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Abstract

Purpose Hamstring muscle strains are one of the most common injuries in sports practice, for both men and women.
However, sex disparities in the rate of muscle injuries have been observed. As these muscular injuries usually occur at long
muscle length, this study aimed to determine the effect of sex on hamstring muscles’ resting rigidity under different stretch-

ing conditions.

Methods The shear wave speed (SWS) of resting hamstring muscles was measured in 12 men and 12 women in different hip
and knee positions (hip extended with knee flexed, hip flexed with knee extended, both joints extended and both joints flexed).
Results Combining all the positions, the SWS of the semitendinosus was higher in men than in women (2.96 vs. 2.71 m.
s71). Regardless of sex, a significant rise in SWS was systematically observed when the semimembranosus was stretched
(1.86, 2.37, 2.76 and 4.39 m.s~") but it was neither the case for the semitendinosus (p=0.82) nor for the biceps femoris
(p=0.50). Finally, differences in SWS among the hamstring muscles were only observed at the longest muscle length, with
greater SWS values for the semimembranosus and semitendinosus in comparison with the biceps femoris (4.39 and 4.12 vs.

3.38 m.s~! respectively).

Conclusion In conclusion, a sex difference was only observed in the resting semitendinosus rigidity. Independently of sex,
the increase in resting hamstring muscles SWS with stretch was muscle specific.

Keywords Elasticity - Hamstrings - Sex difference - Shear wave elastography - Ultrasound

Abbreviations

ANOVA Analysis of Variance

BF Biceps Femoris long head
BMI Body Mass Index

CV Coefficient of Variation
ECM Extracellular Matrix

H120 K180 Position with hip at 120° and knee at 180°
H180 K180 Position with hip at 180° and knee at 180°
H180 K90  Position with hip at 180° and knee at 90°
H90 K90 Position with hip at 90° and knee at 90°
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ICC Intraclass Correlation Coefficient
MDD Minimal Detectable Difference
MRI Magnetic Resonance Imaging
ROI Region of Interest

SEM Standard Error of Measurement
SM Semimembranosus

ST Semitendinosus

SWE Shear Wave Elastography

SWS Shear Wave Speed
Introduction

Hamstring muscle injuries are among the main reasons for
stopping sports practice in both men and women (Ekstrand
et al. 2011; Larruskain et al. 2017). Yet, from an epidemio-
logic perspective, men are 1.55-1.93 times more exposed
to muscular injuries than women (0.59 vs. 0.38 injury per
100 athlete exposures and 1.52 vs. 0.79 injury per 1000
player hours, for men and women, respectively) (Cross et al.
2013; Larruskain et al. 2017). While the muscle injuries (or
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exercise-induced muscle damage), mechanisms are clearly
multifactorial and depend on numerous non-muscular struc-
tures, the involvement of intramuscular passive structures
in these processes are increasingly discussed (Csapo et al.
2020). For example, while several recent studies reported a
low resting hamstring muscles rigidity assessed from ultra-
sound shear wave elastography (SWE) in women compared
to men, (Kumagai et al. 2019; McPherson et al. 2020; Wu
et al. 2020), another did not (Avrillon et al. 2019). These
discrepancies could be related to differences in experimental
conditions and especially to the various hip and knee joint
angles used in these studies.

Indeed, the passive behaviour of the hamstring muscles
has been extensively studied during stretching on large
ranges of motion with SWE measurements (Berrigan et al.
2020; Le Sant et al. 2015; Sarabon et al. 2019), mainly
because many sport-related muscle injuries occur while
the muscle is being stretched (Liu et al. 2017). Hip flexion
and knee extension increase the hamstring muscles length
(i.e., semimembranosus [SM], semitendinosus [ST] and
biceps femoris long head [BF]) and lead to a higher rest-
ing muscle rigidity, as attested by an increase in shear wave
speed (SWS) or modulus (Dubois 2015; Le Sant et al. 2015;
Miyamoto et al. 2020; Sarabon et al. 2019). However, the
increase in SWS with muscle length can be different among
the hamstring muscles, with greater SWS values reported at
long muscle length for the SM (Miyamoto et al. 2017, 2020;
Nakamura et al. 2016) or the BF (Avrillon et al. 2019; Le
Sant et al. 2015) than for the ST. So far, it is still unknown
whether sex-related differences may exist among resting
hamstring muscles for different hip and knee joint angles.

