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Abstract

The purpose of the study was to examine the acute effects of different dynamic exercise

interventions on hamstring muscle performance. Thirty-six young men with poor hamstring

flexibility were randomly assigned to three intervention groups: jogging combined with

dynamic open kinetic chain stretching (DS), jogging combined with dynamic closed kinetic

chain stretching (lunge with eccentric hamstring windmills, LEC), and jogging only (CON)

groups. Hamstring flexibility, muscle stiffness (area under the curve, AUC), joint position

sense (JPS), maximal eccentric strength (ECC), and angle of peak torque (APT) were

recorded before and immediately after the exercise interventions. The results showed that

the hamstring flexibility increased in DS (p < 0.001); muscle stiffness decreased in DS and

was lower than jogging (p < 0.001). Moreover, ECC increased in LEC and was higher than

jogging and DS (p < 0.001). APT was different among 3 groups (p < 0.001). Decreased

accuracy of JPS was found in DS and jogging (p < 0.001). In conclusion, the dynamic closed

kinetic chain stretching (LEC) as compared to open kinetic chain stretching (DS) or jogging

group, may be an effective technique to enhance muscle performance during the pre-com-

petition warm-up routine.

Introduction

Hamstrings muscle strain often occurs during sporting events/activities such as sprinting or

kicking, where the muscle group is actively stretched by simultaneous hip flexion and knee

extension movements [1]. In addition to inadequate hamstring muscle strength, altered knee

kinematics, impaired knee joint proprioception, and poor hamstring flexibility are also pri-

mary risk factors for hamstrings strain [2, 3]. To prevent hamstring strain, traditional stretch-

ing exercise such as static, ballistic, or proprioceptive neuromuscular facilitation (PNF)

stretching is recommended prior to exercise or sporting activities [4]. Generally speaking,

these types of stretching interventions are believed to improve the range of motion (ROM)

and to decrease the muscle stiffness, thereby serving as an important part of the warm-up
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procedure. The passive straight leg raise test is a common test to examine the hamstring mus-

cle flexibility [5–7]. Thus, these stretching techniques may prevent risk factors of hamstring

strain [3].

Muscle contraction during the lengthened or stretched state can alter force generation [8],

the optimal sarcomere length [9], and the optimal joint angle [9]. For example, forward lunge

with leg eccentric hamstring windmills exercise (LEC) is based on contraction by agonist mus-

cle and stretching antagonist muscle simultaneously (put under tension by the lengthened

muscle) [9]. Since muscle stiffness plays an important role for muscle performance and injury

prevention [2], active contraction during stretching can be beneficial. Therefore, dynamic

warmup intervention such as dynamic stretching, as opposed to static [10, 11] or PNF stretch-

ing [11], can serve as an effective technique for not only improving flexibility, but potentially

enhancing lower extremity muscle performance [12, 13].

However, the stretching intensity, the volume, and the stretch velocity of dynamic stretch-

ing can impose differential effects on hamstrings performance [14]. For example, Herda et al.

[15] reported that the active dynamic stretching of hamstrings (four sets of 12–15 repetitions

with 20 seconds rest between sets, swinging the leg to the end range of motion and pulling the

leg back toward body) resulted in an acute increase in passive ROM, but a decrease in isomet-

ric peak torque of the knee flexors. However, a different study demonstrated that two sets of 15

repetitions of squats on the floor has no influence on eccentric strength (600/s and 1800/s),

length-tension relationship, angle of peak torque, or total work [16]. In addition, the active

dynamic stretching (two dynamic exercises with four sets of 30 seconds with 15 seconds rest

between sets, including swinging the leg and squatting on the floor) led to decreased eccentric

and concentric hamstring strength and hamstring-quadriceps strength ratio (600/s and 1800/s)

[17]. Therefore, a clear consensus for the effect of dynamic stretching on hamstring muscle

performance has not been achieved, and the effects of different types of dynamic hamstring

stretching exercises on hamstring muscle performance is still unclear.

