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Abstract  
While the time course of muscle-tendon unit (MTU) function and 
structure following short (1 min) and long (5 min) durations of 
static stretching has already been investigated, less is known 
about medium stretch durations. Therefore, the purpose of this 
study was to investigate the time course of these parameters fol-
lowing 3 min of static stretching of the plantar flexor muscles. 
Fourteen healthy volunteers were tested on two separate days in 
a random order with two different rest times (0 min, 5 min) after 
3 × 60 s of stretching. During each test, the dorsiflexion range of 
motion (RoM), passive resistive torque (PRT), and maximum 
voluntary contraction (MVC) were measured with a dynamome-
ter. Ultrasonography of the gastrocnemius medialis (GM) mus-
cle-tendon junction displacement and motion capture allowed us 
to determine the length changes in the tendon and muscle, respec-
tively, and hence to calculate their stiffness. We observed an in-
crease in RoM and a decrease in PRT and muscle-tendon stiffness 
at 0 min and 5 min post-stretching. This can be attributed to a de-
crease in muscle stiffness, as a decrease in PRT and muscle stiff-
ness was observed up to 5 min after the stretching. No changes 
were detected in MVC torque and tendon stiffness. Static stretch-
ing for 3 × 60 s changes the muscle-tendon functions (RoM, PRT) 
for at least 5 min. These changes are related to mechano-morpho-
logical changes of the muscle, but not the tendon structure.  
 
Key words: Stiffness, ultrasound, passive resistive torque, max-
imum voluntary contraction, range of motion. 

 

 
Introduction 
 
Static stretching is widely used in sports practice during 
warm-up, with the goal being to acutely increase the range 
of motion (RoM) of a joint. The consistently observed in-
creased RoM is accompanied with an increased tolerance 
to stretch and mechano-morphological changes in the mus-
cle-tendon unit (MTU). The mechano-morphological 
changes following a single stretching exercise are often re-
lated to a decrease in overall muscle-tendon stiffness, 
which is sometimes also referred to as “joint stiffness” 
(Kay et al., 2015; Konrad et al., 2017a; 2017b) or “passive 
resistive torque” (PRT) (Konrad et al., 2017a; 2017b; 
Nakamura et al., 2013). Both measures describe the re-
sistance to stretch of the MTU. Most of the studies that dis-
tinguished between the muscular and tendinous tissue of 
the whole MTU have reported a decrease in the muscle 
stiffness (Kay and Blazevich, 2009; Kay et al., 2015; Kon-
rad et al.2017a; 2017b; 2019a), while only some have re-
ported a decrease in tendon stiffness (without changes in 
the muscular component) (Kubo et al., 2001; Kato et al., 
2010). These controversial results can be explained by the 

different stretching durations or intensities applied. While 
shorter stretch durations and lower stretch intensities are 
related to changes in the muscle structure, longer stretch 
durations (> 10 min) and/or greater stretch intensities (e.g. 
including maximum active contractions) seem to predomi-
nantly affect the tendon structure. 

Static stretching might also affect muscle perfor-
mance with a clear “dose-response relationship”, as ana-
lyzed by several reviews (Behm and Chaouachi, 2011; Kay 
and Blazevich, 2012; Behm et al., 2016). These authors 
pointed out that stretches that last longer than 60 s probably 
have a detrimental effect on muscle performance, while 
this is not expected for stretches of less than 60 s.  

Although several studies have investigated the 
acute effect of stretching on RoM, muscle-tendon struc-
ture, and performance, less is known about the time course 
of these measures following stretching. Depending on the 
stretch duration, some authors have reported an increased 
RoM, which lasts between 10 min (Ryan et al., 2008a, 
Konrad and Tilp, 2019; Konrad et al., 2019) and up to 
120 min after stretching (Power et al., 2004).  

Following 5 min of static stretching, changes in 
muscle-tendon stiffness have been observed both immedi-
ately (Mizuno et al., 2012; Konrad et al., 2019) and up to 
5 min after stretching (Mizuno et al., 2012), but these 
changes recovered within 10 min. The changes are associ-
ated with a decreased PRT, muscle stiffness, or increased 
muscle elongation for up to 5 min (Mizuno et al., 2012; 
Konrad et al., 2019). All the structural changes that oc-
curred in the muscle had recovered within 10 min. The ef-
fects of shorter stretching durations (3 min) were analyzed 
by Kay and Blazevich (2009), who reported a decrease in 
muscle stiffness immediately after stretching, which recov-
ered after 30 min. However, the development of the re-
sponses up to 30 min after the stretching were not investi-
gated. A shorter stretching duration of 1 min of static 
stretching, however, did not lead to changes in muscle-ten-
don stiffness and muscle stiffness immediately, 20 min, 
and 40 min after the stretching exercise, respectively (Kon-
rad and Tilp, 2019). 

