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ABSTRACT: Static stretching (SS) and dynamic stretching (DS) in combination with foam rolling (FR) have
been attracting attention as warm-up routines in sports. However, the combined and intervention order effects
of SS or DS and FR on flexibility, muscle strength, and jump performance are still unclear. Therefore, this study
aimed to compare the combined effects of FR and SS or DS with the various intervention orders (i.e., SS + FR,
DS + FR, FR + SS, DS + FR) on the function and properties of the knee extensors. Using a crossover, random
allocation design, 17 male university students (21.0 = 1.1 y) performed four conditions combining FR and SS
or DS. The measurement included knee flexion range of motion (ROM), pain pressure threshold (PPT), tissue
hardness, maximum voluntary isometric contraction (MVC-1SO), maximum voluntary concentric contraction
(MVC-CON) torque, and single-leg countermovement jump (CMJ) height of the knee extensors. All interventions
significantly (p < 0.01) increased knee flexion ROM (SS + FR: d = 1.29, DS + FR: d = 0.45, FR + SS: d = 0.95,
FR + DS: d = 0.49), and significantly (p < 0.01) decreased tissue hardness (SS + FR: d = -1.11, DS + FR:
d = -0.86, FR + SS: d = -1.29, DS + FR: d = -0.65). There were no significant changes in MVC-ISO, MVC-
CON, and CMJ height in all conditions, but a near significant, small magnitude (p = 0.056, d = -0.31) decrease
of MVC-ISO was observed in the FR + SS condition. Our results showed that all the combinations of SS or DS
and FR effectively decreased tissue hardness and increased ROM without decreasing muscle strength. Also,
effect sizes indicated the largest increase in ROM and decrease in tissue stiffness after SS + FR without decreasing
muscle strength and jump performance.
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The warm-up before exercise typically consists of aerobic exercise
and stretching, i.e., static stretching (SS) and dynamic stretching
(DS) [11. Concerning SS, previous studies showed that a single bout
of SS can increase the joint range of motion (ROM) [1, 21, corre-
sponding with a decrease in muscle stiffness [3, 4]. However, further
evidence showed that more than 60 seconds of SS per muscle group
in isolation (no additional warm-up activities) could decrease muscle
strength and performance [1, 5, 6]. On the other hand, previous
studies on DS reported no adverse effect on muscle strength or
sprinting ability [1, 7] but a similar increase in flexibility compared
to SS [8, 91, although no consensus has been reached [10-12].
According to these findings, it can be suggested to use DS rather
than SS as a warm-up if the goal is to increase flexibility and sustain
performance levels.

In addition, recent studies showed that foam rolling (FR) has been
attracting attention as a new warm-up tool due to the increase in
ROM, similar to SS and DS [13]. Moreover, two meta-analyses
showed that the increase in ROM after FR is similar to stretch-
ing [13, 14]. In addition, a further meta-analysis showed a favor-
able effect on muscle performance after FR compared to SS but no
advantage over DS (12). Based on these findings, the authors rec-
ommend either DS or FR but not SS as a warm-up tool when the
goal is to optimize performance [15].

A meta-analysis comparing the acute effects of some stretching
interventions combined with FR on ROM and physical performance
showed significantly increased ROM in the combined stretching and
FR intervention compared to the control condition [16]. Interesting-
ly, the magnitude of change in performance was similar when FR
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was performed after stretching compared to stretching alone. On the
other hand, when FR was performed before stretching, the effect
size of this observation was trivial (ES = 0.17), but the combined
application slightly improved performance over stretching alone
(P = 0.04). In a report examining the combined and order effects
of SS and FR on knee extensors, the combined application of SS and
FR increased ROM, while SS followed by FR decreased muscle
strength [171].

Furthermore, a recent review comparing the combined effects of
DS and FR with those of DS alone concluded that in agility and per-
formance, the combination of DS and FR significantly increased over
DS alone [18]. This is consistent with the report [19], which con-
cluded that the combination of DS and FR might significantly in-
crease flexibility, power, and agility. However, few reports have ex-
amined the combined effects of DS and FR, and the effects of the
intervention order of FR and DS on ROM and performance are
unknown.

Based on the previous studies [16, 18, 191, the combined effect
of stretching and FR could be greater than SS, DS, and FR interven-
tion alone. These studies suggest that combined stretching and FR
could be effective as a pre-exercise warm-up. Still, there might be
differences in the effects obtained depending on the intervention or-
der in the combination of stretching and FR, such as the decrease
in muscle strength after FR intervention followed by SS interven-
tion [17]. Since the warm-up before exercise is intended to optimize
athletic performance [71], it is essential information for athletes and
coaches to establish the optimal warm-up method. However, to the
best of the authors’ knowledge, no study has compared the effect of
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the combination and intervention order effect of SS and FR or DS
and FR on the same participants in random order in a crossover tri-
al. Therefore, this study aimed to investigate the combined and in-
tervention order effects of SS or DS and FR on knee flexion ROM,
muscle strength, tissue hardness, pain pressure threshold (PPT), and
single-leg countermovement jump (CMJ) height of the knee exten-
sors. In this study, since the effects of SS and DS to increase ROM
are comparable [8], it was expected that the effects of SS + FR and
DS + FR to increase ROM would be comparable regardless of the
intervention order. Concerning performance, the SS + FR and
FR + SS suggest a difference in effect depending on the interven-
tion order [17]. Therefore, we expected that the combination of
DS + FR would be optimal as a warm-up, as it is expected to have
a beneficial effect regardless of the intervention order.

