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Abstract: There are many reasons for reduced physical activity leading to reduced maximal strength
and sport-specific performance, such as jumping performance. These include pandemic lockdowns,
serious injury, or prolonged sitting in daily work life. Consequently, such circumstances can contribute
to increased morbidity and reduced physical performance. Therefore, a demand for space-saving
and home-based training routines to counteract decreases in physical performance is suggested
in the literature. This study aimed to investigate the possibility of using daily static stretching
using a stretching board to counteract inactivity-related decreases in performance. Thirty-five (35)
participants were either allocated to an intervention group (IG), performing a daily ten-minute
stretch training combined with reduced physical activity or a reduced physical activity-only group
(rPA). The effects on maximal voluntary contraction, range of motion using the knee-to-wall test,
countermovement jump height (CMJheight), squat jump height (SJheight), drop jump height (DJheight),
contact time (DJct) and the reactive strength index (DJRSI) were evaluated using a pre-test-post-test
design. The rPA group reported reduced physical activity because of lockdown. Results showed
significant decreases in flexibility and jump performance (d = −0.11–−0.36, p = 0.004–0.046) within
the six weeks intervention period with the rPA group. In contrast, the IG showed significant increases
in MVC90 (d = 0.3, p < 0.001) and ROM (d = 0.44, p < 0.001) with significant improvements in SJheight

(d = 0.14, p = 0.002), while no change was measured for CMJheight and DJ performance. Hence, 10 min
of daily stretching seems to be sufficient to counteract inactivity-related performance decreases in
young and healthy participants.

Keywords: jump performance; flexibility; maximum strength; stretching; physical activity

1. Introduction

Physical inactivity is a consistent part of many people’s daily life [1], as well as
the possibility for prolonged phases of immobilization [2–4], which can have significant
negative influences on metabolic and musculoskeletal health [5,6] in sports performance.
In addition to injuries and frequent sitting, evidence highlights significantly decreased
physical activity and motivation to train [7] in the majority of people due to the COVID-19
lockdown(s) [8–10]. As a consequence, reduced physical fitness, including strength capacity
and maximal strength (MSt), were reported. Restoring physical fitness after times of
prolonged immobilization is of high importance, and this is the aim of several rehabilitation
programs to avoid all causes of mortality [11]. Therefore, Schwendiger & Pocecco [11]
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provided some recommendations for home-based training programs, which should include
exercise for the cardiorespiratory system and the musculature, stating the demand for
safe, space-saving and efficient training programs, which can be performed without heavy
equipment as a home-based training routine [11–13].

It is well known that performing resistance training is linked with improvements in
MSt [14–16], muscle hypertrophy [14,17,18] and sport-specific performance, such as jumping
and sprinting [19–22]. However, there are limited possibilities for using heavy weights in
a home-based training program during a period of inactivity or immediately after injury;
therefore, alternative training methods are required to counteract MSt impairments. For-
tunately, current literature points out the use of high-volume stretch training to improve
MSt (29%; d = 1.24), muscle thickness (MTh) (15.3%; d = 0.84) and range of motion (ROM)
(27.3%; d = 0.87) using two to seven sessions per week with stretching durations of up to two
hours per day for six to ten weeks [23–29]. In contrast to the highly effective improvements in
MSt, MTh and ROM when using two hours of daily stretching, Yahata et al. [23] were also
able to show significant (6% (d = 0.35)) increases in plantar flexor MSt using stretching for
durations of only 30 min (6 × 5 min) two days per week using a stretching board. Furthermore,
Shrier [30] and Medeiros & Lima [31] reviewed the available literature illustrating the benefits
of stretching routines for physical performance, such as jumping and sprinting. However,
there are only a few studies investigating the effects of long-term stretching routines on
speed–strength performance, such as jumping or sprinting. Panidi et al. [32] were able to point
out significant increases in one-leg countermovement jump height (CMJheight) (27.3 ± 30%) in
response to 12 weeks of stretch training, using six different exercises, including the stretching
board. However, the participants were young female volleyball players; consequently, the
stretch training was accompanied by regular volleyball training. Furthermore, although the
contralateral limb served as a control (i.e., a possibility of cross-education effects), no regular
control group was included in the study design. Kokkonen et al. [33] showed that stretching of
the lower extremity using three × 15 s with about 15 stretching exercises 3 days per week with
a weekly volume of 120 min increased the jumping height by 3.9% (d = 0.14), and the jumping
distance in the standing long-jump by 2.2% (d = 0.11). While significant, both increases were
of trivial magnitudes for an effect. Bazett-Jones et al. [34] could not detect any significant
changes in jumping and sprinting performance in response to stretching 4 × 30 s, 3 days per
week using track and field female athletes. Also, Nakamura et al. [35] were not able to detect
any improvement in drop jump (DJ) height in response to 3 × 30 s stretching, 3 days per week.
These conflicts in the literature suggest that the influence of stretch-induced MSt increases on
jumping performance seems to be controversial. Thus, considering the high relevance of max-
imal strength and jumping performance in many sports, the effects of using stretch training to
improve those parameters need to be extended. Since immobilization-induced atrophy and
performance losses are very common due to injury, it is hypothesized that prolonged stretch
training could be used as a method accessible to everyone to counteract performance losses,
even during phases of reduced physical activity during pandemic lockdowns.

Therefore, the aim of this study is to investigate the influence of daily stretch training in
a usually physically active population undergoing a phase of inactivity due to the COVID
lockdown using a stretching board on maximal strength, flexibility, and jumping performance.

2. Materials and Methods

To evaluate the effects of stretching on muscular performance, healthy physical educa-
tion students were recruited from the local university to perform a daily six-week stretching
intervention. Using a pre-test and post-test design, MSt and ROM in the plantar flexors, as
well as jumping performance using the countermovement jump (CMJ), squat jump (SJ) and
the DJ, were investigated.

