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Abstract

Purpose Static stretching (SS) improves flexibility but may impair the accuracy of joint position sense. Therefore, this study
aimed to investigate the acute effects and time course of SS on the accuracy of joint position sense, range of motion (ROM),
and muscle—tendon unit (MTU) stiffness.

Methods This study randomly assigned 16 healthy, young males to the SS and control conditions. SS intervention in the SS
condition was performed on the plantar flexors of the dominant leg for three sets of 60 s. The participants were instructed
to sit for 240 s in the control condition. The ankle dorsiflexion (DF) ROM, passive torque at DF ROM, MTU stiffness, and
joint position sense on the dominant leg side were measured before (PRE) and immediately (POST) and at 5, 10, and 20 min
postintervention.

Results A significant interaction effect was observed in the relative error in the joint position sense, and significant increases
were noted in POST compared to PRE in the SS condition. Further, significant interactions were observed in DF ROM,
passive torque at DF ROM, and MTU stiffness. The SS condition demonstrated significant increases in DF ROM and passive
torque at DF ROM compared to PRE with POST, 5 min, and 10 min, and MTU stiffness significantly decreased in POST
compared with PRE.

Conclusion Our results indicated that the accuracy of the joint position sense decreased immediately after SS, but returned
to baseline in a very short time.
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performed as part of a warm-up to prevent sports injuries
[8-10].

The acute effect of SS may alter the accuracy of joint
position sense in addition to improving flexibility. Joint
position sense is recognized when information is input
from proprioceptors in all body parts [11, 12]. Walsh et al.
reported that 90 s of SS intervention on the quadriceps
and hamstrings reduced the absolute value of the error
from the target angle at 20° and 45° knee flexion,
regarding the effect of SS on the accuracy of joint position
sense [13]. The results indicated an improved accuracy
of joint position sense after SS. However, Larsen et al.
revealed that a 90 s SS intervention for the quadriceps and
hamstrings did not significantly alter the relative values
to the target angle at 50° and 70° knee flexion [14]. Thus,
studies that defined the outcome of the accuracy of joint
position sense as the absolute value of the error from the
target angle revealed improvement immediately after SS
[13, 15], while the studies that defined the outcome as the
relative value of the error from the target angle revealed
no improvement immediately after SS [14]. Therefore,
there is no consensus on whether or not SS improves the
accuracy of joint position sense. Some previous studies
suggest that absolute error, not relative error, should be
analyzed in joint position sense measurements [16], but
there are also scattered previous studies that measure
relative error in addition to absolute error [17, 18]. Since
absolute error alone cannot take into account the direction
of error, it may be desirable to include relative error in the
measurement in order to examine joint position sense in
detail. Joint position sense has been involved in the risk of
ankle joint disorders [19, 20], balance function [21, 22],
and sports performance [23, 24]. Therefore, changes in
the accuracy of joint position sense immediately after SS
may affect these factors. Additionally, from the warm-up
perspective, the time course of change in the accuracy of
the joint position sense after SS is crucial information.
Studies investigated the time course of the effects of SS
on passive properties, such as ROM and MTU stiffness
[3, 25], but no studies evaluated the accuracy of joint
position sense.

Therefore, this study aimed to investigate the acute
effects and time course of SS on the accuracy of joint
position sense, ROM, and MTU stiffness. Concerning
joint position sense, we hypothesized, based on previous
studies, that the absolute value of the error from the target
angle improves immediately after SS [13, 15]. However,
the relative value of the error does not change [14].
Regarding flexibility, we hypothesized that an increase
in ROM would persist longer than a decrease in MTU
stiffness, based on previous studies [3].
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Methods
Participants