MATERIALS AND METHOD'S 15
Experimental set-up

A randomized repeated-measures experimental design was used to
compare the order effects of combined anterior thigh SS or DS with
FR. The participants were instructed to visit the laboratory four times
with a > 48 h break. They were exposed to the following four condi-
tions (Figure 1): FR + SS, FR + DS, SS + FR, and DS + FR. For
each SS, DS, and FR, three 60 s bouts were performed on the
dominant leg. Outcomes were measured before (PRE) and immedi-
ately after the intervention (POST) in each condition. We assessed
knee flexion ROM, tissue hardness, PPT, MVC-ISO, maximal concen-
tric (MVC-CON) torque of knee extensors, and unilateral CMJ height
in this order, at both PRE and POST.

| Screening, Recruitment |

4

| 5 minutes warm-up using bike at 60 bpm |

¥

| Baseline measurement (PRE) |

2

¥ ¥

| 1) FR+SS [ | 2) FR+DS | 3) SS+FR | | 4) DS+FR |
|| ||
| sS || DS |
| SS | | DS |

| Immediately after intervention measurement (POST)

X All four conditions were performed in random order with more than 48 hours intervals

FIG. 1. The experimental set-up
SS: static stretching, FR: foam rolling, DS: dynamic stretching.
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FIG. 2. The set-up for knee flexion range of motion (ROM) measurement. The participants lie in a side-lying position with the
contralateral hip and knee joints flexed 90° (A). The investigator brought the dominant leg to full knee flexion with the hip joint in a

neutral position (B).

Participants

Seventeen healthy, recreationally active males were enrolled
(mean = SD: age, 21.6 = 1.1 years; height, 170.5 = 5.8 cm; weight,
66.0 = 8.6 kg). The participants completed the four conditions de-
scribed above in random order. Individuals with a history of neuro-
muscular disease and musculoskeletal injury involving the lower
extremities were excluded. The required sample size for a repeated-
measures two-way analysis of variance (ANOVA) (effect
size = 0.40 [large when considering interaction effects for 2-way
ANOVAs], a error = 0.05, and power = 0.80) based on our previous
study’s ROM results using G* power 3.1 software (Heinrich Heine
University, Dusseldorf, Germany) was 14 participants.

For the study, participants were fully informed about the proce-
dures and aims, after which they provided written informed consent.
The study complied with the requirements of the Declaration of Hel-
sinki and was approved by the Ethics Committee of the Niigata Uni-
versity of Health and Welfare, Niigata, Japan (Procedure #18615).

Knee flexion ROM

Each participant was placed in a side-lying position on a massage
bed with the hips as well as the knee of the non-dominant leg flexed
at 90° to prevent pelvic movement (Figure 2-A) [20]. A licensed
physical therapist, the investigator, brought the dominant leg to full
knee flexion with the hip joint in a neutral position (Figure 2-B).
A goniometer (MMI universal goniometer Todai 300 mm, Muranaka
Medical Instruments, Co., Ltd., Osaka, Japan) was used to measure
the knee flexion ROM three times at both PRE and POST in each
condition, and the average value was used for further analysis [21].

Pain pressure threshold (PPT)

PPT measurements were conducted in the supine position using an
algometer (NEUTONE TAM-22 (BT10); TRY-ALL, Chiba, Japan).
The measurement location was set at the midway of the distance
between the anterior superior iliac spine and the dominant side’s

superior border of the patella for the rectus femoris muscle. With
continuously increasing pressure, the soft tissue in the measurement
area was compressed with the metal rod of the algometer. The par-
ticipants were instructed to immediately press a trigger when pain,
rather than just pressure, was experienced. The value read from the
device at this time point (kilograms per square centimeter) corre-
sponded to the PPT. Based on previous studies [22, 23], the mean
value (kilograms per square centimeter) of three repeated measure-
ments with a 30-s interval was taken for data analysis at both PRE
and POST in each condition.

Tissue hardness

Tissue hardness was measured using a portable tissue hardness
meter (NEUTONE TDM-N1; TRY-ALL Corp., Chiba, Japan). The
participant’s measurement position and posture were similar to PPT
measurements. This tissue hardness meter measured the penetration
distance until a 14.71 N (1.5 kgf) pressure was reached [24]. The
participants were instructed to relax while tissue hardness measure-
ments were assessed three times at PRE and POST in each condition.
The average value was used for further analysis.