A decrease in muscle performance (measured as 
maximum voluntary contraction (MVC)) was observed af-
ter 5 min of static stretching, for at least 10 min (Konrad et 
al., 2019), but not after 1 min of static stretching (Konrad 
and Tilp, 2019).  

Hence, for the full picture of the time course of the 
dose-response relationship of stretching, there is still a 
knowledge gap with regard to the precise time course of 
the response of muscle and tendon properties (e.g. passive 
muscle and tendon stiffness, active tendon stiffness) and 
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function responses (e.g. RoM, MVC) within the first 
minutes after a static stretching exercise of medium (be-
tween 1 and 5 min) duration. 

Therefore, the objective of this study was to analyze 
the time course (immediately, 5 min) of the properties and 
functional responses of the plantar flexor muscle-tendon 
system following a 3-min stretching exercise. Based on 
previous results, we hypothesized an increase in RoM and 
a decrease in PRT and MVC, both immediately and 5 min 
after the stretching. We further assumed that these changes 
would be associated with a decrease in muscle stiffness, 
and that these changes would last up to 5 min after the 
stretching.  
 
Methods 

 
Experimental design 
On the first day, subjects were familiarized with the labor-
atory equipment, the assessments (RoM, passive, active), 
and the stretching regime. Moreover, participants visited 
the laboratory for a further two sessions on different days 
(with a 2- to 7-day break in between) at the same time of 
day to assess the effects of stretching immediately (0min-
post) and 5 min (5min-post) after the stretching, in a ran-
domized order. Before and after the two conditions 
(0 min_post, 5 min_post), we determined the RoM, PRT, 
MVC torque, muscle-tendon stiffness, muscle stiffness, 
and passive and active tendon stiffness of the gastrocnem-
ius medialis (GM) muscle. 
 
Subjects 
Three healthy female (mean ± SD; 24.6 ± 2.3 years, 
1.71 ± 0.02 m, 64.2 ± 5.7 kg) and 11 healthy male (mean ± 
SD; 24.8 ± 3.8 years, 1.83 ± 0.05 m, 75.6 ± 9.0 kg) physi-
cally active volunteers with no history of lower leg injuries 
participated in this study. Subjects were informed about the 
testing procedure, but were not informed about the study’s 
aim and hypotheses. According to a sample size calculation 
(primary outcome variable muscle stiffness) for a univari-
ate linear model based on the literature and on our own data 
(mean change = 4% (i.e. Kay and Blazevich, 2009); SD = 
5%, alpha = 0.05, beta = 0.9) suggests a necessary group 
size of 14 subjects. 

The study was approved by the local research ethics 
board (GZ. 39/77/63 ex 2013/14), and written informed 
consent was obtained from all volunteers before the onset 
of the experimental procedures. 

Measures 
The temperature in the laboratory was kept constant at 
around 20.5 °C. Measurements were performed without 
any warm-up and in the following order: pre-tests: RoM 
(1-min rest), PRT (1-min rest), MVC (1-min rest); inter-
vention: stretching for 3 × 60 s; post-tests: immediately fol-
lowing stretching, or following 5 min of rest in the same 
order (RoM (1-min rest), PRT (1-min rest), MVC).  

RoM measurement: RoM was determined with an 
isokinetic dynamometer (CON-TREX MJ, CMV AG, 
Duebendorf, Switzerland) in a seated position with a hip 
joint  angle  of  110°, with the foot resting on the dynamo- 

eter foot plate and the knee fully extended. Two oblique 
straps on the upper body and one strap around the thigh 
were used to secure the participant to the dynamometer and 
exclude any evasive movement. The estimated ankle joint 
center was carefully aligned with the axis of the dynamom-
eter and the foot was fixed barefooted with a strap to the 
dynamometer foot plate to avoid any heel displacement. 
Participants were moved to the neutral ankle joint position 
in the dynamometer (90° between foot sole and tibia), and 
were subsequently asked to regulate the motor of the dyna-
mometer with a remote control to get into a dorsiflexion 
(stretching) position until they reached their individual 
maximum tolerable stretch. The angular velocity of the dy-
namometer during this procedure was set to 5°/s. The dif-
ference between the neutral ankle position and the maxi-
mum dorsiflexion was defined as the dorsiflexion RoM. 