The aim of this study was to determine the sex-related
differences in resting hamstring muscles SWS at different
hip and knee angles. A greater resting hamstring muscles
SWS in men than in women, for all the hamstring muscles,
was hypothesized. Moreover, the rise in resting hamstring
muscles SWS with increasing hip flexion and knee exten-
sion was expected to be greater in both the BF and the SM
than in the ST.

Materials and methods
Study population

Twenty-four healthy participants [12 men (age:
25.0+3.9 years, height: 180.3 +6.7 cm, mass:
76.3+7.6 kg, BMI: 23.5 +2.2 kg.m~2) and 12 women (age:
24.2 +3 4 years, height: 163.8 +8.0 cm, mass: 56.8 +5.8 kg,
BMI: 21.2 + 1.4 kg.m~?)] with no known musculoskeletal,
articular or cardiovascular abnormalities participated in
this study. The study was conducted in conformity with the
last version of the Declaration of Helsinki. All participants

volunteered for this study and provided informed written
consent. This study has been approved by the local ethics
committee. Based on our test-retest assessment and previous
SWE studies (Kumagai et al. 2019; McPherson et al. 2020;
Wu et al. 2020), groups of 12 participants allowed the detec-
tion of a 10% difterence in SWS between the two groups, for
each hamstring muscle (a¢=0.05 and 1-5=0.80).

Shear wave speed measurements

A single experimental session was performed to measure the
resting SWS of the three hamstring muscles of the left thigh
in four positions (Fig. 1). For two positions, the participants
were lying prone with their hip fully extended (i.e., 180°)
and their knee flexed at 90° (H180 K90) or fully extended
(H180 K180). For the two remaining positions, participants
were lying on their back with both hip and knee flexed at 90°
(H90 K90), and with the hip flexed at 120° while the knee
was fully extended (H120 K180). The joint angles were con-
trolled for each position with a goniometer (Baseline Abso-
lute Axis Hi-Res 12°° Goniometer, Fabrication Enterprises
Inc., USA).

SWE maps were obtained from ultrasound explorations
performed with an Aixplorer ultrasound device (Mach30,
v.2.1.0.3395, Supersonic Imagine, Aix-en-Provence,
France), coupled with a linear transducer array (5-18 MHz,
SuperLinear 18-5, Vermon, Tours, France). Ultrasound
device’s persistence was set on “medium”, smoothing level
on “5” and optimization on “penetration”. The boundaries of
hamstring muscles were identified from B-mode transverse
ultrasound images and marked on the skin. The proximal
part of each muscle was directly localized with ultrasound
and defined as the closest area to the muscle-tendon junc-
tion. The central part of each muscle was identified with a
tape measurement at 50% of the distance between the greater
trochanter and the medial epicondyle of the femur. Through-
out the experiments, the probe has always been maintained
perpendicular to the skin with the least pressure possible.