2.1. Participants

Based on the literature, moderate to high size effects (Warneke et al., 2022) were
assumed for sample size calculation. G-Power analysis using d = 0.7, two groups and
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two measurements showed a total sample size of at least 30 participants. Thirty-five (35)
healthy male and female students from physical education programs were divided into
intervention (IG) and reduced physical activity groups (rPA) based on their willingness
to participate. The subject description is shown in Table 1. Reduced physical activity
was assumed in all the participants included because of COVID-19 restrictions, as gyms
and universities stayed closed after the exams finished. Before the lockdown-induced
inactivity period, participants regularly practiced in team sports, gymnastics or track and
field classes with a moderate training level (participating in 2–3 sports classes within the
university sports program per week). Thus, it can be assumed that participants in the
rPA group showed reduced physical activity compared to the phase before exams, where
they regularly trained on the University sports courses. Within the intervention period,
no additional (resistance) training was performed by the rPA group, and the University
sports program was closed. Participants with self-reported significant injury within the
last six months leading to a prolonged phase of immobilization and participating in a
rehabilitation training program were excluded from the study. Each subject was informed
of the experimental risks involved with the research. All subjects provided written informed
consent to participate in this study. Approval for this study was obtained from the ethical
review board at the University of Oldenburg (No. 121-2021). The study was performed
with the use of human subjects in accordance with the Helsinki Declaration.

Table 1. Characteristics of test subjects.

Group Number (n) Age (in Years) Height (in cm) Weight (in kg)

total 35 (f = 13, m = 22) 25.4 ± 2.9 178.7 ± 9.3 74.7 ± 14.0

IG 17 (f = 6, m = 11) 25.8 ± 3.5 177.8 ± 8.4 76.7 ± 14.2

rPA 18(f = 7, m = 11) 24.9 ± 2.1 179.4 ± 10.2 72.8 ± 13.9

IG = intervention group, CG = control group.

2.2. Testing Procedure

The maximum isometric strength in a 90◦ knee joint angle (MVC90) was recorded
for both legs using bilateral maximum strength testing. The measurement procedure was
performed as previously described in Warneke et al. [27]. For this purpose, the subject was
instructed to perform plantar flexion for three seconds with the maximum possible force
in response to an acoustic signal to press against the pad of the measuring device. The
calf muscle testing device was set to a 90◦ angle with the subject’s ankle and knee joints.
Testing was performed until the achieved force values stopped increasing, with a minimum
of five trials. The maximum force was determined in each case using a 10 × 10 cm force
measurement platform in which force sensors “Kistler Element 9251A”, with a resolution
of 1.25 N, a pull-in frequency of 1000 Hertz, and a measurement range of ±5000 N, were
installed. The vertical forces (Fz) were recorded. A charge amplifier, “Typ5009 Charge
Amplifier”, and a 13-bit analog-to-digital converter NI6009 were used. The reliability can
be classified as high with ICC = 0.994 [27].

2.3. ROM Measurement

The ROM in the ankle joint was recorded in IG and rPA via the “knee-to-wall test”
(KtW), as previously described in Warneke et al. [28]. A sliding device was used for the
KtW. The subject was instructed to place a foot on the attached marker. The contralateral
leg was held in the air, and the subject could hold onto the wall with their hands. To record
the range of motion, the subject pushed the board of the sliding device forward until the
heel of the standing leg lifted off. For this purpose, the investigator pulled on a sheet
of paper placed under the subject’s heel. The measurement was finished as soon as this
could be removed. The mobility was read in cm from the attached measuring tape (see
Figure 1). Three valid trials were performed per leg, and the maximum value was used
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for evaluation. The reliability of the measurement can be considered high, with an ICC of
0.987 and 0.992 [28].
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Figure 1. Using the knee-to-wall test to measure the range of motion in the upper ankle joint.

2.4. Jumping Measurement

Jump performance testing was performed using the three standard jump tests. First
SJ, then CMJ were measured (5 trials each, with a 1-min rest between jumps) using a force
plate (BP600900-4000, AMTI, Watertown, MA). The jump height was determined by the
flight time in all three jump forms. The maximum jump height achieved was included
for further calculation. The jumps were performed with the hands fixed on the hips. The
SJ was initiated from a squat position (approx. 90◦ knee angle) after a 2-s hold without
momentum. The CMJ was initiated from an upright position to utilize the momentum of a
preceding squat movement (to approx. 90◦ knee angle) in the actual jump. The test–retest
reliability is reported for CMJ and SJ height (CMJheight/SJheight) ICC = 0.94 [21]. The DJ test
was carried out from a 24 cm drop height. DJs were also measured (5 trials each). With
an initial step, subjects “fell” from a box (of corresponding height) and were instructed
to jump as high as possible after both feet had contacted the ground. The hands were
also fixed on the hips. They were further encouraged to reduce ground contact time to
a minimum with a maximum jumping height. Shorter durations of ground contact and
higher jumps reflect better reactive power. The reactive strength index (RSI) was calculated
from this data (RSI = jump height/contact time in m/s). The participants paused for 1 min
between jumps and 5 min between different jump heights. The test–retest reliability of DJ
is reported between ICC = 0.85–0.88 [36].

2.5. Intervention

The intervention consisted of daily stretching of the plantar flexors for 10 min per
leg for six weeks. The training was performed using a stretching board (see Figure 2)
comparable to that used by Yahata et al. [23] and Cé et al. [37]. The participants were
instructed to set the angle of the board to reach a maximum stretching stimulus, with a high
stretching pain of 7–8 out of 10 on a numeric pain scale, using a subjective stretching pain as
previously mentioned by Nakamura et al. [38]. The stretching was performed unilaterally,
but for both legs.
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2.6. Data Analysis

The data analysis was performed with SPSS 28. Data are provided using means
(M) ± standard deviation (SD). Normal distribution was given (Shapiro Wilk test). Re-
liability was tested and is supplied with intraclass correlation coefficients (ICC) and a
coefficient of variability (CV), including a 95% confidence interval (95% CI) for assessments
which are listed in Table 2. Moreover, the Levene test for homogeneity in variance was
performed. The t-Test for independent samples was used to evaluate differences in pre-test
values. A mixed model analysis of variance was performed to investigate the time and
the time*group interaction effect. Effect sizes are presented as Eta squares (η2) and cate-
gorized as: small effect η2 < 0.06, medium effect η2 = 0.06–0.14, large effect η2 > 0.14 [39].
Additionally, to assess whether there were specific post hoc significant increases in IG or
decreases in rPA, paired t-tests were used. To adjust the α-error, the false discovery rate
with the Benjamini-Hochberg method was used [40]. From this, Cohen’s d [39] effect sizes
are reported and categorized as: trivial d < 0.2, small d < 0.5, medium d = 0.5–0.8, and
large effects d > 0.8. Furthermore, correlation coefficients were calculated between MSt
and jumping performance. Post hoc power analysis, using the G*Power software package
(version 3.1.4, HHU Düsseldorf, Germany), was performed.