Passive resistive torque (PRT) measurement: Dur-
ing this measurement, the dynamometer moved the ankle 
joint from a 20° plantar flexion to the individual end dorsi-
flexion RoM, which was previously determined in the 
RoM measurement. During pilot measurements, we recog-
nized a conditioning effect during the first two passive 
movements, similar to the active conditioning reported by 
Maganaris (2003). Therefore, the ankle joint was moved 
passively for three cycles and measurements were taken 
during the third cycle, to minimize bias due to conditioning 
effects. According to previous studies (Kubo et al., 2002; 
Mahieu et al., 2009), the velocity of the dynamometer was 
set to 5°/s to exclude any reflexive muscle activity. PRTs 
before and after the intervention were compared at the 
same ankle angle in a stretched state (at the lower maxi-
mum RoM of pre- and post-stretching, respectively), to as-
sess tissue resistance. Participants were asked to relax dur-
ing the measurements. 

Maximum voluntary contraction (MVC) measure-
ment: MVC measurement was performed with the dyna-
mometer at an ankle position of 10° of plantar flexion. Par-
ticipants were instructed to perform two isometric MVCs 
of the plantar flexors for 5 s, with rest periods of at least 
1 min between the measurements, to avoid any fatigue. The 
attempt with the highest MVC torque value was taken for 
further analysis. 

Electromyography (EMG): Muscular activity was 
monitored by electromyography (EMG) (myon 320, myon 
AG, Zurich, Switzerland) during PRT and MVC measure-
ments. After standard skin preparation, surface electrodes 
(Blue Sensor N, Ambu A/S, Ballerup, Denmark) were 
placed on the muscle bellies of the GM and the tibialis an-
terior (TA), according to SENIAM recommendations (Her-
mens et al., 1999). In the RoM and PRT measurements, the 
raw EMG was monitored online to ensure that the subject 
was relaxed. In the case of an observed increase in the 
EMG of the GM or the TA, the RoM or PRT measurements 
were repeated. 

Measurement of elongation of the muscle-tendon 
structures: A real-time ultrasound apparatus (mylab 60, 
Esaote S.p.A., Genova, Italy) with a 10-cm B-mode linear-
array probe (LA 923, Esaote S.p.A., Genova, Italy) was 
used to obtain longitudinal ultrasound images of the GM. 

During the PRT and MVC measurements, the ultra- 
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sound probe was placed on the distal end of the GM (as 
described in a previous study, Konrad et al. (2014), see Fig-
ure 1), where the muscle merges into the Achilles tendon, 
i.e., the muscle-tendon junction (Kato et al., 2010). The ul-
trasound probe was attached to the lower leg with a cus-
tom-built styrofoam block and secured with elastic bands 
to prevent any displacement of the probe. During previous 
studies (Konrad et al., 2017a; Stafilidis and Tilp, 2015), we 
confirmed that this kind of fixation of the ultrasound probe 
did not lead to any unwanted shifts of the probe during the 
measurement. To determine the muscle displacement dur-
ing PRT and MVC measurements, the echoes of the mus-
cle-tendon junction in the ultrasound videos were manually 
tracked (Kato et al., 2010). 

 
 

 
 

 
 

Figure 1. Model for the calculation of muscle and tendon 
lengths, with reflective markers on the calcaneus (A), on the 
ultrasound probe (B), and on the medial epicondyle of the fe-
mur (C). 

 

The ultrasound images were recorded at 25 Hz. 
During PRT and MVC measurements, the videos were syn-
chronized with the rest of the data using a custom-built 
manual trigger. The videos were cut and digitized in Virtu-
alDub open-source software (version 1.6.19, www.virtual 
dub.org) and analyzed in ImageJ open-source software 
(version 1.44p, National Institutes of Health, U.S.). 