Throughout SWE experiments, subjects were instructed
to relax completely and no movement occurred during meas-
urements. The ultrasound probe was positioned along the
direction of the muscle fascicles with acoustic gel applied
between the probe and the skin. The order of the four posi-
tions was similar for all the participants, from the shortest to
the longest hamstring muscles length (i.e., from H180 K90
to H120 K180) based on numeric simulations (Gait2392
model, OpenSim version 4.3, SimTK). However, for each
position, the investigation order of the three muscles (i.e.,
BF, ST and SM) and the localization within these muscles
(i.e., proximal or muscle belly) were randomised. SWE maps
were recorded without including any fascia, bone, intramus-
cular fat or skin to avoid saturated or unfilled parts.
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Fig.1 Schematic representation of the shear wave elastography
explorations with typical examples of maps acquired for each position
(H180 K90 hip extended and knee flexed at 90°, H180 K180 hip and
knee extended, H90 K90 hip and knee flexed at 90°, H120 K180 hip
flexed at 120° and knee extended | full extension=180°) in the central

Data analysis

For each participant, 24 SWE maps were recorded (4 posi-
tions, 3 muscles, 2 localizations). All the SWE maps were
acquired and analysed by the same experimenter (J.B.) using
the ultrasound system’s software (Qbox tool). On each map,
an 8 mm diameter circular region of interest (ROI) was
drawn and positioned where the standard deviation was the
lowest. Potential over-saturated or unfilled areas in the SWE
maps were not included for the ROI analyses. The quantifi-
cation of the SWS was averaged over the proximal and the
central parts for each muscle and each position.

Test-retest assessment

The test-retest assessment of the SWS measurements was
assessed from two similar test sessions separated by 48 h
in 10 participants [5 men (age: 23.2 + 1.9 years, height:
180.6 + 6.4 cm, mass: 69.8 +4.7 kg, BMI: 21.4 +0.8 kg.
m~2) and 5 women (age: 23.4 + 1.4 years, height:
161.4+5.2 cm, mass: 54.2+4.9 kg, BMI: 20.8 + 1.1 kg.
m~2)]. Intraclass correlation coefficients (ICC), standard

H90 K90

part of each hamstring muscle (Semimembranosus [SM], Semitendi-
nosus [ST], Biceps Femoris long head [BF]). For all the participants,
these measurements were repeated in the proximal part of each mus-
cle for the four different positions

errors of measurement (SEM), coefficients of variation
(CV) (Hopkins 2000), minimal detectable differences
(MDD) and Bland—Altman plots were determined for
measurements at each position and for each muscle.

Statistical analysis

All statistics were computed with R (version 4.1.1., The
R Foundation for Statistical Computing). The normality
of the data distribution was assessed with a Shapiro—Wilk
test. A three-way ANOVA (sex X position X muscle) was
used. Post hoc analysis was conducted using Tukey HSD
test when appropriate. The effect size was calculated using
partial eta squared (nzp) for the interactions between sex,
positions and/or muscle, and using Cohen’s d for the post-
hoc analysis. Small, medium and large effect sizes were
reported at the threshold values of 0.01, 0.06 and 0.14
for n2p and 0.2, 0.5 and 0.8 for Cohen’s d (Cohen, 1969).
Data are presented as mean + standard deviation and the
significance level was set at p <0.05.
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Results
Test-retest assessment

The ICC, SEM, CV and MDD of inter-day measurements
ranged from 0.64 to 0.93, 0.08 to 0.27 m.s™!, 3.6 to 7.0%
and 0.2 to 0.75 m.s !, respectively (Table 1). Bland—Altman
plots of the test—retest assessment are displayed in Online
Resources 1, 2 and 3.

Effects of sex

While no significant sex X position X muscle interaction
was found (Fg,=3.4, p=0.284, 0’ =0.028, small effect,
Table 2), a significant sex X muscle interaction was observed
(Fy,13=3.4, p=0.036, nzp =0.025, small eftect). Indeed,
when the SWS values were averaged over the four posi-
tions, the ST SWS was 9.0% higher in men than in women
(p=0.030, d=0.26, small effect, Fig. 2). Conversely, BF
and SM SWS did not differ between sexes (p=1.00). SM
SWS was higher than BF SWS in men (+11.8%, p =0.040,
d=0.34, small effect) but also in women (+9.7%, p=0.029,
d=0.28, small effect). ST SWS was higher than BF SWS in
men only (+16.1%, p<0.001, d=0.47, small effect, Fig. 2).