To our knowledge, little information is known regarding the effects of using different

dynamic hamstring stretching that involves swinging the leg into a stretched position (DS) ver-

sus forward lunge with single leg eccentric hamstring windmills (LEC) on hamstring strain

risk factors (flexibility, eccentric strength, peak torque, muscle stiffness, knee proprioception).

Therefore, the main purpose of this investigation was to examine the effects of three different

dynamic exercises (jogging with DS vs. jogging with LEC vs. jogging only) on hamstring strain

risk factors mentioned above. We expected to see that DS and LEC would exhibit significant

increase in muscle performance and positive effects on risk factors than jogging group. In

addition, due to the simultaneous activation of the shortened (quadriceps) and lengthened

(hamstrings) muscles, LEC protocol may exhibit even greater treatment effects on muscle per-

formance and greater positive effects on strain risk factors than DS protocol does.

Materials and methods

Participants

Thirty-six recreationally active yet untrained (i.e., not currently training in running, stretching

and strength) male subjects (age 22.0 ± 1.5 yr, height 172.5 ± 2.9 cm, and weight 65.3 ± 6.4 kg)

with poor hamstrings flexibility (< 80˚ passive straight leg raise) [18] voluntarily participated

in this investigation. All subjects did not have a prior history of lower extremity injury or neu-

rological disorder and low back pain prior to participate in this study. All subjects provided

written informed consent before testing. This study was approved by the ethics committee on

human research of National Taiwan University. The individual in this manuscript has given

written informed consent (as outlined in PLOS consent form) to publish these case details.
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Experimental design and procedures

The study was randomized control trial. This investigation used a between-group design to

examine the acute effects of three dynamic exercise interventions (jogging with DS vs. jogging

with LEC vs. jogging only) on hamstring performance and strain risk factors. The subjects

were randomly divided into three groups (n = 12 per group): jogging only (CON), jogging

with LEC, and jogging with DS. All testing was performed on the dominant side of the ham-

string muscles. Three days prior to Experimental Visit, all subjects participated in an introduc-

tory session (Familiarization Visit) during which they were familiarized with the designated

exercise intervention and the testing procedures. Before (Pre) and immediately after (Post) the

exercise intervention, the maximal voluntary eccentric strength (ECC), angle of peak torque

(APT), muscle flexibility (passive straight leg raise test: PSLR), muscle stiffness (area under the

curve, AUC), and joint position sense (JPS) were measured (see in Fig 1).

Dynamic exercise interventions. Upon arrival during the Experimental Visit, all subjects

began with a jogging for 5 minutes on a treadmill at 6.4 km�h-1 with 1% grade. Following this

light warm-up exercise, the subjects were asked to perform the following designated

interventions:

Jogging with LEC (LEC). The LEC is performed as the closed kinetic chain exercise inter-

vention. First, the subject was instructed to take a dominant leg to the stepping forward posi-

tion with the dominant knee slight bend (10–15˚) [18]. Then, the subject slowly bent the upper

body forward until reaching the end of the hip flexion range of motion. The knee was extended

simultaneously to stretch the hamstring muscles. The intensity of stretching was set at less

than the point of discomfort [19]. With one second down and one second up back to the start-

ing position, six 15-second LEC intervention were performed with 15 seconds of rest between

consecutive sets. Therefore, a total of 48 repetitions (6 sets × 8 repetitions per set) of LEC were

performed (Fig 2A).

Jogging with DS (DS). The DS exercise is performed as the open kinetic chain exercise

intervention. First, the subject was instructed to raise the arm horizontal to the floor with the

Fig 1. Schematic representation of experimental design. D0: Testing day (Experimental Visit).

https://doi.org/10.1371/journal.pone.0191801.g001

Dynamic stretching on hamstring performance

PLOS ONE | https://doi.org/10.1371/journal.pone.0191801 February 1, 2018 3 / 11

https://doi.org/10.1371/journal.pone.0191801.g001
https://doi.org/10.1371/journal.pone.0191801


pelvic tilting anteriorly in the standing position. Second, the subject actively swang the domi-

nant leg forward to the end of the hip flexion range of motion. During this exercise, the knee

was kept extended and the subject was allowed to use the hand to approach the foot. The inten-

sity of stretching was set at less than the point of discomfort. The leg was then swung back

slightly passing the starting position. Instruction to the subject was emphasized so the upper

body was always kept straight. Similar to the LEC intervention, 6 sets of 15-second DS were

performed with a rest period of 15 seconds between sets. Both LEC and DS stretching exercises

were rhythmic movements and they were set at a rhythm of 60 beats/min by a metronome

(Seiko, DM70 Digital Metronome, China) (Fig 2B).

