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Abstract

Purpose This study compared responses to static stretch-
ing between eccentrically damaged and non-damaged
muscles.

Methods Twelve young men performed 60 maximum knee
flexor eccentric contractions of one leg, and received a 300-s
continuous passive static stretching at tolerable intensity
without pain to both knee flexors at 2 and 4 days after the
eccentric exercise. Range of motion (ROM) and passive stiff-
ness during knee extension, passive torque at onset of pain
(PT), maximum voluntary isometric (MVC-ISO) and isoki-
netic concentric contraction torque (MVC-CON), and visual
analogue scale (VAS) for muscle soreness were measured
before, immediately after, 60 min, 2 and 4 days after exercise
as well as before, immediately after, 20 and 60 min after the
stretching. Changes in these variables after eccentric exercise
and stretching were compared between limbs.

Results The eccentric exercise decreased MVC-ISO,
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after stretching for both limbs; however, the magnitude
of the increase was greater (p < 0.05) for the damaged
than non-damaged limb. Passive stiffness decreased for
both limbs similarly (4-7 %) at immediately after stretch-
ing (p < 0.05). Significant decreases in MVC-ISO torque
(7-11 %) after stretching were observed only for the non-
damaged limb (p < 0.05), but MVC-CON torque did not
change after stretching for both limbs. VAS decreased for
the exercised limb after stretching (p < 0.05).

Conclusions These results suggest that the static stretch-
ing at tolerable intensity without pain produced greater
positive effects on damaged than non-damaged muscles.

Keywords Static stretching - Range of motion - Passive
stiffness - Stretching-induced force loss - Muscle damage -
Delayed onset muscle soreness

MVC-CON, ROM and PT, and increased passive stift-
ness and VAS (p < 0.05), suggesting that muscle damage
was induced to the knee flexors. ROM and PT increased
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Abbreviations

ANOVA Analysis of variance

CK Creatine kinase

CvV Coefficient of variation

DOMS Delayed onset muscle soreness
EMG Electromyogram

ICC Intra-class correlation coefficients

MVC-CON torque

MVC-ISO torque

Maximum voluntary concentric
contraction torque

Maximum voluntary isometric
contraction torque

PT Passive torque

RFD Rate of force development
RMS Root mean square

ROM Range of motion

SD Standard deviation

SPT Static passive torque

VAS Visual analogue scale
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Introduction

Static stretching is performed as a part of warm-up exer-
cise in the belief that it will reduce a risk of injuries and
will improve exercise performance (Smith 1994; Woods
et al. 2007; Shrier 2005). As stated by Magnusson (1998),
static stretching decreases passive stiffness and increases
range of motion (ROM), which are considered to be posi-
tive effects of the stretching exercise. However, recent
articles documented that static stretching does not nec-
essarily reduce injury risks, but could induce detrimen-
tal effects on muscle performance (McHugh and Cos-
grave 2010; Simic et al. 2013; Kay and Blazevich 2012;
Small et al. 2008). For example, Simic et al. (2013) have
recently shown based on meta-analysis that pre-exercise
static stretching negatively affects muscle performance
when the stretch duration is longer than 45 s. Kay and
Blazevich (2012) concluded in their systematic review
that muscle function was decreased after a long (>60 s)
static stretching.

Possible mechanisms of the stretch-induced force
loss include decreases in neural drive and peripheral
force-generating capacity such as a decrease in mus-
culotendinous stiffness and/or changes in muscle’s
length—tension relationship (Ryan et al. 2008; Fowles
et al. 2000). Trajano et al. (2013) have recently reported
that the force loss induced by a 5-min continuous pas-
sive static stretch is mainly associated with a reduction
in central drive.