Table 2 Shear wave speed values measured in hamstring muscles for
four positions in men and women

Position Muscle Men Women
H180 K90 Hamstrings 1.80+0.17 1.88+0.21
Biceps femoris 1.81+0.17 1.93+0.18
Semitendinosus 1.75+0.18 1.83+0.23
Semimembranosus 1.84+0.17 1.88+0.23
H180 K180 Hamstrings 243+048 2.30+0.33
Biceps femoris 2.08+0.24 2.15+0.37
Semitendinosus 2.75+0.42 247+0.22
Semimembranosus 247+0.50 2.28+0.31
H90 K90 Hamstrings 2.87+0.39 2.77+0.43
Biceps femoris 2.90+0.40 2.87+0.36
Semitendinosus 2.92+0.37 2.73+0.47
Semimembranosus 2.79+0.39 2.72+0.47
H120 K180 Hamstrings 4.04+0.79 3.88+0.75
Biceps femoris 3.39+0.56 3.36+0.49
Semitendinosus 4.42 +0.65 3.83+0.62
Semimembranosus 4.32+0.72 4.45+0.69

Data are expressed in m.s™"

HI180 K90 hip extended and knee flexed at 90°, HI80 K180 hip and
knee extended, H90 K90 hip and knee flexed at 90°, H120 K180 hip
flexed at 120° and knee extended (full extension= 180°)

Table 1 Test-retest assessment

Position Muscle n ICC SEM (m.s™}) CV (%) MDD (m.s™})
of the shear wave speed

measurements H180 K90 Hamstrings 10 0.90 0.06 3.6 0.17
Biceps Femoris 0.87 0.13 6.6 0.36
Semitendinosus 0.72 0.12 6.1 0.33
Semimembranosus 0.70 0.08 4.4 0.22
H180 K180 Hamstrings 10 0.85 0.09 4.1 0.25
Biceps Femoris 0.81 0.08 3.6 0.22
Semitendinosus 0.89 0.12 5.2 0.33
Semimembranosus 0.87 0.14 6.4 0.39
H90 K90 Hamstrings 10 0.83 0.12 4.2 0.33
Biceps Femoris 0.79 0.15 49 0.42
Semitendinosus 0.80 0.16 5.7 0.44
Semimembranosus 0.90 0.12 4.6 0.33
H120 K180 Hamstrings 8 0.95 0.12 35 0.33
Biceps Femoris 0.81 0.21 7.0 0.58
Semitendinosus 0.88 0.22 5.9 0.61
Semimembranosus 0.87 0.27 6.7 0.75
All positions Hamstrings 8 0.97 0.17 5.8 0.46
Biceps Femoris 0.96 0.15 5.2 0.41
Semitendinosus 0.96 0.18 6.0 0.50
Semimembranosus 0.97 0.17 5.8 0.47

ICC intraclass correlation coefficient, SEM standard error of measurement, CV coefficient of variation,
MDD minimal detectable difference, H180 K90 hip extended and knee flexed at 90°, H/80 K180 hip and
knee extended; H90 K90 hip and knee flexed at 90°, H120 K180 hip flexed at 120° and knee extended (full

extension=180°)
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Fig.2 Shear wave speed of Biceps Femoris long head (BF), Sem-
itendinosus (ST) and Semimembranosus (SM) averaged over the four
positions in men and women. Significant differences are represented
as: *p<0.05 and **p <0.01

Effects of articular positions among muscles

A significant interaction was found between position and
muscle factors, independently of sex (Fq 1,=12.6, p<0.001,
n2p=0.223, large effect). A significant difference in SWS
between each position was observed for the SM (p <0.05)
but neither for the ST between the positions H180 K180
and H90 K90 (p =0.82) nor for the BF between the posi-
tions H180 K90 and H180 K180 (p =0.50, Fig. 3). How-
ever, the rise in SWS between the H180 K180 and H90 K90
positions was greater for the BF than for the ST and the
SM (+361.3%, d=1.38, p<0.001 and +201.3%, d=0.84,
p=0.003 respectively, large effects). Moreover, it appears

that only the position leading to the longest muscle length
(i.e., H120 K180) resulted in a difference in SWS between
muscles, with greater SWS values for the SM and ST than
for the BF (+29.8%, d=1.80 and +22.0%, d=1.35, respec-
tively, large effects, p <0.001, Fig. 3).

