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INTRODUCTION

| Yasuo Kawakami!

A novel stretching modality was developed to provide repetitive small length changes to
the plantar flexors undergoing passive stretch defined as "minute oscillation stretching"
(MOS). This study investigated the effects of MOS on neuromuscular activity during
force production, the rate of torque development (RTD), and the elastic properties of the
plantar flexors and Achilles tendon. Ten healthy males participated in this study. The
neuromuscular activity of the triceps surae and tibialis anterior muscles during maximal
voluntary plantar flexion torque [MVT], RTD of plantar flexion, Achilles tendon stiff-
ness, and muscle stiffness were measured before and after two types of interventions for
a total of 5 minutes: static stretching (SS) and MOS at 15 Hz and without intervention
(control). Achilles tendon stiffness was calculated from the tendon elongation measur-
ing by ultrasonography. Muscle stiffness was determined for the medial gastrocnemius
[MG] using shear wave elastography. The MVT, mean electromyographic amplitudes
[MEMG] of MG and lateral gastrocnemius [LG], and RTD were significantly decreased
following SS (MVT: —7.2 + 7.9%; mEMG of MG: —8.7 + 10.2%; mEMG of LG:
—12.4 + 10.5%; RTD: —6.6 + 6.8%), but not after MOS. Achilles tendon stiffness sig-
nificantly decreased after SS (—=13.4 + 12.3%) and MOS (—9.7 + 11.5%), with no sig-
nificant differences between them. Muscle stiffness significantly decreased in SS and
MOS, with relative changes being significantly greater for MOS (—7.9 = 8.3%) than
SS (=2.3 + 2.9%) interventions. All variables remained unchanged in the controls. In

conclusion, MOS changed muscle-tendon compliance without loss of muscle function.

KEYWORDS

electromyography, muscle and tendon elasticity, rate of torque development, shear wave
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the literature, several studies have demonstrated superior in-
creases in flexibility with SS versus DS.>* One of the factors

Modalities to improve flexibility (eg, joint range of mo-
tion, joint stiffness) include static stretching (SS), which
stretches a muscle holding the joint at a fixed angle, and dy-
namic stretching (DS), which repeats dynamic muscle length
changes (stretch-shortening).1 Although not conclusive in

implicated in improving flexibility after SS is increased ex-
tensibility of the muscle-tendon unit (MTU) that works as a
series elastic component across its joints.1 Previous studies
have reported that SS decreases musculo-tendinous stiff-
ness, which is considered to be a mechanism of flexibility
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improvement by Ss.8 However, SS has been shown to tem-
porarily decrease muscle functions such as maximal muscle
strength and explosive power exertion (often observed in
sports, including the rate of torque development [RTD] or
jump performance).”*'? Therefore, it is desirable to per-
form stretching that reduces musculo-tendinous stiffness and
does not decrease muscle function.

In a previous study, we developed a novel stretching
technique, "minute oscillation stretching" (MOS), which
comprises advantages of both SS and DS approaches. We
have reported that the MOS modality improves flexibility
as well as SS without decreasing maximal muscle strength,
unlike SS.'* MOS is a modality of conditioning the MTU
that provides repetitive small longitudinal length changes
(stretch-shortening) to the plantar flexors by ankle joint
movement undergoing passive stretch (dorsiflexion of ap-
proximately 5°, which is likely passive DS in the form of
oscillation) (Figure 1).

The increase in the extensibility of the MTU by SS is
known to be contributed by both increasing muscle belly
elongation and tendinous tissue elongation after Ss.781213
Moreover, the tendinous tissue stiffness, often assessed by
the linear slope of the load-elongation relationship of the
tendinous tissue during isometric force exertion,®!* is af-
fected by tendinous tissue extensibility and is decreased
after long-duration SS (>3 minutes).>*!> A previous study
has also shown that MOS increases gastrocnemius muscle
elongation during passive dorsiflexion; however, it does not
increase Achilles tendon elongation,12 which differs from
the findings for SS. However, this study only evaluated part
of the load-elongation relationship of the tendinous tissue,
while the change in tendinous tissue stiffness represented by
the slope of the linear region under higher tension has not
been verified yet. Furthermore, tendinous tissue hysteresis,
which is an indicator of viscosity and a parameter correlating
with stiffness,l(”17 also decreases after SS.° Thus, tendinous

5° cyclic
dorsiflexion

FIGURE 1
minute oscillation stretching
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tissue stiffness and hysteresis decrease after SS, and similar
findings are expected after MOS as well.