Table 2. Intraclass correlation coefficients with 95% confidence interval, and 95% confidence interval
of the included parameter.

Parameter ICC (95% CI) CV (95% CI)

MVC90 0.996 (0.991–0.998) 1.01% (0.87–1.31)

KtW 0.990 (0.985–0.993) 1.13% (1.03–1.31)

SJheight 0.899 (0.856–0.922) 2.27% (1.94–2.42)

CMJheight 0.90 (0.88–0.923) 1.98% (1.23–2.11)

DJheight 0.86 (0.81–0.892) 2.54% (2.29–2.86)

DJct 0.85 (0.84–0.89) 2.47% (2.18–2.72)
MVC90 = maximal voluntary contraction in the plantar flexors with a 90◦ knee angle, KtW = knee-to-wall test,
SJ = squat jump, CMJ = countermovement jump, DJ = drop jump, height = jumping height, ct = contact time.
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3. Results

All participants completed the intervention. There were no significant group dif-
ferences in the pre-test values, with p = 0.096–0.963 for MSt, ROM and jumping height.
Changes in MSt and jumping height measured via SJheight and CMJheight from pre-test
to post-test are illustrated by descriptive data, as well as the results of the ANOVA in
Figures 3–5. Power analysis performed with G Power showed a power of β − 1 = 78.7%
for interaction effects.

Int. J. Environ. Res. Public Health 2022, 19, x FOR PEER REVIEW 6 of 14 
 

 

Table 2. intraclass correlation coefficients with 95% confidence interval, and 95% confidence inter-

val of the included parameter. 

Parameter ICC (95% CI) CV (95% CI) 

MVC90 0.996 (0.991–0.998) 1.01% (0.87–1.31) 

KtW 0.990 (0.985–0.993) 1.13% (1.03–1.31) 

SJheight 0.899 (0.856–0.922) 2.27% (1.94–2.42) 

CMJheight 0.90 (0.88–0.923) 1.98% (1.23–2.11) 

DJheight 0.86 (0.81–0.892) 2.54% (2.29–2.86) 

DJct 0.85 (0.84–0.89) 2.47% (2.18–2.72) 

MVC90 = maximal voluntary contraction in the plantar flexors with a 90° knee angle, KtW = knee-

to-wall test, SJ = squat jump, CMJ = countermovement jump, DJ = drop jump, height = jumping 

height, ct = contact time. 

3. Results 

All participants completed the intervention. There were no significant group differ-

ences in the pre-test values, with p = 0.096–0.963 for MSt, ROM and jumping height. 

Changes in MSt and jumping height measured via SJheight and CMJheight from pre-test to 

post-test are illustrated by descriptive data, as well as the results of the ANOVA in Figures 

3–5. Power analysis performed with G Power showed a power of β − 1 = 78.7% for inter-

action effects. 

 

Figure 3. Change in mean values and individual cases of maximal voluntary contraction of control 

and intervention groups over time. Data presented as means ± SD. IG = intervention group, rPA = 

reduced physical activity group, MVC90 = maximal voluntary contraction in the plantar flexors with 

90° knee joint angle, * = significantly different from pre-test to post-test. 

Figure 3. Change in mean values and individual cases of maximal voluntary contraction of con-
trol and intervention groups over time. Data presented as means ± SD. IG = intervention group,
rPA = reduced physical activity group, MVC90 = maximal voluntary contraction in the plantar flexors
with 90◦ knee joint angle, * = significantly different from pre-test to post-test.

3.1. Evaluation of Maximal Strength in the Plantar Flexors

The results show significant increases in MVC90, with a significant time effect, as well
as a significant interaction effect. There was a significant pre- to post-test force increase in
IG, while no significant change could be determined in rPA.
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Figure 4. Change in mean values and individual cases of squat jump of control and intervention
groups over time. Data presented as means ± SD. IG = intervention group, rPA = reduced physical
activity group, SJ = squat jump, * = significantly different from pre- to post-test.

3.2. Evaluation of Jumping Height Using the Squat- and Counter Movement Jump

Results showed no significant time effect but significant interaction effects in SJheight
and CMJheight. While there was a significant increase in SJ height in the IG, the rPA group
showed a significant reduction in jumping height. For the CMJ, there was a significant
decrease in CMJheight without any significant change in the IG.
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3.3. Evaluation of Jumping Performance Using the Drop Jump

Since significant pre-test differences were present between the IG and rPA for the
contact time and the RSI, evaluation for those parameters was performed after transforming
the pre-test values to 100%. Therefore, differences between IG and rPA were calculated by
percentage increases. Changes in RSI are illustrated in Figure 6. Values of DJheight and the
contact time of the drop jump are provided in Table 3. In the drop jump, no statistically
significant changes from the pre-test to the post-test could be detected.
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Figure 6. Change in mean values and individual cases of reactive strength index of control and
intervention groups over time. Data presented as means ± SD. IG = intervention group, CG = control
group, DJRSI = reactive strength index.

Table 3. Provides descriptive statistics, percentage increases, and time effect and time × group
interaction effects for DJheight and contact time. Data presented as means ± SD.

