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Abstract

In this study, we aimed to identify the time course effects of dif-
ferent intensities of static stretch (SST) (maximal intensity with-
out pain vs. high-intensity with moderate pain) on flexibility. This
study included 16 healthy students (8 men and 8 women) who
performed 1) 5-minute SST at 100%, 2) 110%, and 3) 120% in-
tensity, as well as 4) no stretching (control) in a random sequence
on four separate days. Static passive torque (SPT), hamstring
electromyography (EMG), and pain intensity were continuously
recorded during SST. We assessed markers of stiffness, range of
motion (ROM), and maximal dynamic passive torque (DPTmax)
before SST and 0, 15, 30, 45, 60, 75, and 90 minutes after SST.
Stiffness decreased and ROM and DPTmax increased signifi-
cantly immediately after SST at the three different intensity levels
(p < 0.05). The effects of SST at 120% intensity were stronger
and lasted longer than the effects of SST at 110% and 100% in-
tensity (stiffness: -17%, -9%, and -7%, respectively; ROM: 14%,
10%, and 6%, respectively; DPTmax: 15%, 15%, and 9%, respec-
tively). SPT decreased after SST at all intensities (p < 0.05). SST
at 120% intensity caused a significantly greater reduction in SPT
than SST at 100% intensity (p < 0.05). Pain intensity and EMG
activity increased immediately after the onset of SST at 120% in-
tensity (p < 0.05), although these responses were attenuated over
time. Stretching intensity significantly correlated with the degree
of change in ROM and stiffness (p < 0.05). These results support
our hypothesis that stretch-induced flexibility is amplified and
prolonged with an increase in stretch intensity beyond the pain
threshold. Additional studies with more participants and different
demographics are necessary to examine the generalizability of
these findings.

Key words: Passive torque, stiffness, torque-angle curve, joint
range of motion.

Introduction

Muscle stretching can increase flexibility, as measured by
joint range of motion (ROM), and decrease muscle-tendon
unit stiffness (Behm and Chaouachi, 2011; McHugh and
Cosgrave, 2010; Weppler and Magnusson, 2010). As such,
it has been reported that less flexible muscles may be at a
high risk of muscle injury (Watsford et al., 2010; Witvrouw
etal., 2003). In particular, the hamstrings are susceptible to
injury (Woods et al., 2004). Thus, the American College of
Sports Medicine recommends non-painful static stretching
for 15-30 seconds to increase flexibility (Thompson et al.,
2010). However, a previous study showed that stretching
the hamstrings for 20 seconds without pain only increased

flexibility immediately after stretching (Matsuo et al.,
2013). Similarly, the stretch-induced increase in flexibility
of the plantar flexors lasted for only a few minutes to 1 hour
in previous studies (Mizuno et al., 2012; Ryan et al., 2008a;
Ryan et al., 2008b). Conversely, Power et al. (2004)
demonstrated increased flexibility after static stretching for
2 hours. Hence, identifying the most effective stretching
conditions to induce greater and longer increments in mus-
cle flexibility is important.

It has been documented that high-intensity stretch
with pain induces involuntary muscle contractions as part
of the stretch reflex, resulting in unwanted effects (Ander-
son and Anderson, 2010; Apostolopoulos et al., 2015a;
Thompson et al., 2010). However, a systematic review sug-
gested that there is little published evidence to support this
conclusion (Apostolopoulos et al., 2015b). In contrast, an-
ecdotal evidence suggests that high-intensity stretch with
pain can increase flexibility among athletes, such as gym-
nasts, dancers, and wrestlers, all of which require high-
level flexibility. For example, previous studies have re-
ported greater improvements in flexibility, as measured by
ROM and stiffness, after high-intensity stretch of the ham-
strings with pain than after maximal intensity stretch with-
out pain (Kataura et al., 2017; Takeuchi and Nakamura
2020; Takeuchi et al., 2021a). Moreover, other previous
studies have suggested that the magnitude of change in
flexibility after stretching depends on the duration of
stretching of the hamstrings and plantar flexors (Matsuo et
al., 2013; Ryan et al., 2008a; Ryan et al., 2008b). There-
fore, in contrast to the general theory, high-intensity and
long-duration stretching (e.g., 5 minutes) with pain might
be more effective for increasing flexibility than what is
generally recommended.

An increase in ROM after stretching occurs due to
a decrease in musculotendinous stiffness and an increase in
stretch tolerance (Magnusson et al., 1996a; Mizuno et al.,
2013; Weppler and Magnusson, 2010). McHugh et al.
(1992) reported that the reduction in passive resistance dur-
ing stretch with maximal tolerable pain was greater than
that during stretch without pain. Changes in the muscu-
lotendinous stiffness of the hamstrings are mainly based on
mechanical factors, such as viscoelasticity (Magnusson et
al.,, 1995; Magnusson et al., 1996a; Magnusson et al.,
1996b; Taylor et al., 1990); intramuscular connective tis-
sues (Gajdosik, 2001; Magnusson et al., 1996b; Morse et
al., 2008; Taylor et al., 1990); fascicle length (Fowles et
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al., 2000; McHugh and Nesse, 2008); and tendon compli-
ance (Kubo et al., 2001). Therefore, stretch with maximal
tolerable pain might cause a greater reduction in muscu-
lotendinous stiffness than stretch without pain as a result of
greater stress relaxation. In terms of the change in stretch
tolerance related to the pain threshold, it has been specu-
lated that the sensation of pain changes more after high-
intensity stretch with pain than after maximal stretch with-
out pain (Blazevich et al., 2012; Laessoe and Voigt, 2004;
Magnusson et al., 1996a; Weppler and Magnusson, 2010).
Therefore, the outcomes of high-intensity stretch may dif-
fer to those of maximal stretch without pain.