Each video was analyzed by two investigators, and 
the mean values of the measurements were used for further 
analysis of the muscle-tendon structure. Only the principal 
investigator, and not the supporting investigator, was in-
formed about the hypotheses of the study and the group al-
location of the subjects. During the analysis of the PRT 
measurement, every fifth frame was analyzed by the inves-
tigators, corresponding to a time resolution of 0.2 s. More-
over, during the analysis of the MVC measurement, every 
second frame was analyzed, corresponding to a time reso-
lution of 0.08 s.  

Tendon and muscle lengths:Tendon and muscle 
lengths were analyzed during the PRT and MVC assess-
ments, using a combination of ultrasound and 3D kinemat-
ics. Reflective markers were placed on the calcaneus 
(Marker A, see Fig. 1), on the ultrasound probe (Marker 
B), and on the medial epicondyle of the femur (Marker C), 
and captured with a four-camera near-infrared VICON® 
motion capture system (V612, Oxford Metrics Ltd, UK). 
The tendon length was calculated as the distance between 
Marker A (= insertion of Achilles tendon) and Marker B 
plus the distance from Marker B to the muscle-tendon junc-
tion (measured with ultrasound). Moreover, muscle  length   
was   calculated   as  the  distance between  
 
 

Marker C  (= origin of GM) and  Marker  B minus the dis- 
tance from Marker B to the muscle-tendon junction.  

Calculation of muscle/tendon force, passive mus-
cle/tendon stiffness, active tendon stiffness, and muscle-
tendon stiffness: The muscle force of the GM was esti-
mated by multiplying the measured torque by the relative 
contribution of the physiological cross-sectional area 
(18%) of the GM within the plantar flexor muscles (Kubo 
et al., 2002; Mahieu et al., 2009), and dividing by the mo-
ment arm of the triceps surae muscle, which was individu-
ally measured by tape measure as the distance between the 
malleolus lateralis and the Achilles tendon at rest at neutral 
ankle position (Konrad and Tilp, 2014). The mean value of 
the moment arm was 4.5 cm, with a range of 4–5.5 cm. 

Active tendon stiffness was calculated as the change 
in the active force divided by the change of the related ten-
don length during the MVC measurements over a range of 
force of 50–90% of MVC (Kay et al., 2015) at 10° plantar 
flexion. Passive tendon stiffness, muscle stiffness, and 
muscle-tendon stiffness were calculated as the change in 
passive force produced at the last 10° up to maximum dor-
siflexion, divided by the change of the related tendon 
length, muscle length, and joint angle, respectively. In ac-
cordance with Magnusson et al. (1997), the stretching max-
imum of the pre-test was also taken in the post-test, to al-
low a comparison. 
 
Stretching exercise 
The stretching exercise was undertaken within the dyna-
mometer. Starting at neutral ankle position (90°), the sub-
jects were asked to regulate the motor of the dynamometer 
with a remote control and a maximum angular velocity of 
5°/s to get into a dorsiflexion (stretching) position corre-
sponding to the previously determined end RoM. This po-
sition was held for 60 s and the procedure was repeated two 
more times, resulting in a total stretch period of 180 s. Be-
tween the stretches, the dynamometer moved the ankle into 
neutral position and back again into the stretching position 
at 5°/s. The breaks in between the stretches lasted around 
20 s. Subjects were asked to be fully relaxed during the 
stretching exercise. 
 
Statistical analyses 
SPSS (version 25.0, SPSS Inc., Chicago, Illinois) was used 
for all the statistical analyses. To determine the inter-rater 
reliability of the muscle-tendon displacement measure-
ments, intraclass correlation coefficients (ICCs; (3,k)) 
were used. A Shapiro-Wilk test was used to test the normal 
distribution of all the variables. Subsequently, if the data 
were normally distributed, we performed a two-way re-
peated measures ANOVA test (factors: time [pre vs. post] 
and rest time [0_min vs. 5_min]). Otherwise, we performed 
a Friedman test to test the effects of the stretching protocols 
(0 min and 5 min). If the ANOVA test with repeated 
measures or the Friedman test was significant, we per-
formed a t-test or a Wilcoxon test, respectively. An alpha 
level of P = 0.05 was defined for the statistical significance 
of all the tests. 
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Results 
 
Measurement quality 
The mean ICCs of the inter-rater tests of the ultrasound 
video analysis were 0.97 and 0.97 for the muscle-tendon 
junction displacement during the PRT and MVC measure-
ments, respectively. 
 