It is well known that eccentric exercise induces muscle
damage that is characterised by a prolonged decrease in
muscle strength and ROM, development of delayed onset
muscle soreness (DOMS) and swelling, and increases in
blood makers such as creatine kinase (CK) activity, espe-
cially when the exercise is performed first time, or with a
long-time interval from the previous exposure to the same
or similar eccentric exercise (Nosaka et al. 2002; Nosaka
and Sakamoto 2001; Janecki et al. 2011; Reisman et al.
2009). To attenuate the magnitude of eccentric exercise-
induced muscle damage, static stretching is often per-
formed as a prophylactic (Chen et al. 2011a) and/or a ther-
apeutic modality (Torres et al. 2007; Reisman et al. 2009;
Johansson et al. 1999); however, its effects on DOMS
and other symptoms of muscle damage are equivocal. For
example, Herbert et al. (2011) reviewed 12 studies and
concluded that effect of stretching on DOMS was mini-
mal. On the other hand, static stretching has been shown
to be effective for improving ROM (Torres et al. 2007) and
flexibility assessed by passive torque (Reisman et al. 2009)
for eccentrically damaged muscle. Reisman et al. (2009)
applied a 30-s static stretching at the same intensity (ankle
joint was at 40° of dorsiflexion from neutral position)
to the damaged and non-damaged muscle at 24 h after
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eccentric exercise, when DOMS was developed to triceps
surae muscles. They found that the magnitude of decrease
in passive torque after stretching was the same between
the damaged and non-damaged muscles, despite passive
torque for the damaged muscle was greater than that of the
non-damaged muscle. They also found that muscle sore-
ness for the damaged muscle was reduced by 40 % after
stretching. However, no previous studies have investigated
the acute effect of static stretching which is performed at
the point where pain started to feel, which is a general
practice (the same relative intensity between damaged and
non-damaged muscles, but the absolute intensity is differ-
ent—the absolute intensity is greater for the non-damaged
than damaged muscle) on passive torque and muscle pain.
Moreover, it has not been examined in the previous studies
whether the stretch-induced force loss occurs in the same
magnitude to damaged muscle as that of non-damaged
muscle.

Given the above, the purpose of the present study was
to investigate how muscles damaged by eccentric con-
tractions would respond to a long-duration (300-s) static
stretching at tolerable intensity without pain, which has
been shown to induce force loss, reduce muscle stiffness,
and increase ROM (Matsuo et al. 2013), when compared
with non-damaged muscles. The responses included force,
passive torque, and passive stiffness. It was previously
reported that eccentrically damaged muscle became stiffer
and less extensible than non-damaged muscle, and experi-
enced DOMS (Janecki et al. 2011; Nosaka and Sakamoto
2001). Thus, it was assumed that the tolerance to passive
stretch would be reduced in the muscle that was suffering
from eccentric exercise-induced muscle damage, and the
stretching intensity would be lower for the damaged than
non-damaged muscle. It was also hypothesised that the
decreases in maximum voluntary contraction (MVC) force
and passive stiffness, and the increase in ROM after static
stretching would be smaller for the damaged than non-
damaged muscle.

Methods
Participants

Twelve healthy young men participated in this study after
being informed of the purpose and protocol of the study,
and provided a written informed consent that had been
approved by the Human Research Ethics Committee of the
Nagoya University School of Health Sciences. Participants
were excluded if they had lower-extremity contracture, an
operation of their back or lower extremity, or neurological
disorders, if they were regularly taking analgesic or anti-
inflammatory drugs, if they could completely extend their
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knee joints (too flexible) at the setting position as described
below, and if they engaged in competitive sports or per-
formed resistance, aerobic or flexibility training in the
past 6 months. Their mean (£SD) age, height, body mass,
and body mass index were 21.0 &+ 0.5y, 172.9 &+ 6.2 cm,
64.3 + 6.9 kg, and 21.5 + 1.3 kg/m?, respectively. They
were asked and reminded to refrain from unaccustomed
exercise or vigorous physical activity, and maintain their
normal dietary habits, and not to take any anti-inflamma-
tory drugs or nutritional supplements during the experi-
mental period. They were instructed not to have any treat-
ments (e.g. massage) other than that given in the study
(static stretching) during the experimental period.

The number of subjects was determined by a sam-
ple size estimation using the data from a previous study
(Matsuo et al. 2013) and a preliminary experiment, using
G*Power software (v 3.0.10; Franz Faul, Kiel University,
Kiel, Germany). The calculated effect size was 1.3 when
the effect of static stretching on the knee extension ROM
for the exercised limb was assumed as 50 % of that for the
non-exercised limb. On the basis of the effect size, o level
of 0.05, and a power (1-f) of 0.80, the minimum number
of subjects was estimated to be 11. Considering a possible
dropout, 12 participants were recruited.

Experimental design

The experiment was performed in a university’s labora-
tory, where the room temperature was maintained at 26 °C
throughout the study. One leg of all participants was used
as the control without eccentric exercise, and the other leg
performed a bout of eccentric exercise of the knee flexors
as elaborated below, but both legs received a 300-s static
stretching at tolerable intensity without pain at 2 and
4 days after the eccentric exercise. The limb assigned for
the eccentric exercise (dominant or non-dominant limb)
was randomised among the participants. The criterion
measures consisted of range of motion of passive knee
extension (ROM), passive torque (PT) at onset of pain,
passive stiffness of passive knee extension, maximum vol-
untary isometric contraction torque (MVC-ISO torque),
rate of force development (RFD), maximum voluntary
concentric contraction torque (MVC-CON torque), opti-
mum angle, electromyography root mean square (RMS)
during the torque measures, visual analogue scale (VAS)
for muscle soreness, and static passive torque (SPT) dur-
ing stretching. All participants attended a familiarisation
session one day before performing eccentric exercise,
in which they experienced all of the measurements. No
eccentric contraction was performed in the familiarisation
session, but the participants were briefed on the exercise
protocol. The measurements except SPT were taken imme-
diately before exercise, immediately after, 60 min, and

2 and 4 days after exercise, as well as before stretching,
immediately after, 20 and 60 min after the stretching that
was performed at 2 and 4 days after exercise. All measure-
ments were taken at the same time of day (£1 h) for each
participant between days. Changes in the dependent varia-
bles before and after the eccentric exercise, and before and
after the static stretching were compared between exer-
cised and non-exercised (control) limbs.

