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In sports and clinical settings, roller massage (RM) interventions are used to
acutely increase range of motion (ROM); however, the underlying mechanisms
are unclear. Apart from changes in soft tissue properties (i.e., reduced passive
stiffness), neurophysiological alterations such as decreased spinal excitability have been
described. However, to date, no study has investigated both jointly. The purpose of
this trial was to examine RM’s effects on neurophysiological markers and passive
tissue properties of the plantar flexors in the treated (ROLL) and non-treated (NO-
ROLL) leg. Fifteen healthy individuals (23 ± 3 years, eight females) performed three
unilateral 60-s bouts of calf RM. This procedure was repeated four times on separate
days to allow independent assessments of the following outcomes without reciprocal
interactions: dorsiflexion ROM, passive torque during passive dorsiflexion, shear elastic
modulus of the medial gastrocnemius muscle, and spinal excitability. Following RM,
dorsiflexion ROM increased in both ROLL (+19.7%) and NO-ROLL (+13.9%). Similarly,
also passive torque at dorsiflexion ROM increased in ROLL (+15.0%) and NO-ROLL
(+15.2%). However, there were no significant changes in shear elastic modulus and
spinal excitability (p > 0.05). Moreover, significant correlations were observed between
the changes in DF ROM and passive torque at DF ROM in both ROLL and NO-ROLL.
Changes in ROM after RM appear to be the result of sensory changes (e.g., passive
torque at DF ROM), affecting both rolled and non-rolled body regions. Thus, therapists
and exercise professionals may consider applying remote treatments if local loading
is contraindicated.

Keywords: shear elastic modulus, dorsiflexion range of motion, roller massage, cross-transfer effect, H/M ratio

INTRODUCTION

Improving flexibility is a frequent goal in sports. Besides representing a potential hallmark of
athletic performance, it may also be related to injury risk. Previous studies reported an association
of low flexibility (Witvrouw et al., 2001), high muscle stiffness (Pickering Rodriguez et al., 2017),
and the occurrence of musculoskeletal complaints. Besides stretching and mobility exercise,
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rolling massage (RM) is another popular self-treatment to
increase flexibility. In essence, it uses various tools such as
polypropylene rollers (then called foam rolling), massagers, balls,
and other similar devices to apply a compressive force to the soft
tissue of the targeted body region.

Previous studies (Krause et al., 2019; Wilke et al., 2019, 2020;
Behm et al., 2020) have not only shown an immediate increase in
range of motion (ROM) following foam rolling but also revealed
the absence of changes in athletic performance (Macdonald et al.,
2013; Behara and Jacobson, 2017). This is relevant because static
stretching for more than 60 s can likely decrease muscle strength
and athletic performance if performed isometrically (Kay and
Blazevich, 2012; Behm et al., 2016, 2021). Although foam rolling
appears to be a useful technique for athletes, its mechanisms
remain a matter of debate. Initially, foam rolling was assumed
to modify local tissue characteristics and properties. Hotfiel et al.
(2017) found an increase in tissue perfusion, which in turn could
cause a decrease in mechanical stiffness. Moreover, Morales-
Artacho et al. (2017) and Wilke et al. (2019) showed decreased
mechanical stiffness immediately after foam rolling. However,
previous studies investigated the immediate changes in muscle
hardness or muscle stiffness after foam rolling, showing increased
ROM but no significant differences in the aforementioned
morphological outcomes (Yoshimura et al., 2020; Nakamura
et al., 2021a). As a consequence, the initial assumptions that
RM may primarily cause alterations of the mechanical soft tissue
properties have been questioned (Behm and Wilke, 2019).

Considering the mixed evidence regarding local foam
rolling effects, recent research has increasingly focused on
neurophysiological changes. For instance, a previous study
investigated the effect of rolling intervention on spinal excitability
(Young et al., 2018) and corticospinal excitability (Aboodarda
et al., 2018). With regard to functional outcomes, it was shown
that foam rolling also induces changes in non-treated areas
such as an increased ROM of the contralateral leg, which
potentially reflects systemic changes in stretch sensation (i.e.,
stretch tolerance) (Kelly and Beardsley, 2016; Killen et al., 2019).
Yet, contrarily, another previous study showed no significant
increase in ROM of the contralateral leg (Grabow et al., 2017).
Besides ROM, other studies examined the pressure pain threshold
(PPT). Interestingly, some reported a non-local increase in PPT,
again suggesting that neural changes could be responsible for
flexibility changes after foam rolling (Aboodarda et al., 2015;
Cavanaugh et al., 2017).