The objectives of the study were fully explained to the
participants, and those who were interested were recruited.
The participants included 16 healthy, nonathletic, sedentary
young males (age: 21.4+3.1 years, height: 169.7+4.2 cm,
weight: 65.3+8.6 kg). The target muscles included the
plantar flexor muscles of the dominant ankle joints. The
dominant leg was the preferred leg for kicking the ball [26].
The inclusion criteria were no regular resistance training
within the past 6 months, no neuromuscular disease, and
no orthopedic disease history [27]. None of the participants
were competitive athletes or engaged in regular resistance
training or stretching programs for the lower limbs [28]. The
required sample size for a repeated-measure two-way analysis
of variance (ANOVA) (effect size [ES]=0.25 [middle], o
error=0.05, and power =0.8) using G* power 3.1 software
(Heinrich Heine University, Diisseldorf, Germany) was more
than 14 participants. Thus, 16 participants were recruited to
account for possible attrition. All participants were briefed
on the study's purpose and procedures, and written consent
was obtained from each participant. The Ethical Review
Committee of Niigata University of Health and Welfare
approved this study (Ethics Approval Number: #18,561).

Experimental set-up

We used a randomized repeated-measures experimental design
to compare the effects of SS over time in the (1) SS and (2)
control conditions. SS was administered to the plantar flexors
on the dominant foot side in the SS condition. Participants
completed the two conditions in a random order, with the order
randomly determined. The participants were instructed to visit
the laboratory two times, with a>48 h break. The SS inter-
vention was performed for three sets of 60 s each, with a 30 s
rest between sets. The participants in the control condition
were instructed to sit for 240 s. We measured the joint position
sense, dorsiflexion (DF) ROM, passive torque at DF ROM, and
MTU stiffness before (PRE) and immediately after (POST)
and at 5, 10, and 20 min postintervention. POST measure-
ments were performed immediately after SS intervention.
Joint position sense was measured after measuring flexibility
in PRE. Flexibility was calculated after measuring joint posi-
tion sense in the POST, 5, 10, and 20 min (Fig. 1).

Assessment of the DF ROM, passive torque at DF
ROM, and MTU stiffness

DF ROM, passive torque at DF ROM, and MTU stiffness
were measured as flexibility indices. The participants
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Fig. 1 Experimental flow chart

Screening, Recruitment & Inclusion |

4

Baseline measurement (PRE) |

| (1) ss

| (2) Control

Immediately after intervention measurement (POST) |

Measurement 5 min after intervention |

Measurement 10 min after intervention I

L 2

2 2

Measurement 20 min after intervention I

Fig.2 Starting limb position for measuring flexibility

were secured in a seated position on the chair of an isoki-
netic dynamometer (Biodex System 3.0, Biodex Medical
Systems, Inc., Shirley, NY, USA) with a 0° knee angle.
Moreover, the trunk and pelvis of the participant were
secured with a belt while the participant was reclined (70°
hip angle) to prevent tension at the back of the knee [29]
(Fig. 2). Thereafter, the dynamometer footplate was pas-
sively and isokinetically dorsiflexed at a speed of 5°/s from
the 30° plantar flexion position to DF and stopped just
before the participant started to feel discomfort or pain.
Participants stopped the dynamometer after two familiari-
zation trials by activating a safety trigger when they started
to feel discomfort or pain, with the angle just before this
point defined as the DF ROM [29, 30]. Stretch tolerance
is the passive torque at DF ROM [3, 31]. Additionally,
surface electrodes (Blue Sensor N, Ambu A/S, Ballerup,
Denmark) were applied to the medial gastrocnemius

muscle to confirm the absence of voluntary contraction of
the ankle plantar flexor muscles, and electromyography
(FA-DL-720-140; 4Assist, Tokyo, Japan) was performed
to confirm muscle activity [32].

MTU stiffness was calculated from the same ankle DF
angle range pre and postintervention. The calculated ankle
DF angle range was the preintervention angle from the 50%
maximum ankle DF angle to the maximum ankle DF angle
[33]. However, the MTU stiffness pre and postintervention
was calculated from the postintervention 50% maximum
ankle DF angle to the maximum ankle DF angle if the
maximum ankle DF angle measured postintervention was
smaller than that measured preintervention. These were
measured once at each time point, and the obtained values
were used for statistical analysis.