Eccentric exercise

All participants performed 6 sets of 10 maximal eccentric
contractions of the unilateral knee flexors on an isokinetic
dynamometer (Primus RS, BTE Technologies, Hanover,
MD, USA) after 5 min of ergometer cycling at a load
of 90 W. The eccentric exercise protocol was the same
as that of a previous study (Chen et al. 2011a). In brief,
each subject lay prone on the platform of the dynamom-
eter, and the upper and lower back regions and the thigh
of the exercised limb were stabilised with Velcro straps.
The knee joint of the exercised limb was aligned with the
axis of rotation of the isokinetic dynamometer, and the
ankle of the exercised limb was strapped to the lever arm
attachment of the dynamometer. The participants were
instructed to contract the knee flexors to resist the knee
extending action of the dynamometer that moved the knee
joint from a flexed (130°) to an extended position (0°) at
an angular velocity of 30°/s. After each eccentric con-
traction, the lever arm passively returned the knee joint
to the starting position at 10°/s, which gave a 13-s rest
between contractions. This was repeated 10 times for each
set, and a 1-min rest was given between sets to complete
six sets. The participants received strong verbal encour-
agement during each eccentric contraction to generate
maximum force. The torque and angle signals from the
isokinetic dynamometer during eccentric exercise were
A/D converted (PowerLab 4/20T, ADInstruments, NSW,
Australia) and stored in a PC (Dynabook Satellite J50,
Toshiba, Tokyo, Japan).

Static stretching

A 300-s continuous static stretching was performed at 2
and 4 days after eccentric exercise for both legs. These time
points were chosen, since they were considered to repre-
sent the time point when symptoms of muscle damage (e.g.
muscle soreness) are peaked (2 days) and the symptoms
are subsided but still remained (4 days). This allowed us to
examine the effect of stretching on two different conditions
of eccentrically damaged muscles. The present study used
a sitting position in which the hip joint was flexed (Fig. 1a)
that has been shown to efficiently stretch the hamstrings
(Matsuo et al. 2013). The subjects were seated on a chair of
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Fig. 1 Positioning for static stretching of the knee flexors before (a) and during stretching (b), and for the measurements of maximal voluntary

isometric and concentric contraction torque at horizontal seat setting (c)

the isokinetic dynamometer with the seat tilted maximally
(35° from horizontal position) and a cushion was inserted
between the trunk and the backrest, which set the angle
between the seat and the back at approximately 60°. The
subject’s chest, pelvis and thigh of the stretched leg were
stabilised with Velcro straps. The knee joint was aligned
with the axis of rotation of the isokinetic dynamometer,
and the lever arm attachment was placed at proximal to
the malleolus medialis and stabilised with Velcro straps.
In this position, the average angles of hip and knee flexion
were 110.0° £ 2.0° and 113.4° £ 1.7°, respectively. The
hamstrings of both legs were stretched at this position by
the isokinetic dynamometer separately, and the order of
stretching for the exercised and non-exercised limbs was
randomised among the participants, but the same order was
maintained between days for each participant. The range of
motion of the dynamometer was set at maximum tolerable
intensity without stretching pain (Fig. 1b), and this position
was kept for 300 s based on a previous study (Matsuo et al.
2013). Muscle activities of medial and lateral hamstrings
during the stretching were monitored and recorded by a
Biomonitor ME6000 (Mega Electronics, Kuopio, Finland)
with a sampling frequency of 1 kHz. The details are shown
below in the “Electromyogram” section below.

Dependent variables

All of the dependent variables except SPT were used to
assess muscle damage, and all variables were also used to
assess the acute effect of the static stretching. The meas-
urements were taken from both limbs in the same order of
the stretching such that the order of the leg was randomised
among the subjects, but the same order was maintained for
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each subject. The sequence of the measurements was fixed
as follows: muscle soreness, torque—angle curve (ROM, PT
at onset of pain, and passive stiffness), MVC-ISO torque
and MVC-CON torque for all time points. The details of
each measure are provided below.