The jogging only group (CON) did not perform any other interventions, instead 5 addi-

tional minutes of jogging (same speed and inclination) were performed.

Performance testing. Testing order for dependent variables was muscle flexibility, muscle

stiffness, joint position sense, maximal voluntary eccentric strength, and angle of peak torque:

Hamstring flexibility (passive straight leg raise, PSLR). The subject lay supine on a padded

table and both waist and the non-stretched leg were fixed by a strap. The first examiner held

the subject’s dominant leg and moved the leg to the position when the subject felt a mild sensa-

tion of pain, and the digital inclinometer (inclinometer, Model # A800; JIN-BOMB Inc, Kaoh-

siung, Taiwan) was placed over the distal tibia. The non-stretched leg was fully extended by

a strap, and the second examiner held the pelvis to avoid posterior rotation. This test was

repeated 3 times, and the average of 3 measures was used for analysis [3, 20].

Fig 2. The two types of dynamic stretching exercises for the hamstring muscles. (A) Dynamic closed kinetic chain stretching (LEC). (B) Dynamic open

kinetic chain stretching (DS).

https://doi.org/10.1371/journal.pone.0191801.g002
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Muscle stiffness (area under the curve, AUC). Hamstrings muscle stiffness was quantified

by a Myotonometer (Neurogenic Technologies, Inc, Missoula, MT), a computerized meter-

type device to measure relaxed muscle-stiffness levels. The Myotonometer has been demon-

strated to be valid and reliable to measure muscle stiffness [21]. The head of the Myotonometer

probe was placed along the longitudinal axis of the dominant leg’s biceps femoris muscle at

50% of the distance from the ischial tuberosity to the medial epicondyle of the tibia. The tis-

sue-displacement was made at 8 force increments of probe pressure (0.25, 0.50, 0.75, 1.00,

1.25, 1.50, 1.75, 2.00 kg) and computational software creates force displacement curves (AUC,

mm/kg) based on these data. A more compliant (lower stiffness, higher AUC) muscle has a

sharper slope of the force-displacement curve than a muscle with higher stiffness (lower AUC)

[20, 21].

Joint position sense (JPS). The JPS assessment involved an active positioning and reposi-

tioning (active test) of the dominant leg. The measurements were taken at an isokinetic dyna-

mometer (Biodex Medical Systems, Inc., Shirley, NY, USA) with the subject lying in the prone

position. All subjects had the “hold” button in one hand so that they could stop the lever arm

of the dynamometer by pressing button when they reached target angle and held it about 2 sec-

onds [22]. The starting position was at the knee full extension and subjects actively moved

their limbs to the target angle (300, 500 and 700 of knee flexion). In each trial, the lower leg was

passively moved to target position at slow angular velocity (100/s) while maintaining the target

position for 10 seconds. The protocol of the JPS assessment was completed by the same

researcher. After learning and practice, subjects were then blindfolded and actively moved

their leg to the target positions. This procedure was repeated five times for each testing posi-

tions. The repositioning absolute angular error (AAE) was obtained through the calculation of

the difference between the target angle and repositioning angle [23].

Isokinetic strength testing. The maximal isokinetic hamstrings eccentric peak torque (ECC)

testing was performed on the same isokinetic dynamometer as the JPS was measured. The sub-

ject lay prone on the platform of the dynamometer, with upper back, lower back and contralat-

eral leg strapped to the platform. The lateral condyle of the femur was aligned with the

rotation axis of the dynamometer. The pad of the dynamometer’s lever arm was secured

around the ankle and the base of the pad was approximately 5 cm proximal to the malleoli.