Discussion

The present study was designed to determine whether ham-
string muscles SWS differed according to sex and stretch
conditions. We hypothesized that the resting hamstring
muscles rigidity would be greater in men than in women
for all the hamstring muscles and that hip flexion and knee
extension would result in a greater SWS in BF and SM than
in ST. The main result of this study showed a higher resting
ST SWS in men than in women and, independently of sex,
a higher SWS in SM and ST than in BF at the longest ham-
strings length. Interestingly, hip flexion and knee extension
systematically increased the SWS in the SM, but neither in
the ST nor in the BF.

SWS values and test-retest assessment

The SWS values measured in the present study ranged from
1.75 to 4.45 m.s ™! and the test—retest of these measurements
was assessed as moderate to very good, with ICC and CV
ranging from 0.70 to 0.90 and from 3.6 to 7.0%, respectively.
These results are consistent not only with previous stud-
ies reporting SWS values ranging from 1.71 to 5.45 m.s™!
(Alfuraih et al. 2019; Kumagai et al. 2019; Wu et al. 2020)
but also with those displaying ICC and CV values ranging,
respectively, from 0.62 to 0.98 and from 2.1 to 13.4% for
the hamstring muscles group (Avrillon et al. 2019; Ichihashi
et al. 2016; Le Sant et al. 2015; Mendes et al. 2018; Nakao
et al. 2018).

Fig.3 Shear wave speed of Biceps Femoris long head (BF), Semiten-
dinosus (ST) and Semimembranosus (SM) for each position (H180
K90 hip extended and knee flexed at 90°, H180 K180 hip and knee
extended, H90 K90 hip and knee flexed at 90°, H120 K180 hip flexed

‘-‘g T b,c,# ab,c#

g ] a,baf’c . % ab% HI80 K90
o &7 = T a 7 v HISOKISO
& 2 \% X% %/ N H90 K90

£ P

g 0 %% §% %% % Hi120 K180
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at 120° and knee extended | full extension=180°) in the entire experi-
mental population (N=24). a: significant difference with H180 K90,
significant difference with H180 K180, c: significant difference
with H90 K90, #: significant difference with BF
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Sex differences

Only a few studies have investigated the effects of sex on
hamstring muscles SWS. Contrasting results have been
reported, with a greater rigidity in men than in women
(Kumagai et al. 2019; McPherson et al. 2020; Wu et al.
2020) or an absence of sex difference (Avrillon et al. 2019).
A study presenting rigidity values for the different ham-
string muscles reported a 10.8% higher ST SWS in men
than in women (Wu et al. 2020), similar to the 9.0% differ-
ence observed in the present study. Another study reported
a greater BF SWS in men than in women (McPherson et al.
2020) and a similar sex difference has been observed for
the entire hamstrings muscle group (Kumagai et al. 2019).
However, no difference has been found for the BF or the
whole hamstrings muscle group in the present study. Differ-
ences in experimental positions between the present study
and those of McPherson et al. (2020) and Kumagai et al.
(2019) could explain the latter discrepancy. Another study
reported similar hamstring muscles SWS values in men and
women elite athletes (Avrillon et al. 2019). Since training
affects muscle mechanical properties and as there is a huge
gap in training status between both populations (25-40 h/
week in the study of Avrillon et al. vs. 3 h/wk in the present
study), their results are, however, hardly comparable to the
ones from the present study.