Static passive torque (SPT)

Passive torque produced by the hamstrings during static
stretching was measured continuously by the isokinetic
dynamometer, and the torque signal was transferred to a
PowerLab (ADInstruments, NSW, Australia) and stored in
a PC (Dynabook Satellite J50, Toshiba, Tokyo, Japan) for
analyses performed later. To assess the magnitude of “stress
relaxation” (Magnusson 1998; Magnusson et al. 1997) dur-
ing the stretching, the changes in SPT from the onset of
stretching (0 s) to the end of stretching (300 s) were cal-
culated using a LabChart software (LabChart 4, ADInstru-
ments, NSW, Australia) based on a previous study (Matsuo
et al. 2013). Moreover, the values of SPT at 0 s and 300 s
were compared between the exercised and control limbs to
examine the difference in the magnitude of stretching.

ROM, PT at onset of pain, and passive stiffness

ROM, PT at onset of pain, and passive stiffness were cal-
culated from the torque—angle curve obtained using the
isokinetic dynamometer, and the torque and angle signals
were A/D converted and stored in a PC (Dynabook Satellite
J50, Toshiba, Tokyo, Japan) for analyses. While each sub-
ject was sitting in the chair (Fig. 1a), the knee was extended
passively at 5°/s to a point of the onset of pain, and dur-
ing which the torque was recorded to obtain torque—angle
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Fig. 2 Typical torque—angle curves (a) and typical row EMG traces
from medial hamstrings (b) of a subject before (pre-ECC) and 2 days
after eccentric exercise (post-ECC). Stiffness is determined by a
regression line between 50 and 100 % of post-exercise ROM—passive
torque relationship (a). Stiffness changed from a (0.29) to b (0.33)

curve (Matsuo et al. 2013). ROM was defined as the maxi-
mum knee extension angle from the initial position (0°),
and PT at onset of pain was defined as the torque at the
onset of pain (Halbertsma et al. 1996; Mizuno et al. 2013).
As shown in Fig. 2, passive stiffness was defined as the
slope of the regression line of the torque—angle curve using
a least-squares method (Matsuo et al. 2013). Passive stiff-
ness was calculated from the torque corresponding to 50 %
to maximum knee extension angles of each subject when
the minimum ROM was recorded (Fig. 2a), and the same
knee joint angles were used for all time points, and the
same range of motion was used for the exercised and non-
exercised limbs within a subject.

MVC-ISO torque and RFD

MVC-ISO torque was measured at the position that was the
same as the static stretching (Fig. 1a) as well as a position
where the seat was adjusted parallel to the floor (Fig. 1c¢),
while the participant seated on the chair with the angles of
hip and knee flexion were 85° and 90°, respectively. The
horizontal position was included, because a previous study
(McHugh and Nesse 2008) reported that stretch-induced
strength loss was dependent on muscle length, and the
horizontal position was normally used to measure MVC-
ISO torque in previous studies (e.g. Ford-Smith et al. 2001;
Kollock et al. 2010). MVC-ISO torque at the stretching
position (Fig. 1a) was measured prior to that at the hori-
zontal position (Fig. 1c). The participants were instructed

for this example. On the other hand, no EMG activities from medial
hamstrings during measurement of torque—angle curve were observed
before and after eccentric exercise (b), and as well as lateral ham-
strings

to generate maximum knee flexion force for 3 s at each
position for 3 times with a 45-s rest between trials (Chen
et al. 2011b). Verbal encouragement was provided during
all measurements. Peak torque was obtained from each
contraction, and the average of the three trials was used for
further analysis.

RFD was determined from the MVC-ISO torque data
for both sitting positions. Based on the previous studies
(Andersen and Aagaard 2006; Morais de Oliveira et al.
2012), the RFD was defined as the slope of the regression
line that was calculated from the torque—time curve using a
least-squares method. RFD was calculated from the onset
of contraction to 100 ms (RFD,,,) and 150 ms (RFD;5),
because Morais de Oliveira et al. (2012) reported that RFD
decreased after static stretching at early phase (<100 ms)
but not at late phase (>100 ms). Onset of muscle contrac-
tion was defined when the knee flexor torque exceeded
the baseline by 2.5 % of the baseline-to-peak amplitude
(Andersen et al. 2010; Blazevich et al. 2008). The average
of the three trials was used for subsequent analysis.

MVC-CON torque and optimum angle

MVC-CON torque and optimum angle were measured at
the horizontal position described above on the isokinetic
dynamometer after measuring MVC-ISO torque at the
horizontal position. Three maximum voluntary concentric
knee flexions were performed continuously at the angular
velocity of 60°/s for the range of 85° from a knee-extended
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position (5°) to a knee-flexed position (90°). Verbal encour-
agement was provided in a constant manner during meas-
urements. Peak torque (highest torque of the trial) and the
joint angle at the peak torque (optimum angle) of each trial
were obtained, and the average of the three trials was used
for subsequent analysis (Chen et al. 2011a, b).