Muscle function is known to be attenuated after SS of over
60 seconds per muscle group,3’9’11 which may be attributed to
the reduction in neuromuscular activity during force produc-
tion in the stretching target muscle group.“’l&19 MOS does
not decrease muscle strength, which is unlike SSH; thus, it
may be presumed that neuromuscular activity during force
production remains unchanged after MOS. The calculated
RTD derived from the torque-duration curve during explo-
sive force exertion is decreased after SS; that is, muscle force
exertion becomes slower.'*?*> RTD is mostly influenced by
the degree of maximal isometric strengthzo; therefore, it is
speculated that the MOS does not reduce the RTD, but this
idea has not yet been tested.

This study investigated the effects of MOS on neuromus-
cular activity during force production, the RTD, and the elas-
tic properties of the ankle plantar flexors and Achilles tendon.
We hypothesized that MOS to plantar flexors would reduce
musculo-tendinous stiffness and tendinous tissue hysteresis
of the triceps surae, while not decreasing neuromuscular ac-
tivity during force production and RTD.

2 | MATERIALS AND METHODS

2.1 | Participants

Ten healthy male volunteers (age, 25 + 3 years; body
height, 1.73 + 0.04 m; body weight, 67.9 + 12.4 kg; all
mean =+ standard deviation [SD]) with no history of ortho-
pedic diseases (eg, injury to the muscle, tendon, joint cap-
sule or ligament, peripheral neuropathy) in the lower limbs
participated in this study. All subjects provided written con-
sent to participate in this study after they were informed of
the purpose of this study, the procedures, and the benefits
and risks associated with it. This study was approved by the
Ethics Committee on Research Involving Human Subjects
of the affiliated institution (number: 2015-171) and was
performed in accordance with the Declaration of Helsinki.

2.2 | Study design

A total of three conditions for MTU of the major plantar
flexors were set: two stretching modalities (SS and MOS)
and the control condition (no stretching). Before and after
each intervention, we measured maximal voluntary plantar
flexion torque and the neuromuscular activity of the triceps
surae and tibialis anterior (TA), in addition to the RTD of
the isometric plantar flexion, Achilles tendon stiffness and
hysteresis, ankle joint stiffness, and muscle stiffness. Each
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condition was performed at intervals of seven days or more
in random order.

2.3 | Stretching protocol

An isokinetic dynamometer (CON-TREX, CMV-AG,
Switzerland) equipped with a footplate dynamic stretching
device (Kenko-yusuri JM-25, TOPRUN, Japan) was used for
both SS and MOS conditions. The subjects maintained fully
extended positions of the knee joint in the sitting position and
positioned the forefoot on the pedal of the dynamic stretch-
ing device. Similar to previous studies, time allocated for SS
and MOS was 5 minutes each in total (five sets of 1-minute
and at 20-second intervals).”'® The stretching intensity for
both SS and MOS was set as the maximal acceptable dor-
siflexion angle without severe pain sensation.”'® Subjective
pain was assessed by the visual analog scale, with a score
of 1-5 (VAS; 1: no pain at all; 5: intolerable pain; 0.5 incre-
ments). SS and MOS were performed with scores 4 (a subtle
pain sensation). The dorsiflexion angle was fixed across all
five sets of the stretching intervention (angle-matched). The
initial ankle joint angle during the interval was set at a plantar
flexion of 30°. For the MOS condition, the dynamic stretch-
ing device was used for plantar flexion and dorsiflexion of
the ankle joint by approximately 5° (Figure 1), which was
repeated at a frequency of 15 Hz for 1 minute.'? For the con-
trol condition, the subjects were instructed to rest in a sitting
position on the dynamometer for 6 minutes, which was the
same time allocated to the SS and MOS interventions, and to
avoid stretching the plantar flexors.

2.4 | Maximal voluntary isometric plantar
flexion torque

The maximal voluntary isometric plantar flexion torque
was measured using the isometric dynamometer (VTF-002,
VINE, Japan) in the sitting position. For measurements, the
knee joint was fully extended, and the ankle joint angle was
fixed to the footplate of the dynamometer at 0° (anatomical
position). The subjects performed the warm-up that produced
a force at 80% of maximal effort twice, and then, maximal
voluntary plantar flexion torque exertions were performed
twice with a 1-minute rest between trials. The peak torque
of each measurement was analyzed, and a third measurement
was obtained when the second measured value differed by
5% or more from the first; when three measurements were
performed, two close measurement values were adopted. The
maximal voluntary isometric plantar flexion torque was de-
fined as the mean value of the two measurements. The signal
obtained from the dynamometer was amplified by the sup-
plied amplifier (DPM-711B, Kyowa, Japan), converted into a

digital code at 1 kHz via an A/D converter (PowerLab/16SP,
ADInstruments, Australia), and recorded using analysis soft-
ware (LabChart 7, ADInstruments, Australia) on a personal
computer (FMV Lifebook, Fujitsu, Japan).