Masximal voluntary isometric (MVC-ISO) and concentric con-
tractions (MVC-CON)

MVC-ISO of the dominant leg's knee extensors was measured at 70°
knee flexion using an isokinetic dynamometer (Biodex System 3.0,
Biodex Medical Systems Inc., Shirley, NY, USA). The participants sat
on the dynamometer chair adopting an 80° hip flexion angle, with
adjusted Velcro straps fixed over the exercised limb’s trunk, pelvis,
and thigh. The participants were instructed to contract the knee
extensors for three seconds maximally. Two repetitions with a 60-s
rest between trials were performed at both PRE and POST [20]. The
mean of both repetitions was used for further analysis. MVC-CON
was measured at an angular velocity of 60° between 20° and 110°
knee flexion. From the three trials performed at both PRE and POST
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in each condition, the highest value was analyzed. During all tests,
strong verbal encouragement was provided to elicit maximal effort.

Unilateral Countermovement jump (CM]) height

Unilateral CMJ height was calculated from flight time using a contact
mat (Jump mat system; 4Assist, Tokyo, Japan). The participants
started with the foot of the dominant leg on the mat with their arms
crossed in front of their chest. The participants were instructed to
dip quickly (eccentric phase) from this position, reaching a self-se-
lected depth to jump as high as possible in the next concentric phase.
Landings were performed on both feet. The knee of the non-involved
leg was held at approximately 90° flexion. After three familiarization
trials, three maximal unilateral CMJ were conducted at both PRE
and POST in each condition, and the greatest vertical jump height
was utilized for further analysis [25].

Tést-retest reliability of measurements

The test-retest reliability of knee ROM, PPT, tissue hardness, MVC-
ISO, MVC-CON, and CMJ height for 12 healthy men (age,
21.8=1.3 years; height, 169.9 £5.9 cm; weight, 67.0 = 9.6 kg)
was determined using the coefficient variation (CV) and intraclass
correlation coefficient (ICC), with 10 minutes rest interval between
two measures in the similar protocol in this study.

Foam rolling (FR)

The participants were instructed on how to use the foam roller (Stretch
Roll SR-002, Dream Factory, Umeda, Japan) by a physical therapist.
For familiarization, they were allowed to practice using the foam
roller three to five times on the non-dominant leg (non-intervention

FIG. 3. The dynamic stretching (DS) intervention method.
The participants performed the DS in the standing position.
The participant’s knee and hip joints were initially positioned at
90 degrees flexion (A) and then moved dynamically to a hip
extension movement over a 1 second period (B), and then returned
to the initial position over another 1-second duration (A).
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leg) immediately before the FR intervention in order to verify that the
participants were able to perform the FR intervention at the specified
velocity and location. The participants performed three 60-s bouts of
FR with a 30-s rest between sets. The participants were instructed
to be in the plank position with the foam roller at the most proximal
portion of the quadriceps of the dominant leg only. We defined one
cycle of FR as one distal rolling plus one subsequent proximal rolling
movement. FR velocity was set at 30 cycles per 60-s (90 cycles in
three sets) and controlled using a metronome (Smart Metronome;
Tomohiro Ihara, Japan). This procedure followed the recommendations
of Behm et al. [26] to maximize the increase in ROM. The participants
were asked to place as much body mass on the roller as tolerable.

Static stretching (SS)

SS was conducted similarly to the knee flexion ROM assessment
(side-lying position). A well-trained investigator conducted three 60-s
bouts with a 30-s rest interval. The participants were instructed to
be relaxed and keep their torso upright during stretching.

Dynamic stretching (DS)

The participants performed the DS in the standing position. The
participant’s knee and hip joints were initially positioned at 90 degrees
flexion (Figure 3-A) and then moved dynamically to a hip extension
movement over a 1-s period (Figure 3-B), and then returned to the
initial position over another 1-s duration (Figure 3-A). As with FR,
the metronome was used to perform three 60-s exercises with 30-s
rest intervals. The participants were instructed to perform the exer-
cise through a full range of motion under control without using recoil
or bouncing to distinguish this from ballistic stretching.

Statistical analysis

SPSS (version 25.0; IBM Corp., Armonk, NY, USA) was used for
statistical analyses. To verify the consistency of PRE values, PRE
values were tested among all conditions using a one-way ANOVA.
A repeated-measures two-way ANOVA (time [PRE vs. POST] X condi-
tions [FR + SSvs. FR + DS vs. SS + FR vs. DS + FR]) was used to
identify interactions and main effects. If the interaction effect was
significant, a post-hoc analysis was conducted using paired t-tests
with Bonferroni correction on each condition to determine the differ-
ence between PRE and POST values. Also, POST values were tested
among all conditions using paired t-tests with Bonferroni correction.
Effect sizes (ES) were calculated as the mean difference between PRE
and POST divided by the pooled PRE and POST standard deviation
(SD). An ES of 0.00-0.19 was considered trivial, 0.20-0.49 was
small, 0.50-0.79 was moderate, and > 0.80 was large [27]. The
significance level was set at 5%. All results are shown as mean =+ SD.