Range of motion (RoM)  
A significant time effect (p < 0.0001, F (1,13) = 15.937) re-
vealed that the overall RoM increases immediately 
(13.86%) and 5 min after the stretching (11.39%) with a 
large effect (dimmediately= 1.91; d5min= 1.45).Moreover, RoM 
showed  no group (0 min vs. 5 min after stretching) effect 
(p = 0.27, F(1,13) = 1.30) or interaction effect (p = 0.32, F(1,13) 
= 1.08). The pairwise comparison showed a significant in-
crease in RoM, both immediately and 5 min after the 
stretching (see Table 1). There was no significant differ-
ence in RoM between the changes in RoM (post minus pre) 
in the 0 min and 5 min conditions. 
 
Passive resistive torque (PRT) and the related struc-
tural muscle-tendon parameters 
A significant time effect (p = 0.002, F (1,13) = 15.937) re-
vealed that the overall PRT decreases immediately 
(10.69%) and 5 min after the stretching (8.06%) with a 
large and a moderate effect immediately (d = 0.97) and 5 
min (d = 0.73) after the stretching, respectively. Moreover, 
PRT showed no group effect (p = 0.48, F(1,13) = 0.54) or 

interaction effect (P = 0.53, F(1,13) = 0.41). A significant 
time  effect  (p = 0.003, F (1,13) = 13.695) revealed that  the  
overall muscle-tendon stiffness decreases immediately 
(13.07%) and 5 min after the stretching (19.04%) with a 
medium to large effect (dimmediately = 0.69; d5min = 0.67). 
Moreover, muscle-tendon stiffness showed no group effect 
(p = 0.95, F(1,13) = 0.00) or interaction effect (p = 0.51, F(1,13) 
= 0.46). A significant overall effect in the Friedman test (p 
= 0.02; χ2 = 9.94) revealed that the overall muscle stiffness 
decreases immediately (25.84%) and 5 min after the 
stretching (34.96%) with a large effect (rimmediatel y= 0.58; 
r5min = 0.71). The pairwise comparison revealed a signifi-
cant decrease in PRT, muscle-tendon stiffness (see Table 
1), and muscle stiffness (see Table 2), both immediately 
and 5 min after the stretching. There was no significant dif-
ference in the changes (post minus pre) of PRT, muscle-
tendon stiffness, muscle stiffness, and passive tendon stiff-
ness between the 0 min and 5 min conditions. 
 
Maximum voluntary contraction (MVC) and active 
tendon stiffness 
The ANOVA tests for MVC and active tendon stiffness did 
not show any significant time effect (p = 0.55, F(1,13) = 0.37; 
p = 0.97, F(1,13) = 0.00), group effect (p = 0.70, F(1,13)  = 
0.16; P = 0.89, F(1,13) = 0.02), or interaction effect (p = 0.21, 
F(1,13)  = 1.75; p = 0.81, F(1,13) = 0.06) (see also Table 1 and 
Table 2). There was no significant difference in MVC or 
active tendon stiffness changes (post minus pre) between 
the 0 min and 5 min conditions. 

 
Table 1. Results of the functional parameters immediately (0 min) and 5 min after 3 min of stretching (RoM = 
range of motion; MVC = maximum voluntary contraction torque; PRT = passive resistive torque; MTS = mus-
cle-tendon stiffness = joint stiffness). 

Rest Interval   RoM (°)# PRT (Nm)# MTS (Nm/°)# MVC (Nm) 

 0 min  
pre 28.08 ± 8.56 21.67 ± 10.65 1.16 ± 0.43 91.31 ± 29.24 
post 31.97 ± 9.23* 19.36 ± 9.43* 1.01 ± 0.40* 87.33 ± 30.31 

 5 min  
pre 27.40 ± 10.09 22.49 ± 14.31 1.20 ± 0.61 87.50 ± 34.22 
post 30.52 ± 10.12* 20.68 ± 12.28* 0.97 ± 0.49* 88.60 ± 39.21 

Mean ± SD. # = significant time (pre vs. post) effect (ANOVA). * = significant difference between the pre- and 
post-measurements within the condition (0 min/5 min). 

 
Table 2. Structural parameters immediately (0 min) and 5 min after 3 min of stretching (MS = muscle stiffness; 
PTS = passive tendon stiffness; ATS = active tendon stiffness.  