The neuromuscular activity of the triceps surae and the
TA during maximal voluntary isometric plantar flexion
torque measurement was recorded using surface electromy-
ography. The electromyogram was recorded using the Delsys
EMG data acquisition system (Trigno, Delsys, USA). Active
surface electrodes (inter-electrode distance of 10 mm, record-
ing diameter of 1 mm X 5 mm [bar shape], Delsys, USA)
were attached to the skin underlying the muscle bellies of
the medial gastrocnemius (MG), lateral gastrocnemius (LG),
soleus (SOL), and TA. Electrodes of gastrocnemii and TA
were placed approximately 30% of the lower leg length from
their proximal insertion. The SOL electrode was placed
approximately 30% of the lower leg length from the distal
insertion. These electrode attachment positions were ad-
justed to be over the muscle bellies using ultrasonography
(Prosounda-7, Hitachi Medical, Japan). The skin was shaved,
lightly abraded, and cleaned with alcohol before the elec-
trodes were applied. Similar to the data obtained by the dyna-
mometer, these electromyogram signals were converted into
a digital code at 1 kHz via the A/D converter and recorded
using the analysis software. After full-wave rectification and
data smoothing of these signals on the software (bandpass
filter, passband at 25-450 Hz), the mean electromyographic
amplitude (MEMG) per second including the peak torque
was recorded for each measurement. For the TA, which is the
antagonistic muscle in plantar flexion, based on the mEMG
value of maximal voluntary isometric dorsiflexion torque, the
mEMG value at the maximal isometric plantar flexion torque
level was expressed as a percentage and was defined as the
co-contraction level.?? For the neuromuscular activity of each
muscle, we used the mean value of the two measurements.

The RTD of the isometric plantar flexion was repeated
five times. The subjects were instructed to perform torque
development "as fast and powerfully as possible."zo’24 The
obtained torque signal was smoothed with a cutoff frequency
of 15 Hz using a fourth-order zero-lag digital Butterworth
filter.** The maximum value of time derivative of the torque
waveform was defined as RTD and analyzed for each trial. The
RTD was acquired from a point of time at 0.134 + 0.046 sec-
onds after the onset of torque development. The mean value
of three trials, excluding trials with maximum and minimal
values, was calculated.

2.5 | Achilles tendon stiffness and hysteresis

Achilles tendon stiffness and hysteresis were measured using
ultrasonography (Prosounda-7, Hitachi Medical, Japan).
The subjects increased torque development from the relaxed
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state to the maximal isometric plantar flexion torque level
gradually in approximately 5 seconds. After maintaining
the maximal torque level for 2 seconds, torque development
decreased to the relaxed state gradually over approximately
5 seconds.®* During this ramp torque development trial, the
proximo-displacement of the distal end of the muscle belly
of the MG was recorded using ultrasonic apparatus measure-
ments acquired at 32 Hz.>'3% The linear ultrasonic probe
(frequency 7.5 MHz, scan width 60 mm; UST-5712, Hitachi
Medical, Japan, with a water bag, MP-2468, Hitachi Medical,
Japan) was firmly fixed on the skin directly over the distal end
of the muscle belly of the MG using a double-sided tape and
custom-made device, consisting of a series of Velcro straps
affixed to a Styrofoam template. During the trial, real-time
torque waveforms were displayed on the monitor for visual
feedback. The trial was conducted twice with a 1-minute rest
between trials. The trial with the higher peak value of torque
development was analyzed for Achilles tendon stiffness and
hysteresis.

To obtain changes in the ankle joint angle during the trial,
the foot region and lower leg were recorded (Exilim, Casio,
Japan) at 30 Hz from the medial malleolus side. Reflecting
markers were applied to the four landmarks: the distal end of
the first metatarsal bone, the calcaneus, the medial malleolus,
and the tibia (located at the middle point of the line between
the center of the knee joint and the medial malleolus). Two-
dimensional coordinates of the above-indicated markers were
obtained from the recorded video using analysis software
(FrameDIASS, DKH, Japan). The ankle joint angle was de-
fined as the angle formed by the following two vectors: from
the calcaneus to the first metatarsal bone (plantar) and from
the medial malleolus to the tibia. A synchronizer system (PH-
100, DKH, Japan) was used to synchronize all equipment.