Summarizing the evidence regarding foam rolling
mechanisms in a topical review, Behm and Wilke (2019)
pointed out that the relative contributions of structural (e.g.,
passive stiffness) and neural effects (e.g., spinal excitability; i.e.,
H/M ratio) are yet to be elucidated. However, to our knowledge,
no other study has examined the surrogates of both in one
study. Examining structural and neural markers in the same
participants and both the treated and non-treated body regions
could help to understand better how foam rolling increases ROM.

Against this background, this study was geared to (1)
investigate the effects of roller massage (RM) on passive
tissue properties and neurological changes as well as their
relationship with ROM in the treated leg and (2) investigate

the possible cross-education effect of the passive properties and
neurological parameters.

MATERIALS AND METHODS

Experimental Design
A randomized, repeated-measures experimental design was used
to investigate the neural and tissue-specific effects of RM.
The participants, in random order, visited the laboratory five
times (Figure 1). The first day was a familiarization session,
including a demonstration of the RM intervention and the
measurement protocols. The remaining four sessions included
four measurement trials with an identical intervention (3 × 60-
s RM on the calf). This approach with repeated interventions
was chosen in order to prevent reciprocal interactions between
the various measurements. The participants have been applied
RM intervention in the dominant leg (prefer to kick the ball),
and we defined the treated leg as ROLL, and the non-treated
leg as NO-ROLL. The outcome variables consisted of two
measurement trials, e.g., one trial was composed of passive tissue
property measurements (DF ROM, passive torque, and shear
elastic modulus) and PPT, and the other trial was composed
of H/M recruitment curve (spinal excitability) measurement.
Four measurements (2 trials [passive property and spinal
excitability] × 2 sides [ROLL and NO-ROLL]) were conducted
in random order with more than a 48-h interval.

The protocol for the four measurement days was identical
and based on a previous study (Young et al., 2018). After the
baseline measurement preceding the RM intervention (PRE),
a 10-min break was given, and after the break, three sets of
RM intervention for 60 s were performed. At 2 min after RM
intervention, either assessment of the passive properties or spinal
excitability (POST) measurement was performed.

Participants
Fifteen healthy adults volunteered to participate in this crossover
study (mean ± SD: age, 22.8 ± 3.0 years; height, 165.2 ± 7.4 cm;
weight, 58.7 ± 8.0 kg; male: female, 7: 8) Individuals with a
history of neuromuscular disease and musculoskeletal injury
involving the lower extremities were excluded. They were fully
informed about the procedures and purpose of the study and
provided written informed consent. The Ethics Committee of
the Niigata University of Health and Welfare, Niigata, Japan
(Procedure #18304), approved the study, which complied with
the Declaration of Helsinki.

G∗Power (v 3.0.10; Dr. Franz Faul, Kiel University, Kiel,
Germany) was used to perform an a priori sample-size calculation
(primary outcome: ROM) for a repeated-measure analysis of
variance (ANOVA) (effect size = 0.4, α = 0.05, and power = 0.80)
based on a previous study (Phillips et al., 2018). It yielded a
minimum of n = 15 individuals to be recruited for this study.

RM Intervention
Roller massage was applied using a roller massager (TheraBand,
Akron, OH, United States). Participants were in a prone
position on a treatment bed. An examiner moved the roller
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FIGURE 1 | Flowchart of the study. The participants were applied roller massage (RM) intervention in the dominant leg, and we defined the treated leg as ROLL, and
the non-treated leg as NO-ROLL, respectively. The outcome variables consisted of two trials, and one trial was composed of passive tissue property measurements
(dorsiflexion range of motion [DF ROM], passive torque, and shear elastic modulus) and pressure pain threshold, and the other trial was composed of spinal
excitability (H/M recruitment curve) measurement. Four measurements (2 sections × 2 sides [ROLL and NO-ROLL]) were conducted in random order with more than
a 48-h interval.

massager forward and backward, rolling on the muscle belly
of the gastrocnemius. Speed was controlled with a metronome
set to 60 bpm (Smart Metronome; Tomohiro Ihara, Japan).
At each beep, the examiner foam moved the massager one
stroke up or down. The intensity was steered based on the
participants’ feedback, targeting a 7/10 in discomfort on a
numerical rating scale (0, no discomfort; 10, maximal discomfort)
(Smith et al., 2019; Kiyono et al., 2020a). Based on previous
studies, participants performed three sets of RM for 60 s with
a 30-s break between sets (Smith et al., 2019; Behm et al., 2020;
Kiyono et al., 2020a).