When averaged over the four positions assessed in the
present study, the ST SWS value was lower in women than
in men. As the hamstrings originate from the ischial tuberos-
ity, this difference in rigidity could result from the broader
and larger shape in women pelvis (Fischer and Mitteroecker
2017), leading to a potential smaller ST length change with
hip flexion and knee extension in women than in men.

In addition to the sex difference in pelvis geometry, mus-
cle composition can account for the discrepancy in ST SWS
observed between men and women. A recent study reported
a higher number of fast-type muscle fibres and relative area
inside the ST in men than in women (Fournier et al. 2022).
This difference could be due to the effects of estrogens on
muscle fibres. Animal studies have shown that estrogen
insufficiency shifts muscle composition towards faster fibre-
types, while estrogen replacement can counteract this effect
(Kitajima and Ono 2016; Liu et al. 2009). The continuous
exposure to estrogen experienced by women all along their
reproductive life could, therefore, explain the high propor-
tion of slow-type muscle fibres observed in their ST com-
pared to men’s one. Given that Young’s modulus has been
shown to be higher in type II muscle fibres than in type I
(Malisoux et al. 2006), the sex difference in muscle typology
may account for the greater ST muscle rigidity observed in
men in the present study. Further studies are, however, still
needed to ensure that the ST is the only hamstring muscle
to present this sex-related difference in muscle typology.

The effects of sex hormones on the components of the
muscle extracellular matrix (ECM) could, however, explain
this muscle-specific discrepancy in rigidity between men
and women. Indeed, the administration of estradiol has been
reported to diminish the amount of type-I collagen in human
tissues (Fede et al. 2019). In women, estradiol could there-
fore alter the muscle mechanical response to its lengthening
through a regulation of the composition of the ECM, which
may explain the sex discrepancies observed in the current
study in terms of ST rigidity. As BF and SM SWS did not
differ according to sex, this hypothesis implies that those
muscles may be less sensitive to estrogens than the ST. How-
ever, to date this question has never been studied. Similarly,
no information is available on a potential sex-related dif-
ference in the distribution of connective tissue among the
hamstring muscles. Considering the other components of
muscle, no sex difference in the proportion of intramuscu-
lar fat of the three hamstring muscles was found from MRI
explorations (Hogrel et al. 2015).

Effects of position

Regardless of sex, increasing hamstring muscles length usu-
ally results in a muscle-specific rise in SWS values (Le Sant
et al. 2015; Miyamoto et al. 2020). In the present study,
the ST SWS was similar between the positions H180 K180
and H90 K90, akin with a previous observation (Berrigan
et al. 2020). The latter result can be explained by the small
changes in ST muscle length between these two positions
compared to the other hamstring muscles (Kellis et al. 2021).

An unchanged SWS was similarly observed for the BF
between the positions H180 K90 and H180 K180. However,
this result contrasts with a previous study displaying an 80%
rise in BF SWS between these two positions (Dubois 2015).
These differences could be related to the measurement local-
izations, with single distal measurements in Dubois et al.
(Dubois 2015) study against averages of central and proxi-
mal explorations in the present study. The potential influ-
ence of the biceps femoris short head on the passive tension
generated by its long head during knee extension could also
be involved and still cannot be ruled out.

Thus, extending the knee when the hip was in full exten-
sion did not affect the BF SWS, whereas the ST and SM
SWS increased. However, the hamstrings lengthening
caused by the flexion of the hip joint between the position
H180 K180 and H90 K90 induced a greater rise in the BF
length than in the ST and SM ones. As muscle damage and
injuries appear when the muscle is highly stretched (Lieber
and Friden 1993; Liu et al. 2017) and that the BF is being
subject to a great lengthening under this range of motion
(i.e., between H180 K180 and H90 K90), it could explain
that the hamstring injuries appear preferentially in the BF
(Koulouris and Connell 2003). One must, however, be aware
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that our SWS analyses only rely on intra-muscle measure-
ments and that the tendons of these muscles must play a
non-negligible role in the kind of injury processes described
above, role that we cannot estimate based on the present
study’s results.