RES U LTS 1500
Test-retest reliability of measurements

The CVs of measurements for knee ROM, PPT, tissue hardness,
MVC-ISO, MVC-CON, and CMJ height were 0.2 +£0.1%, 6.6 = 3.9%,
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1.7+1.3%,1.5+x1.4%,2.2+2.1%, 1.8+ 1.9%, respectively, and
the ICC (1, 1) for measurements were 0.993, 0.993, 0.970, 0.966,
0.939, and 0.963, respectively.

Comparison between PRE values among the four conditions
There were no significant differences in all PRE variables among the
four conditions.

Changes in knee flexion ROM, PPT, tissue hardness MVC-ISO,
MVC-CON, and CM] height

Table 1 shows the changes in knee flexion ROM, PPT, tissue hard-
ness, MVC-1SO, MVC-CON, and CMJ before and after the interven-
tion. Significant interaction effects in knee flexion ROM (F = 13.2,
p < 0.01,1n,2 = 0.38), MVC-ISO (F = 2.9, p = 0.042,n,2 = 0.12)
and PPT (F = 3.2, p = 0.03, 1,2 = 0.13) were revealed. Post-hoc
test results showed that knee flexion ROM significantly increased in
all conditions. MVC-ISO experienced a near significant decrease (FR
+ SS: p = 0.056, d = -0.31), compared to non-significant chang-
es for FR + DS: (p = 0.46,d = 0.17), SS + FR (p = 1.00,
d = 0.01), and DS + FR (p = 1.00, d = 0.07). However, there

were no significant differences in POST values in MVC-ISO among
the four conditions. PPT significantly increased (p < 0.01) in FR
+SS(d =0.33), FR+ DS (d = 0.61), and DS + FR (d = 0.82)
conditions, but SS + FR condition showed no significant change
(p=0.24,d = 0.31).

Additionally, there were no significant interaction effects for MVC-
CON, CMJ, or tissue hardness. However, there was a main effect of
time on tissue hardness (F = 124.2, p < 0.01, T]p2 = 0.66), which
demonstrated that tissue hardness decreased after the intervention
compared to PRE values in all conditions.

DISCU'S'S 1O N /5
Previous studies have examined the effects of SS and FR and DS and
FR in combination [17-19]. However, to the best of our knowledge,
this was the first study to compare the combined effects of SS or DS
and FR with a crossover design. The results showed a significant
ROM increase and tissue hardness decrease in all conditions. Inter-
estingly, the effect size of knee flexion ROM changes was greater for
both FR + SSand SS + FR than for FR + DS or DS + FR conditions.
Although there was no significant change in muscle strength in all

TABLE 1. The changes (mean = SD) in knee flexion range of motion (ROM), pain pressure threshold (PPT), tissue hardness, maximal
voluntary isometric contraction (MVC-ISO), maximal voluntary concentric contraction (MVC-CON) torques, and counter-movements
jump (CMJ) height before and after the intervention. The two-way repeated ANOVA results (T: time effects, C x T: condition x time
interaction effects; P- and F- value) and partial n? (n,?) are shown in the right column.

FR + SS FR + DS SS + FR DS + FR ANOVA results
PRE POST PRE POST PRE POST PRE POST P value, F value, 1],,2
132.7 1389 1332 1362 132.8 138.6 132.1 134.4
Kneeflexion 69 +g1+ +58 +65% +50 +3.9% +50 =51 1 F=2560p <00l n’=080
ROM (degrees)
d= 095 d= 049 d= 129 d= 045 CxT.F=132 p<0.0l,n?=038
28 32 25 31 29 33 25 35 ~ ,
PPT (kg) +13 +12* =11 =*=1.0* =14 +18 =x1.0 =1.5* T:F=49.9,p <001, n" =044
d= 033 d= 061 d= 023 d= 08 CxTF=31,p=003n2=013
190 156 189 168 184 150 179 159
Tissue 130 +23% =31 +34%* +23 +39¢ +25 wpp¢ F=1242p<00l,n"=066
hardness (N)
d= -129 d= 065 d= -1.11 d= -08 CxT.F=26,p=0061n2=0.11
216.3 203.8 2109 2167 2164 216.8 216.5 219.0 ,
!\'/'\IVC)"SO L1424 +37.9 345 +340 +42.7 +483 +367 +394 ¢~ 02 p=0687,n"=0.003
m
d= -031 d= 017 d= 00l d= 007 CxTF=29p=0042 n2=0.12
172.7 1655 1732 177.3 174.1 1733 1756 177.3 ,
('\ﬁIVC)'CON +25.0 +256 +23.5 +261 +31.1 =356 +248 +254  ©r =0.1,p=074m"=0002
m
d= 029 d= 017 d= -002 d= 007 CxTF=21,p=0.12n2=0.09
. 211 207 232 221 216 211 216 222 ,
CMJheight .38 +37 +64 +36 =37 +40 +32 =38 TF=127p=02/n,= 0019
(cm)
d= -011 d= 023 d= -013 d= 017 CxTF=11,p=0.34n2=0.05

*: Significantly (P < 0.05) different from the PRE-value. 1: Significantly different compared to POST values for FR + SS conditions.
t: Significantly different compared to POST values for SS + FR conditions. SS: static stretching, DS: dynamic stretching, FR: foam
rolling
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interventions, there was a near significant decrease in muscle strength
in the SS + FR condition (p = 0.056, d = -0.31).