Assessment of the DF ROM and Passive
Torque
The participants were in the prone position with a 0◦ knee
angle (i.e., the anatomical position), having the foot of the
measured leg attached to the footplate of a dynamometer.
Using the passive mode, the device moved the ankle into
passive dorsiflexion at a speed of 5◦/s, starting from 30◦ plantar
flexion (i.e., anatomical neutral position was 0◦) (Kiyono et al.,
2020a; Nakamura et al., 2021b). Measurements were ended
when the participants experienced discomfort and stopped the
dynamometer by activating the safety trigger (Kiyono et al.,
2020a; Nakamura et al., 2021b). The achieved angle at this point
was documented as the DF ROM. The data collected during
the ROM measurement was also used to calculate the passive–
resistive torque of the ankle joint, which represents a measure of
dynamic stiffness. In this study, dynamic stiffness was calculated
as the change in the passive torque from the neutral ankle
position (0◦) to the least dorsiflexion angle before and after RM
intervention divided by the change of the joint angle (Konrad
et al., 2017). Additionally, passive torque at DF ROM was defined
as the sensory perception index (Morse et al., 2008; Nakamura

et al., 2018). DF ROM and passive torque were measured twice,
utilizing its average value for further analysis.

Assessment of the Shear Elastic
Modulus
Shear elastic modulus of MG was measured by means of
an ultrasonic shear wave elastography (SWE) imaging device
(Aixplorer SuperSonic Imagine, Aix-en-Provence, France) with
a linear probe (4–15 MHz, SuperLinear 15-4, Vermon, Tours,
France) and using the SWE mode (musculoskeletal preset,
penetration mode, smoothing level 5, persistence medium). SWE
provides a two-dimensional map of the shear elastic modulus
on the B-mode image of the target tissue at 1 Hz with a spatial
resolution of 1 × 1 mm (Lacourpaille et al., 2012; Umehara et al.,
2021). Measurements were obtained at a neutral ankle position
and 20◦ plantar flexion, which is similar to the positions of DF
ROM measurements. We measured the shear elastic modulus at
these angles to evaluate the changes in the passive mechanical
property of the muscle under tension (neutral position) and
without tension (20◦ plantar flexion). Also, the H and M waves
were measured at 20◦ plantar flexion (described below), and we
investigated the changes in the passive mechanical properties at
that angle. The shear elastic modulus of MG was measured at
30% of the lower leg length from the popliteal crease to the lateral
malleolus near the point of the lower leg maximal cross-sectional
area (Nakamura et al., 2019; Kiyono et al., 2020a,b; Sato et al.,
2020). The size of the region of interest was 10 × 20 mm2 near the
center of MG, with a 5-mm-diameter-circle analysis area at the
center of the region (Saeki et al., 2019). Elastographic images of
the MG long axis were obtained twice. Based on previous studies
(Nakamura et al., 2019; Fukaya et al., 2020; Sato et al., 2020), the
shear elastic modulus was calculated by dividing the obtained
Young’s modulus by 3, whereas the ultrasound measurements
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were measured twice in each ankle position. The average shear
elastic modulus value was used for analysis.

Pressure Pain Threshold
For PPT measurements, we employed an algometer (NEUTONE
TAM-22 (BT10); TRY ALL, Chiba, Japan). Participants adopted
a prone position on the treatment bed similar to that for the
DF ROM measurements. The joint position was 20◦ at the
plantar flexion position. With continuously increasing pressure,
the metal rod of the algometer was used to compress the soft
tissue in the measurement area. Participants were instructed to
immediately press a trigger when pain was experienced rather
than just pressure. The value read from the device at this time
point (kilograms per square centimeter) corresponded to the
PPT. Based on previous studies (Kim and Lee, 2018; Naderi
et al., 2020), the mean value (kilograms per square centimeter)
of three repeated measurements was taken with a 30-s interval
for data analysis.