2.6 | Ultrasonographic analysis

Video analysis software (ImageJ, National Institute of
Health, USA) was used for the analysis of the video obtained
from the ultrasonic apparatus. The displacement of the dis-
tal end of the muscle belly of the MG (defined as Achilles
tendon elongation; Figure 2) during the ramp torque devel-
opment trial was measured with force at every 10% of peak
torque from the relaxed state to the peak torque during the
increasing torque phase (ascending phase) and from the peak
torque to the relaxed state during the decreasing torque phase
(descending phase) (Figure 3).>% The ankle plantar flexion
torque at the ramp torque development trial was divided by
the triceps surae moment arm (estimated from a previous
study26) to calculate the Achilles tendon force.” Achilles ten-
don stiffness and hysteresis were determined from the tendon
force-tendon elongation relationship. Achilles tendon stiff-
ness was defined as the slope of the tendon force-elongation

Relaxed state

Achilles
tendon

Medial
gastrocnemius

Soleus

10 mm

Tendon
elongation

proximal

FIGURE 2 Ultrasonic images of Achilles tendon during isometric
plantar flexion (upper; full point: distal end of muscle belly of medial
gastrocnemius)
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FIGURE 3 Typical example of Achilles tendon stiffness (A) and
hysteresis (B) analyses

relationship from the 50% to 100% peak force transition in
the ascending phase (Figure 3A).0% During ascending and
descending phases, the tendon force-elongation curves pro-
duced a loop. The tendon hysteresis was calculated using
the equation: 100 x (Wa - Wd)/Wa (where Wa was an
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integrated value under the ascending phase [area], and Wd
was an integrated value under the descending phase [area])
(Figure 3B).%17" The plantar flexion rotation that inevitably
occurred during an active torque development increased the
proximal displacement of the distal end of the MG muscle
belly. To correct this, the measured change in ankle angle
during the plantar flexion contraction and the joint rotation—
induced displacement of the distal end of the MG muscle
belly was determined during the passive rotations over the
same change in ankle angle.25 These analyses were repeated
twice per measurement, and the mean value was adopted.
The coefficient of variation of tendon stiffness analysis was
3.0 +2.0%.

2.7 | Muscle stiffness and ankle
joint stiffness

To assess muscle stiffness, the shear wave velocity of the MG
was determined using shear wave elastography (Aixplorer
MSK mode, SuperSonic Imagine, France) (Figure 4). In ref-
erence to a previous study,8 the ankle joint angles for meas-
urement were set as follows: 0° (anatomical position), 10°
dorsiflexion (DF), and 20° DF. Muscle stiffness was calcu-
lated from the shear wave velocity and joint angle. The slope
of the shear wave velocity-ankle joint angle relationship at
0°, 10°DF, and 20°DF was defined as muscle stiffness. The
linear probe (frequency 4-15 MHz, scan width 50 mm, SL15-
4; SuperSonic Imagine, France) was fixed on the skin at the
center of the muscle belly (at 30% of the proximal length
of the leg) using a double-sided tape and a custom-made
guide consisting of a series of Styrofoam templates affixed
by Velcro straps. The shear wave velocity was measured five
times at each joint angle. The data of each joint angle were
used to calculate the mean value of the three measurements,
excluding the maximum and minimum measurements. The
region of interest (ROI) was set to a circle with a diameter of
5 mm placed in the middle between the MG aponeuroses (su-
perficial and deep) in the ultrasound image plane.8 The ankle
joint stiffness was calculated as the relationship between pas-
sive resistance torque and joint angle.7 The passive resistance
torque in the direction of plantar flexion was measured at
the same three joint angles used for measurement of muscle

distal proximal

superficial Sm—— R =
o o A R

medial - e i

gastrocnemius

deep

DF10° DF20°

stiffness (0°, DF 10°, and DF 20°). The passive resistance
torque for each joint angle was analyzed as the mean value
per second, once the torque had stabilized. The subjects were
instructed to relax during these measurements.

To confirm that the muscles were in a passive state, neu-
romuscular activity of the MG, LG, SOL, and TA was mea-
sured using surface electromyography during muscle and
joint stiffness measurements, as described above. Then, the
mEMG (expressed as mean amplitude per second) was cal-
culated for each muscle when the torque was stable for the
above-mentioned three ankle joint angles. The method used
for data acquisition, filtering, and normalization were the
same as those for the measurement of neuromuscular activity
at the maximal isometric plantar flexion torque.

2.8 | Statistical analysis

All data are expressed as mean =+ standard deviation. For all
measurement values of pre- and post-intervention, we con-
ducted two-way repeated-measures analysis of variance
(ANOVA) on the intervention conditions (SS and MOS) and
control condition X time (pre- and post-intervention) using
statistical software (IBM SPSS statistics 24, SPSS Japan,
Japan). When interaction or the main effect of the time was
observed, a paired ¢ test was also performed as a post-hoc test
for each condition. The relative changes for each measure-
ment variable for the pre- and post-intervention were calcu-
lated, and one-way repeated-measures ANOVA was used to
test for statistical differences between the intervention and
control conditions. When a significant main effect was ob-
served, a Tukey multiple comparison test was conducted. For
effect size, an (for ANOVA) and for the ¢ test, Cohen's d was
calculated as follows: d = Mdiff/SDpooled\/Z(l —7), where