As shown in Table 1, all interventions in this study increased knee
flexion ROM significantly. This result supports the results of Naka-
mura et al. [17], who investigated the combined effect of SS and
FR, and Hsu et al. [19], who investigated the combined effect of DS
and FR. Previous studies have suggested that changes in stretch tol-
erance and passive stiffness are involved in the increase in ROM af-
ter stretching interventions [28]. Indeed, a previous study showed
that increased ROM with stretching could be associated with a change
in stretch tolerance [29]. Similarly, stretch tolerance could contrib-
ute to change in ROM after a single FR intervention [30-32]. Con-
cerning this study, the detailed mechanism of the increased knee
flexion ROM is unknown, but changes in stretch tolerance might be
involved in the increase in ROM.

Although not statistically significant, the effect sizes of DS + FR
and FR + DS on ROM were small (d = 0.45 and d = 0.49, respec-
tively), while SS + FR and FR + SS showed large effect sizes
(d=1.29, and d = 0.95, respectively). Regarding the difference in
the combined effect of SS or DS with FR, several studies indicate
greater ROM with SS than DS [33-38]. However, others have con-
cluded that SS and DS have similar [8, 9] or greater [10, 11] acute
increases in ROM as static stretching. Therefore, there is no consen-
sus about the increase in ROM after SS or DS, but the results of this
study indicated that SS could increase knee flexion ROM to a great-
er extent than DS when combined with FR. This could be related to
the difference in the change in passive stiffness between SS and DS
interventions. Mizuno et al. [39] showed that increased ROM after
SS could be related to decreased passive stiffness and changes in
stretch tolerance. Although SS interventions could decrease passive
stiffness [3, 4, 401, a previous study showed that DS interventions
did not produce significant changes in passive stiffness [41]. There-
fore, the detailed mechanism of the difference in the increase in knee
flexion ROM after combining SS or DS with FR is unclear. Still, the
combination of SS and FR could have a greater effect on reducing
passive stiffness than the combination of DS and FR, resulting in
a larger increase in knee flexion ROM.

Interestingly, there was a significant increase in PPT in the FR
+ SS, FR + DS, and DS + FR conditions but not in the SS + FR
condition (p = 0.16, d = 0.31). A previous study showed that me-
chanical stimulation by FR intervention could reduce pain percep-
tion [42]. Thus, 180-s of FR intervention could have increased PPT
in combined FR and SS or DS. In addition, tissue hardness was sig-
nificantly decreased in all conditions. The effect sizes on tissue hard-
ness were greater for the combination of SS and FR (SS + FR:
d =-1.11, FR 4+ SS: d = -1.29) than for the combination of DS
and FR (DS + FR: d = -0.86, FR + DS: d = -0.65). As mentioned
earlier, SS intervention reduced passive stiffness [3, 4, 401, where-
as DS could induce no change in passive stiffness [41]. Additional-
ly, it was speculated that FR could induce thixotropic changes in in-
tramuscular hyaluronic acid and alter muscle viscoelasticity [43].
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Therefore, the combination of FR and SS could have produced a great-
er reduction in tissue hardness than the combination of FR and DS.

This study showed that MVC-ISO torque did not change in all
conditions, but there was a near-significant, small magnitude de-
crease in the SS + FR condition (p = 0.056, d = -0.31). Previous
studies pointed out that a longer duration than 60 seconds of SS
could produce performance impairments [1, 6, 7]. Neurological and
morphological factors have been considered as possible mecha-
nisms [5]. Previous studies have reported that stretching may induce
changes in persistent inward current (PIC) [5] and muscle spindle
sensitivity [441], which could have adverse effects on muscle strength.
However, the previous study suggested that FR after SS restores mo-
toneuron excitability, resulting in recovery from a decrease in mus-
cle strength [17]. Therefore, MVC-ISO could not change in the
SS + FR condition.

On the other hand, DS is considered to increase muscle strength
and/or athletic performance [45]. However, the effects of FR on mus-
cle strength and jumping height have been shown to be negligible [26].
Therefore, we hypothesized that the combination of DS and FR would
increase muscle strength and jump performance. Contrary to our ex-
pectations, however, there were no significant differences between
conditions in MVC-I1SO, MVC-CON, and CMJ height in the combined
DS and FR conditions. These results were inconsistent with a previ-
ous study [19], in which combined DS and FR resulted in a signifi-
cant increase in broad jump and medicine ball chest throw distance.
This difference in results could be due to the time of DS intervention.
The duration of the DS intervention in this study was 180 seconds,
but eight types of DS were performed for a total of 480 seconds in
the previous study [19]. DS has been shown to potentially improve
performance with longer stretch times [46, 47]. Therefore, the com-
bination of DS and FR intervention could induce increases in muscle
strength and athletic performance when a longer duration of DS in-
tervention time is applied than in the present study. Still, it is also pos-
sible that greater muscle strength and performance improvement ef-
fects may not occur when used in combination with FR. Also, no
significant changes were observed in MVC-CON and CMJ height in
all conditions. The previous study has shown that isometric contrac-
tions could promote recovery of muscle spindle sensitivity [44]. Since
MVC-CON and CMJ were measured after MVC-ISQO in this study, MVC-
ISO measurement could facilitate the recovery of muscle spindle sen-
sitivity altered by SS, resulting in no changes in MVC-CON and CMJ
height in the combination of SS and FR.

