) (84.7-95.2) (85.4-95.4)
PT at the onset of 27.9 33.6* 32.5% 30.7 30.7 30.6 30.0 29.8
pain (Nm) (24.5-35.7)  (26.5-41.5) (26.4-41.3) (25.8-36.0) (25.6-38.6) (25.4-36.4) (23.7-38.1) (25.0-36.8)
Passive stiffness .388 372% 344% 337* .335% .324%* .329% 336%
(Nm/°) (.336-491)  (.296-.447) (.290-.435) (.290-.377) (.284-.403) (.306-.426) (.276-.423) (.287-.387)
Control group (n =12)
ROM (°) 82.8 84.9 82.9 82.5 83.5 83.9 84.4 83.5
(81.0-89.6) (79.7-92.0) (80.7-91.8) (81.0-91.1) (81.7-91.9) (81.7-91.8) (82.5-90.4) (81.7-91.1)
PT at the onset of 24.8 23.9 25.1 23.9 23.9 23.7 24.4 23.9
pain (Nm) (22.1-324) (22.9-33.1) (22.1-30.8) (22.3-30.7) (21.9-32.8) (22.5-31.8) (21.8-31.8) (22.2-31.2)
Passive stiffness .366 351 358 .342 .340 332 .330 320
(Nm/°) (.290-410)  (.299-.422) (.274-410) (.285-.404) (.279-.410) (.284-.411) (.280-.401) (.279-.403)

ROM, range of motion; PT, passive torque; PRE, before stretching; POST, after stretching. The asterisk indicates a significant (p < 0.05) difference

from the PRE value.
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Figure 3. Boxplot figures showing percent changes in (A) range of motion, (B) passive torque at the onset of pain, (C)
passive stiffness before and after dynamic stretching. The line within the box marks the median, crosses represent the mean,
the boundary of the box indicates the 25th and 75th percentiles, the error bars indicate the 10th and 90th percentiles, and the
dots above and below the error bars represent outliers. The asterisk indicates a significant (p < 0.05) difference from the time-
matched control group. ROM, range of motion; PT, passive torque; PRE, before stretching; POST, after stretching

The reduction in passive stiffness was also main-
tained for > 90 minutes following DS. In contrast, reduc-
tions in passive stiffness have been reported to be less pro-
longed after SS. For example, SS reduced the passive stiff-
ness of the triceps surae for only 15-20 min (Mizuno et al.,
2013; Ryan et al., 2008) and the passive stiffness of the
hamstrings for less than 60 min in a previous report (Mag-
nusson et al., 1996). Furthermore, in our study the increase
in PT at the onset of pain lasted for a shorter duration (15—
30 min) than the passive stiffness reduction following DS

of the hamstrings. In contrast, the effects of SS of the tri-
ceps surae on PT at the onset of pain and on ROM lasted
longer than its effects on passive stiffness (Mizuno et al.,
2013).

Our results also differed from those of previous
studies that investigated the effects of DS on the triceps su-
rac (Mizuno, 2017; Mizuno and Umemura, 2016). DS of
the triceps surae did not influence its stiffness (Mizuno,
2017; Mizuno and Umemura, 2016) but did increase ROM;
however, the increase in ROM lasted for only 10 min
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(Mizuno and Umemura, 2016). We speculate that these dif-
ferences in the effects of DS could be due to differences in
the target muscles (hamstrings vs. triceps surae) and in the
DS conditions of the studies. The DS of the triceps surae
was performed by adding a light resistance to the antago-
nistic muscles of the triceps and using a lower number of
sets (1-7) than we used in the current study (Mizuno,
2017). The prolonged reduction in passive stiffness follow-
ing our DS protocol might have resulted in the more sus-
tained increase (90 min) in ROM in our study.