Electromyography
Electromyographic activity of the soleus muscle was recorded
using self-adhesive electrodes with recording surface electrodes
(Ambu, Blue Sensor N). Before measurements, the skin was
cleaned with alcohol to improve conductivity. Electrodes were
placed on the soleus according to SENIAN (Hermens et al., 2000),
with the ground electrode between the electrical stimulation and
surface electromyogram electrodes. Electromyographic activity
was filtered with a 10–1,000-Hz band-pass filter (Fa-DL-720-140,
4Assist, Tokyo, Japan) and digitally stored (10 kHz sampling rate)
on a personal computer for offline analysis, which was performed
using PowerLab 8/30 (AD Instruments, Colorado Springs, CO,
United States) and LabChart 7 (AD Instruments). In the passive
dorsiflexion test, the soleus muscle activity was monitored to
confirm whether the participant was relaxed, ensuring no high
EMG activity occurrence.

H-Reflex, M-Wave
In the spinal cord mononeuron excitability assessment,
participants were instructed to lie in a prone position on the
treatment bed with the knee at a 0◦ knee angle and the ankle in
a 20◦ plantar flexion position. The participants were requested
to relax completely, which we ensured by controlling EMG
activity. In this study, electrical stimulations were delivered using
a constant current stimulator (Isolator SS-104 J: Nihon Kohden
Corporation) targeting the tibial nerve using 1-ms pulses. Based
on previous researches (Hirabayashi et al., 2018, 2020), the
tibial nerve was selectively stimulated in a monopolar manner,
inducing soleus H-reflex and M waves. The anode was placed
on the patella and the cathode on the popliteal fossa overlying
the nerve at a position using the electrode (Blue Sensor N, size:
30 × 22 mm), providing the greatest H wave amplitude at the
smallest stimulus intensity, which was identified by stimulating
the different skin surface sites with relatively low currents.
Electrodes were attached to the skin using surgical tape to
prevent unwanted movement during testing.

H/M recruitment curves were assessed before and after
sessions. At the beginning of each, H-reflex and M wave

recruitment curves were measured under resting conditions to
determine the H-reflex (Hmax) and M wave (Mmax) maximum
amplitudes. Stimulations were increased by 0.5 mA every 10 s
until Mmax was reached, with the corresponding intensity for
all stimulations retained for analysis. The three stable Hmax and
Mmax are measured, and the average value of each is used for
analysis. The H/M ratio, an index of spinal excitability, was
calculated from the measured Hmax and Mmax (Blazevich et al.,
2012, 2014; Stutzig and Siebert, 2017).

Pilot Measurements of Test–Retest
Reliability
The test–retest reliability of the measurements (all variables)
was determined by the coefficient variation (CV) and intraclass
correlation coefficient (ICC) using eight healthy students (four
men, four women, 21.9 ± 1.1 years, 162.9 ± 7.3 cm,
55.2 ± 9.0 kg), with a 1-week washout between the two measures.
The CV of and passive torque at DF ROM, PPT, shear elastic
modulus at 0◦ and 20◦, and H/M ratio were 9.9 ± 13.3, 6.4 ± 3.9,
4.0 ± 3.3, 2.0 ± 1.4, 3.6 ± 2.4, and 9.7 ± 8.7%, respectively, and
the ICCs for the measurements were 0.96, 0.96, 0.97, 0.92, 0.91,
0.88, and 0.96, respectively.

Statistical Analysis
Normal distribution of data was assessed with the Shapiro–
Wilk test. Examinations showed that no violations of the testing
assumption were present. Comparisons of the parameters’ PRE
values were made between the ROLL and NO-ROLL legs using
the paired t-test. If a significant difference was noted between
PRE values, we used a paired t-test with Bonferroni corrections to
compare the significant differences between the PRE and POST
values of each leg, and the Wilcoxon signed-rank test was used
to compare the pre-post changes (in percentage) between the
ROLL and NO-ROLL leg. Conversely, if no significant difference
was noted between PRE values, a two-way repeated-measure
ANOVA (time [PRE vs. POST] × legs [ROLL leg vs. NO-
ROLL leg]) was used to investigate the interactions and main
effects in the experiment. If a main effect for time (without
interaction) was noted, significant differences between the PRE
and POST values were determined using a paired t-test. The effect
size was calculated as a difference in the mean value between
PRE and POST divided by the pooled standard deviation (SD)
(Cohen, 1988) with effect sizes of 0.00–0.19, 0.20–0.49, 0.50–0.79,
and ≥0.80 being considered trivial, small, moderate, and large,
respectively. Finally, the correlations between changes in ROM
and each variable using Spearman’s rank correlation coefficient
were investigated. A 5% significance level was used. All results
are shown as mean ± SD. The Statistical Package for the Social
Sciences, version 24.0 (IBM Corp., Armonk, NY, United States)
was used for statistical analyses.