M ;i was the difference between the mean value of the pre-
and post-measurement, and r was defined as the correlation
between means.? Effect size (Cohen's d) was defined as fol-
lows: 0.20-0.50, small; 0.50-0.80, medium; 0.80-1.20, large;
and >1.20 very large.zg’w The absence of a significant differ-
ence among the conditions for each pre-intervention value
was confirmed by performing one-way repeated-measures
ANOVA. A prior statistical power analysis (using G*power

216.3 m/s

Stiffer

FIGURE 4 Typical example of muscle
shear wave velocity measurement
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3) revealed that 27 participants (9 for each condition) were
required for this study design (repeated-measures ANOVA
within factors; effect size: 0.4, power: 0.8; alpha level:
0.05%). The level of statistical significance was set at P < .05.

3 | RESULTS

The ICC values for each measurement variable were 0.90
or more, indicating good reliability: maximal voluntary iso-
metric plantar flexion torque, 0.99; mEMG of the MG, 0.96;
mEMG of the LG, 0.94; mEMG of the SOL, 0.94; co-con-
traction level of the TA, 0.96; RTD, 0.96; Achilles tendon
stiffness, 0.97; Achilles tendon hysteresis, 0.98; ankle joint
stiffness, 1.00; muscle stiffness, 0.99; shear wave velocities
at 0°, 0.99; shear wave velocities at DF 10°, 0.98; and shear
wave velocities at DF 20°, 1.00.

There was no interaction effect for maximal voluntary
isometric plantar flexion torque (P = .12), whereas a main
effect of time was observed (P < .01; r]p2 = 0.59). As a re-
sult of post-hoc test, maximal voluntary isometric plantar
flexion torque significantly decreased after SS intervention
(P =.016; d = 0.85) but not after MOS intervention (P = .26)
or rest (control condition) (P = .85) (Table 1). At mEMG
of the MG and LG during maximal voluntary isometric
plantar flexion torque, no interaction effect was observed
(MG: P = .61; LG: P =.094), whereas a main effect of time

TABLE 1

was observed (MG: P = .037, an = 0.39; LG: P = .046,
np2 = 0.41). A post-hoc test revealed that mEMG of the MG
and LG decreased significantly after SS intervention (MG:
P =.028,d=0.79; LG: P = .017, d = 1.1), but not after
MOS intervention (MG: P = .45; LG: P = .25) or rest (con-
trol condition) (MG: P = .34; LG: P = .98) (Table 1). There
was no interaction or main effect for mEMG of the SOL and
co-contraction level of the TA (SOL: interaction: P = .46;
main effect of time: P = .80) (TA: interaction: P = .73; main
effect of time: P = .058). There was no interaction effect for
RTD (P = .78), whereas a main effect of time was observed
(P = .046; np2 = 0.37). Post-hoc tests revealed a significantly
decreased RTD after SS intervention (P = .024; d = 0.96),
but not after MOS intervention (P = .13), or rest (control con-
dition) (P = .19) (Table 1).

An interaction effect was observed between the conditions
and time for Achilles tendon stiffness (P = .015; np” = 0.37),
with significant decreases both after the SS and MOS inter-
ventions (SS: P < .01, d = 1.4; MOS: P = .032, d = 0.86)
but not after rest (control condition) (P = .63) (Figure 5A).
For Achilles tendon hysteresis, an interaction effect was
also observed between the conditions and time (P < .01;
an = 0.53), with significant decreases both after SS and
MOS interventions (SS: P < .01; d = 2.6; MOS: P < .01,
d = 1.7) but not after rest (control condition) (P = .84)
(Figure 5B). For the relative changes in tendon stiffness and
hysteresis, no significant differences were observed between

Changes in isometric maximal voluntary plantar flexion torque (PEMVT), average electromyography amplitudes (nEMG) of the

triceps surae (medial gastrocnemius: MG; lateral gastrocnemius: LG; soleus: SOL) and tibialis anterior (TA, co-contraction level), rate of torque

development (RTD), tendon stiffness, tendon hysteresis, ankle joint stiffness, muscle stiffness, and muscle shear wave velocities at three ankle joint