Group Pre-Test Post-Test % Increase Time Effect Time × Group Effect

IG DJheight in cm 29.5 ± 6.1 30.9 ± 6.1 +5.9, p = 0.059 p = 0.328
F(1.32) = 0.96
η2 = 0.03

p = 0.169
F(1.32) = 1.97
η2 = 0.06rPA DJheight in cm 29.6 ± 8.0 29.4 ± 6.5 +0.7, p = 0.383

IG DJct in cm/s 0.18 ± 0.41 0.19 ± 0.03 +5.1, p = 0.081 p = 0.328
F(1.32) = 0.96
η2 = 0.03

p = 0.169
F(1.32) = 1.97
η2 = 0.06rPA DJct in cm/s 0.24 ± 0.67 0.24 ± 0.06 +0.08, p = 0.49

DJheight = drop jump jumping height, DJct = contact time in the drop jump, rPA = reduced physical activity group,
IG = intervention group.
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3.4. Evaluation of Flexibility Using the Knee-to-Wall Test

In the IG, there were significant time and time × group interaction effects in the KtW
for both legs (Table 4). While no significant changes were observed in the rPA, there were
significant increases in ROM in IG for both legs.

Table 4. Provides descriptive statistics, percentage increases, and time effect and time × group
interaction effects for ROM measured via KtW, data presented as means ± SD.

Group Pre-Test (in cm) Post-Test (in cm) % Increase Time Effect Time × Group Effect

IG KtWR 11.2 ± 3.2 12.7 ± 3.6 +14.1, d = 0.44, p < 0.001 * p < 0.001
F(1.32) = 17.101

η2 = 0.34

p < 0.001
F(1.32) = 45.668

η2 = 0.58rPA KtWR 10.6 ± 2.7 10.3 ± 3.0 −3.8, d = −0.11, p = 0.046 *

IG KtWL 11.5 ± 3.6 12.7 ± 3.7 +12.04, d = 0.33, p < 0.001 * p < 0.001
F(1.32) = 22.53
η2 = 0.41

p < 0.001
F(1.32) = 26.44
η2 = 0.45rPA KtWL 10.8 ± 2.6 10.8 ± 2.8 −0.6, p = 0.38

IG = intervention group, rPA = reduced physical activity group, KtW = knee-to-wall test, * = significantly different
from pre- to post-test.

4. Discussion

The major findings of the present study demonstrated significant decreases in flexi-
bility and jump performance within the six-week intervention period in the rPA group,
while IG showed significant, small-magnitude increases in MSt, and flexibility, whereas
the significant increase in jumping performance was of a trivial magnitude. From these
results, it can be inferred that 10 min of daily stretch seems to be sufficient to counteract
inactivity-related performance decrease in healthy participants.

The results of this study are in accordance with previous literature showing increases
in MSt and ROM [23–26,33] and increases in jumping performance [32,33] due to long-term
stretching interventions. It is well-accepted that stretch training leads to significant increases
in flexibility with a dose–response relationship [41–43]. Small significant increases in MSt
obtained in the present study confirm the increases of 6.9% (d = 0.35) from Yahata et al. [23]
using a similar weekly stretching volume of 60 min per week. However, they applied only
two sessions per week with longer stretching durations of 30 min. It is speculated that
stretch-induced increases in MSt can be attributed to mechanical tension if performed with
sufficient volume and intensity [27,28]. As a general transferability of MSt to speed strength
has been reported [44], leading to increases in sport-specific movements such as jumping
and sprinting [19,20,22], it was hypothesized that increases in MSt due to stretching could,
on the one hand, lead to significant improvements in speed strength, resulting in increased
jumping performance. On the other hand, studies performed with animal models showed
an increase in ST-fibers, accompanied by a decrease in FT fibers, leading to a decreased
contraction velocity after a chronic stretch training intervention [45,46]. From this data, a
decremental influence on jumping performance could be speculated.

This study confirmed reductions in physical fitness parameters due to reduced physical
activity [8,9,47], as participants were not allowed to perform regular training within the
intervention, with the exception of daily stretching (IG). While there were significant
increases in performance with MVC90, KtW and SJheight, no significant changes could be
determined in CMJheight and DJheight, CT and RSI in response to stretching. However, since
there was a significant decrease in CMJ performance in the rPA, it can be hypothesized
that 10 min of daily stretch seems to be sufficient to reduce decreases in sport-specific
performance (CMJ) or even prevent them (SJ). In DJheight, DJct and DJRSI, no significant
change in performance was detected in IG and rPA. The lack of significant differences in
DJ performance due to stretching may be attributable to short contact times of <250 ms,
so a minor influence of MSt, but a higher impact of the stretch-shortening cycle could be
hypothesized. Stretching seems to induce significant changes in passive properties showing
decreased muscle stiffness [35,48]. In contrast, high stiffness seems to be correlated with
better usage of the SSC, leading to higher DJ performance via lower DJct [49,50]. Hence,
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a reduction of the RSI in DJ performance after stretching seems not very surprising. In
contrast, since in the SJ the concentric movement is exclusively tested, a major influence
of MSt on the performance can be assumed. Correlations found between changes in MSt
and jumping performance were not statistically significant, which might be attributed to
the comparatively small impact of the plantar flexors MSt in jumping performance, as a
greater influence of MSt in the upper legs can be assumed [51,52]). Consequently, increases
in jumping performance could mainly be attributed to factors other than the increases
in plantar flexors MSt. According to a previous study by Warneke et al. [53], correlation
coefficients with r = 0.27–0.46 showed a weak influence of plantar flexors MSt on jumping
performances in SJ and CMJ.