RESULTS

Comparison of Preintervention Values
All values are shown in Tables 1, 2. Paired t-tests showed a
significant difference in PPT between the PRE values of the ROLL
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TABLE 1 | Change in dorsiflexion range of motion (DF ROM), dynamic stiffness, passive torque at DF ROM, shear elastic modulus, and H/M ratio before (PRE) and after
(POST) the roller massage intervention for treated side (ROLL) and non-treated side (NO-ROLL) legs.

ROLL leg NO-ROLL leg Interaction effect

DF ROM (◦) PRE 29.0 ± 11.0 34.6 ± 5.8 F = 0.19, P = 0.669 ηp
2 = 0.01

POST 34.7 ± 8.0 39.4 ± 6.6

Effect size d = 0.61 d = 0.78

Dynamic stiffness (Nm/◦) PRE 0.70 ± 0.24 0.75 ± 0.21 F = 1.047, P = 0.324 ηp
2 = 0.07

POST 0.64 ± 0.22 0.73 ± 0.23

Effect size d = 0.23 d = 0.05

Passive torque at DF ROM (Nm) PRE 24.7 ± 13.0 28.3 ± 10.7 F = 0.378, P = 0.55 ηp
2 = 0.026

POST 28.4 ± 13.2 32.6 ± 12.7

Effect size d = 0.28 d = 0.36

Shear elastic modulus at neutral (kPa) PRE 9.0 ± 1.0 9.5 ± 1.9 F = 0.43, P = 0.523 ηp
2 = 0.03

POST 9.7 ± 1.6 9.9 ± 1.43

Effect size d = 0.59 d = 0.25

Shear elastic modulus at plantarflexion 20◦ (kPa) PRE 4.9 ± 0.7 6.0 ± 2.2 F = 2.604, P = 0.129 ηp
2 = 0.157

POST 5.3 ± 0.8 5.5 ± 1.3

Effect size d = 0.52 d = 0.25

H/M ratio PRE 0.72 ± 0.26 0.69 ± 0.20 F = 0.271, P = 0.611 ηp
2 = 0.019

POST 0.72 ± 0.33 0.67 ± 0.20

Effect size d = 0.00 d = 0.07

Interaction effect for the comparison between the intervention and non-intervention sides based on two-way repeated measures on a split-plot analysis of variance on
the right columns. Data presented as mean ± standard deviation.

and NO-ROLL legs (p = 0.018; Table 2). No significant baseline
differences were found concerning the other parameters (DF
ROM, dynamic stiffness, passive torque at DF ROM, shear elastic
modulus, and H/M ratio).

Pre–Post Changes in the ROLL and
NO-ROLL Legs
The two-way repeated-measure analysis of variance did not show
interaction effects (ROLL/NO-ROLL leg) in any other outcome
(p > 0.05; Table 1). Main effects for time were found in DF ROM
and passive torque at DF ROM (p < 0.05) but not for dynamic
stiffness, shear elastic modulus, and H/M ratio (p > 0.05).
According to post hoc testing with paired t-tests, DF ROM and
PPT increased after RM (p < 0.01). In addition, regarding PPT,
paired t-tests with Bonferroni corrections showed a significant
increase after RM intervention in both ROLL and NO-ROLL
sides, but the Wilcoxon signed-rank test revealed no significant

TABLE 2 | Change in pressure pain threshold before (PRE) and after (POST) the
roller massage intervention for treated side (ROLL) and non-treated side
(NO-ROLL) legs.

ROLL leg NO-ROLL leg

Pressure pain threshold (kg) PRE 3.06 ± 0.97 2.43 ± 0.81*

POST 3.76 ± 1.25 2.95 ± 0.83

Effect size d = 0.63 d = 0.63

1 change (%) 22.2 ± 17.5 26.8 ± 36.1

Data presented as mean ± standard deviation. *p < 0.05; significantly different
between ROLL and NO-ROLL leg.

difference in the relative pre–post changes between the ROLL and
NO-ROLL leg (p = 0.609; Table 2).