Electromyogram (EMG)

EMG activities during the maximal isometric and concen-
tric contractions were recorded from medial and lateral
hamstrings by a Biomonitor ME6000 (Mega Electronics,
Kuopio, Finland) with a sampling frequency of 1 kHz. The
skin under the electrodes was shaved, abraded and cleaned
with alcohol before putting the electrodes. A pair of Ag/
AgCl sensors (Blue Sensor M-00-s, Ambu, Ballerup, Den-
mark) with a 35-mm inter-electrode distance were placed
at 50 % on the line between the ischial tuberosity and the
medial epicondyle of the tibia for medial hamstrings, and
placed at 50 % on the line between the ischial tuberos-
ity and the lateral epicondyle of the tibia for lateral ham-
strings. The raw EMG signals were stored in the PC and
root mean square (RMS) amplitude values were calculated
using a software (MegaWin, Mega Electronics, Kuopio,
Finland). The average of the three trials at each contraction
was used for subsequent analysis. EMG activities were also
monitored during the static stretching and measurements of
SPT, ROM, PT at onset of pain, and passive stiffness.

Muscle soreness

The level of muscle soreness was quantified by a visual
analogue scale (VAS) consisting of a 100-mm continuous
line anchoring “no pain” at one end (0 mm) and “very, very
painful” at the other (100 mm) (Chen et al. 2011a). Each
participant was asked to indicate the pain level of both
hamstrings on the line when the knee joint was passively
extended from the position to 90 % of the ROM that was
determined at the pre-exercise measures in the stretching
position (Fig. 1a).

Reliability

The test—retest reliability for all dependent variables except
muscle soreness was determined before the data collection
of the present study using eight men. The two tests were
separated by 1-7 days, and the two tests were performed
at the same time of the day (£1 h). Based on intra-class
correlation coefficients (ICC, ,), the reliability was found
to be high for all measures (ROM: 0.95, PT at onset of
pain: 0.97, passive stiffness: 0.97, MVC-ISO torque: 0.90,
RFD: 0.83, MVC-CON torque: 0.85, optimum angle: 0.82,
RMS: 0.82, SPT: 0.94). Coefficient of variation (CV) was
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also checked for the measures: ROM: 1.1 %, PT at onset
of pain: 3.7 %, passive stiffness: 3.9 %, MVC-ISO torque:
5.4 %, RFD: 8.9 %, MVC-CON torque: 5.0 %, optimum
angle: 6.3 %, RMS: 9.1 % and SPT: 4.5 %, showing accept-
able reliability.

Statistical analysis

Normality of the data was assessed by a Shapiro—Wilk test.
This test showed that the data of ROM, stiffness, MVC-
CON torque, and SPT were normally disturbed, but the
others were not. Parametric tests were applied to the data
that were normally disturbed, but non-parametric tests
were applied to the other variables and the relative change
for all variables. Changes in each dependent variable over
time were compared between limbs by a two-way repeated
measures analysis of variance (ANOVA) or Friedman test.
When a significant interaction effect or time effect was
found, a Bonferroni post hoc test was performed to locate a
significant difference between limbs for each time point or
the difference from the baseline value. The analyses were
performed using a SPSS (IBM SPSS statistics, version
21.0, IBM Corp., Armonk, NY, USA), and significance was
set at p < 0.05. All results are expressed as mean + stand-
ard deviation (SD).

Results
Changes in dependent variables after eccentric exercise

Significant changes in all dependent variables except for
the optimum angle were found only for the exercised limb,
and significant (p < 0.05) differences in the changes in all
variables were evident between the exercised and control
limbs (Fig. 3). The changes in MVC-ISO torque were simi-
lar between the two sitting positions (Fig. 1a, c), thus only
the results from the horizontal position are reported. MVC-
ISO torque decreased by 34 % at immediately after exer-
cise, and still 20 % lower than the baseline at 96 h post-
exercise (Fig. 3a). MVC-CON torque also decreased from
the baseline by 17 % at immediately after and by 19 % at
48 h after eccentric exercise, but returned to the baseline
by 96 h after exercise (Fig. 3b). RFD,, decreased from
baseline (0.49 + 0.14 Nm/ms) at immediately (0.28 £ 0.09
Nm/ms, 43 %) to 96 h (0.33 £ 0.10 Nm/ms, 29 %) after
exercise, and RFD 5, decreased significantly from the base-
line (0.36 &+ 0.10 Nm/ms) at immediately (0.22 £ 0.09
Nm/ms, 39 %) and 48 h (0.18 £ 0.07 Nm/ms, 49 %) post-
exercise. RMS of EMG from medial and lateral hamstrings
during the maximum isometric and concentric contractions
did not change for both limbs after exercise, and there was
no significant difference between limbs.
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Fig.3 Changes in maximal voluntary isometric (a) and concentric
contraction torque (b), range of motion (c), passive torque at onset
of pain (d), passive stiffness (e) and muscle soreness assessed by a
visual analogue scale (f) before (pre), immediately after (post) and 1,