4.1. Limitations

RSI and CT showed significant pre-test differences, although other parameters seemed
to be more balanced. To reduce this problem, values were transformed to 100% in the
pre-test to focus on differences between changes due to the intervention. However, as
this procedure differs from other statistics used in this study, comparability seems limited.
Furthermore, sex was not balanced, with more male participants. Furthermore, the power
analysis performed by G-Power showed a power for the effects of the intervention on MSt
with 78.71%. Thus, further studies should include a higher number of participants, which
was not possible in the current study, as not all participants were willing to interrupt their
daily training routines, even when the semester was finished. In addition, further studies
should use randomized trials, since in the present study, participants were divided into CG
and IG based on their willingness to participate. Figure 2 provides the individual courses
for jumping performance from pre- to post-test, showing an inconsistent effect, which
may be attributed to the minor involvement of the calf muscle in jumping performance
compared with the quadriceps, underpinning the need for a higher sample size in further
studies or extending the intervention protocol to stretch the quadriceps as well. The results
showed significantly worse contact times for the DJ of the rPA group, which cannot be
explained by data evaluation or the allocation of participants since, in most of the other
parameters, no significant baseline difference could be observed.

4.2. Practical Applications

In summary, this study shows that 10 min of daily stretching appears to be sufficient
to counteract an inactivity-induced decline in strength and, in some cases, in explosive
strength performance in healthy participants. Therefore, during periods of limited mobility,
10 min of daily exercise can be recommended for healthy individuals to maintain strength
and rapid strength performances and to counteract inactivity-related decreases in strength
and flexibility in the calf muscles and jumping performance in listed tests. Further research
using longer daily stretching durations or longer intervention periods is required to add,
for example, the quadriceps and hamstrings to the intervention protocol.

5. Conclusions

Based on the results, 10 min of stretching can be seen as an effective home-based training
program to counteract significant decreases in strength, flexibility, and jumping performance
in response to a reduced level of physical activity. Using 10 min of daily stretching led
to only small to moderate effect size increases in MSt and ROM. This study advances the
understanding of the effects of stretch-induced adaptations on jump performance.

Author Contributions: Conceptualization, K.W. and M.H.; methodology, K.W., M.K. and A.K.;
software, M.H.; validation, K.W., A.Z., D.G.B.; formal analysis, K.W., A.K. and M.K.; investigation,
K.W. and M.H.; resources, K.W. and M.H.; data curation, M.H.; writing—original draft preparation,
K.W.; writing—review and editing, A.K., D.G.B., M.N., A.Z. and M.K.; visualization, K.W., M.K.;
supervision, D.G.B.; project administration, K.W. All authors have read and agreed to the published
version of the manuscript.



Int. J. Environ. Res. Public Health 2022, 19, 15571 12 of 14

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the University
of Oldenburg (No. 121-2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patient(s) to publish this paper.

Data Availability Statement: Data can be provided from corresponding authors due to reasonable request.

Acknowledgments: The authors thank Alexander Baumtrock for constructing and providing used
stretching boards for this study, as well as his collaboration in data acquisition.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hoffman, S.A.; Warnick, J.L.; Garza, E.; Spring, B. Physical Activity: A Synopsis and Comment on “Community-Wide Interven-

tions for Increasing Physical Activity”. Transl. Behav. Med. 2017, 7, 39–42. [CrossRef]
2. Wilson, S.J.; Christensen, B.; Gange, K.; Todden, C.; Hatterman-Valenti, H.; Albrecht, J.M. Chronic Stretching during 2 Weeks

of Immobilization Decreases Loss of Girth, Peak Torque, and Dorsiflexion Range of Motion. J. Sport Rehabil. 2019, 28, 67–71.
[CrossRef] [PubMed]

3. Stevens, J.E.; Walter, G.A.; Okereke, E.; Scarborough, M.T.; Esterhai, J.L.; George, S.Z.; Kelley, M.J.; Tillman, S.M.; Gibbs, J.D.;
Elliott, M.A.; et al. Muscle Adaptations with Immobilization and Rehabilitation after Ankle Fracture. Med. Sci. Sports Exerc. 2004,
36, 1695–1701. [CrossRef] [PubMed]

4. Maestroni, L.; Read, P.; Bishop, C.; Turner, A. Strength and Power Training in Rehabilitation: Underpinning Principles and
Practical Strategies to Return Athletes to High Performance. Sport. Med. 2020, 50, 239–252. [CrossRef] [PubMed]

5. Biolo, G.; Ciocchi, B.; Stulle, M.; Piccoli, A.; Lorenzon, S.; Dal Mas, V.; Barazzoni, R.; Zanetti, M.; Guarnieri, G. Metabolic
Consequences of Physical Inactivity. J. Ren. Nutr. 2005, 15, 49–53. [CrossRef] [PubMed]

6. Davies, K.A.B.; Pickles, S.; Sprung, V.S.; Kemp, G.J.; Alam, U.; Moore, D.R.; Tahrani, A.A.; Cuthbertson, D.J. Reduced Physical
Activity in Young and Older Adults: Metabolic and Musculoskeletal Implications. Ther. Adv. Endocinol. Metab. 2019, 19,
2042018819888824. [CrossRef]

7. Steele, J.; Androulakis-Korakakis, P.; Carlson, L.; Williams, D.; Phillips, S.; Smith, D.; Schoenfeld, B.J.; Loenneke, J.P.; Winett, R.;
Abe, T.; et al. The Impact of Coronavirus (COVID-19) Related Public-Health Measures on Training Behaviours of Individuals
Previously Participating in Resistance Training: A Cross-Sectional Survey Study. Sport. Med. 2021, 51, 1561–1580. [CrossRef]

8. Wilke, J.; Rahlf, A.L.; Füzéki, E.; Groneberg, D.A.; Hespanhol, L.; Mai, P.; de Oliveira, G.M.; Robbin, J.; Tan, B.; Willwacher,
S.; et al. Physical Activity During Lockdowns Associated with the COVID-19 Pandemic: A Systematic Review and Multilevel
Meta-Analysis of 173 Studies with 320,636 Participants. Sport. Med.-Open 2022, 8, 125. [CrossRef]

9. Zaccagni, L.; Toselli, S.; Barbieri, D. Physical Activity during COVID-19 Lockdown in Italy: A Systematic Review. Int. J. Environ.
Res. Public Health 2021, 18, 6416. [CrossRef] [PubMed]