There were limitations in this study. There was no control condi-
tion in this study. However, we have confirmed that the test-retest
reliability of measurements is very high. Therefore, we believe that
the results of this study reflect the effects of the interventions. The
participants performed three 60-s bouts of FR or stretching interven-
tion with a 30-s rest between sets, but the rest interval might affect
the intervention effect. Also, the participants were recreationally ac-
tive but not athletes. Previous studies investigated the effect of warm-
up routine using FR and stretching intervention on athletic
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performance in well-trained tennis players [19, 48]. Still, it is un-
clear whether the results of this research could be applied to ath-
letes. Thus, further study is needed to investigate the effect of differ-
ent rest intervals of FR and stretching interventions on ROM and
athletic performance in athletes to establish an effective pre-exercise
warm-up in a sports setting.

Practical implications

As a pre-exercise warm-up, a combination of SS and FR is recom-
mended if the goal is only to increase ROM without necessarily im-
proving performance. On the other hand, the combination of DS and
FR and FR after SS intervention conditions showed no change in
muscle strength and jump performance. Therefore, the SS + FR
condition is the best approach when the goal is to increase ROM
while maintaining muscle strength and jump performance.

CONCLU SO N S 5
This study aimed to compare the combined and order effects of SS
or DS and FR to establish the optimal warm-up routine in sports. All
interventions showed significant changes in knee flexion ROM, PTT,
and tissue hardness. However, the changes in knee flexion ROM and
tissue hardness after the combination of SS and FR could be supe-
rior to the combination of DS and FR regardless of an intervention
order.

Funding
This work was supported by JSPS KAKENHI with grant number
19K19890, and the Austrian Science Fund (FWF) project J4484.

Conflict of interest
The authors declare that they have no conflict of interest.

REE F E R E/N C ES /55000000000

1. Behm DG, Blazevich AJ, Kay AD,
McHugh M. Acute effects of muscle
stretching on physical performance,
range of motion, and injury incidence in
healthy active individuals: a systematic
review. Appl Physiol Nutr Metab. 2016.
41(1):1-11.

21(3):776-9.

The Relation Between Stretching
Typology and Stretching Duration: The
Effects on Range of Motion. Int J Sports
Med. 2018. 39(4):243-254.

3. Konrad A, Stafilidis S, Tilp M. Effects of

acute static, ballistic, and PNF stretching ~ 12. Wiemann K, Hahn K. Influences of
strength, stretching and circulatory
exercises on flexibility parameters of the
human hamstrings. Int J Sports Med.
1997. 18(5):340-6.

Ichihashi N. Acute and prolonged effect 13. Konrad A, Nakamura M, Paternoster FK,
Tilp M, Behm DG. A comparison of a single  20. Nakamura M, Yasaka K, Kiyono R,
bout of stretching or foam rolling on range
of motion in healthy adults. Eur J Appl
Physiol. 2022. 122(7):1545-1557.

5. Behm DG, Kay AD, Trajano GS, 14. Wilke J, Muller AL, Giesche F, Power G,
Ahmedi H, Behm DG. Acute Effects of
Foam Rolling on Range of Motion in 21.Kasahara K, Yoshida R, Yahata K, Sato S,
Healthy Adults: A Systematic Review
with Multilevel Meta-analysis. Sports
Med. 2020. 50(2):387-402.

6. Kay AD, Blazevich AJ. Effect of acute 15. Konrad A, Tilp M, Nakamura M.

A Comparison of the Effects of Foam
Rolling and Stretching on Physical
Performance. A Systematic Review and 22.Kim SJ, Lee JH. Effects of
Meta-Analysis. Front Physiol. 2021. 30;

exercise on the muscle and tendon tissue
properties. Scand J Med Sci Sports.
2017.27(10):1070-1080.

4. Nakamura M, lkezoe T, Takeno Y,

of static stretching on the passive
stiffness of the human gastrocnemius
muscle tendon unit in vivo. J Orthop Res.
2011.29(11):1759-63.