Passive stiffness, which is calculated from the
torque—angle curve, is thought to reflect the viscoelasticity
of the muscle-tendon unit (Magnusson et al., 1996). In con-
trast, stretch tolerance is thought to be the tolerance to the
tensile strength produced in muscles that are subjected to
passive extension. The index used to reflect this in previous
studies has been PT at the onset of pain (Kataura et al.,
2017; Matsuo et al., 2015; Mizuno et al., 2013). Thus, the
immediate increase in knee ROM that occurs following DS
likely results from both a decrease in passive stiffness (i.e.,
changes in the viscoelasticity of the muscle-tendon unit)
and an increase in PT at the onset of pain (i.e., an increased
stretch tolerance due to altered sensation). Since the pas-
sive stiffness changed greatly following DS, it can be in-
ferred that a physiological response that causes elasticity
change in the muscle-tendon complex occurred. Specifi-
cally, there is a possibility that some elastic elements in the
muscle-tendon complex were changed, such as fascia, elas-
tic proteins such as titin (also known as connectin), and ten-
dons. However, it is important to note that the changes in
passive stiffness of the hamstring muscles after DS per-
sisted for a longer period than did the changes in PT at the
onset of pain. These results suggest that the sustained in-
crease in knee ROM following DS is primarily attributable
to the reduced passive stiffness of the hamstring muscle—
tendon unit (Opplert and Babault, 2018) and not to stretch
tolerance.

Our finding that ten 30-s sets of 15 repetitions of DS
increased knee extension ROM is consistent with the re-
sults of previous studies (Chen et al., 2018a; Herda et al.,
2013). Both the duration and intensity of stretching have
been shown to influence passive stiffness of the muscle-
tendon unit (Opplert and Babault, 2018). For example,
while relatively short periods of SS did not affect passive
stiffness of the hamstrings (Magnusson et al., 1998; 2000),
longer SS techniques decreased passive stiffness (Magnus-
son et al., 1996; Matsuo et al., 2013; Nordez et al., 2006)
in a more sustained manner (Ryan et al., 2008). In addition,
the intensity of SS has been reported to decrease passive
stiffness in a dose-dependent manner (Kataura et al., 2017).
Similarly, a higher number of repetitions and addition of
resistance to the antagonistic muscles have both been
shown to increase ROM following DS of the triceps surae
(Mizuno, 2017). Taken together, these data suggest that the
relatively high intensity of DS in our study resulted in a
greater dose-dependent change in hamstring flexibility,
which in turn resulted in a more prolonged effect on pas-
sive stiffness. Thus, the reduction in passive stiffness was
sustained for a longer time than the effect on PT at the onset
of pain.

This study had several limitations. First, we used a

nonrandomized, sequential study design where the control
group was selected to match the baseline characteristics of
the experimental group. The experimental group was una-
vailable for a follow-up visit; this prevented us from inves-
tigating outcomes with and without DS in the same sub-
jects. Such paired analysis could presumably have allowed
more robust investigations of the effect of DS. Second, we
investigated only the effect of DS, but not other stretching
techniques such as SS and BS. Finally, we did not measure
hamstring tension or extension during DS. As DS relies on
a subject consciously and actively contracting antagonist
muscles to stretch the targeted muscle (Samukawa et al.,
2011; Yamaguchi and Ishii, 2005), quantifying the loaded
tension in real time is challenging. Newer techniques using
videotaping and electrogoniometry to measure angular ve-
locity and ROM could potentially allow real-time quantifi-
cation of the loaded tension in the hamstrings.

Conclusion

We investigated the acute and sustained effects of DS on
flexibility parameters in healthy volunteers who performed
10 sets of DS (15 repetitions per set) of the hamstring mus-
cles. We found that DS caused a sustained reduction in pas-
sive stiffness of the hamstrings and increase in knee ROM,
as well as a less lasting increase in PT at the onset of pain.
As increased passive stiffness of the hamstrings and de-
creased knee ROM are both risk factors for hamstring in-
jury during sports (Goldman and Jones, 2011; Woods et al.,
2004), our results suggest that DS of the hamstrings before
exercise may help to prevent injuries.
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Key points

e Effect of dynamic stretching (DS) on hamstring mus-
cle flexibility was examined.

e DS increased range of motion and stretch tolerance,
and decreased passive stiffness.

o Stretch tolerance returned more rapidly after DS than
other measurement indexes.

e DS performed prior to exercise is useful for improving
hamstring muscle flexibility.
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