10. Tayech, A.; Mejri, M.A.; Makhlouf, I.; Mathlouthi, A.; Behm, D.G.; Chaouachi, A. Second Wave of COVID-19 Global Pandemic
and Athletes’ Confinement: Recommendations to Better Manage and Optimize the Modified Lifestyle. Int. J. Environ. Res. Public
Health 2020, 17, 8385. [CrossRef]

11. Schwendinger, F.; Pocecco, E. Counteracting Physical Inactivity during the COVID-19 Pandemic: Evidence-Based Recommenda-
tions for Home-Based Exercise. Int. J. Environ. Res. Public Health 2020, 17, 3909. [CrossRef]

12. Hotta, K.; Behnke, B.J.; Arjmandi, B.; Ghosh, P.; Chen, B.; Brooks, R.; Maraj, J.J.; Elam, M.L.; Maher, P.; Kurien, D.; et al. Daily
Muscle Stretching Enhances Blood Flow, Endothelial Function, Capillarity, Vascular Volume and Connectivity in Aged Skeletal
Muscle. J. Physiol. 2018, 596, 1903–1917. [CrossRef]

13. Morie, M.; Reid, K.F.; Miciek, R.; Lajevardi, N.; Choong, K.; Krasnoff, J.B.; Storer, T.W.; Fielding, R.A.; Bhasin, S.; Lebrasseur, N.K.
Habitual Physical Activity Levels Are Associated with Performance in Measures of Physical Function and Mobility in Older Men.
J. Am. Geriatr. Soc. 2010, 58, 1727–1733. [CrossRef]

14. Schoenfeld, B.J.; Peterson, M.D.; Ogborn, D.; Contreras, B.; Sonmez, G.T. Effects of Low- vs. High-Load Resistance Training on
Muscle Strength and Hypertrophy in Well-Trained Men. J. Strength Cond. Res. 2015, 29, 2954–2963. [CrossRef]

15. Peterson, M.D.; Rhea, M.R.; Alvar, B.A. Applications of the Dose Response for Muscular Strength Development: A Review of
Meta-Analytic Efficacy and Reliability for Training Prescription. J. Strength Cond. Res. 2005, 19, 950–958. [CrossRef] [PubMed]

16. Wirth, K.; Keiner, M.; Hartmann, H.; Sander, A.; Mickel, C. Effect of 8 Weeks of Free-Weight and Machine-Based Strength Training
on Strength and Power Performance. J. Hum. Kinet. 2016, 53, 201–210. [CrossRef]

17. Schoenfeld, B. Mechanisms of Hypertrophy 2. Sci. Dev. Muscle Hypertrophy 2020, 24, 2857–2872. [CrossRef]
18. Wirth, K.; Atzor, K.R.; Schmidtbleicher, D. Veränderungen Der Muskelmasse in Abhängigkeit von Trainingshäufigkeit und

Leistungsniveau. Dtsch. Z. Sportmed. 2007, 58, 178–183.

http://doi.org/10.1007/s13142-016-0419-3
http://doi.org/10.1123/jsr.2017-0101
http://www.ncbi.nlm.nih.gov/pubmed/28952869
http://doi.org/10.1249/01.MSS.0000142407.25188.05
http://www.ncbi.nlm.nih.gov/pubmed/15595289
http://doi.org/10.1007/s40279-019-01195-6
http://www.ncbi.nlm.nih.gov/pubmed/31559567
http://doi.org/10.1053/j.jrn.2004.09.009
http://www.ncbi.nlm.nih.gov/pubmed/15648007
http://doi.org/10.1177/2042018819888824
http://doi.org/10.1007/s40279-021-01438-5
http://doi.org/10.1186/s40798-022-00515-x
http://doi.org/10.3390/ijerph18126416
http://www.ncbi.nlm.nih.gov/pubmed/34199286
http://doi.org/10.3390/ijerph17228385
http://doi.org/10.3390/ijerph17113909
http://doi.org/10.1113/JP275459
http://doi.org/10.1111/j.1532-5415.2010.03012.x
http://doi.org/10.1519/JSC.0000000000000958
http://doi.org/10.1519/R-16874.1
http://www.ncbi.nlm.nih.gov/pubmed/16287373
http://doi.org/10.1515/hukin-2016-0023
http://doi.org/10.5040/9781492595847-ch002


Int. J. Environ. Res. Public Health 2022, 19, 15571 13 of 14

19. Suchomel, T.J.; Nimphius, S.; Stone, M.H. The Importance of Muscular Strength in Athletic Performance. Sports Med. 2016, 46,
1419–1449. [CrossRef]

20. Styles, W.J.; Matthews, M.J.; Comfort, P. Effects of Strength Training on Squat and Sprint Performance in Soccer Players. J. Strength
Cond. Res. 2016, 30, 1534–1539. [CrossRef]

21. Keiner, M.; Kadlubowski, B.; Sander, A.; Hartmann, H.; Wirth, K. Effects of 10 Months of Speed, Functional, and Traditional
Strength Training on Strength, Linear Sprint, Change of Direction and Jump Performance in Trained Adolescent Soccer Player.
J. Strength Cond. Res. 2022, 36, 2236–2246. [CrossRef] [PubMed]

22. Sander, A.; Keiner, M.; Wirth, K.; Schmidtbleicher, D. Influence of a 2-Year Strength Training Programme on Power Performance
in Elite Youth Soccer Players. Eur. J. Sport Sci. 2013, 13, 445–451. [CrossRef] [PubMed]

23. Yahata, K.; Konrad, A.; Sato, S.; Kiyono, R.; Yoshida, R.; Fukaya, T.; Nunes, J.P.; Nakamura, M. Effects of a High-Volume Static
Stretching Programme on Plantar-Flexor Muscle Strength and Architecture. Eur. J. Appl. Physiol. 2021, 121, 1159–1166. [CrossRef]

24. Mizuno, T. Combined Effects of Static Stretching and Electrical Stimulation on Joint Range of Motion and Muscle Strength.
J. Strength Cond. Res. 2019, 33, 2694–2703. [CrossRef] [PubMed]