Blazevich AJ. Mechanisms underlying
performance impairments following
prolonged static stretching without

a comprehensive warm-up. Eur J Appl
Physiol. 2021. 121(1):67-94.

static stretch on maximal muscle

performance: a systematic review. Med

Sci Sports Exerc. 2012. 44(1):154-64.
7. Behm DG, Chaouachi A. A review of the

acute effects of static and dynamic 12:720531.

stretching on performance. Eur J Appl 16. Konrad A, Nakamura M, Bernsteiner D,
Tilp M. The Accumulated Effects of Foam
Rolling Combined with Stretching on
Range of Motion and Physical
Performance: A Systematic Review and
Meta-Analysis. J Sports Sci Med. 2021. 23. Naderi A, Rezvani MH, Degens H. Foam
1; 20(3):535-545.

2011. 25(7):1925-31. 17. Nakamura M, Konrad A, Kasahara K,
Yoshida R, Murakami Y, Sato S,
Aizawa K, Koizumi R, Wilke J. The

Physiol. 2011.111(11):2633-51.

8. Perrier ET, Pavol MJ, Hoffman MA. The
acute effects of a warm-up including
static or dynamic stretching on
countermovement jump height, reaction
time, and flexibility. J Strength Cond Res.

9. Beedle BB, Mann CL. A comparison of
two warm-ups on joint range of motion.

J Strength Cond Res. 2007.

10. Faigenbaum AD, Bellucci M, Bernieri A,
Bakker B, Hoorens K. Acute effects of
different warm-up protocols on fitness
performance in children. J Strength Cond
Res. 2005. 19(2):376-81. 18. Anderson BL, Harter RA, Farnsworth JL.

2. Thomas E, Bianco A, Paoli A, Palma A. 11. Amiri-Khorasani M, Abu Osman NA,

Yusof A. Acute effect of static and

dynamic stretching on hip dynamic range

of motion during instep kicking in
professional soccer players. J Strength

Cond Res. 2011. 25(6):1647-52. 19. Hsu FY, Tsai KL, Lee CL, Chang WD,

Combined Effect of Static Stretching and
Foam Rolling With or Without Vibration
on the Range of Motion, Muscle
Performance, and Tissue Hardness of the
Knee Extensor. J Strength Cond Res.
2022. Epub ahead of print.

The Acute Effects of Foam Rolling and
Dynamic Stretching on Athletic
Performance: A Critically Appraised
Topic. J Sport Rehabil. 2020. 13;
30(3):501-506.

Chang NJ. Effects of Dynamic Stretching
Combined With Static Stretching, Foam
Rolling, or Vibration Rolling as a Warm-Up
Exercise on Athletic Performance in Elite
Table Tennis Players. J Sport Rehabil.
2020. 28; 30(2):198-205.

Onuma R, Yahata K, Sato S, Konrad A.
The Acute Effect of Foam Rolling on
Eccentrically-Induced Muscle Damage.
Int J Environ Res Public Health.

2020 Dec 24; 18(1):75.

Murakami Y, Aizawa K, Konrad A,
Nakamura M. Comparison of the Acute
Effects of Foam Rolling with High and
Low Vibration Frequencies on
Eccentrically Damaged Muscle. J Sports
Sci Med. 2022. 15; 21(1):112-119.

sternocleidomastoid muscle and
suboccipital muscle soft tissue release on
muscle hardness and pressure pain of the
sternocleidomastoid muscle and upper
trapezius muscle in smartphone users
with latent trigger points. Medicine
(Baltimore). 2018. 97(36):e12133.

Rolling and Muscle and Joint
Proprioception After Exercise-Induced
Muscle Damage. J Athl Train. 2020.
55(1):58-64.

a BioLoay oF SporT, VoL. 40 No3, 2023 759



24.

25.

26.

27.

28

29.

30.

31.

32.

760 .

Sawada T, Okawara H, Nakashima D,
lwabuchi S, Matsumoto M, Nakamura M,
Nagura T. Reliability of Trapezius Muscle
Hardness Measurement: A Comparison
between Portable Muscle Hardness Meter
and Ultrasound Strain Elastography.
Sensors (Basel). 2020. 16;
20(24):7200.

Nakamura M, Sato S, Kiyono R,

Yoshida R, Yasaka K, Yahata K,

Konrad A. Comparison Between Foam
Rolling With and Without Vibration on
Passive and Active Plantar Flexor Muscle
Properties. J Strength Cond Res. 2021.
Epub ahead of print.

Behm DG, Alizadeh S, Hadjizadeh

Anvar S, Mahmoud MMI, Ramsay E,
Hanlon C, Cheatham S. Foam Rolling
Prescription: A Clinical Commentary.

J Strength Cond Res. 2020.
34(11):3301-3308.

Cohen, J., (Ed.) Statistical power analysis
for the behavioral sciences. 2™ ed. ed.;
Hillsdale: Routledge, 1988.

. Weppler CH, Magnusson SP. Increasing

muscle extensibility: a matter of
increasing length or modifying sensation?
Phys Ther. 2010, 90, 438-449.
Chaouachi A, Padulo J, Kasmi S,
Othmen AB, Chatra M, Behm DG.
Unilateral static and dynamic hamstrings
stretching increases contralateral hip
flexion range of motion. Clin Physiol
Funct Imaging. 2017. 37(1):23-29.
Nakamura M, Konrad A, Kiyono R,

Sato S, Yahata K, Yoshida R, Yasaka K,
Murakami Y, Sanuki F, Wilke J. Local and
Non-local Effects of Foam Rolling on
Passive Soft Tissue Properties and Spinal
Excitability. Front Physiol. 2021. 25;
12:702042.