Rest Interval   MS (N/mm)§ PTS (N/mm) ATS (N/mm) 

 0 min  
pre 14.33 ± 9.82 20.89 ± 18.61 45.96 ± 17.34 
post 10.63 ± 7.49* 18.34 ± 18.04 44.59 ± 19.75 

 5 min  
pre 16.61 ± 17.92 18.13 ± 18.04 44.26 ± 16.23 
post 10.80 ± 13.31* 18.81 ± 24.66 45.21 ± 24.05 

Mean ± SD. § = overall significant effect (Friedman test), * = significant difference between the pre- and post-
measurements within the condition (0 min/5 min). 

 
Discussion 
 
The purpose of this study was to investigate the time course 
(immediately after stretching = 0min-post and 5 min after 
stretching = 5min-post) of possible changes in function and 
mechanical properties of the plantar flexor MTU following 
a 3 × 60 s stretching exercise. As expected, we found an 
increase in RoM and a decrease in PRT, both immediately 
and 5 min after the stretching. This was accompanied by a 
decrease in muscle stiffness, both immediately and 5 min 

after the stretching. Against our hypothesis, no changes 
were detected in MVC at any time. Furthermore, no effects 
were found in the tendon tissue properties at any instant 
following the stretching. There was no significant differ-
ence in the changes (post minus pre) in any measured pa-
rameter between the 0 min and 5 min conditions. 

The increase in RoM was in accordance with previ-
ous studies applying similar stretching durations (Kato et 
al., 2010; 2017a; 2017b; 2019). As in the previous studies 
(Power et al., 2004; Ryan et al., 2008a; Mizuno et al., 2013; 
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Konrad et al., 2019), the increase in RoM persisted until at 
least 5 min after the stretching exercise. Ryan et al. (2008a) 
reported an increase in RoM following 2-, 4-, and 8-min 
static stretches, which lasted between 10 and 20 min. Mi-
zuno and co-workers reported an increase in RoM follow-
ing a 5-min static stretch, which lasted between 30 and 
60 min (Mizuno et al., 2013). Power et al. (2004) showed 
an increase in RoM after a 4.5 min stretch until at least 120 
min. This is in accordance with the findings of Konrad et 
al. (2019), who reported that RoM was increased for at 
least 10 min (> 10 min was not measured by the authors) 
following a 5-min static stretch. Moreover, a shorter stretch 
duration (1 min) was found to be enough to increase the 
RoM for at least 40 min (Konrad and Tilp, 2019). A possi-
ble explanation for the faster recovery of RoM in the study 
of Ryan et al. (2008a) compared to others (Mizuno et al., 
2013, Konrad et al., 2019, Konrad and Tilp, 2019) might 
be the duration of the single stretching bouts. While Ryan 
et al. (2008a) stretched in 30 s bouts (i.e. 4 ×, 8 ×, and 16 
× for 30 s for the 2-, 4-, and 8-min protocols, respectively), 
subjects in the other studies (Power et al., 2004; Mizuno et 
al., 2013; Konrad et al., 2019; Konrad and Tilp, 2019) 
stretched for 45s or 60 s per stretching bout. Although the 
overall stretching time was the same in the different stud-
ies, the increased number of breaks between the single 
stretching bouts could have led to a decrease in stretching 
intensity (i.e. Freitas et al. 2015). Since we reported an in-
creased RoM following a 1-min static stretching exercise 
for at least 40 min in a comparable study (Konrad and Tilp, 
2019), one could assume that the 3-min stretch in the pre-
sent study would also have led to an increased RoM for at 
least 40 min.  

In our experiment, muscle-tendon (joint) stiffness 
and PRT were found to be decreased, both immediately and 
5 min after the stretching. Ryan et al. (2008b) determined 
a decrease in muscle-tendon stiffness after 10 min, follow-
ing 4- and 8-min static stretching, which, however, re-
turned to baseline after 20 min. In the same study, they re-
ported a decrease in muscle-tendon stiffness after a 2-min 
static stretching exercise only immediately after the 
stretch. Our group found that subjects that stretched for 
5 min decreased their muscle-tendon stiffness immediately 
after the stretch (Konrad et al., 2019). Muscle-tendon stiff-
ness showed the tendency to decrease both 5 min (p = 0.06) 
and 10 min (p = 0.07) after the stretch (Konrad et al., 2019). 
Bringing the previous and present findings together, one 
could assume that 3 min (or more) of static stretching 
might be stimulus enough to induce changes in muscle-ten-
don   stiffness   over   a  time  range  of  at least  
5 min.  