The knee range of motion (ROM) was set at 00 (full extended position) to 1100 of flexion.

Three submaximal warm-up trials (50% of self-perceived effort) preceded three maximal isoki-

netic eccentric muscle contractions at 300/s with a 45 seconds rest between each muscle con-

traction. During the test, strong verbal encouragement was provided during contractions. The

joint angle of peak torque (APT) was provided by Biodex System software.

Statistical analyses. A priori power analyses (G�Power 3.1) indicated that a sample size of

10 subjects per group would result in statistical power values of 0.80 or greater for all the

dependent variables [24]. The Shapiro–Wilk test was to confirm normality of the data. Sepa-

rate two-way mixed analyses of variance (ANOVAs) (experimental group [DS vs. LEC vs.

CON] × time [Pre vs. Post]) were used for each dependent variable. When appropriate, follow-

up tests included one-way ANOVAs and pairwise comparisons. Effect sizes Cohen’s d (ES)

were calculated by: Cohen’s d = Mean1—Mean2 / SDpooled, where SDpooled =
p

[(SD1
2+ SD2

2) /

2] [25]. Specifically, d = 0.2 can be considered a ’small’ effect size, 0.5 represents a ’medium’

effect size and 0.8 a ’large’ effect size. To determine the test–retest reliability of the outcome

measures, intraclass correlation coefficient (ICC) scores for PSLR, ECC, APT, AUC, JPS (300),

JPS (500), and JPS (700) were calculated for values measured during the Familiarization Visit

and the Pre-intervention during the Experimental Visit. All statistical analyses were conducted

using SPSS 17.0 with an alpha level of .05.
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Results

The mean values and SEM of the different variables assessed are shown in Table 1. Before the

dynamic exercise intervention, there is no significant difference in all dependent variables

among all three groups. Normality of the data was also confirmed. The ICCs for all dependent

variables were between 0.80–0.93 with adequate reliability.

Significant 2-way group by time interactions were found for all outcomes (P< 0.001).

There was a significant group by time interaction on PSLR (F2, 33 = 114.29, P< 0.001, partial

eta squared = 0.88). PSLR increased significantly in DS and LEC (P< 0.001, effect size = 0.94

and 0.99), but decreased significantly in CON (P = 0.04, effect size = 0.56). In addition, the DS

exercise resulted in significant greater PSLR increments than the LEC did (P = 0.01) (Fig 4A).

Fig 3 shows a typical example of muscle stiffness by the measurement of AUC. There was a sig-

nificant group by time interactions on AUC (F2, 33 = 25.31, P< 0.001, partial eta squared = 0.61).

AUC decreased significantly in CON (P< 0.001, effect size = 0.99) and increased significantly in

DS (P = 0.01, effect size = 0.53). There was no significant AUC change in LEC (P> 0.05, effect

size = 0.004). In addition, there is a significant difference between the AUC values of Post-DS and

Post-CON (P< 0.001).

As for the JPS, there were significant group by time interaction at different angles (300:

F2, 33 = 15.10, P< 0.001, partial eta squared = 0.48; 500: F2, 33 = 9.86, P< 0.001, partial eta

squared = 0.37; 700: F2, 33 = 4.10, P = 0.03, partial eta squared = 0.20). The JPS (300) error

increased significantly in CON (300: P< 0.001, effect size = 0.44; 500: P< 0.001, effect

size = 0.62; 700: P< 0.001, effect size = 0.70) and DS (300: P< 0.001, effect size = 0.89; 500:

P< 0.001, effect size = 0.80; 700: P< 0.001, effect size = 0.80). There was no significant differ-

ence in JPS error for LEC group. In addition, the JPS errors were also significantly larger in

CON and DS groups when compared with the LEC (Table 1).

As for the eccentric strength, there was a significant group by time interaction on (F2, 33 =

10.23, P< 0.001, partial eta squared = 0.38). ECC decreased significantly in DS (P< 0.001,

effect size = 0.43) and increased significantly in LEC (P = 0.02, effect size = 0.80). ECC was also

significantly higher in LEC when compared with DS and CON after the intervention (Fig 4B).