Although several studies have investigated the ef-
fects of high-intensity static stretch, studies investigating
the duration of these effects, otherwise known as the reten-
tion time, are limited. A few studies have been published
on the hamstrings (Hatano et al., 2019) and the plantar flex-
ors (Mizuno et al., 2012; Mizuno et al., 2013). Hatano et
al. (2019) showed that the stiffness of the hamstrings after
maximal stretch without pain returned to normal more rap-
idly (20 minutes) than ROM and stretch tolerance (more
than 30 minutes). To our knowledge, only one study
(Takeuchi et al., 2021b) has investigated the time course of
changes in flexibility after high-intensity static stretch.
This study reported that the changes in ROM, passive
torque at end ROM, and stiffness continued for at least 20
minutes after high-intensity static stretch of the hamstrings.
However, in that study, the measurement time points after
stretching were limited to 10 and 20 minutes, so the effects
for all outcomes did not disappear in protocol. Therefore,
time course differences with intensity have not been suffi-
ciently investigated. To examine the effects of high-inten-
sity stretch of the hamstrings over time, measurements over
a longer period of time are needed.

It is assumed that high-intensity stretch with pain
increases ROM along with changes in stiffness and stretch
tolerance. Namely, Kataura et al. (2017) and Takeuchi and
Nakamura 2020, Takeuchi et al. (2021a) reported stronger
effects on ROM and stiffness immediately after high-inten-
sity stretch. In contrast, Santos et al. (2019) showed no ben-
efit with high-intensity static stretch on ROM and passive
torque. Despite previous studies reporting an acute effect
of static stretch on flexibility, the effects of stretch intensity
on flexibility have not been explicitly studied; such studies
may reveal important factors for injury reduction. Further-
more, it is not clear when the effects of high-intensity static
stretch on flexibility subside.

Therefore, in this study, we aimed to examine the
dose-dependent effects of three incremental stretch inten-
sities on the time course of changes in flexibility. We hy-
pothesized that 1) ROM would improve and that this effect
would last longer with high-intensity stretch with pain than
with maximal intensity stretch without pain and 2) that
greater changes in musculotendinous stiffness and stretch
tolerance would contribute to greater changes in ROM af-
ter high-intensity stretch.

Methods

Participants
Sixteen college students (8 men and 8 women) were

recruited. The purpose of this study was described to the
participants, who voluntarily provided written informed
consent. The study was conducted in accordance with the
Declaration of Helsinki and was approved by the Nagoya
University School of Health Sciences Human Research
Ethics Committee (approval number: 12-511). The exclu-
sion criteria were as follows: 1) lower-extremity contrac-
ture, 2) a history of lower-extremity or back surgery, 3)
neurological disorders, 4) hyper-extension of the knee (too
flexible) in the position used in this study, and 5) participa-
tion in competitive sports or aerobic, resistance, or flexibil-
ity training within the preceding 6 months. The most active
participants performed recreational activities two times per
week, but the other participants undertook recreational ac-
tivities < once per week. The mean (+ standard deviation)
age, height, and body mass values for men were 21.3 + 0.7
years, 169.3 £ 4.1 cm, and 61.9 + 4.9 kg, respectively, and
the respective values for women were 20.9 = 0.8 years,
158.9 + 6.0 cm, and 53.0 + 5.0 kg. During the study, the
participants were regularly asked to refrain from vigorous
physical activity or additional exercise and to maintain
their normal diet during the research period.

In line with a previous study (Matsuo et al., 2013)
and our own pilot data, sample size estimates were calcu-
lated using G*Power (version 3.0.10; Franz Faul, Kiel Uni-
versity, Kiel, Germany). The estimated effect size was
1.05, with the effect size on stiffness of static stretch at
120% intensity being twice that of static stretch at 100%
intensity. On the basis of this effect size (a0 = 0.05, power
[1 - B] = 0.80), the number of participants required for a
minimum estimated difference in stiffness immediately af-
ter stretch at between 100% and 120% intensity was 14 par-
ticipants. Considering possible dropout and sex differ-
ences, 16 participants (8 men and 8§ women) were recruited.