angles (0° [anatomical position], dorsiflexion 10°, and 20°) in each condition

Control Static stretching Minute oscillation stretching
Pre Post Pre Post Pre Post
PFMVT (Nm) 170 + 47 171 + 46 170 + 52 156 + 50 178 + 52 172 + 50
mEMG during PEMVT
MG (mV) 0.117 £ 0.054  0.113 +0.045 0.134 £ 0.054  0.125 + 0.057" 0.145 + 0.066  0.141 + 0.069
LG (mV) 0.120 + 0.045  0.120 + 0.045 0.126 £ 0.054  0.110 + 0.047" 0.127 £ 0.050  0.121 + 0.041
SOL (mV) 0.077 £ 0.018  0.079 + 0.017 0.073 £ 0.020  0.069 + 0.014 0.082 +0.019  0.082 + 0.016
TA (%mvc) 11.8+73 127+ 7.6 11.0 +6.9 114+6.3 124 + 6.3 139+79
RTD (Nm/s) 897 + 308 860 + 292 840 + 200 790 + 226" 950 + 286 893 + 274
Tendon stiffness (N/mm) 336 + 94 333+ 79 332 + 84 288 + 81" 335+ 83 299 + 68"
Tendon hysteresis (%) 16.9 + 6.8 16.7 +7.7 17.1 £ 6.2 13.9+52° 183+6.3 13.7 £ 4.6°
Joint stiffness (Nm/°) 1.19 + 0.40 1.17 £ 0.40 1.28 +0.38 1.19 +0.37" 1.24 +0.48 1.14 £ 045"
Muscle stiffness (m/s/°) 0.287 £ 0.053  0.287 + 0.056 0.293 £ 0.050  0.287 + 0.052" 0.297 £ 0.063  0.275 + 0.068"
Shear wave velocities
0 °(m/s) 4.62 +0.74 4.61 £0.73 4.47 £ 0.66 4.46 £ 0.58 4.51+0.73 4.45 +0.80
Dorsiflexion 10° (m/s) 6.97 +1.33 6.89 +1.33 6.85+1.18 6.78 +1.02 7.01 = 1.16 6.75 + 1.04"
Dorsiflexion 20° (m/s) 10.37 + 1.66 10.35 + 1.69 10.33 + 1.54 10.20 + 1.49" 10.46 + 1.65 9.95 +1.63

*Significantly changed compared with pre-intervention (P < .05). Values are expressed as mean =+ standard deviation (nEMG of LG and TA: n = 9).
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the SS and MOS conditions (stiffness, SS: —13.4 + 12.3%;
MOS: =9.7 + 11.5%; P = .70) (hysteresis, SS: —19.1 + 8.0%;
MOS: —-23.5 + 14.5%; P = .66).

In ankle joint stiffness, no interaction effect was ob-
served (P = .18), whereas a main effect of time was ob-
served (P < .01, np2 = 0.72). As a result of post-hoc test,
ankle joint stiffness decreased significantly after the SS
and MOS interventions (SS: P = .010, d = 1.1; MOS:
P = .039, d = 0.81), while there was no change after rest
(control condition) (P = .10) (Table 1). An interaction effect

between the conditions and time was observed in muscle
stiffness (P < .01; np2 = 0.43) and decreased significantly
both after the SS and MOS interventions (SS: P = .021,
d =0.83; MOS: P =.016, d = 0.95), but not after rest (con-
trol condition) (P = .84) (Figure 6). The relative changes in
muscle stiffness in the MOS condition (—=7.9 + 8.3%) was
significantly greater than the SS condition (-2.3 + 2.9%;
P = .039). There was no interaction effect for shear wave
velocities at DF 10° (P = .20), whereas a main effect of
time was observed (P = .011; np2 = 0.53). A post-hoc test
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revealed that shear wave velocities at DF 10° decreased sig-
nificantly after the MOS intervention (P = .020; d = 0.94)
but not both after the SS intervention (P = .34) or rest (con-
trol condition) (P = .34) (Table 1). In addition, an interac-
tion effect between the conditions and time was observed for
shear wave velocities at DF 20° (P < .01; an =0.51), which
decreased significantly both after the SS and MOS inter-
ventions (SS: P = .043,d = 0.79; MOS: P < .01,d = 1.3),
while there was no change after the rest (control condition)
(P = .25). The relative changes in shear wave velocities at
DF 20° in the MOS condition (—4.9 + 4.0%) were signifi-
cantly greater than that of the SS condition (—1.3 + 1.8%;
P = .012). There was no interaction or main effect for shear
wave velocities at 0° (interaction: P = .78; main effect of
time: P = .26). The mEMG of the MG, LG, SOL, and TA
during measurements of muscle stiffness and ankle joint
stiffness showed no interaction or main effect at all ankle
joint angles (Table 2).

4 | DISCUSSION

The present study investigated the effects of MOS to ankle
plantar flexors on neuromuscular activity during force pro-
duction, RTD, and on elastic properties of the triceps surae
and Achilles tendon. The results demonstrated that MOS did
not decrease neuromuscular activity during force production
and RTD, unlike for SS, while Achilles tendon stiffness and
hysteresis were reduced to a similar extent to that observed
with the SS intervention. Moreover, this study clarified that

TABLE 2 Changes in mEMG of the
triceps surae (medial gastrocnemius: MG;

muscle stiffness decreased after the MOS intervention, and
this decrease was higher than that after the SS intervention.