Relationship Between the Changes in DF
ROM and All Variables
Significant correlations were observed between the changes in
DF ROM and passive torque at DF ROM in both ROLL and
NO-ROLL legs (Figure 2A: rs = 0.761, p < 0.01; Figure 2B:
rs = 0.660, p < 0.01, respectively), whereas no significant
associations occurred between changes in DF ROM and PPT
(rs = 0.311, p = 0.26; rs = 0.048, p = 0.864), dynamic stiffness
(rs = 0.129, p = 0.65; rs = –0.176, p = 0.53), shear elastic modulus
at neutral (rs = 0.418, p = 0.121; rs = −0.021, p = 0.94), 20◦

plantarflexion (rs = 0.325, p = 0.237; rs = −0.15, p = 0.594), and
H/M ratio (rs = 0.136, p = 0.63; rs = 0.239, p = 0.39) at both legs.

DISCUSSION

To the best of our knowledge, our study was the first to jointly
investigate the acute effects of RM on structural and neuronal
outcomes. On both sides, the results showed a significant increase
in DF ROM and PPT but no significant changes in dynamic
stiffness, shear elastic modulus, and spinal excitability. Since the
changes in DF ROM correlated with changes in passive torque at
DF ROM, the increasing ROM after the RM intervention could
be associated with stretch tolerance changes on both treated and
non-treated sides.

The ROM increases following RM in ROLL and NO-ROLL
are generally in accordance with the findings of previous trials
(Kelly and Beardsley, 2016; Killen et al., 2019). Beyond this,
we found no significant interaction effect and no significant
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FIGURE 2 | Correlation between the changes in dorsiflexion range of motion (DF ROM) before (PRE) and after roller massage (POST) and changes in passive torque
at DF ROM on the treated (A) and non-treated (B) legs.

difference in the changes between legs. Similar to our findings,
Kelly and Beardsley (2016) and Killen et al. (2019) reported no
significant difference in the effects of foam rolling on ROM in
the two legs. In sum, it appears that ROM increases after foam
rolling locally and remotely at a comparable magnitude. This
may mean that foam rolling-induced ROM changes largely stem
from neural mechanisms, i.e., stretch tolerance, and to a minor
degree by local/structural alterations, i.e., passive stiffness of the
muscle–tendon unit or the skeletal muscles.

In addition to increased ROM, the present study found
significant changes in PPT on both sides. Previous studies
(Cheatham and Baker, 2017; Cheatham and Stull, 2019)
showed similar results, which strengthens the assumption that
foam rolling modifies sensory perception. Behm and Wilke
(2019) proposed that the gate control theory, parasympathetic
hyperactivity, and diffuse noxious inhibitory control could be
involved. Previous studies suggested the involvement of the
central pain modulatory system in contralateral PPT increase
(Aboodarda et al., 2015; Cavanaugh et al., 2017). Although
the exact mechanism in the present study is unknown, the
aforementioned processes may also have caused the changes in
PPT in our case.

Foam rolling and RM intervention have been shown to
modify myofascial viscoelastic properties by mechanisms such as
thixotropy (reduced viscosity), myofascial restriction reduction,
fluid changes, and cellular responses (Kelly and Beardsley, 2016;
Cheatham and Stull, 2019). No significant changes were found
in dynamic stiffness and shear elastic modulus in both ROLL
and NO-ROLL legs, respectively. This is of interest because
Morales-Artacho et al. (2017) reported a significant decrease
in hamstring muscle stiffness immediately after foam rolling.
Contrarily, Yoshimura et al. (2020) showed no significant
decrease in muscle hardness of the gastrocnemius after a 300-s
foam rolling intervention. In addition, Nakamura et al. (2021a)
showed that different duration foam rolling intervention (30, 90,
and 300 s) could not cause changes in shear elastic modulus

of the same muscle, which is consistent with the results of
the present study (Nakamura et al., 2021a). Consequently, the
different target muscles may respond individually to foam rolling
intervention, and the mechanical effects of foam rolling seem to
require further investigation.