Study overview

A randomized, repeated-measures, crossover design (Fig-
ure 1) was used to compare the effects of three different
static stretch intensities on the stiffness, knee extension
ROM, and stretch tolerance of the right hamstrings. The
experiment was performed at a constant room temperature
of 26°C. The participants visited the laboratory five times
at the same time of day (£ 1 hour) at intervals of at least 24
hours. The first visit involved an orientation and familiari-
zation session along with anthropometric assessments
(body mass and height), followed by torque-angle curve
measurement practice to ensure compliance and comfort
with the procedures while minimizing potential learning
effects. The subsequent four visits involved a randomized
sequence of stretch intensities, including a) control (no
stretch) and passive static stretch at b) 100% intensity, c)
110% intensity, and d) 120% intensity. During stretching,
static passive torque (SPT), pain intensity according to the
numerical rating scale (NRS), and integrated electromyog-
raphy (iIEMG) values of the medial and lateral hamstrings
were assessed. The outcome measures of flexibility in-
cluded the ROM of passive knee extension, the maximum
dynamic passive torque (DPTmax), and the stiffness of pas-
sive knee extension before and immediately, 15, 30, 45, 60,
75, and 90 minutes after each stretch.
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Figure 1. Study design and outcome measurement timing.

Figure 2. Image of stretch by range of motion percentage. The
sitting position used during static knee flexor stretching be-
fore (A) and during stretch at 100%, 110%, and 120% inten-
sity (B).

Stretching protocol

The sitting position with the hip joint flexed (Figure 2A)
was used as the resting position from which the hamstring
muscles could be efficiently stretched (Matsuo et al., 2013)
and the sustained effect subsequently measured. During the
experiment, the participants were seated on a chair with an
isokinetic dynamometer (Primus RS; BTE Technologies,
Hanover, MD, USA). The seat was maximally tilted to 35°
from horizontal, and a cushion was inserted between the
backrest and the participant’s back to achieve a 60° angle
between the seat and the participant’s back. The right thigh,
pelvis, and chest were stabilized to the chair with hook and
loop fasteners. The knee joint was aligned with the isoki-
netic dynamometer axis of rotation with attachment of the
moment arm at the medial malleolus and stabilized with
hook and loop fastener straps. This resulted in hip and knee
flexion angles of 111.3° + 1.6° and 110.0° + 2.1°, respec-
tively. The right hamstring muscles were stretched by the
isokinetic dynamometer, and the participants were in-
structed to maintain relaxed muscles. Five minutes of static
stretching was performed by holding the knee angle at
100%, 110%, or 120% of the pre-tested knee extension
ROM (described below) to stretch at the three different in-
tensities (Figure 2B). Matsuo et al. (2013) indicated that

ROM and stiffness changed significantly with 5 minutes of
stretching at 100% intensity. Thus, 5 minutes of stretching
at 100% intensity was expected to increase ROM and de-
crease stiffness in the present study. The sustained effect
was then measured from the resting position.

SPT

Passive torque of the hamstrings during stretch was contin-
uously measured by the isokinetic dynamometer. Isoki-
netic dynamometer torque and angle signals during stretch
were digitized (Powerlab 4/20T; ADInstruments, NSW,
Australia) and recorded (Dynabook Satellite J50; Toshiba,
Tokyo, Japan). A previous study reported that SPT de-
creased during static stretch (Matsuo et al., 2013); thus, the
changes in SPT every minute from the onset of stretch were
calculated (LabChart 4; ADInstruments).

Pain intensity during stretch

To quantify pain during hamstring stretching, the NRS
(Hakkinen et al., 2007) was used every minute from the
onset of stretch. The NRS ranged from 0 to 10, where 0
indicated no pain and 10 indicated very, very painful.

EMG

Stretching of the medial and lateral hamstrings was rec-
orded using EMG (Biomonitor ME6000; Mega Electron-
ics, Kuopio, Finland) with a 1-kHz sampling frequency.
The EMG signal was not filtered. The common mode re-
jection ratio was >100, the input impedance was <50
kOhms, and the extent of noise ranged from 5 to 15 pV. At
the locations of electrode placement, the skin was shaved,
scrubbed, and cleaned with alcohol. Two silver/silver chlo-
ride sensors (Blue Sensor M-00-s; Ambu, Ballerup, Den-
mark) with an inter-electrode distance of 35 mm were
placed at the midpoint between the ischial tuberosity and
the tibial medial epicondyle for the medial hamstring and
at the midpoint between the ischial tuberosity and the tibial
lateral epicondyle for the lateral hamstring. The raw EMG
signals were recorded digitally, and the iIEMG values were
calculated (MegaWin; Mega Electronics, Kuopio, Finland)
every minute from the onset of stretch.
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ROM, DPTmax, and stiffness

ROM, DPTmax, and stiffness were determined from the
torque-angle curve obtained from the isokinetic dynamom-
eter, and the torque and angle signals were converted and
stored digitally. Seated participants (Figure 2A) were re-
quired to passively extend the knee at 5°/second to the
point of pain onset, at which point torque was recorded to
obtain the torque-angle curve (Matsuo et al., 2013). A
5¢°/second stretch was chosen because this velocity avoids
reflexive muscle contraction (Gajdosik, 2006). During the
measurement, the participants were asked not to exert any
resistance and to remain relaxed. The ROM was defined as
the maximum angle of the knee from the starting position
(0°), and DPTmmax, which was used as a measure of tolerance
to stretch, was defined as the torque measurement at pain
onset (Halbertsma et al., 1996; Mizuno et al., 2013). As
shown in Figure 3, stiffness was defined using the least-
square method involving the slope of the regression from
the torque-angle curve (Matsuo et al., 2013). Stiffness was
calculated from the torque at half of the maximum knee
extension angle for each individual participant, and the
minimum ROM was recorded (Figure 3). This knee joint
angle was used at all time points for each individual partic-
1pant.
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Figure 3. Representative torque-angle curve values. Typical
torque-angle curve response of one subject before and after
passive static stretch. Stiffness was determined from the slope of the
regression between 50% and 100% of the range of motion (ROM)-
passive torque (PT) relationship.