In this study, ankle joint and musculo-tendinous stiff-
ness were decreased after the SS intervention, which was
consistent with the results of previous studies.”® Both ankle
joint and musculo-tendinous stiffness were decreased after
MOS, although these results suggested that a potential mech-
anism of flexibility improvement by the MOS intervention
could be a decrease in musculo-tendinous stiffness as in SS.
Additionally, the degree of decrease in muscle stiffness was
significantly higher in the MOS than in SS, which indicated
that the MOS intervention was more effective at reducing
muscle stiffness than the SS intervention. Passive and repet-
itive stretch-shortening cycles of the MTU (likely passive
DS) result in a reduction in muscle stiffness.>!? Therefore,
a reduction in muscle stiffness due to the MOS intervention
appeared to be caused by passive and repetitive stretch-short-
ening cycles of the MTU and dorsiflexing of the ankle into
the final range of motion. The neuromuscular activities of
the triceps surae during ankle joint and muscle stiffness
measurements were quite low in all conditions (Table 2).
Previous studies suggest that the SS intervention changes the
neurophysiological properties (eg, efferent neural drive).>"?
However, the MOS intervention did not change the neu-
romuscular activity during force production in this study.
Therefore, it is unlikely that changes in neurophysiological
properties are similar for MOS and SS interventions.

The Achilles tendon stiffness decreased after the MOS
intervention, and its reduction was similar to that occurring
after SS. This result suggests that MOS changed the material

Minute oscillation

lateral gastrocnemius: LG; soleus: SOL) and Control Static stretching stretching
tibialis anterior (TA, co-contraction level) Pre Post Pre Post Pre Post
during ankle joint stiffness and muscle 0° (anatomical position)
stiffness measurement in each condition
MG (%omve) 1.8+14 1.7+1.1 16+12 16+10 12+06 12+07
LG (%mve) 1.5+10 15+1.1 14+09 13+07 13+08 13+07
SOL (%pyve)  23+14  23+14 23+12 24+19 20+18 17+14
TA (%epve) 19+25 09+04 15+19 15+15 20«18 1.7+14
Dorsiflexion 10°
MG (%emve) 1.8+14 18+14 17+12 16=+1.1 1.6+18 21+3.1
LG (%mvc) 1.5+11 15«11 16+14 13+07 15+11 14+1.0
SOL (%opmye)  22+12 23+15 23+11 26+23 21+22 18+17
TA (%omvc) 22+29 10+05 15+18 16+16 1.0+04 1.0+04
Dorsiflexion 20°
MG (%opmve) 49+58 40+£57 45+47 38+46 49+79 42+73
LG (%mve) 1.6+12 1.7+16 15+08 18+19 21+25 20+2.1
SOL (%pye)  2.8+20 25+19 37+22 35+33 38+42 35+50
TA (%epve) 31+£52 23+43 15+19 16+18 1.0+03 09+04

Note: Values are expressed as mean =+ standard deviation (mEMG of LG and TA: n = 9).
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property of the tendinous tissue with an increase in its elon-
gation. The tendinous tissue has been reported to increase
in extensibility by being repeatedly exposed to a tension of
approximately 80% maximal voluntary contraction (MVC)."
However, acute tendinous tissue stiffness reduction (in-
creased extensibility) is considered to be associated not only
with the magnitude of load but also with the duration of
exposure to the load.* Although the load on the tendinous
tissue was smaller than approximately 80% MVC, the MOS
intervention continued the load for 5 minutes. Therefore, it
was assumed that the extensibility of the tendinous tissue in-
creased after MOS, and the stiffness decreased. Tendinous
tissue stiffness has been reported not to decrease after a short
duration (15 or 60 seconds) of SS.3* Further studies are re-
quired to clarify the effects of a short-duration MOS on ten-
dinous tissue stiffness.

Both the MOS and SS interventions caused a similar sig-
nificant decrease in the Achilles tendon hysteresis. Achilles
tendon hysteresis is an index of elastic energy recycling ef-
ficiency, and changes in hysteresis and stiffness have been
suggested to affect the efficiency of stretch-shortening cycle
(SSC) movements such as running and hopping.ﬁ’m’25 35
Future studies should examine the influence of MOS on the
efficiency of SSC movements.