ROM decreased more than 20° at 48 and 96 h after
exercise for the exercised limb (Fig. 3c). PT at onset of
pain increased significantly at immediately after and
1 h after exercise by approximately 13 %, and decreased
significantly at 48 and 96 h after exercise by approxi-
mately 30 % (Fig. 3d). As shown in Fig. 2, passive stiff-
ness increased after exercise while ROM and PT at onset
of pain decreased. Passive stiffness of the exercised limb
increased significantly by 15 % at immediately after exer-
cise, and remained for 96 h after exercise (Fig. 3e). Dur-
ing the passive stiffness measurements, no EMG activities
were observed. Muscle soreness developed only for the
exercised limb at 48 and 96 h after exercise (Fig. 3f).

Changes in the dependent variables after static stretching

Before stretching performed on 2 and 4 days after eccen-
tric exercise, static passive torque (SPT) was significantly
smaller for the exercised limb compared with the non-exer-
cised (control) limb, but changes in SPT during stretching
were similar between limbs for both days (Fig. 4). EMG
activities were not observed during the static stretching and
the SPT measurements.

Significant differences in the pre-stretching values
between exercised and non-exercised (control) limbs were

48, 96 h after eccentric exercise for the exercised limb (exercise) and
non-exercised limb (control). *Significantly (p < 0.05) different from
the pre-exercise value, Tsignificantly (p < 0.05) different from control
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Fig. 4 Changes in static passive torque from onset to the end of static
stretching performed at 2 and 4 days after eccentric exercise for the
exercised limb (exercise) and non-exercised limb (control). *Signifi-
cantly (p < 0.05) different from the pre-stretching value, significantly
(p < 0.05) different from control

evident for MVC-ISO torque, RFD,,, RFD 55, MVC-CON
torque, ROM, PT at onset of pain and stiffness on 2 days,
and for MVC-ISO, ROM, PT at onset of pain and stiffness
on 4 days after eccentric exercise. Since the pre-stretching
values were different between limbs, and between days
(2 days post- and 4 days post-exercise), changes in the
dependent variables after stretching were normalised to the
pre-stretching values, and compared between limbs.
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Fig. 5 Normalised changes in maximal voluntary isometric (a) and
concentric contraction torque (b), range of motion (c), passive torque
at onset of pain (d) and passive stiffness (e) from the pre-stretching
values (100 %), and absolute changes in muscle soreness assessed by
a visual analogue scale (f), immediately before (pre), immediately

Changes in MVC-ISO torque at the horizontal position
(Fig. 1c) after stretching are shown in Fig. 5a. MVC-ISO
torque decreased significantly after stretching for the non-
exercised limb only from 78.3 £ 11.9 Nm to 69.7 + 14.2
Nm (11 %) at immediately post-stretching performed at
2 days after eccentric exercise, but returned to the baseline
by 20 min post-stretching. After the stretching performed at
4 days after eccentric exercise, MVC-ISO torque decreased
from 82.6 = 11.7 Nm to 77.2 £ 13.9 Nm (7 %) at imme-
diately post-stretching, and the decrease lasted for 60 min
(20 min post-stretching: 76.6 £ 12.6 Nm, 60 min post-
stretching: 76.4 & 12.3 Nm). This was also the case for the
MVC-ISO torque measured at the stretching position. Sig-
nificant decreases in RFD,,, and RFD,5, were found only
for the non-exercised limb, and the magnitude of decrease
(12-16 %) was similar to that of MVC-ISO torque. MVC-
CON torque (Fig. 5b) and optimum angle did not change
for both limbs after stretching. No significant changes in
EMG activities of medial and lateral hamstrings were evi-
dent during the maximum isometric contractions before
and after stretching.

ROM increased significantly for both limbs for 60 min
after stretching (Fig. 5c), but the magnitude of the
increase was significantly greater for the exercised limb
(9°-13°) than non-exercised limb (4°-8°). PT at onset
of pain increased significantly after stretching for both
limbs (Fig. 5d), but the magnitude of the increase was
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Time (min)

Time (min)

after (0), and 20 and 60 min after static stretching performed 2 and
4 days after eccentric exercise for the exercised limb (exercise) and
non-exercised limb (control). *Significantly (p < 0.05) different from
the pre-stretching values (absolute value), 'significantly (p < 0.05)
different from control (relative value)

significantly greater for the exercised limb (3—-6 Nm) than
non-exercised limb (2-3 Nm). Significant decreases in pas-
sive stiffness were evident after stretching for both limbs,
and the magnitude of the decrease (4—7 %) was not sig-
nificantly between limbs (Fig. 5e). VAS of muscle soreness
decreased significantly after stretching by 37 % at 2 days
and 41 % at 4 days post-exercise for the exercised limb
(Fig. 5f). Moreover, no EMG activities of medial and lat-
eral hamstrings were observed during these measurements.