Test-retest reliability

To ensure day-to-day reproducibility in the measurements,
the test-retest reliability of ROM, stiffness, and DPTmax
was determined from a pilot study of 6 participants (3 men
and 3 women). The two tests were performed 1 - 7 days
apart at the same time of the day (+ 1 hour). On the basis
of the intra-class correlation coefficient (ICC,;), the
reliability was high for all measures (ROM: 0.98, stiffness:
0.93, DPTmax: 0.94). The coefficient of variation (CV) was
also determined (ROM: 0.1%, stiffness: 4.7%, DPTmax:
4.1%), and all measures showed acceptable reliability.

Statistical analyses
Data are presented as mean + standard deviation. The
Shapiro—Wilk test was used to assess the normality of the

data. Among the data, ROM, DPT .y, and SPT were nor-
mally distributed. For non-normally distributed data, para-
metric tests were used, while non-parametric tests were
used for other variables, including for relative changes.
Two-way repeated-measures analysis of variance
(ANOVA) was used to compare SPT, and the Friedman
test was used to compare the NRS and iEMG results be-
tween the three stretch intensity protocols (100%, 110%,
and 120%) over time (0, 1, 2, 3, 4, and 5 minutes of stretch).
Two-way repeated measures ANOV A was also performed
to compare the ROM and DPThax, and the Friedman test
was used to compare stiffness and the relative changes in
all variables between the stretch intensity protocols (no
stretch, 100%, 110%, and 120%) over time (before and 0,
15, 30, 45, 60, 75, and 90 minutes after) and the effect size
(r) was calculated. The Bonferroni post-hoc test was used
to identify significant differences between each time point
and compared with baseline. Spearman’s rank-order coef-
ficients were determined for the intensity of stretch and the
changes in ROM, stiffness, DPTmax, and SPT, and Pear-
son’s correlation coefficients were calculated for changes
in ROM, stiffness, DPTmax, and SPT. All statistical anal-
yses were performed using SPSS software (version 16.0J;
SPSS Inc., Chicago, IL, USA). An a level of 0.05 was de-
fined as statistically significant.

Results

SPT

A significant interaction effect was identified (time X con-
dition) for SPT (p = 0.001). The post-hoc analysis identi-
fied a significant decrease in SPT at minutes 1-5 compared
with minute O at stretch intensities of 100%, 110%, and
120% (p < 0.001) (Figure 4A). At minute 0, SPT at 120%
intensity was significantly greater than at 100% and 110%
intensity (p < 0.001), and SPT at 110% intensity was sig-
nificantly greater than SPT at 100% intensity (p < 0.001).
At minute 1, SPT decreased significantly after stretch at
120% intensity compared with SPT after stretch at 100%
intensity. Moreover, at minutes 2—5, SPT decreased signif-
icantly after stretch at 120% intensity compared with SPT
after stretch at 100% and 110% intensity (p < 0.001), and
SPT decreased significantly after stretch at 110% intensity
compared with SPT after stretch at 100% intensity (p <
0.001) (Figure 4B).

Pain intensity during stretch

The NRS value significantly decreased at minutes 2 - 5
when compared with the NRS value at minute 0 in response
to a stretch intensity of 110%. It decreased significantly at
minutes 4 and 5 when compared with minute 0 in response
to stretch at an intensity of 120% (p < 0.05) (Figure 4C).
The NRS value in response to stretch at 120% intensity was
significantly greater than at 100% and 110% intensity.
Moreover, the NRS value at an intensity of 110% was
greater than the NRS value at 100% intensity at minutes 0—
5(<0.001).

EMG
The iEMGux values decreased significantly at minutes 3—
4 and 4-5 when compared with minutes 0 - 1 at 110% in-



Hatano et al.

175

tensity and also at minutes 2 - 3, 3 - 4, and 4 - 5 when com-
pared with minutes 0 - 1 at 120% intensity (p < 0.05) (Fig-
ure 4D). iIEMGru at 120% intensity was significantly
greater than at 100% intensity at minutes 0 - 1, 1 -2, and 2
- 3 (p <0.05); however, there was no significant difference
between these protocols after minutes 3 - 4. The iEMGwn
values decreased significantly after stretch at minutes 2 - 3,
3 -4, and 4 - 5 when compared with minutes 0 - 1 at an
intensity of 120% (p < 0.05) (Figure 4E), and iEMGwn at
an intensity of 120% was significantly greater than at an
intensity of 100% at minutes 0 - 1 (p <0.05), but no signif-
icant difference was noted between the three protocols af-
ter minutes 1 - 2.

magnitude across the three stretching intensities, the values
were normalized to the pre-stretch results and compared
across the three intensities.