In line with the findings of previous SWE studies,
between-muscles differences in hamstring muscles SWS
have only been observed at long muscle length (Avrillon
et al. 2019; Le Sant et al. 2015; Miyamoto et al. 2020). How-
ever, the hamstring muscle presenting the greatest SWS at
long muscle length is still debated. In the most stretched
position (including hip and knee joint angle changes), prior
works reported a higher rigidity for the SM (Miyamoto et al.
2020), the BF (Le Sant et al. 2015), or both (Avrillon et al.
2019), whereas greater SWS were found for the SM and the
ST in the present study. Although the positions in which
these results were obtained were different in terms of hip
and knee angles, they all led to comparable SWS values.
Differences in probe positioning could, however, explain
that, in the studies of Le Sant et al. and Avrillon et al., the
ST was constantly the less rigid hamstring muscle while the
opposite was observed in the present study (Avrillon et al.
2019; Le Sant et al. 2015). Indeed, their measurements were
only made close to mid-thigh for the BF and SM and near
its proximal origin for the ST. Although the SWS has been
reported to be homogeneous within the hamstring muscles
at long muscle length (Miyamoto et al. 2020), this intramus-
cular variability of SWS measurement has only been inves-
tigated in one study, whose outcomes differed from the ones
observed in the present study (Online resource 4). Therefore,
the assessment of intramuscular variability in hamstring
muscles SWS still requires additional experimentations, at
least to confirm that differences in probe positioning could
not prevent between-studies comparisons. Moreover, further
investigations are needed to determine whether the func-
tional involvement of these muscles (ST and SM) in the
medial knee rotation could have an influence on their rest-
ing mechanical properties (in comparison to the BF involved
in lateral rotation).

Limitations

One of the limitations of the current study is related to
the lack of menstrual cycle control in women. The sex-
related difference in ST SWS observed in the present study
may be the result of the effects of sex hormones on the
muscle mechanical properties (Eiling et al. 2007; Fede
et al. 2019; LeMoine et al. 2009; Miller et al. 2007). As
the concentrations of these hormones are modulated by
the menstrual cycle, it could, therefore, have impacted the
SWS values obtained in the current study. Second, the BF
short head could have affected the passive properties of
the BF long head, especially for the positions with the

knee fully extended. In addition, resting muscle SWS
measurements were performed at absolute joint angles,
which can represent different relative angles according to
the various maximal joint ranges of motion among the
participants. Even if an a priori statistical power analysis
has been performed to ensure that the sample size was
sufficient to detect group differences, it should be acknowl-
edged that the sample size of the present study is small and
can represent a potential limitation to the interpretation
of the results. Even though it did not affect the test-retest
repeatability of our SWS measurements, the viscoelastic
behaviour of the musculo-tendinous tissues investigated in
this study has not been considered. Finally, the results of
the present study are limited by the lack of muscle activity
control. However, prior to the main experiments, it was
checked that the positions tested would not induce any
muscle activation superior to 2% of the maximal EMG
activation (Le Sant et al. 2019). Moreover, the instructions
repeated to ensure that the participants were as relaxed as
possible and the good test—retest results suggest that all
the muscles investigated were in a passive state during the
main experiments.

Perspective

Although sex hormones seem to exert diverse effects on
the muscle tissue, further studies are warranted to evaluate
the potential muscle mechanical properties adaptations to
these hormones. Interestingly, a difference in ST rigidity
has been observed between men and women, which could
be linked to long-term effects of sex hormones on women's
muscles. Additional investigations on the SWS of the three
hamstring muscles in conjunction with hormonal assess-
ments could thus be of utmost interest. Further investiga-
tions are also warranted to better understand the interac-
tion between skeletal muscle and tendinous tissues in the
processes of exercise-induced muscle injuries and damage.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00421-022-05023-0.
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