Achilles tendon stiffness was decreased both after SS and
MOS, while the RTD decreased after SS but not after MOS
interventions. The RTD is affected by maximal strength
and time to reach a given force level,” and the decrease in
Achilles tendon stiffness might have a negative effect on
the latter. Furthermore, maximal isometric strength signifi-
cantly decreased after SS but not after MOS. Thus, we be-
lieve that the RTD is affected by maximal strength rather than
tendinous stiffness and did not likely decrease after MOS.
However, although not a significant decrease, the RTD re-
duced by approximately —5% after MOS intervention. It is
suggested that there was a significant individual difference
in the effect of MOS intervention on RTD, and it did not
show a significant decrease (pre—post comparison [paired ¢
test]: P =.13; d = 0.36). Higher tendon extensibility has also
been reported to negatively affect electromechanical delay
(EMD).*® The decrease in tendon stiffness due to stretch-
ing may cause EMD prolongation, which may affect the re-
cruitment pattern of the motor units during RTD negatively.
Further studies are required to clarify whether these periph-
eral changes are caused by MOS.

The maximal voluntary isometric plantar flexion torque
and neuromuscular activity of gastrocnemii during torque
exertion decreased after SS, and these results are supported
by previous studies.'""®! In contrast, these parameters
did not change after the MOS interventions. Overall, these
results indicate that MOS did not reduce central nervous
system input to the stretching target muscle group as occurs
for SS, and hence, muscle function remained unchanged.

Assuming that MOS has a combined effect of SS and DS
on the MTU, it is possible that the decrease in neuromus-
cular activity caused by SS was offset by an increase in
activity by DS."" A previous study reported the effects of
frequency of DS on muscle function.”’ Although the mo-
dalities involved are completely different between MOS
and general DS and cannot be directly compared, combina-
tions of different stroke lengths and oscillation frequencies
necessitate further studies.

One of the main mechanisms involved in muscle strength
and RTD decrease after SS is the reduction in motor com-
mands from the central nervous system to muscles.*'® The
mechanism suggested to be involved in this phenomenon is
the change in the ability to amplify motor commands at the
spinal level (such as a decrease in persistent inward current
in spinal motor neurons) that are induced by passive muscle
stretching (stimulation to mechanoreceptors).4’18’19 However,
an acute increase in the corticospinal excitability is caused by
oscillation.*® Therefore, an intervention that adds oscillation
to stretching may offset the change in the ability to amplify
motor commands by stretching and that the maximal strength
and the RTD decrease do not occur. In addition, previous
studies have also indicated that one of the factors involved
in muscle strength and RTD reduction after SS is peripheral
changes after excitation-contraction coupling, involving in-
tramuscular Ca’* kinetics, modulation of the recruitment
pattern of motor units, and musculo-tendinous stiffness.*!?
Although musculo-tendinous stiffness was observed to be
decreased after MOS interventions similar to SS, muscle
strength and RTD remained unchanged. Additionally, the
decrease in musculo-tendinous stiffness reportedly occurs
in the reduced muscle force output by doublet force summa-
tion.> However, such an effect may have been minimal in the
maximal voluntary force exertions in this study. Therefore,
we believed that peripheral changes induced by MOS inter-
ventions do not affect muscle strength and RTD reduction to
a significant degree.

There is an inherent limitation of the measurement of
tendinous tissue stiffness using B-mode ultrasonographys;
the approach ignores the contribution of other soft tis-
sues, such as the arched structure of the foot, which may
behave as a series elastic component, and does not con-
sider the influence of synergist and antagonist muscles on
joint torque.40 Hence, the Achilles tendon force might not
be accurate. Because the ultrasound elastography method
evaluated a small ROI of approximately 100-300 mm?, it
should be noted that the results of this study are limited to
a phenomenon observed at the center of the muscle belly.
Measurement of tendinous tissue hysteresis using ultraso-
nography has been suggested to be subjected to method-
ological problems such as the sampling rate, which affects
results'®; thus, our results might be dependent on the exper-
imental setting of this study.
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In conclusion, this study revealed the following ef-
fects of MOS, a newly developed stretching technique: (1)
Neuromuscular activity during force production and RTD
did not decrease unlike that following SS interventions,
(2) Achilles tendon stiffness and hysteresis were reduced
to a similar extent to that observed with SS, and (3) the
reduction in muscle stiffness was greater than in the SS
intervention.

5 | PERSPECTIVE

In the present study, a stretching modality, MOS, provid-
ing repetitive small length changes to the plantar flex-
ors undergoing passive stretch, improved flexibility by
changing the muscle-tendon compliance while retaining
muscle function, unlike those that occurred following
SS. These results demonstrated that MOS increased flex-
ibility without reducing muscle function, and thus, MOS
may be applied in sports and clinical fields. Our results
showing that the MOS approach is more effective in re-
ducing muscle stiffness than SS suggest that this may be
a modality implicated in conditioning the MTU. Future
research might lead to the development of more effec-
tive MOS applications in sporting and clinical fields, for
example, examination of the effects of MOS in subjects
with different characteristics (ie, sex, physical constitu-
tion, and sporting events) and the effect of warm-up ac-
tivities combining MOS with active exercises (such as
running).
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