A significant interaction effect was found for ROM
(p =0.001, effect size r=0.911, F value = 73.639, degrees
of freedom = 15). ROM significantly increased immedi-
ately after stretch at 100%, 110%, and 120% intensity (p =
0.001), but it was unchanged after no stretch (Table 1). The
ROM increment lasted until 30 minutes after stretch at
100% intensity (p < 0.05) and 75 minutes after stretch at
110% intensity (p < 0.05), and returned to the pretreatment
values for the remaining periods, but it lasted for >90
minutes after stretch at 120% intensity (p < 0.05). The mag-

nitude of the increase in ROM immediately after stretch
was significantly greater with stretch at an intensity of
120% (14%) than for stretch at an intensity of 110% (10%)
or 100% (6%) (p <0.05) (Figure 5A).

ROM, DPThmax, and stiffness

There were no differences among the pre- and post-stretch
absolute ROM, stiffness, and DPTm.x values when as-
sessing the time course effects. To assess changes in
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Figure 4. The parameters recorded during stretch. Changes in static passive torque (A), the reduction in static passive torque
from the onset of stretch (B), pain intensity assessed using the numeric rating scale (NRS) (C), integrated electromyography of
the lateral hamstring GEMGLu) (D), and integrated electromyography of the medial hamstring GEMGwmn) (E) from the onset
to the end of S-minute passive static stretch at 100%, 110%, and 120% intensity. *: Significantly (p < 0.05) different from beginning;
+: significantly (p < 0.05) different from stretch at 100% intensity; §: significantly (p < 0.05) different from stretch at 110% intensity. Data are presented
as mean * standard deviation.

Table 1. Repeated measures quantified outcomes. Changes in range of motion (ROM), passive stiffness, and maximum dynamic passive
torque (DPTmax) immediately before (pre), immediately after (0), and 15, 30, 45, 60, 75, and 90 minutes after no stretch or static stretch at
100%, 110%, and 120% intensity.

Outcome Condition Time
measure Pre 0 min 15 min 30 min 45 min 60 min 75 min 90 min
no-stretch  83.1 (7.8) 83.7 (8.2) 83.6 (8.0) 83.5(7.3) 83.9 (7.3) 84.0 (7.1) 84.2 (7.0) 83.9 (6.9)
ROM 100% 84.0 (7.8) 89.0(8.5)*q 88.1(7.9)*q 86.8(7.9)* 86.0(8.0) 86.0 (8.6) 85.0 (7.9) 84.5(7.2)
©) 110% 83.8(8.8) 91.6(8.5)*Y 90.3(8.2)*+ 89.3 (8.5)*t 88.5(8.5)*f 87.8(8.5)* 86.7(9.3)* 85.8 (8.7)
120% 83.4(8.6) 94994 *q+ 91.9(9.3)*+ 91.8 (9.D)*t 90.3 (8.7)*qt 89.8 (8.9)*+ 88.5(9.2)*qt 87.6 (8.8)*Yt

no-stretch  0.384 (0.08)  0.383 (0.08)  0.377(0.09) 0.371 (0.08) 0.364 (0.08) 0.366 (0.08) 0.367 (0.09) 0.365 (0.09)
Stiffness  100%  0.396 (0.09) 0.365 (0.08) * 0.378 (0.09) * 0.374 (0.08)* 0.377 (0.08)  0.377 (0.08) 0.381 (0.08) 0.382 (0.09)
(N-mP)  110%  0.387(0.08) 0.353(0.07)* 0.358(0.08) * 0.357 (0.08)* 0.363 (0.08)* 0.371 (0.09) 0.373 (0.08) 0.369 (0.08)

120%  0.399 (0.10) 0.333 (0.09)*+ 0.356 (0.09) * 0.355 (0.10)* 0.365 (0.10)* 0.372 (0.09)* 0.374 (0.10)* 0.375 (0.10)*
no-stretch  27.8 (64)  28.2(6.6) 278 (64) 273(6.1) 273(63)  27.0(6.1) 274(65  27.3(6.6)
DPTmax  100%  282(6.7) 30.6(6.6)* 299(65)* 29.1(58) 28.7(62)  285(6.0) 283(59) 28.1(6.6)
(N'm)  110%  27.6(5.8) 31.6(6.0)*] 30.1(6.6)* 29.7(62)* 292(62)9 293(6.59 288(6.1) 27.9(5.7)
120% 283 (7.1) 325(@8.1)*Y 31.4(8.0)*9 31.0(8.3)* 30.8(8.3)* 30.8(7.8)* 29.4(7.6)* 29.5(7.0)]

*: significantly (p < 0.05) different from pre-stretch; §: significantly (p < 0.05) different from no stretch; : significantly (p < 0.05) different from stretch at 100%
intensity (relative value); §: significantly (p < 0.05) different from stretch at 110% intensity (relative value). Data are presented as mean + standard deviation.
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Figure 5. Normalized repeated-measures outcomes. Normalized changes in range of motion (ROM) (A), passive stiffness
(B), and (C) maximum dynamic passive torque (DPTmax) from the pre-stretch values (100%), immediately before (pre),
immediately after (0), and 15, 30, 45, 60, 75, and 90 minutes after static stretch at 100%, 110%, or 120% intensity, or
without stretch (control). §: significantly (p < 0.05) different from stretch at 100% intensity (relative value); §: significantly
(p < 0.05) different from stretch at 110% intensity (relative value). Data are presented as mean + standard deviation.