Lastly, the two-way mixed factorial ANOVA showed that there was a significant group by

time interaction for APT (F2, 33 = 49.99, P< 0.001, partial eta squared = 0.75). After the inter-

ventions, the APT in DS was significantly larger than that in LEC (P< 0.001, effect size = 0.52)

Table 1. Pre vs. Post in outcomes (mean ± SEM) before and after three dynamic warm-up exercises.

Pre-Stretching Post-Stretching

Variable CON LEC DS CON LEC DS

PSLR (0) 41.9±2.4 40.0±2.9 38.6±2.7 37.5±2.3
�

46.1±2.8
�# 50.4±2.4

�#

AUC (mm/kg) 17.6±0.7 17.9±0.5 17.9±0.5 16.2±0.6
�

18.2±0.5+ 19.0±0.5
�#

ECC (Nm) 76.7±6.4 82.1±5.0 80.1±6.2 76.1±6.4 92.6±6.1
�#+ 65.7±4.6

�

APT (0) 29.7±1.3 26.7±2.0 26.7±1.7 27.2±0.9
�+ 24.1±1.5

�#+ 34.5±1.6
�#

JPS (300) 7.3±1.9 5.8±1.5 5.0±1.5 9.8±1.3
�

4.5±0.8#+ 9.2±1.1
�

JPS (500) 2.5±0.4 3.7±0.7 3.3±0.8 7.3±1.1
�

3.7±0.6#+ 6.8±0.5
�

JPS (700) 3.4±0.3 3.1±0.5 3.3±0.2 4.6±0.1
�

3.0±0.5#+ 5.3±0.3
�

CON: jogging only; DS: dynamic open kinetic chain stretch; LEC: dynamic closed kinetic chain stretching; PSLR: passive straight-leg raising; AUC: area under the

curve; ECC: maximal eccentric isokinetic strength; APT: angle of peak torque; JPS: joint position sense

� Significant (P< 0.05) difference from the Pre-value.

# Significant (P< 0.05) difference from the CON group.

+ Significant (P< 0.05) difference from the DS group.

https://doi.org/10.1371/journal.pone.0191801.t001
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and in CON (P< 0.001, effect size = 0.35). The APT in LEC was significantly lower than that

in CON (P< 0.001). In addition, the results also showed that after the interventions, the APT

shifted to the shorter muscle length in DS group (P< 0.001) but to the longer muscle length in

LEC (P< 0.001) and in CON (P = 0.03) (Fig 4C).

Discussion

The present study evaluated the acute effects of three dynamic exercise interventions (jogging

only vs. jogging with DS vs jogging with LEC) on hamstring strain risk factors (flexibility, mus-

cle stiffness, muscle strength, angular peak torque, and joint position senses).

Our findings showed that there is an increase in ROM following DS and LEC. These results

are in agreement with previous studies [12, 14]. For example, similar to a previous study [26],

increases in ROM occurred after LEC (27.9%) and DS (12.4%). However, AUC did not have

similar responses with muscle flexibility, with DS decreasing the muscle stiffness, but LEC hav-

ing no effect. These findings are in agreement with the results of previous studies that stretch-

ing can improve hamstring ROM but not necessarily by improving the muscle compliance

[20]. This may indicate that the stretching techniques increase joint ROM as a result of a

change in stretch tolerance rather than the passive properties of muscle [27].