25. Nelson, A.G.; Kokkonen, J.; Winchester, J.B.; Kalani, W.; Peterson, K.; Kenly, M.S.; Arnall, D.A. A 10-Week Stretching Program
Increases Strength in the Contralateral Muscle. J. Cond. Res. 2012, 26, 832–836. [CrossRef] [PubMed]

26. Chen, C.H.; Nosaka, K.; Chen, H.L.; Lin, M.J.; Tseng, K.W.; Chen, T.C. Effects of Flexibility Training on Eccentric Exercise-Induced
Muscle Damage. Med. Sci. Sport. Exerc. 2011, 43, 491–500. [CrossRef] [PubMed]

27. Warneke, K.; Keiner, M.; Hillebrecht, M.; Schiemann, S. Influence of One Hour versus Two Hours of Daily Static Stretching for Six
Weeks Using a Calf-Muscle-Stretching Orthosis on Maximal Strength. Int. J. Environ. Res. Public Health 2022, 19, 11621. [CrossRef]
[PubMed]

28. Warneke, K.; Brinkmann, A.; Hillebrecht, M.; Schiemann, S. Influence of Long-Lasting Static Stretching on Maximal Strength,
Muscle Thickness and Flexibility. Front. Physiol. 2022, 13, 878955. [CrossRef]

29. Caldwell, S.L.; Bilodeau, R.L.S.; Cox, M.J.; Behm, D.G. Cross Education Training Effects Are Evident with Twice Daily, Self-
Administered Band Stretch Training. J. Sport. Sci. Med. 2019, 18, 544–551.

30. Shrier, I. Does Stretching Improve Performance? A Systematic and Critical Review of the Literature. Clin. J. Sport Med. 2004, 14,
267–273. [CrossRef] [PubMed]

31. Medeiros, D.M.; Lima, C.S. Influence of Chronic Stretching on Muscle Performance: Systematic Review. Hum. Mov. Sci. 2017, 54,
220–229. [CrossRef] [PubMed]

32. Panidi, I.; Bogdanis, G.C.; Terzis, G.; Donti, A.; Konrad, A.; Gaspari, V.; Donti, O. Muscle Architectural and Functional Adaptations
Following 12-Weeks of Stretching in Adolescent Female Athletes. Front. Physiol. 2021, 12, 701338. [CrossRef] [PubMed]

33. Kokkonen, J.; Nelson, A.G.; Eldredge, C.; Winchester, J.B. Chronic Static Stretching Improves Exercise Performance. Med. Sci.
Sport. Exerc. 2007, 39, 1825–1831. [CrossRef]

34. Bazett-Jones, D.M.; Gibson, M.H.; McBride, J.M. Sprint and Vertical Jump Performance Are Not Affected by Six Weeks of Static
Hamstring Stretching. J. Strength Cond. Res. 2008, 22, 25–31. [CrossRef] [PubMed]

35. Nakamura, M.; Yoshida, R.; Sato, S.; Yahata, K.; Murakami, Y.; Kasahara, K.; Fukaya, T.; Takeuchi, K.; Nunes, J.P.; Konrad, A.
Comparison Between High- and Low-Intensity Static Stretching Training Program on Active and Passive Properties of Plantar
Flexors. Front. Physiol. 2021, 12, 796497. [CrossRef] [PubMed]

36. Keiner, M.; Sander, A.; Hartmann, H.; Mickel, C.; Wirth, K. Do Long-Term Strength Training and Age Affect the Performance of
Drop Jumps in Adolescents? Separating the Effects of Training and Age. J. Aust. Strength Cond. 2018, 26, 26–40.

37. Cè, E.; Sbriccoli, P.; Venturelli, M.; Konrad, A.; Nakamura, M.; Yahata, K.; Sato, S.; Kiyono, R.; Yoshida, R.; Fukaya, T.; et al.
Training and Detraining Effects Following a Static Stretching Program on Medial Gastrocnemius Passive Properties. Front. Physiol.
2021, 12, 656579. [CrossRef]

38. Nakamura, M.; Sato, S.; Murakami, Y.; Kiyono, R.; Yahata, K.; Sanuki, F.; Yoshida, R.; Fukaya, T.; Takeuchi, K. The Comparison of
Different Stretching Intensities on the Range of Motion and Muscle Stiffness of the Quadriceps Muscles. Front. Physiol. 2021, 11, 628870.
[CrossRef] [PubMed]

39. Cohen, J. Statistical Power Analysis for Behavioral Sciences, 2nd ed.; Lawrence Erlbaum Associates: Mahwah, NJ, USA, 1988.
40. Ferreira, J.A.; Zwinderman, A.H. On the Benjamini-Hochberg Method. Ann. Stat. 2006, 34, 1827–1849. [CrossRef]
41. Thomas, E.; Bianco, A.; Paoli, A.; Palma, A. The Relation Between Stretching Typology and Stretching Duration: The Effects on

Range of Motion. Int. J. Sport. Med. 2018, 39, 243–254. [CrossRef]
42. Medeiros, D.M.; Cini, A.; Sbruzzi, G.; Lima, C.S. Influence of Static Stretching on Hamstring Flexibility in Healthy Young Adults:

Systematic Review and Meta Analysis. Physiother. Theory Pract. 2016, 32, 438–445. [CrossRef] [PubMed]
43. Medeiros, D.M.; Martini, T.F. Chronic Effect of Different Types of Stretching on Ankle Dorsiflexion Range of Motion: Systematic

Review and Meta-Analysis. Foot 2018, 34, 28–35. [CrossRef] [PubMed]
44. Seitz, L.B.; Reyes, A.; Tran, T.T.; de Villarreal, E.S.; Haff, G.G. Increases in Lower-Body Strength Transfer Positively to Sprint

Performance: A Systematic Review with Meta-Analysis. Sport. Med. 2014, 44, 1693–1702. [CrossRef]
45. Alway, S.E. Contractile Properties of Aged Avian Muscle after Stretch-Overload. Mech. Ageing Dev. 1994, 73, 97–112. [CrossRef]
46. Alway, S.E. Force and Contractile Characteristics after Stretch Overload in Quail Anterior Latissimus Dorsi Muscle. J. Appl.