Stiffness was significantly decreased immediately
after stretching at 100%, 110%, and 120% intensity (p =
0.001, effect size r = 0.529, F value = 5.830, degrees of
freedom = 15), but it was unchanged in the control condi-
tion (no stretch) (Table 1). A decrease in stiffness lasted
until 30 minutes after stretch at 100% intensity (p < 0.05)
and 45 minutes after stretch at 110% intensity (p < 0.05)
and then returned to the pretreatment values for the remain-

ing periods, but it lasted >90 minutes after stretch at 120%
intensity (p <0.05). The magnitude of the decrease in stiff-
ness immediately after stretching was significantly greater
for stretch at 120% intensity (17%) than for stretch at 110%
(9%) and 100% (7%) intensity (p < 0.05) (Figure 5B).

A significant interaction effect was found for
DPTmax (p = 0.001, effect size r = 0.395, F value = 2.766,
degrees of freedom = 15). DPTmax significantly increased
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immediately after stretch at 100%, 110%, and 120% inten-
sity (p = 0.001), but it was unchanged in the control condi-
tion (Table 1). Moreover, the increment in DPTpax lasted
until 15 minutes after stretch at 100% intensity (p < 0.05),
30 minutes after stretch at 110% intensity (p < 0.05), and
75 minutes after stretch at 120% intensity (p < 0.05). The
magnitude of the increase in DPTmax immediately after
stretch was significantly greater for stretch at 120% (15%)
and 110% (15%) intensity than stretch at 100% (9%) inten-
sity (p < 0.05) (Figure 5C).

Correlation between outcomes

Stretch intensity and the SPT at the onset of stretch strongly
correlated (p=0.91, p <0.001). Moreover, changes in flex-
ibility immediately after stretch exhibited moderate corre-
lations, including ROM (%) (p = 0.63, p <0.001) and stiff-
ness (%) (p = -0.58, p < 0.001) (Figures 6A and 6B). Ad-
ditional moderate-to-strong correlations were identified
across ROM (%) and changes in stiffness (%) (r =-0.55, p
<0.001) and DPTax (%) (r=0.77, p <0.001) (Figures 6C
and 6D). The change in stiffness was correlated with the
SPT value at the onset of stretch (Nm) (r=0.31, p <0.05)
and the reduction in SPT (Nm) (r = 0.33, p <0.01).

Discussion

The results of this study support the hypothesis that high-
intensity stretch improves hamstring ROM and stiffness to
a greater extent and for a longer duration than maximal in-
tensity stretch without pain. In terms of the intensity of
stretch, it is generally recommended that static stretch
should be performed without causing pain because high-
intensity stretch with pain can have negative effects, such
as involuntary muscle contraction and stretch reflex (An-
derson and Anderson, 2010). However, a systematic re-
view showed that there is little published evidence to sup-
port this conclusion (Apostolopoulos et al., 2015b). One
previous study compared stretch with and without pain
(Apostolopoulos et al., 2015a), and showed that high-in-
tensity stretch of the hamstrings (90% ROM) was associ-
ated with a higher C-reactive protein concentration in the
blood, which is a biomarker of inflammation, than lower
intensity stretch (30% or 60% ROM). Moreover, Jacobs
and Sciascia (2011) showed that stretching beyond the pain
threshold for prolonged periods is associated with an
inflammatory response. However, little is known about the
influence of stretch with pain.

The main findings of the present study were as fol-
lows: 1) the magnitude of the increase in ROM and DPTax
and the decrease in stiffness after stretch differed signifi-
cantly depending on the intensity of stretch; 2) the effects
of stretch on ROM, stiffness, and DPTmax lasted longer
with high-intensity stretch; 3) along with the intensity of
stretch, the greater SPT was loaded and pain and involun-
tary muscle activity were observed during stretch; how-
ever, the degree of pain and involuntary muscle activity
were gradually attenuated during stretch; 4) the increase in
the ROM was associated with both a decrease in stiffness
and an increase in stretch tolerance. These findings support
the hypotheses that high-intensity stretch has a stronger ef-
fect on ROM through mechanical and sensory mechanisms

than maximal intensity stretch without pain.

The baseline values of ROM, stiffness, DPT.x, and
SPT at 100% intensity closely resembled the results of pre-
vious studies on healthy participants (Cabido et al., 2013;
Marshall et al., 2011; Matsuo et al., 2013). The baseline
values were the same across conditions, while the ICC and
CV indicated good measurement test-retest reliability. Fur-
thermore, as indicated in Figures 4 and 5, SPT and stiffness
decreased with the 5-minute static hamstring stretch at
100% intensity, while ROM and DPT . increased imme-
diately after stretch. Importantly, these changes recapitu-
late the results of previous studies showing changes with 5
minutes of static hamstring stretching (SPT = 13%, ROM
= 6%, stiffness = 7%, and DPTnax = 9%) (Cabido et al.,
2013; Matsuo et al., 2013). Therefore, the present study de-
sign was deemed appropriate to compare the responses to
different stretch intensities.