Nakamura M, Konrad A, Ryosuke K,
Sato S, Yahata K, Yoshida R, Murakami Y,
Sanuki F, Wilke J. Sex Differences in the
Mechanical and Neurophysiological
Response to Roller Massage of the
Plantar Flexors. J Sports Sci Med. 2021.
1;20(4):665-671.

Nakamura M, Onuma R, Kiyono R,
Yasaka K, Sato S, Yahata K, Fukaya T,

33.

34.

35.

36.

37.

38.

39.

Konrad A. The Acute and Prolonged
Effects of Different Durations of Foam
Rolling on Range of Motion, Muscle
Stiffness, and Muscle Strength. J Sports
Sci Med. 2021. 1; 20(1):62-68.
Bacurau RF, Monteiro GA,

Ugrinowitsch C, Tricoli V, Cabral LF,

Aoki MS. Acute effect of a ballistic and

a static stretching exercise bout on
flexibility and maximal strength.

J Strength Cond Res. 2009.
23(1):304-8.

Barroso R, Tricoli V, Santos Gil SD,
Ugrinowitsch C, Roschel H. Maximal
strength, number of repetitions, and total
volume are differently affected by static-,
ballistic-, and proprioceptive
neuromuscular facilitation stretching.

J Strength Cond Res. 2012.
26(9):2432-7 .aradisis GP, Pappas PT,
Theodorou AS, Zacharogiannis EG,
Skordilis EK, Smirniotou AS. Effects of
static and dynamic stretching on sprint
and jump performance in boys and girls.
J Strength Cond Res. 2014.
28(1):154-60.

Samuel MN, Holcomb WR,

Guadagnoli MA, Rubley MD,

Wallmann H. Acute effects of static and
ballistic stretching on measures of
strength and power. J Strength Cond Res.
2008. 22(5):1422-8.

Sekir U, Arabaci R, Akova B,

Kadagan SM. Acute effects of static and
dynamic stretching on leg flexor and
extensor isokinetic strength in elite
women athletes. Scand J Med Sci Sports.
2010. 20(2):268-81.

Bandy WD, Irion JM, Briggler M. The
effect of static stretch and dynamic range
of motion training on the flexibility of the
hamstring muscles. J Orthop Sports Phys
Ther. 1998. 27(4):295-300.

Mizuno T, Matsumoto M, Umemura Y.
Viscoelasticity of the muscle-tendon unit
is returned more rapidly than range of
motion after stretching. Scand J Med Sci
Sports. 2013;23:23-30.

Nakamura M, Sato S, Kiyono R,
Takahashi N, Yoshida T. Effect of Rest

40.

41.

42.

43.

44,

45.

46.

47.

Kazuki Kasahara et al.

Duration Between Static Stretching on
Passive Stiffness of Medial
Gastrocnemius Muscle In Vivo. J Sport
Rehabil. 2019. 18; 29(5):578-582.
Mizuno T, Umemura Y. Dynamic
Stretching does not Change the Stiffness
of the Muscle-Tendon Unit. Int J Sports
Med. 2016. 37(13):1044-1050.
Weerapong P, Hume PA, Kolt GS. The
mechanisms of massage and effects on
performance, muscle recovery and injury
prevention. Sports Med. 2005.
35(3):235-56.

Behm DG, Wilke J. Do Self-Myofascial
Release Devices Release Myofascia?
Rolling Mechanisms: A Narrative Review.
Sports Med. 2019. 49, 1173-1181.
Budini F, Rafolt D, Christova M,
Gallasch E, Tilp M. The Recovery of
Muscle Spindle Sensitivity Following
Stretching Is Promoted by Isometric but
Not by Dynamic Muscle Contractions.
Front Physiol. 2020. 4; 11:905.
Bishop D. Warm up Il: performance
changes following active warm up and
how to structure the warm up. Sports
Med. 2003. 33, 483-498.

Yamaguchi T, Ishii K, Yamanaka M,
Yasuda K. Acute effects of dynamic
stretching exercise on power output
during concentric dynamic constant
external resistance leg extension.

J Strength Cond Res. 2007.
21(4):1238-44.

Manoel ME, Harris-Love MO, Danoff JV,
Miller TA. Acute effects of static,
dynamic, and proprioceptive
neuromuscular facilitation stretching on
muscle power in women. J Strength Cond
Res. 2008. 22(5):1528-34.
Lopez-Samanes A, Del Coso J,
Hernandez-Davo JL, Moreno-Pérez D,
Romero-Rodriguez D, Madruga-Parera M,
Mufoz A, Moreno-Pérez V. Acute effects
of dynamic versus foam rolling warm-up
strategies on physical performance in
elite tennis players. Biol Sport. 2021;
38(4):595-601.