For the ROM change noted after the RM intervention, Grabow
et al. (2018) suggested that ROM increases are related to a
spinal excitability change. A previous study (Young et al., 2018)
investigated RM effects on the H-reflex and reported a decrease
during RM, with transient effects and an immediate return to
baseline after the intervention. However, our study showed no
significant change in the H/M ratio. The difference between
the trial of Young and colleagues and ours’ may be explained
by the timing of measurements. The previous study (Young
et al., 2018) measured the H-reflex during and immediately after
the RM intervention, whereas the current study examined it
at 2 min post-intervention. Therefore, RM-induced changes of
spinal excitability may occur during the intervention but with
effects that return immediately to baseline after the intervention.

Our correlation analysis showed a significant association
between the changes in DF ROM and the passive torque at DF
ROM in both ROLL and NO-ROLL (Figures 2A,B) but not
in other variables. These results suggested that the DF ROM
increase on both sides after RM was related to changes in
stretch perception, i.e., stretch tolerance. According to previous
studies, moderate-to-strong correlations between ROM and
passive torque changes at ROM were indicated as altered type
III or IV afferent activity, influencing pain perception and the
magnitude of ROM changes (Magnusson et al., 1996; Weppler
and Magnusson, 2010). In addition, this association could be
good evidence for the importance of neurological adaptation
(i.e., change in stretch tolerance) for the acute increase in
ROM (Kay et al., 2015). Killen et al. (2019) found that foam
rolling intervention increased ROM on the non-intervention
side, suggesting that stretch tolerance was involved in the increase
in ROM. Moreover, Aboodarda et al. (2015) showed that PPT
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was increased after a foam rolling intervention on both the
intervention side and the non-intervention side. Thus, this
suggested that the central nervous system changes; for example,
the noxious counter-irritating mechanism is responsible for
increasing PPT on the non-intervention side after the foam
rolling intervention (Aboodarda et al., 2015). The details of the
mechanism of stretch tolerance change in the non-intervention
side (NO-ROLL) are unclear in this study, but it is possible
that the central nervous system could be responsible for stretch
tolerance change and the increase in ROM on the non-
intervention side. However, Behm and Wilke (2019) suggested
that PPT change is related to the increase in ROM after foam
rolling intervention. Although the present study results showed
increased PPT on both legs, no significant correlations were
observed between the changes in DF ROM and PPT. The
difference between the changes in PPT and stretch tolerance is
unclear. Also, PPT measurement assessed not deep tissue but
superficial tissue, and therefore might not assess RM-induced
muscle changes. The present study suggested that PPT changes
are not related to ROM changes.

Other factors involved in the ROM change could be changes
in muscle stiffness and/or spinal excitability. However, the
current study showed that RM intervention increased ROM,
with no changes in shear elastic modulus and H/M ratio, i.e.,
mechanical property and neurological change, suggesting that
muscle stiffness and H/M ratio changes were not related to DF
ROM increase in both legs after the RM intervention. Young
et al. (2018) showed decreased H-reflex during RM intervention,
which returned to baseline after RM intervention. In addition, the
results of this study showed no significant changes in H/M ratio
and no significant correlations between the changes in DF ROM
and H/M ratio on both legs. Thus, the present study suggested
that muscle stiffness and H/M ratio changes were not related to
the increase in ROM after RM intervention.

This study had several limitations. In the previous study
(Young et al., 2018), H-reflex was measured during the RM
intervention. In contrast, in this study, as indicated, the H/M
ratio was measured only 2 min after the RM intervention.
Future studies may consider investigating the effects of RM
interventions on H/M ratio and muscle stiffness during RM
application. Also, we did not measure the control condition
(without RM intervention). In addition, because the different
measurements may mutually influence each other, we had to
repeat the treatment four times on separate days. Thus, although
we used the exact same protocol in the same participants in
one study, the different outcomes, technically, have not been
assessed simultaneously.

CONCLUSION

This study investigated the effect of RM on DF ROM, passive
torque, shear elastic modulus, PPT, and H/M ratio on both

the intervention and non-intervention sides. The results showed
that DF ROM and PPT increased after treatment in both
legs. The increases in ROM were related to the changes in
stretch tolerance but not muscle stiffness, PPT, and spinal
excitability. Interestingly, this study showed the same degree
of RM intervention effect on DF ROM and the intervention
and non-intervention sides. These results could be a treatment
option in clinical and sports settings. Specifically, unilateral RM
intervention on the healthy side may maintain or increase the
ROM of the disabled side even if RM intervention could not be
adaptable owing to injury or pain.
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