When comparing two dynamic stretching protocols, DS impaired hamstring muscle perfor-

mance (decreased eccentric strength). This result is different from what have been reported

from previous research, including the one from Sekir et al. [7], where the authors reported that

DS improved the muscular strength. It should be noted that the difference in muscular perfor-

mance following dynamic stretching can be due to the slightly different stretching interven-

tions used. For example, Sekir et al. [7] had subjects perform the DS with both hamstring

concentric contraction (knee flexion) and eccentric contraction (knee extension) phases com-

bined. However, our DS intervention only focused on the portion of hamstring eccentric con-

traction. Therefore, the eccentric-only exercise might have impaired the subsequent muscular

strength performance. In addition to the strength performance, the APT shifts to the shorter

Fig 3. An example of using AUC (area under the curve) for the assessment of muscle stiffness.

https://doi.org/10.1371/journal.pone.0191801.g003
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muscle length following DS, which suggests that the increased muscle compliance can be

related to decrease in sarcomere connection at longer muscle length position. On the other

hand, the LEC shifted the APT value to the longer muscle lengths and reduced the risk of ham-

string injury during eccentric contraction. Our results demonstrate that decreased eccentric

peak torque (-17.8%) occurs following DS while increased eccentric peak torque (12.8%) takes

place following LEC.

Using DS or LEC for improving joint proprioception is not likely to occur. Researchers

have examined the effect of warm-ups consisting of jogging and stretching exercise or only

Fig 4. Measurements (mean ± SEM) before and after three dynamic stretching exercises. (A) The passive straight-

leg raising (PSLR). (B) Maximal eccentric isokinetic strength (ECC). (C) Angle of peak torque (APT). CON: jogging

only; DS: dynamic open kinetic chain stretching; LEC: dynamic closed kinetic chain stretching. � Significant (P< 0.05)

difference from the Pre-value. # Significant (P< 0.05) difference from the CON group. + Significant (P< 0.05)

difference from the DS group.

https://doi.org/10.1371/journal.pone.0191801.g004
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stretching exercise on knee joint proprioception [22, 28, 29]. Knee joint proprioception did

not change after stretching and one study demonstrated that the PNF increases knee move-

ment errors [28]. Similarly, our study found no improvement on proprioception in LEC and

decreased proprioception of knee movements in both the jogging and DS groups. It has been

speculated that stretching of the hamstring and quadriceps may reduce muscle stiffness [28]

and reduce sensitivity of the muscle spindle activity [30]. Specifically, the acute decrease in

muscle strength following stretching could apparently affect proprioceptive sensitivity of the

muscle [31]. The decreased eccentric peak torque and increased knee JPS error (300, 500 and

700 of flexion) of DS group in our finding support this assumption. This may also be suscepti-

ble to injury of knees [29]. On the other hand, LEC seems to prevent this negative effect of

stretching on joint proprioception in our findings.

Muscle performance after stretching can be associated with mechanical factors (decrease in

muscle stiffness or change in the length-tension relationship) or neural factors (decrease in

motor unit activation or post activation potentiation) [12, 28]. Based on our finding on the

increased ECC strength, the LEC enhanced neuromuscular performance of the stretched mus-

cle. Further, LEC does not impair knee joint proprioception. Similarly, researchers found that

the dynamic warm-up exercise with weight bearing as LEC can improve jump performance

and propose increase in post activation potentiation during DS [32].

Limitation of this study should be noted. First and foremost, although we directly compared

DS and LEC interventions, it was impossible to perfectly match the exercise volume between

both interventions. Based on our observation, for every stretch, the LEC condition appeared to

provide a longer time for the hamstring muscle under stretch than DS did. And the subjects

had to focus more to control the posture during the LEC rather than the DS. Thus, these differ-

ences might have contributed the subsequent muscle performance differences. Second, the

subjects investigated in this study were only untrained male subjects, whether the DS and LEC

exercises affect the genders or subject training experience and background is not clear.

Although significant changes in the angle of peak torque in DS (29.2%) and LEC (9.7%) and

the significant increase in PSLR for LEC (15.3%) and DS (30.6%) immediately after warm-up,

long term influence of DS combined with LEC exercises on the hamstring muscle should be

further investigated.

Conclusion

The short stretching duration (90 seconds) in dynamic closed kinetic chain stretching (LEC)

can improve muscle performance. Although increased flexibility and muscle compliance can

be found after open kinetic chain stretching (DS), it may impair eccentric strength, change the

angle of peak torque and diminish knee joint proprioception sensation. Therefore, the LEC

exercise is recommended as a warm-up protocol.
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