Discussion

The present study tested the hypothesis that the decreases
in maximum voluntary contraction torque and passive
stiffness, and the increase in ROM after 300-s continuous
static stretching would be smaller for damaged than non-
damaged muscles. The results showed that the magnitude
of increase in ROM and PT at onset of pain after stretching
was significantly greater for the exercised limb (damaged
muscle) than non-exercised (control) limb, and MVC-ISO
torque decreased only for the non-exercised limb (non-
damaged muscle), but MVC-CON torque did not change
after stretching, and changes in passive stiffness after
stretching were not different between limbs (Fig. 5). These
results partially supported the hypothesis and suggested
that the static stretching could produce greater positive
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effects without stretch-induced strength loss on damaged
muscle than non-damaged muscle.

The baseline value of MVC-ISO torque in the present
study was similar to that reported in our previous study
(Matsuo et al. 2013), but the baseline values of ROM and
PT at onset of pain appear to be smaller than those reported
in a previous study (Magnusson et al. 1997). It seems
likely that the differences in the baseline values between
the studies were due to the difference in the participants
used in the studies such that the previous study (Magnus-
son et al. 1997) used male elite orienteers, but the present
study used non-athletes. It should be noted that the baseline
values of all criterion measures were not different between
limbs, and ICC and CV showed good test-retest reliability
of the measures. Therefore, it seems reasonable to assume
that the present study design was appropriate to compare
the responses to the static stretching between damaged and
non-damaged muscles.

As shown in Fig. 3, all dependent variables changed
significantly only for the exercised limb. The changes in
the dependent variables after the eccentric exercise in the
present study were comparable to those reported in pre-
vious studies in which a similar eccentric exercise of the
knee flexors was performed (Chen et al. 2011a, b). These
changes appear to indicate that muscle damage was induced
to the knee flexors by the eccentric exercise. It seems
unlikely that the eccentric exercise of one limb affected the
other limb (control limb), at least for the muscle function
and flexibility.

As shown in Figs. 4 and 5, the 300-s static stretching
of hamstrings decreased SPT, passive stiffness and MVC-
ISO torque, and increased ROM and PT at onset of pain
for the non-exercised limb immediately after stretching.
These changes were similar to those reported in previous
studies in which a long (>180 s) static stretching of ham-
strings was performed (Halbertsma et al. 1996; Matsuo
et al. 2013). It appears that the static stretching for the con-
trol limb worked as expected, thus the differences between
the exercised and non-exercised (control) limbs were due to
the muscle damage that was induced to the exercised limb,
or a different absolute magnitude of the stretching applied
to each limb such that the intensity was lower for the exer-
cised limb, because of lower pain threshold of the exercised
than non-exercise limb.

The most striking finding of the present study was that
MVC-ISO torque did not decrease after the 300-s static
stretching for the exercised limb (Fig. 5a). Several stud-
ies have shown significant decreases in MVC-ISO torque
after a static stretching that is longer than 60 s (Kay and
Blazevich 2012; Matsuo et al. 2013; Morais de Oliveira
et al. 2012; Siatras et al. 2008). For example, Trajano et al.
(2013) reported 16 % decrease in MVC-ISO torque imme-
diately after a 300-s static stretching of triceps surae, but

it recovered within 15 min, and stated that the decrease
in muscle force was caused by reduction in central drive.
Previous systematic reviews reported that MVC-ISO force
decreased by 7-8 % after static stretching (Simic et al.
2013; Kay and Blazevich 2012). The magnitude of the
decrease in MVC-ISO torque after stretching for the non-
exercised (control) limb was 7-11 % in the present study,
which appears to be comparable to that reported in previous
studies. However, no such decreases were evident for the
exercised limb (eccentrically damaged muscle). It has been
documented that the stretch-induced force loss is caused
by a reduced neural drive and/or reduced peripheral force-
generating capacity due to a decrease in musculotendinous
stiffness and/or change in muscle’s length—tension relation-
ship (Ryan et al. 2008; Fowles et al. 2000). The total force
exerted by a muscle is the sum of active force generated
and passive force provided (MacIntosh and MacNaughton
2005). In the present study, the decrease in passive stiffness
after stretching was not different between limbs (Fig. Se).
Thus, it is likely that the decreases in MVC-ISO torque
after stretching were manly associated with the decreases
in active force. It should be noted that VAS of muscle sore-
ness for the exercised limb decreased significantly after the
static stretching (Fig. 5f). It is possible that the decrease
in pain sensation by approximately 40 % counteracted the
force loss. It may be that a decrease in MVC-ISO torque
after stretching would have been observed, if the static
stretching had been performed at the same intensity and at
the same angle as that of the non-exercised limb, because
this would induce greater pain during stretching. Further
studies are necessary to investigate changes in voluntary
activation of the damaged muscle with muscle soreness
after static stretching, and if attenuation of pain is asso-
ciated with the no changes in the MVC-ISO torque after
stretching.