Assessment of joint position sense

The starting limb position was the same as in the assessment
of flexibility indices (Fig. 2). The angle obtained from the
DF ROM measurement was defined as 100%, and the 50%
angle was defined as the target angle. First, participants were
asked to memorize the target angle while their vision was
obstructed by an eye mask (10s of three sets). The ankle joint
was passively dorsiflexed (angular velocity: 5°/s) from 30°
plantar flexion with the footplate of the dynamometer while
wearing an eye mask in PRE and POST, 5, 10, and 20 min
after the measurements, and the actual angular values of the
angle that the participant felt reached the target angle were
calculated. The relative error, which is the value obtained
by subtracting the target angle from the measured angle,
and absolute error, which is the absolute difference between
the measured angle and the target angle, were calculated
[17]. Three measurements were taken at each period, and
the average value obtained was used for statistical analysis.

@ Springer



884

Sport Sciences for Health (2024) 20:881-889

Static stretching Interventions

The plantar flexor muscle on the dominant side was passively
stretched using a dynamometer in the SS condition,
similar to the DF ROM measurements. A previous study
[34] indicated that the ankle joint with the dynamometer
in passive mode (angular velocity: 5°/s) from the 30°
plantarflexion angle to the angle could be tolerated to the
maximum extent without pain or discomfort. Participants
performed the SS intervention for three sets of 60 s each,
with a 30 s rest between sets.

Measurement reliability

The test-retest reliability for all dependent variables was
measured in eight men (mean age: 21.9 + 1.1 years, height:
168.9 +4.7 cm, and body weight: 65.7 +10.1 kg) who have
not participated in the study before data collection. The two
tests were separated by 2—7 days and conducted at the same
time of the day (+ 1 h). The intraclass correlation coefficients
revealed high reliability for all measures (DF ROM: 0.92;
passive torque at DF ROM: 0.95; MTU stiffness: 0.96;
relative error: 0.91; and absolute error: 0.82).

Statistical analysis

Statistical Package for the Social Sciences (version 28.0;
SPSS Japan Inc., Tokyo, Japan) was used for statistical
analysis. The Shapiro—Wilk test was used to test data
normality. The values for each variable followed normality.
The paired-sample #-test of variance was used for each
variable to reveal that the PRE values did not differ among
the conditions. All outcome variables were subjected to
a two-way repeated-measures ANOVA (time [PRE vs.
POST vs. 5 min vs. 10 min vs. 20 min] and conditions
[SS vs. Control]) to calculate interaction effects. If no
significant interaction was found, the main effect was
examined. Classification of ES was set where np2 of <0.01
was considered small, 0.02—0.1 was considered medium,
and > 0.1 was considered a large effect size [35]. Posthoc
tests were performed using multiple comparison tests with
Bonferroni correction to confirm a significant interaction
effect to determine differences between PRE, POST, and
5, 10, and 20 min. Additionally, we calculated Cohen’s
d ES as differences in the mean value divided by the
pooled SD between PRE and POST, and 5, 10, and 20 min
postintervention in each condition. ES of 0.00-0.19,
0.20-0.49, 0.50-0.79, and > 0.80 were considered as
trivial, small, moderate, and large, respectively [35]. The
significance level was set to 5%, and all results are presented
as the mean + SD.
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Results

Comparison of variables during PRE in each
condition

The PRE values revealed no significant differences between
the two conditions for any variable.

Changes in joint position sense

Table 1 shows the results of the relative error and absolute
error PRE, POST, and 5, 10, and 20 min for each condition.
Relative error demonstrated a significant interaction effect
(»p<0.001, F=10.7, np2=0.416). The posthoc test results
revealed a significant increase compared to PRE and
POST (p=0.012, d=0.91) after the intervention in the
SS condition. However, PRE and 5 (p =1.000, d=0.20),
10 (p=0.636, d=0.41), or 20 min (p =1.000, d=0.22)
demonstrated no significant differences in the SS condition.
The control conditions were not significantly different
between PRE and POST (p=0.678, d= — 0.23), 5 min
(p=1.000, d=0.17), 10 min (p=1.000, d=0.20), and
20 min (p=0.282, d=0.41).