Several studies have reported a decreased perfor-
mance, measured as MVC torque, following a single static 
stretching exercise (Herda et al., 2008; Marek et al., 2005; 
Kay and Blazevich, 2008 (at 60 s stretching duration); 
Konrad et al., 2019), while others did not observe such det-
rimental effects (Kubo et al., 2001; Kay and Blazevich, 
2008 (at 5 s to 20 s stretching durations); Konrad et al., 
2017a; 2017b; Kubo et al., 2001; Stafilidis and Tilp, 2015). 
These controversial results could possibly be explained by 
the differences in overall stretch duration, as suggested in 
the reviews by Kay and Blazevich (2012) and Behm et al. 

(2016), who pointed out that it was only stretching for a 
minimum of 60 s or longer that might have a detrimental 
effect on maximum performance. However, in the present 
study, we stretched the plantar flexors for 3 min and did 
not observe a significant decrease in MVC. Previous stud-
ies in our laboratory showed similar results with a stretch-
ing stimulus of 2 min (Konrad et al., 2017a; 2017b), while 
the decrease in MVC lasted for at least 10 min after a 5-
min static stretching exercise (Konrad et al., 2019). Ac-
cording to the measurements taken in our laboratory, we 
assume that the detrimental effect of a single static stretch-
ing exercise can be expected after a stretch for more than 
3 min. The discrepancy in stretching duration and force 
loss between the findings of Kay and Blazevich (2012) and 
the studies in our laboratory (i.e. Konrad et al. 2017a and 
the present results) might be explained by the different 
stretching intensities used. While several studies in the re-
view of Kay and Blazevich (2012) stretched at a constant 
torque, we applied a constant-angle stretch, which has been 
shown to be less efficient with regard to RoM changes 
(Cabido et al., 2014), but also less detrimental with regard 
to performance. 

In addition to the parameters of the muscle-tendon 
function (RoM, PRT, MVC, and muscle-tendon stiffness), 
we also investigated the effect on the muscle and tendon 
structure separately. The parameters assessed were muscle 
stiffness, passive tendon stiffness (measured when the 
MTU is passively stretched), and active tendon stiffness 
(measured during MVC). As also reported in previous 
studies (Kay and Blazevich, 2009; Kay et al., 2015; Konrad 
et al., 2017a; 2017b; 2019), we observed a decrease in mus-
cle stiffness, but not in tendon stiffness (neither passive nor 
active), following the single static stretching exercise. 
However, others have reported a decrease in tendon stiff-
ness (Kato et al., 2010 (passive); Kubo et al., 2001 (ac-
tive)), with no changes in muscle stiffness (Kato et al., 
2010), following a single static stretch. Possible reasons for 
these controversial results might be found in the different 
stretch durations (10 min in Kubo et al. (2001); 20 min in 
Kato et al. (2010)), which we previously discussed in Kon-
rad et al. (2017a). Concerning the time course, we observed 
a decrease in muscle stiffness, both immediately and 5 min 
after the 3-min stretching exercise. In a previous study 
(Konrad et al., 2019), we observed a decrease in muscle 
stiffness following a 5-min static stretching exercise, 
which recovered between 5–10 min. Therefore, one could 
assume that, due to the lower stretching duration (3 min) in 
the present study, muscle stiffness will return to baseline 
between 5–10 min. These results are also in accordance 
with the findings of Mizuno et al. (2012), who reported an 
increased displacement of the muscle-tendon junction (an 
indication of increased muscle belly length) up to 5 min af-
ter 5 min of stretching at 15° of dorsiflexion only (not at 5° 
or 10°).  

 
Conclusion 
 
We conclude that a single static stretching exercise of 3 × 
60 s increases the RoM and decreases PRT for at least 
5 min. These changes can be explained by more compliant 
muscle tissue within the first 5 min after the stretching. 
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There were no significant changes in performance (MVC) 
at any time point after the stretching. Hence, increased 
RoM and decreased PRT can be associated with more com-
pliant muscle tissue for at least 5 min after a 3-min static 
stretching exercise.  
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Key points 
 

 Three minutes of static stretching led to an increase in 
range of motion and a decrease in passive resistive 
torque for at least 5 minutes. 

 The changes in the muscle tendon function can be ex-
plained by more compliant muscle tissue. 

 Maximum voluntary contraction torque values and 
tendon stiffness did not change following the single 
static stretching exercise. 
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