It is interesting that MVC-CON torque did not change
after the static stretching for both limbs (Fig. 5b). Previ-
ous studies reported that knee extension concentric mus-
cle force decreased (3—12 %) after a static stretching of
quadriceps (Cramer et al. 2005, 2007; Siatras et al. 2008).
Kay and Blazevich (2012) stated that the magnitude of the
reduction was greater for isometric (9 %) than concentric
(5 %) strength. McHugh and Nesse (2008) reported that
stretch-induced strength loss was dependent on muscle
length, such that strength was decreased with a short mus-
cle length, but not with a long muscle length for the knee
flexors. In the present study, the optimum angle of the knee
flexors was approximately 30° knee flexion, thus MVC-
ISO torque was measured at a short muscle length (approx-
imately 110° knee flexion). It is possible that the MVC-
CON torque was not reduced by static stretching, because
its maximum torque was produced at a long muscle length
(e.g. 30°), where the effect of stretching was minimum.
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Contrary to the hypothesis, the magnitude of the increase
in ROM and PT at onset of pain after stretching was greater
for the exercised limb than the non-exercised limb, despite
the intensity of stretching was lower for the exercised limb
than exercised limb (Figs. 4, 5c, d). A previous study (Reis-
man et al. 2009) reported that the magnitude of improve-
ment in flexibility assessed by passive torque after a 30-s
stretching was not different between damaged and non-
damaged muscle. However, it should be noted that the same
absolute intensity of stretching was applied for both dam-
aged and non-damaged muscle, and the stretching duration
was only 30 s in the previous study. In contrast, the pre-
sent study applied longer (300-s) continuous passive static
stretching at tolerable intensity without pain. Thus, because
of DOMS of the exercised muscle, the absolute stretching
intensity was lower for the damaged muscle. It is impor-
tant to note that the reduced stretch tolerance in the dam-
aged muscle after exercise was not directly linked to the
higher passive tension after damage. Mizuno et al. (2013)
reported that an increase in ROM after static stretching
was attributable to an increase in PT at onset of pain and
a decrease in stiffness. It has been shown that “stretch tol-
erance” increases after static stretching (Blazevich et al.
2014; Magnusson et al. 1996). It is therefore possible that
the greater increase in PT at onset of pain for the exercised
limb was associated with the analgesic effect of stretch-
ing. In fact, VAS of muscle soreness for the exercised limb
decreased significantly for the exercised limb after static
stretching (Fig. 5f).

The magnitude of the decrease in passive stiffness was
not different between limbs (Fig. Se), although the intensity
of stretching for damaged muscle was lower than non-dam-
aged muscle. Nakamura et al. (2011) documented that a
decrease in muscle—tendon unit stiffness after 5-min static
stretching was due to a decrease in muscle stiffness not
tendon stiffness, and speculated that a decrease in passive
muscle—tendon unit stiffness after 5-min static stretching
was likely due to increased flexibility and movement of the
aponeurosis and the connective tissue such as the endomy-
sium, perimysium, and epimysium, instead of lengthening
muscle fibre. In the present study, passive stiffness was
calculated from the same range of motion for the exer-
cised and non-exercised limbs within a subject for all time
points. Moreover, no EMG activities were found during the
passive stiffness measures for both limbs (Fig. 2b). There-
fore, it seems likely that the decrease in passive stiffness
was mainly associated with changes in mechanical factors
rather than neurological factors.

In summary, the present study showed that a long-
duration (300 s) static passive stretching produced greater
positive effects on flexibility without stretch-induced force
loss for damaged muscle than non-damaged muscle. It is
possible that analgesic effect of the static stretching for the
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damaged muscle eliminated the post-stretch force loss, and
induced the greater increases in the flexibility for the dam-
aged muscle than non-damaged muscle. It is concluded
that a static stretching is effective for improving decreased
flexibility of eccentrically damaged muscle without stretch-
induced force loss, when the intensity of stretching does
not exceed the pain threshold.
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