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Abstract

Dynamic stretching (DS) is a conditioning technique commonly
used in sports. However, its effects on contralateral joint flexibil-
ity and elastic properties of the targeted muscle over several
weeks remain unclear. Similarly, its impact on muscle functions,
such as force or power exertion, is poorly understood. This study
aimed to examine the effects of a 12-week DS program targeting
the ankle plantar flexors on the joint flexibility, muscle strength,
and elastic properties of the plantar flexors in stretched and con-
tralateral legs. Eighteen healthy young adults (12 males and six
females, aged 18 - 24 years) participated in this study. DS was
performed on one leg of the ankle plantar flexors for 12 weeks (3
days weekly), while the other leg served as a non-intervention.
Dorsiflexion range of motion (DFROM), muscle stiffness, and
ankle plantar flexion strength (rate of torque development and
isokinetic muscle strength) were assessed before and after the in-
tervention. The muscle stiffness was measured using shear wave
elastography on the gastrocnemius. DFROM significantly in-
creased in both conditions (p < 0.05), whereas gastrocnemius
stiffness significantly decreased only in the DS condition (p <
0.05). No significant changes were observed in the non-interven-
tion condition. The ankle plantar flexion rates of torque develop-
ment and isokinetic strength did not change in either condition.
These findings suggest that 12 weeks of DS can reduce muscle
stiffness and improve joint flexibility without affecting muscle
strength while enhancing contralateral joint flexibility without al-
tering muscle stiffness or strength.

Key words: Muscle elasticity, stiffness, range of motion, muscle
strength, shear wave elastography, training effect.

Introduction

Dynamic stretching (DS), including ballistic stretching, in-
volves moving joints through their maximum or submaxi-
mal range of motion (ROM) approximately once per sec-
ond, with repeated dynamic muscle lengthening and short-
ening. It is commonly used for warming up in sports set-
tings and has been shown to improve joint flexibility with-
out reducing muscle functions, such as maximal muscle
strength and explosive power exertion (Bacurau et al.,
2009; Sekir et al., 2010; Yamaguchi and Ishii, 2014; Mi-
zuno and Umemura, 2016). Moreover, ankle dorsiflexion
ROM (DFROM) has been shown to improve after six
weeks of continuous DS of the ankle plantar flexors (Ma-
hieu et al., 2007; Konrad and Tilp, 2014). Although a re-
view study indicated that DS may be less effective than
static stretching for this purpose on the stretched side (Kon-

rad et al., 2024), DS enhanced joint flexibility.

Static stretching, in which muscles are stretched
without recoil and held in position for a sustained duration
(less than 60 s is recommended to avoid performance defi-
cits), is a well-established method for improving flexibility
(Behm et al., 2016). Notably, continuous static stretching
for several weeks enhances the flexibility of stretched
joints (Freitas et al., 2018; Medeiros and Martini. 2018;
Konrad et al., 2024), as well as in the contralateral, non-
performing limb by reporting a systematic review (Behm
et al., 2021; Nakamura et al., 2022). The increased limb
flexibility during stretching intervention is attributed to re-
duced muscle stiffness and changes in neurophysiological
factors (Behm et al., 2016). In the non-intervention limb,
flexibility improvements are thought to result from neural
inhibition and psychophysiological factors, such as in-
creased stretch tolerance, rather than changes in passive
muscle-tendon properties, including muscle stiffness
(Behm et al., 2016; Behm et al., 2021). As DS can improve
flexibility on the intervention side, it is expected to have
similar effects on the non-intervention side. However, the
impact of prolonged DS on flexibility and muscle stiffness
in the non-intervention limbs remains unclear.

A previous systematic review reported that static
stretching training produced small and significant im-
provements in muscle functions for intervention limbs
(Thomas et al., 2023). Moreover, a previous study reported
that 10 weeks of continuous static stretching can improve
muscle function in intervention and non-intervention legs
(Nelson et al., 2012). Thus, if muscle stretch training im-
proves the muscle functions of the intervention side, it is
expected that the muscle functions of the non-intervention
side will also improve. However, there is no consensus on
whether DS enhances muscle function on the intervention
side (Turki-Belkhiria et al., 2014; Barbosa et al., 2020). If
DS enhances muscle function on the intervention side, it
could also impact the non-intervention side; nonetheless,
this is yet to be confirmed.