Physiol. 1994, 77, 135–141. [CrossRef] [PubMed]

http://doi.org/10.1007/s40279-016-0486-0
http://doi.org/10.1519/JSC.0000000000001243
http://doi.org/10.1519/JSC.0000000000003807
http://www.ncbi.nlm.nih.gov/pubmed/32868678
http://doi.org/10.1080/17461391.2012.742572
http://www.ncbi.nlm.nih.gov/pubmed/24050460
http://doi.org/10.1007/s00421-021-04608-5
http://doi.org/10.1519/JSC.0000000000002260
http://www.ncbi.nlm.nih.gov/pubmed/29023326
http://doi.org/10.1519/JSC.0b013e3182281b41
http://www.ncbi.nlm.nih.gov/pubmed/22297415
http://doi.org/10.1249/MSS.0b013e3181f315ad
http://www.ncbi.nlm.nih.gov/pubmed/20689450
http://doi.org/10.3390/ijerph191811621
http://www.ncbi.nlm.nih.gov/pubmed/36141890
http://doi.org/10.3389/fphys.2022.878955
http://doi.org/10.1097/00042752-200409000-00004
http://www.ncbi.nlm.nih.gov/pubmed/15377965
http://doi.org/10.1016/j.humov.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28527424
http://doi.org/10.3389/fphys.2021.701338
http://www.ncbi.nlm.nih.gov/pubmed/34335307
http://doi.org/10.1249/mss.0b013e3181238a2b
http://doi.org/10.1519/JSC.0b013e31815f99a4
http://www.ncbi.nlm.nih.gov/pubmed/18296952
http://doi.org/10.3389/fphys.2021.796497
http://www.ncbi.nlm.nih.gov/pubmed/34975544
http://doi.org/10.3389/fphys.2021.656579
http://doi.org/10.3389/fphys.2020.628870
http://www.ncbi.nlm.nih.gov/pubmed/33519530
http://doi.org/10.1214/009053606000000425
http://doi.org/10.1055/s-0044-101146
http://doi.org/10.1080/09593985.2016.1204401
http://www.ncbi.nlm.nih.gov/pubmed/27458757
http://doi.org/10.1016/j.foot.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/29223884
http://doi.org/10.1007/s40279-014-0227-1
http://doi.org/10.1016/0047-6374(94)90059-0
http://doi.org/10.1152/jappl.1994.77.1.135
http://www.ncbi.nlm.nih.gov/pubmed/7961225


Int. J. Environ. Res. Public Health 2022, 19, 15571 14 of 14

47. Delbressine, J.M.; Machado, F.V.C.; Goërtz, Y.M.J.; Van Herck, M.; Meys, R.; Houben-Wilke, S.; Burtin, C.; Franssen, F.M.E.; Spies,
Y.; Vijlbrief, H.; et al. The Impact of Post-COVID-19 Syndrome on Self-Reported Physical Activity. Int. J. Environ. Res. Public
Health 2021, 18, 6017. [CrossRef] [PubMed]

48. Takeuchi, K.; Akizuki, K.; Nakamura, M. Time Course of Changes in the Range of Motion and Muscle-Tendon Unit Stiffness of
the Hamstrings after Two Different Intensities of Static Stretching. PLoS ONE 2021, 16, e0257367. [CrossRef]

49. Abdelsattar, M.; Konrad, A.; Tilp, M. Relationship between Achilles Tendon Stiffness and Ground Contact Time during Drop
Jumps. J. Sports Sci. Med. 2018, 17, 223–228. [PubMed]

50. Pruyn, E.C.; Watsford, M.; Murphy, A. The Relationship between Lower-Body Stiffness and Dynamic Performance. Appl. Physiol.
Nutr. Metab. 2014, 39, 1144–1150. [CrossRef] [PubMed]

51. Pua, Y.H.; Mentiplay, B.F.; Clark, R.A.; Ho, J.Y. Associations among Quadriceps Strength and Rate of Torque Development
6 Weeks Post Anterior Cruciate Ligament Reconstruction and Future Hop and Vertical Jump Performance: A Prospective Cohort
Study. J. Orthop. Sport. Phys. Ther. 2017, 47, 845–852. [CrossRef]

52. Wisløff, U.; Castagna, C.; Helgerud, J.; Jones, R.; Hoff, J. Strong Correlation of Maximal Squat Strength with Sprint Performance
and Vertical Jump Height in Elite Soccer Players. Br. J. Sport. Med. 2004, 38, 285–288. [CrossRef] [PubMed]

53. Warneke, K.; Keiner, M.; Lohmann, L.H.; Hillebrecht, M.; Wirth, K.; Schiemann, S. The Influence of Maximum Strength
Performance in Seated Calf Raises on Counter Movement Jump and Squat Jump in Elite Junior Basketball Players. Sport Mont
2022, 20, 63–68. [CrossRef]

http://doi.org/10.3390/ijerph18116017
http://www.ncbi.nlm.nih.gov/pubmed/34205086
http://doi.org/10.1371/journal.pone.0257367
http://www.ncbi.nlm.nih.gov/pubmed/29769823
http://doi.org/10.1139/apnm-2014-0063
http://www.ncbi.nlm.nih.gov/pubmed/25007238
http://doi.org/10.2519/jospt.2017.7133
http://doi.org/10.1136/bjsm.2002.002071
http://www.ncbi.nlm.nih.gov/pubmed/15155427
http://doi.org/10.26773/smj.220610

	Introduction 
	Materials and Methods 
	Participants 
	Testing Procedure 
	ROM Measurement 
	Jumping Measurement 
	Intervention 
	Data Analysis 

	Results 
	Evaluation of Maximal Strength in the Plantar Flexors 
	Evaluation of Jumping Height Using the Squat- and Counter Movement Jump 
	Evaluation of Jumping Performance Using the Drop Jump 
	Evaluation of Flexibility Using the Knee-to-Wall Test 

	Discussion 
	Limitations 
	Practical Applications 

	Conclusions 
	References