Although there are extensive reports on flexibility

after static stretch, we are not aware of any reports that
have directly compared multiple stretch intensities. These
findings regarding increased and longer-lasting improve-
ments in flexibility after high-intensity stretch have new
and potentially impactful implications. Specifically, high-
intensity stretch improves flexibility, even though it causes
mild-to-moderate pain, particularly at the onset of stretch.
Previous studies have reported that less muscle flexibility
could increase the risk of muscle injury during sport (Wats-
ford et al., 2010; Witvrouw et al., 2003). Thus, the findings
of the present study support that high-intensity stretch
could reduce the risk of muscle injury (Cross and Worrell,
1999).
The most striking influence of stretch intensity was ob-
served in ROM (Figure 5A and Table 1). Our results show
that high-intensity stretch caused a stronger (100% inten-
sity: 6%, 110% intensity: 10%, and 120% intensity: 16%)
and longer-lasting (100% intensity: 30 minutes, 110% in-
tensity: 75 minutes, and 120% intensity: 90 minutes) in-
crease in ROM than maximal intensity stretch without
pain. In addition, as shown in Figure 6A, the intensity of
stretch correlated with the change in ROM (%) immedi-
ately after stretch (p = 0.63, p <0.001). These results sug-
gest that high-intensity stretch elicits a stronger effect on
ROM. Numerous studies have shown significant increases
in ROM after static stretch without pain (Matsuo et al.,
2013; Mizuno et al., 2013; Ryan et al. 2008b; Weppler and
Magnusson, 2010). Although the actual mechanisms re-
sponsible for the acute increase in ROM after static stretch
are not yet fully understood, a decrease in stiffness and an
increase in DPTmax have been proposed as potential mech-
anisms (Magnusson et al., 1996a; Mizuno et al., 2013;
Weppler and Magnusson, 2010). The present study re-
vealed significant correlations between stretch intensity
and relative changes in ROM (%) and stiffness (%) (Fig-
ures 6A and 6B). These results are in agreement with pre-
vious reports from Kataura et al. (2017) and Takeuchi et al.
(2021a), who investigated the effects of high-intensity
stretch of the hamstrings. Moreover, the present study in-
dicated that the change in ROM (%) immediately after
stretch correlated with changes in stiffness and DPTmax
(Figures 6C and 6D), and changes in stiffness and DPTmax
were stronger and longer lasting after stretch at 110% or
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Figure 6. Spearman’s and Pearson’s correlation coefficients. The relationships between the changes in indicators of flexibility
and stretch intensity. A moderate correlation was observed between stretch intensity and changes in A) range of motion (ROM)
(p = 0.63) and B) passive stiffness (p = —0.58). Moderate-to-strong correlations were observed between changes in ROM and
changes in C) passive stiffness (r = —0.55) and D) maximum dynamic passive torque (DPTmax) (r = 0.77).

120% intensity than after stretch at 100% intensity. There-
fore, the greater and longer-lasting change in ROM after
high-intensity stretch might be attributable to changes in
stiffness and DPTnax in the present study. This may explain
the greater and longer-lasting increase in ROM after stretch
at 110% and 120% intensity than after stretch at 100% in-
tensity.

A greater decrease in stiffness was observed imme-
diately after stretch at 120% intensity (17%) than after
stretch at 110% (9%) or 100% (7%) intensity (Table 1, Fig-
ure 5B), and stiffness remained lower than at baseline for
30, 45, and 90 minutes after stretch at 100%, 110%, and
120% intensity, respectively. Moreover, as shown in Fig-
ure 6B, the stretch intensity correlated with changes in
stiffness (%) immediately after stretch (p = -0.58, p <
0.001). These results suggest that the stretch-induced de-
crease in stiffness may be governed by a dose—response re-
lationship. Some studies have suggested that the magnitude
and time course of the decrease in stiffness may be dose-
dependent. For example, Ryan et al. (2008a) showed that
the decrease in stiffness returned to normal within 10
minutes after a 2 - minute stretch, while it lasted for 10
minutes after 4 - and 8 - minute stretches. Matsuo et al.
(2013) reported that the magnitude of the decrease in stiff-
ness was dependent on the duration of stretch such that the
longer the duration (e.g. >180 seconds), the greater the ef-
fect. Moreover, stretching for relatively short durations

(Magnusson et al., 1996¢c; Magnusson et al., 1998; Mag-
nusson et al., 2000) (1.5 - 2.25 minutes) did not change
stiffness. In contrast, longer stretching durations (Magnus-
son et al., 1996b; Nordez et al., 2006) (2.5 and 7.5 minutes)
reduced hamstring stiffness. As is the case with the dura-
tion of stretch, the intensity of stretch may influence the
magnitude and retention time of the decrease in stiffness.
Previous studies (Cabido et al., 2013; Herda et al.,
2011) have reported that constant torque stretching causes
a greater decrease in stiffness than constant-angle stretch
and explain that constant torque stretch places more tension
and/or applies more work on the muscle-tendon unit than
constant-angle stretch. In the present study, SPT was sig-
nificantly greater for stretch at 120% intensity than stretch
at 100% or 110% intensity, and the decrease in SPT (stress
relaxation) was greater for stretch at 120% intensity than at
100% or 110% intensity (Figures 4A and 4B). Further-
more, there was a fair positive correlation between the
change in SPT and stiffness. Hirata et al. (2020) showed a
correlation between the muscle shear modulus at the max-
imal angle of dorsiflexion prior to stretch and the stretch-
induced decrease in muscle shear modulus. This supports
the hypothesis that high-intensity stretch can reduce mus-
cle stiffness. Previous studies (Magnusson et al., 1995;
McHugh et al., 1992) have suggested that stress relaxation
is mainly caused by mechanical factors, such as viscoelas-
ticity. Therefore, high-intensity stretch may cause a greater
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reduction in stiffness, accompanied by a greater change in
the mechanical properties of the muscle-tendon unit during
stretch.