This study aimed to investigate the effects of a 12-
week DS program targeting the ankle plantar flexors on
joint flexibility, muscle stiffness, and muscle strength in
intervention and non-intervention legs. We hypothesized
that a 12-week DS program would decrease muscle stiff-
ness and improve joint flexibility in the intervention limbs
while enhancing contralateral joint flexibility without al-
tering muscle stiffness.
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Methods

Participants

Eighteen healthy students (12 males and six females;
males: age, 20 £ 2 years; height, 1.72 = 0.07 m; body
weight, 64.9 + 11.1 kg; females: age, 20 £ 1 years; height,
1.61 +£0.08 m; body weight, 56.1 £ 5.5 kg; mean + standard
deviation) participated in this study. All participants had no
orthopedic diseases of the lower extremities (muscle, ten-
don, or ligament injuries or peripheral neuropathy). In ad-
dition, they engaged in regular exercise at least once per
week. They were instructed not to begin any new training
program targeting lower-extremity strength or flexibility
during the study period. Informed consent was obtained
from all participants after they were provided with details
of the purpose, procedures, benefits, and risks of the study.
This study was reviewed and approved by the Ethical Re-
view Committee for Human Subjects Research of the au-
thors’ institution (approval number: BKC-LSMH-2023-
009).

Study design

This study evaluated the effects of a 12-week DS program
targeting the ankle plantar flexors on joint flexibility, mus-
cle stiffness, and muscle strength in intervention and non-
intervention groups. Both legs were measured in all partic-
ipants. One leg underwent DS intervention, while the other
did not. The intervention leg was randomly assigned, re-
gardless of dominance. Measurements were collected for
both legs in the same order before and after the interven-
tion. Dependent variables included DFROM, muscle stiff-
ness, and ankle plantar flexion strength (ankle plantar flex-
ion rate of torque development [RTD] and isokinetic
strength).

Dynamic stretching protocol

The DS undertook stretching of the plantar flexors in a
standing wall push position following the one described by
a previous study (Konrad and Tilp, 2014). The participants
performed two types of DS exercises for the ankle plantar
flexor group in a standing position: (1) flexion and exten-
sion of the ankle joint in a narrow ROM at 1.5 Hz and (2)
flexion and extension in a wide ROM at 1 Hz
(https://jssm.org/video/IkedaVideola.html and
https://jssm.org/video/IkedaVideo1b.html). For the latter,
the participants were instructed to raise their heels to an
angle of approximately 45° between the plantar surface and
floor. Based on a previous study (Konrad and Tilp 2014),
both DS exercises were performed with discomfort inten-
sity (4 on a visual analog scale of 1 - 5, 1: no pain at all, 2:
mild stretching feeling, 3: moderate stretching feeling, 4:
discomfort, and 5: intolerable discomfort). Two types of
DS exercises were performed three times weekly for 12
weeks, with each session consisting of five sets of 60 s per
set for each DS type (interval between sets, 30 s).

Measurement of Dorsiflexion range of motion

The DFROM was assessed using an isokinetic dynamom-
eter (BIODEX SYSTEM 4; Biodex Medical Systems,
Shirley, NY, USA) (Figure 1). The participants assumed a
posture with the knee joint fully extended, the hip flexed to

60°, and the ankle positioned at 30° plantar flexion (0°: an-
atomical position). The thighs and feet were secured using
straps. The ankle was passively dorsiflexed at a speed of
2°/s until the participants felt moderate stretching (visual
analog scale score of 3) (Ikeda et al., 2024). DFROM was
defined as the angle from 0° to the maximum dorsiflexion
angle during measurement. This measurement was per-
formed five times, and the mean of the three measurements
was used to represent the DFROM. During the measure-
ments, the participants were instructed to remain relaxed
and not resist passive dorsiflexion. The torque and ankle
joint angle signals from the isokinetic dynamometer were
converted at 1 kHz using an analog-to-digital (A/D) con-
verter (PowerLab/16SP, ADInstruments, Sydney, Aus-
tralia) and recorded on a personal computer using analysis
software (LabChart, v8.1.2, ADInstruments).

Passive dorsiflexion ]

Figure 1. Illustration of the ankle dorsiflexion range of motion
measurement.

Measurement of muscle stiffness
Shear wave elastography (Aixplorer, MSK mode; Super-
Sonic Imagine, France) was used to measure the shear
modulus of the medial gastrocnemius (MG) as an indicator
of muscle stiffness. For MG measurements, the ankle joint
angle was set to 0° and 10° of dorsiflexion based on a pre-
vious study (Ikeda et al., 2024). The participants were
seated with their knees fully extended as in the DFROM
measurements and secured to an isokinetic dynamometer.
MG measurements were obtained at the center of the mus-
cle belly (approximately 30% proximal to the length of the
lower leg). A linear ultrasound probe (scan width: 50 mm;
SL10-2, SuperSonic Imagine, France) was positioned at
the measurement site, and long-axis B-mode ultrasound
images with color-mapping shear modulus values were
captured. Five images were acquired for each joint angle,
and the participants were instructed to remain relaxed.
Ultrasound images were analyzed using elas-
tography image analysis software (T.K.K. 5840, Takei Sci-
entific Instruments, Japan) (Figure 2). A rectangular region
of interest (ROI) was placed on each image, and the mean
shear modulus within the ROI was recorded. The MG stiff-
ness for each joint angle was calculated as the mean of
three shear modulus values, excluding the largest and
smallest readings.