The absolute error revealed no interaction effect (p =
0.066, F = 2.33, np2 = 0.135). Additionally, no significant
main effect for time (p = 0.113, F = 1.95, np2 =0.115) and
condition (p = 0.379, F = 0.82, np2 =0.052).

Changes in DF ROM, passive torque at DF ROM,
and MTU stiffness

Table 2 shows the results of DF ROM, passive torque at
DF ROM, and MTU stiffness at PRE, POST, and 5, 10,
and 20 min in each condition. DF ROM demonstrated
a significant interaction effect (p <0.001, F=10.7,
np2 =0.417). The posthoc test results revealed a significant
increase compared with PRE and POST (p <0.001, d=0.63),
5 min (p=0.003, d=0.43), and 10 min (p=0.02, d=0.32)
postintervention in the SS condition. However, PRE and
20 min (p=0.256, d=0.29) were not significantly different
in the SS condition. Control conditions were not significantly
different between PRE and POST (p=1.000, d=—- 0.15), 5
min (p=0.554,d= - 0.19), 10 min (p=1.000, d= — 0.17),
and 20 min (p =0.536, d= — 0.29).

Passive torque in DF ROM demonstrated a significant
interaction effect (p =0.004, F=4.26, np2 =0.221). The
posthoc test results revealed a significant increase compared
with PRE and POST (p <0.001, d=0.60), 5 min (p <0.001,
d=0.58), and 10 min (p =0.005, d=0.46) postintervention
in the SS condition. However, PRE and 20 min (p =0.056,
d=0.41) were not significantly different in the SS condition.
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Control conditions demonstrated no significant differ-
ence between PRE and POST (p=1.000, d=0.11), 5 min
(p=1.000, d=0.05), 10 min (p=1.000, d=0.12), or 20 min
(p=1.000, d=0.02).

MTU stiffness demonstrated a significant interaction
effect (p <0.001, F=6.03, np2 =0.287). The posthoc test
results revealed a significant increase compared to PRE and
POST (p=0.043, d= — 0.30) after intervention in the SS
condition. However, PRE and 5 (p =1.000, d=0.00), 10
(»p=1.000,d=0.04), or 20 min (p =1.000, d=0.01) were not
significantly different in the SS condition. Control conditions
demonstrated no significant difference between PRE and
POST (p=1.000, d=0.10), 5 min (»p=0.079, d=0.12), 10
min (p=1.000, d=0.08), or 20 min (p=0.556, d=0.11).

Discussion

This study investigated the accuracy, passive properties,
acute effect, and time course of SS on joint position sense.
The results revealed that 180 s of SS intervention increased
DF ROM and passive torque at DF ROM for > 10 min
and returned to baseline after 20 min. Conversely, an
increased relative error of joint position sense (error in
the forward direction, i.e., overestimated) and a decrease
in MTU stiffness were observed acutely but returned to
baseline within 5 min. Therefore, the results confirm the
hypothesis of this study that the accuracy of joint position
sense decreases immediately after SS, but the effect returns
to baseline within a short period, which is shorter than the
effect of increased ROM. To the best of our knowledge,
this is the first study to investigate changes in the accuracy
of joint position sense and changes in passive properties
concerning the acute effects and time course of SS.

An overestimation of joint position sense was observed
immediately after SS in the SS condition, but the effect
returned to baseline within 5 min. A previous study revealed
that tendon tap reflex (T-reflex) significantly decreased
by performing a 1 min SS on plantar flexor muscles [36].
T-reflex indicates the sensitivity of muscle spindles [37], and
SS may alter the sensitivity of muscle spindles and reduce
the accuracy of joint position sense. Additionally, joint
position sense overestimation may be due to the sensitivity
change of muscle spindles caused by the decrease in MTU
stiffness. Muscle spindles, which are one of the intrinsic
receptors, are largely responsible for sensations associated
with muscle length and length changes [38]. Moreover, the
intramuscular fibers of muscle spindles exhibited thixotropic
properties [39]. Thixotropy refers to materials that change
their physical properties due to being moved or “after-effects
[39, 40]. This study revealed significantly reduced MTU
stuffiness in SS conditions. Therefore, SS may have altered
the thixotropic properties of intramuscular fibers in muscle
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spindles, affecting the perception of muscle length and
muscle length changes, which may have been overestimated.
Furthermore, joint position sense overestimation may have
returned to baseline within 5 min because the SS-induced
changes in muscle spindles returned to baseline within a
short period. A previous study revealed that a 5-min SS on
plantar flexor muscles reduced T-reflexes, which returned
to baseline within 10 min [41]. Additionally, this study
revealed that the decrease in MTU stiffness in the SS
condition returned to baseline within 5 min, which time
course of change was consistent with joint position sense
overestimation. These results indicate quickly reversed
SS-induced changes in muscle spindle sensitivity.