As shown in Table 1 and Figure 5C, high-intensity
stretch caused a greater and longer-lasting increase in
DPTmax than maximal intensity stretch without pain. It is
considered that DPTmax, which is defined as the passive
torque at the onset of pain, is determined by the pain thresh-
old or stretch tolerance (Halbertsma et al., 1996; Magnus-
son et al., 1996c). In the present study, moderate pain
(NRS) (100% intensity: 0, 110% intensity: 2.9, 120% in-
tensity: 4.8) and EMG activity (% maximal voluntary iso-
metric contractions (MVC) of the lateral hamstrings)
(100% intensity: 3.1%, 110% intensity: 3.8%, 120% inten-
sity: 5.2%) were monitored immediately after the onset of
high-intensity stretch, although these responses attenuated
by gradation (NRS) (100% intensity: 0, 110% intensity:
1.6, 120% intensity: 3.4) (%MVC of the lateral hamstring)
(100% intensity: 3.0%, 110% intensity: 3.1%, 120% inten-
sity: 3.4%). Hence, modification of pain sensation during
high-intensity stretch might contribute to a greater increase
in stretch tolerance. Although little is known about the
mechanisms underpinning the change in stretch tolerance,
previous studies (Blazevich et al., 2012; Laessoe and
Voigt, 2004; Weppler and Magnusson, 2010) have sug-
gested that neuromuscular factors influence the maximum
stretch limit. Blazevich et al. (2012) reported that the angle
of EMG activity onset was correlated with the maximal
ROM of the human plantar flexor. Thus, it seems that the
change in stretch tolerance might have been related to the
change in involuntary muscle activity during stretch in the
present study.

As for the retention time of the stretch-induced ef-
fects, a previous study (Mizuno et al., 2013) reported that
the change in stiffness returned to normal more rapidly
than the changes in ROM and DPTp.y after stretching of
the plantar flexors. Contrary to this previous study, the de-
crease in stiffness lasted longer (100% intensity: 30
minutes, 110% intensity: 45 minutes, 120% intensity: 90
minutes) than the increase in DPTmax (100% intensity: 15
minutes, 110% intensity: 30 minutes, 120% intensity: 75
minutes) after stretch in the present study. One of the pos-
sible reasons for this contradiction is the difference in the
target muscle. McHugh and Cosgrave (2010) showed that
the change in stiffness after hamstring stretch was stronger
and longer lasting than that of the plantar flexors. There-
fore, the decrease in hamstring stiffness might last longer
than the decrease in plantar flexor stiffness.

The present study has some limitations that should
be noted. First, all of the participants were healthy young
people. Therefore, the results might have differed if the
participants were older or suffered from conditions, such
as pain, tightness, or muscle damage. More effective meth-
ods are required to improve flexibility in athletes; thus, the
present study may be especially useful in the field of sport.
Second, the method used to determine the intensity of
stretch is also a limitation. In the present study, the inten-
sity was defined by the stretch angle (Young et al., 2006)
to set the dose of stretch quantitatively. Recently, previous
studies have suggested the application of constant torque
stretch (Cabido et al., 2013; Herda et al., 2011; Herda et

al., 2014; Ryan et al., 2012), while other studies have re-
viewed other forms of high-intensity stretch (Frietas and
Mil-Homens 2015; Frietas et al., 2016; Fukaya et al.,
2020). The effects of stretch were influenced by the amount
of SPT in the present study; thus, determining the intensity
using torque would be interesting to investigate the effects
of variable mechanical loading during stretch. In addition,
the degree of pain could also be used easily and practically
as an index of stretch intensity. Third, the safety of high-
intensity stretch should be considered. Although no partic-
ipants complained of pain or discomfort after high-inten-
sity stretch in the present study, microscopic muscle dam-
age might have occurred if the stretch intensity was too
high. Therefore, careful consideration would be required in
practice. Future studies should consider investigating the
chronic effects of stretch intensity in daily training or treat-
ment.

Conclusion

The results of this study support our hypothesis that high-
intensity stretch produces greater and longer-lasting effects
on flexibility than lower intensity stretch, suggesting that
the effects of stretch on flexibility are governed by a dose—
response relationship. The data from this study show that
the increase in ROM is attributable to the changes in stiff-
ness and stretch tolerance.
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Key points

e This study evaluated the effect of different intensity
levels of static stretching on flexibility.

o Stiffness decreased, whereas ROM and DPTmax in-
creased dose-dependently with stretching intensity.

e Stretching intensity beyond the pain threshold re-
sulted in improved flexibility.
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