328

12-week dynamic stretching, contralateral effect

proximal Oc

Medial
gastrocnemius
—

Soleus+"

266 kPa

Figure 2. Analysis of muscle shear modulus, with regions of interest (ROIs) indicated by yellow squares.

Measurement of ankle plantar flexion strength

The RTD for isometric plantar flexion and isokinetic ankle
plantar flexion strength was measured using a previously
described dynamometer with the participants seated. For
the RTD measurement, the participants kept their knees
fully extended, and the ankle joint was fixed at 0° on the
footplate of the dynamometer. Before the RTD measure-
ment, the participants performed a warm-up that produced
a force of 30%, 50%, and 80% of their maximal effort. The
isometric plantar flexion RTD was measured five times at
60-s intervals. Participants were instructed to generate
torque "as fast and powerfully as possible" (Maffiuletti et
al., 2016; Ikeda et al., 2021).

The torque and ankle joint angle signals from the
isokinetic dynamometer were converted at 1 kHz using an
A/D converter (PowerLab/16SP, ADInstruments, Sydney,
Australia) and recorded on a PC using an analysis software
(LabChart8, v8.1.2, ADInstruments). The torque signal
was smoothed using a fourth-order zero-lag digital Butter-
worth filter with a 15 Hz cutoff frequency (Aagaard et al.,
2002; Ikeda et al., 2021). The RTD is defined as the maxi-
mum time derivative of the torque waveform for each trial.
The average RTD value was calculated from three trials,
excluding the highest and lowest values.

The isokinetic ankle plantar flexion strength was
measured at angular velocities of 60°/s and 180°/s with
maximal effort. The testing position was the same as that
used for the RTD measurements. The ROM was set from
0° to 40° plantar flexion, and the joint was returned to the
starting position after each movement. Three trials were
performed at each angular velocity (interval between trials:
60 s), and the highest recorded value was used for the anal-
ysis.

Statistical analysis

All data were presented as mean + standard deviation.
Two-way repeated-measures analysis of variance
(ANOVA; IBM SPSS Statistics 24, SPSS Japan, Tokyo,
Japan) was performed on the pre-and post-intervention
data in the intervention condition (DS and no intervention)
x time (pre- and post-intervention). If an interaction or
main effect of time was observed, paired t-tests were per-
formed for each condition. A paired t-test was also per-

formed to confirm that there were no significant differ-
ences in the pre-intervention measures between the condi-
tions. Cohen's d (post-hoc comparison) and partial N2 (np2:
ANOVA) were used to calculate the effect size. Cohen's d
was obtained using the following equation: d =

Mdiff/SDpooled v 2[1 - r], where Mdiff is the difference

between the mean value of the pre-and post-measurements,
and r is the correlation between the mean values (Morris
and DeShon, 2002). A pre-study statistical power analysis
indicated a sample size of 14 participants per condition
(within-factor repeated-measures analysis of variance, ef-
fect size = 0.4, power = 0.8, alpha level = 0.05) (Cohen,
1988) using G* Power 3. The effect size (Cohen's d) was
defined as: |0.20] - |0.50| small effect, |0.50] - |0.80] medium
effect, and >/0.80| large effect (Cohen, 1988). Statistical
significance was set at p < 0.05.

Results

The intraclass correlation coefficient (ICC) values for each
measurement variable were 0.80 or more, indicating good
reliability: DFROM, 0.93; MG stiffness at 0°, 0.96; MG
stiffness at dorsiflexion 10°, 0.97; RTD of isometric plan-
tar flexion, 0.86; isokinetic ankle plantar flexion strength
at an angular velocity of 60°/s, 0.83; isokinetic ankle plan-
tar flexion strength at an angular velocity of 180°/s, 0.81.
The coefficient of variation values for each measurement
variable were as follows: DFROM, 1.1%; MG stiffness at
0°, 3.2%; MG stiffness at dorsiflexion 10°, 3.2%; RTD of
isometric plantar flexion, 13.5%; isokinetic ankle plantar
flexion strength at an angular velocity of 60°/s, 10.5%; and
isokinetic ankle plantar flexion strength at an angular ve-
locity of 180°/s, 12.5%.