The PRE value of relative error may be involved in the
absence of a significant interaction in absolute error in this
study. The absolute error is calculated as the absolute value
of the error from the target angle. For participants with a
negative PRE value for relative error (error in the backward
direction, i.e., underestimated), the absolute error may
decrease as the SS changes the joint position sense to the
forward direction. This may be a factor, and the absolute
error, unlike the relative error, may not have had a significant
interaction effect.

This study revealed that DF ROM and passive torque at
DF ROM increased for > 10 min and returned to baseline
after 20 min in SS condition. Conversely, MTU stiffness
decreased acutely but returned to baseline within 5 min.
Therefore, the increase in ROM due to SS may persist longer
than the decrease in MTU stiffness. Mizuno et al. revealed
that after 300 s of SS for the ankle plantar flexors, DF ROM
increased for > 30 min [3], but the decrease in MTU stiffness
returned to baseline within 10 min [42]. These results
indicate that the increase in ROM with SS lasts longer than
the decrease in MTU stiffness. Sensations, such as pain
and discomfort tolerance (i.e., stretch tolerance), have been
reported to be a factor for increased ROM in addition to
mechanical properties such as MTU stiffness [31]. Passive
torque at DF ROM was an indicator of the stretch tolerance
[3, 31], thus stretch tolerance may be mainly involved in the
sustained effect of SS on ROM increase.

This study revealed joint position sense overestimation
immediately after SS, and thus the accuracy of the joint
position may decrease immediately after SS. SS is frequently
performed as part of a warm-up to prevent sports injuries
by improving flexibility [8—10]. Conversely, joint position
sense has been involved in the risk of ankle joint disorders
[19, 20], balance function [21, 22], and sports performance
[23, 24]. Therefore, performing SS in warm-up may increase
the risk of disability associated with worsened accuracy of
joint position sense and decreased balance function and
performance, considering the results of this study. However,
this study revealed that joint position sense overestimation
due to SS was reversed within 5 min, indicating that the
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decrease in accuracy of the joint position sense due to SS
was recovered in a very short time. Therefore, to minimize
the risk of sports injury, attention should be paid to the first 5
min after static stretching, and it may be desirable to perform
dynamic stretching instead of static stretching.

This study has several limitations. The present study
included healthy adult males with no exercise habits.
Therefore, the results of this study may not apply to females,
the elderly, or athletes. Future studies should focus on
different participants. Additionally, this study did not use
neurophysiological indices such as H-reflex and T-reflex.
Thus, future studies should measure H-reflex and T-reflex
and investigate the detailed mechanism by which SS reduces
the accuracy of joint position sense. The results of this study
indicate the decreased accuracy of the joint position sense
immediately after SS. The extent to which the decrease in
accuracy of the joint position sense due to SS adversely
affects performance and other factors remains unknown.
Further study is required to identify the negative impact of
the decrease in accuracy of the joint position sense due to
SS on performance and other factors.

Conclusion

This study examined the acute effects and time course
of SS on the accuracy of passive properties and joint
position sense. The results revealed joint position sense
overestimation immediately after SS, but the effect quickly
reversed. Compared to the decrease in MTU stiffness, the
effect of SS on ROM increase persisted longer. Notably, the
accuracy of the joint position sense decreases immediately
after SS when performing SS as a warm-up.
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