A significant interaction between condition and
time was observed for DFROM (p =.029; np2 =0.25), with
post-hoc tests indicating significant large magnitude in-
creases in the DS and moderate magnitude increases in the
non-intervention conditions, respectively (DS: 8.7 + 7.4°
[Pre], 14.4 £ 9.0° [Post]; p <.001; d = 1.04; non-interven-
tion: 8.7 £ 8.6° [Pre], 11.8 + 10.2° [Post]; p = .022; d =
0.63) (Figure 3). No interaction between the condition and
time or main effect of time was found for MG stiffness at
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an ankle joint angle of 0 ° (Table 1). However, a significant
main effect of time was observed for MG stiffness at 10°
ankle dorsiflexion (p = .016; np2 = 0.30). Post-hoc tests
revealed a significant large magnitude decrease in MG
stiffness in the DS condition (p = .006; d = 0.80); in con-
trast, no significant small magnitude change was observed
in the non-intervention condition (p = 0.19; d = 0.33) (Ta-
ble 1).

For the RTD of isometric plantar flexion, no signif-
icant interaction between condition and time or primary ef-
fect of time was detected (Table 2). An interaction between
condition and time was observed for isokinetic ankle plan-
tar flexion strength at an angular velocity of 60°/s (p =.025;
np2 = 0.26). However, post-hoc tests showed no significant
small magnitude changes in DS or non-intervention condi-
tions (DS: p=10.24; d = 0.31; non-intervention: p=0.19; d
= (0.33) (Table 2). Additionally, no interaction between
condition and time or primary effect of time was found for

the isokinetic ankle plantar flexion strength at an angular
velocity of 180°/s (Table 2).
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Figure 3. Dorsiflexion range of motion under each condition.
* Significantly change compared with pre-intervention (p < 0.05). Values
are expressed as mean + standard deviation.

Table 1. Changes in shear modulus of the Medial gastrocnemius in each condition (DF: dorsiflexion).

Values are expressed as mean + standard deviation.

Dynamic stretching No intervention

Pre Post Pre Post
Medial gastrocnemius shear modulus (kPa)
0° (neutral position) 11.5+29 10.0+£2.0 12.0+4.1 109+20

DF 10°

259+74 21.1+4.7*

251+£59 231453

* Significantly changed compared with preintervention (p < 0.05).

Table 2. Changes in ankle plantar flexion strength in each condition (RTD: rate of torque development).

Values are expressed as mean + standard deviation.

Dynamic stretching

No intervention

Pre Post Pre Post
Isometric ankle plantar flexion torque
RTD (Nm/sec) 434 + 168 455+ 159 451 £ 173 423 + 154
Isokinetic ankle plantar flexion torque
60°/sec (Nm) 52.3+18.6 549+15.7 54.6+17.6 51.5+15.5
180°/sec (Nm) 30.3+9.5 30.7+8.8 29.84+9.5 27.9+8.5

These parameters were not significantly changed compared with pre-intervention in any condition (p > 0.05).

Discussion

This study demonstrated that a 12-week DS program for
ankle plantar flexors improved DFROM in intervention
and non-intervention legs. However, a reduction in gas-
trocnemius stiffness was observed only in the intervention
legs. In addition, no significant changes were detected in
the RTD for isometric plantar flexion or isokinetic ankle
plantar flexion strength in either leg of the post-interven-
tion measures.

After the intervention, the observed improvement in
DFROM in the DS group suggests that the DS protocol ef-
fectively enhanced joint flexibility. Previous studies have
shown that DS can improve joint flexibility with interven-
tion periods lasting 6 weeks or more (Mahieu et al., 2007;
Konrad and Tilp, 2014). Another study reported that static
stretching performed for 3 to 8 weeks did not alter muscle
or tendon stiffness but increased extensibility and tolerance
to tensile loading (Freitas et al., 2018). Therefore, the 12-
week DS protocol was chosen to assess its potential to re-
duce muscle stiffness. Interestingly, DFROM also im-
proved in the non-intervention legs. Furthermore, 4 weeks
of continuous static stretching has been shown to improve
joint flexibility on the contralateral side (Nakamura et al.,

2022), and the results suggest that continuous DS may have
a similar effect. Whether DS can improve contralateral
joint flexibility within an intervention period of less than
12 weeks requires further study.

Joint flexibility improvements from muscle stretch-
ing are often attributed to reduced stiffness in the muscle-
tendon unit and changes in neurophysiological factors,
such as stretch tolerance (Behm et al., 2016). In this study,
gastrocnemii stiffness was reduced under DS conditions.
This result suggests that decreased muscle stiffness owing
to DS training contributes to improved flexibility. A previ-
ous study reported no reduction in gastrocnemius stiffness
after six weeks of DS (Konrad and Tilp, 2014), indicating
that shorter DS interventions may be insufficient to reduce
stiffness. Further research is needed to clarify the minimum
effective duration of DS on muscle stiffness. Although
neurophysiological changes were not directly assessed in
this study, they may have influenced the improvement in
DFROM under DS conditions.

In the non-intervention leg, no reduction in gas-
trocnemius stiffness was detected, implying that the im-
proved DFROM in this leg was likely owing to neurophys-
iological adaptations rather than changes in muscle
stiffness. Previous studies reported that static stretching



330

12-week dynamic stretching, contralateral effect

training can increase contralateral joint flexibility without
altering muscle stiffness (Behm et al., 2021; Nakamura et
al., 2022). Thus, regardless of the stretching modality,
muscle stretching training for several weeks is thought to
increase joint flexibility in the contralateral side by chang-
ing factors other than muscle stiffness. Further studies are
required to clarify whether these factors, such as the neu-
rophysiological or mechanical properties of tendons,
change by DS training. On the other hand, there was a ten-
dency for the effect size of DFROM in DS condition (d =
1.04: large effect) to be larger than that in non-intervention
condition (d = 0.63: medium effect). This could be ex-
plained by a significant decrease in muscle stiffness in DS
condition only. Therefore, muscle stretching seems to be
necessary to decrease muscle stiffness.

Previous studies have reported mixed findings on
the effect of DS training on muscle function, with some
showing improvements and others showing no change
(Turki-Belkhiria et al., 2014; Barbosa et al., 2020). This
study found no significant changes in the RTD or isokinetic
ankle plantar flexion strength under DS conditions, which
supports previous findings of no improvement in muscle
function. Similarly, no increase in muscle strength was ob-
served in non-performing legs in the present study. A pre-
vious study reported that 10-week static stretching im-
proved contralateral muscle strength (Nelson et al., 2012).
In this previous study, the muscle strength in the interven-
tion leg also increased, suggesting that static stretching was
an intensity that provided a training stimulus sufficient to
increase the force production ability of the participants.
However, a systematic review reported that the non-local
effects of prolonged static stretching reveal that both the
stretched and contralateral, non-stretched limbs of young
adult participants demonstrate, on average, small magni-
tude strength deficits (Behm et al., 2021). In other words,
if there is not enough stimulation to increase strength on
the stretched side, the non-stretched side will not increase
strength either. Here, DS may not have provided sufficient
stimuli to enhance the strength of the active young partici-
pants. Further research is needed to assess the effects of DS
training in populations with low activity levels.

This study did not include surface electromyogra-
phy measurements, which made the muscle activity levels
uncertain during the intervention. Additionally, it is un-
known whether similar effects would be observed in dif-
ferent muscle groups, particularly the proximal groups that
may transmit stimulation across the trunk. Future studies
should investigate the effects of DS on more proximal mus-
cle groups, such as knee flexors. Furthermore, because this
study focused on young, healthy participants, the findings
may not be generalizable to populations with different
characteristics, such as children, older adults, and athletes.
Finally, differences in the muscle stiffness assessment
methods may have contributed to the discrepancies be-
tween the findings of the present study and those of Konrad
and Tilp (2014), who reported no effect of continued DS
use on stiffness. Future research should consider the impact
of varying assessment methods when interpreting the re-
sults.

Conclusion

This study demonstrated that a 12-week DS program for
ankle plantar flexors improved DFROM in intervention
and non-intervention legs. However, a reduction in gas-
trocnemius stiffness was observed only in the intervention
legs. Additionally, no significant changes were detected in
the RTD for isometric plantar flexion or isokinetic ankle
plantar flexion strength in either leg before or after the in-
tervention.
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Key points

e This study aimed to examine the effects of a 12-week dy-
namic stretching program targeting the ankle plantar flexors
on the joint flexibility, muscle strength, and elastic proper-
ties of the plantar flexors in stretched and contralateral legs.

e This study demonstrated that a 12-week dynamic stretching
program for ankle plantar flexors improved dorsiflexion
range of motion in intervention and non-intervention legs.

o The findings of this study suggest that 12 weeks of dynamic
stretching can reduce muscle stiffness and improve joint
flexibility in the intervention leg without affecting muscle
strength and enhance joint flexibility in the non-intervention
leg without altering muscle stiffness or strength.
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