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Effects of fatigue on hamstrings and gluteus maximus shear 
modulus in hip extension and knee flexion submaximal 
contraction task
Ricardo Pimenta a, Pedro Almeidaa, José P. Correiaa, Paula M. Brunoa 

and João R. Vaza,b

aCIPER, Faculdade de Motricidade Humana, Universidade de Lisboa, Cruz Quebrada Dafundo, Portugal; 
bEgas Moniz–Cooperativa de Ensino Superior, Monte da Caparica, Setúbal, Portugal

ABSTRACT
This study examined the effects of fatigue on hamstring muscles 
and gluteus maximus passive and active shear modulus in hip 
extension (HE) and knee flexion (KF) at 20% of maximal voluntary 
isometric contraction performed until task failure. Measurements 
were taken before and after the fatigue tasks and the delta (post- 
pre) was calculated. No differences in the fatigue effects on passive 
shear modulus were seen between muscles nor between tasks. For 
the active shear modulus: a task × muscle interaction was seen (p =  
0.002; η2

p = 0.401). The results for the tasks separately demon
strated only a significant effect for muscle in KF (p < 0.001; η2

p =  
0.598), with different individual contributions identified between 
BFlh-SM (p = 0.006; d = 1.10), BFlh-ST (p = 0.001; d = 1.35) and SM-ST 
(p = 0.020; d = 0.91). The comparisons between tasks for each mus
cle demonstrated significant differences for SM (p = 0.025; d = 0.60) 
and ST (p = 0.026; d = 0.60); however, no differences were seen for 
BFlh (p = 0.062; d = 0.46). Therefore, fatigue effects induce different 
patterns on the hamstring muscles in HE and KF tasks when per
formed at 20% MVIC.

ARTICLE HISTORY 
Received 14 September 2022  
Accepted 22 March 2023 

KEYWORDS 
Biceps femoris; 
semitendinosus; shear 
modulus; shear wave 
elastography

Introduction

The hamstrings are a muscle group which act simultaneously at two joints by partici
pating in knee flexion (KF) and hip extension (HE). Previous studies have reported that 
the patterns of hamstring muscle recruitment diverge significantly between different 
exercises. Indeed, exercises that mobilise the hip joint (e.g., stiff leg deadlift) seem to 
mobilise the biceps femoris long head (BFlh) and semimembranosus (SM) more 
(Fernandez-Gonzalo et al., 2016; Ono et al., 2011), while a greater recruitment of 
semitendinosus (ST) and biceps femoris short head (BFsh) seems to occur in knee- 
dominant exercises (e.g., prone leg curl) (Bourne et al., 2017; Fernandez-Gonzalo et al., 
2016; Schuermans et al., 2014). However, differences in hamstring response between 
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hip- and knee-dominant tasks have not been sufficiently explored from a mechanical 
perspective, especially when under fatigue.

Ultrasound-based shear wave elastography (SWE) has been proposed as a valid and 
reliable method to assess the hamstring muscles passive (i.e, at rest) and active (i.e., 
during contraction) shear modulus (Evangelidis et al., 2021; Miyamoto et al., 2020). 
Considering the muscle force-shear modulus (linear) relationship (Bouillard et al., 
2011), previous studies have examined the muscle active shear modulus using SWE to 
determine if fatiguing exercises could alter could alter the neuromuscular coordina
tion mechanism and lead to an adaptation in the control strategy over the synergistic 
muscles (Bouillard et al., 2012; Morel et al., 2019) i.e., the load sharing strategy 
(Stutzig & Siebert, 2015). It is speculated that this mechanism leads to 
a predominant activation of a muscle or group of muscles, which in turn can 
eventually cause tissue damage and manifest injury, especially under conditions of 
repeated effort.

Regarding active shear modulus assessment, two previous studies were conducted 
on two hamstring muscles (i.e., BFlh and ST) using SWE in isometric KF submaximal 
tasks (Mendes et al., 2018, 2020). The first assessed hamstrings’ active shear modulus 
across several submaximal intensities and noted that the ST generally showed a greater 
active shear modulus compared to BFlh, especially at low intensities (i.e., <40% of 
maximal voluntary isometric contraction, MVIC) (Mendes et al., 2018). The second 
found that after a KF fatigue task at 20% of MVIC, the active shear modulus of the ST 
decreases without changes in BFlh shear modulus, thus increasing the BFlh/ST ratio 
(Mendes et al., 2020). Together, these two studies indicate that BFlh/ST active shear 
modulus ratio is sensitive to both contraction intensity and fatigue. However, as the 
hamstrings shear modulus pattern seems to be different between KF and HE exercises 
(Bourne et al., 2017; Fernandez-Gonzalo et al., 2016; Ono et al., 2011; Schuermans 
et al., 2014), it should be interesting to examine whether these findings also apply to 
HE exercises. In addition, several aspects were not considered in the aforementioned 
studies. Firstly, passive muscle shear modulus was not assessed; thus, the resting state 
of the tested muscles on HE remains unclear. Secondly, only the BFlh and ST were 
examined, and the effect of fatigue was not tested between hip- and knee-dominant 
tasks in other hamstring muscles (i.e., SM and BFsh). Furthermore, it is well known 
that HE involves a great contribution from gluteus maximus (GM) (Neto et al., 2020), 
which has been reported to be crucial in the acceleration phase of sprinting, playing 
a key role in the forward orientation ground force (horizontal force) production 
(Dorn et al., 2012; Hamner & Delp, 2013). It should be noted that the main mechan
ism of hamstring strain injury is the sprint (Brooks et al., 2006). However, it is 
unknown whether fatigue could alter the GM passive and active shear modulus and 
be considered in a load sharing mechanism, which could be important in under
standing hamstring strain injuries and developing rehabilitation strategies.

This study analysed the effects of fatigue on BFlh, BFsh, GM, SM, and ST 
passive and active shear modulus in HE and KF tasks at 20% MVIC until task 
failure. We hypothesised that: i) the effects of the fatigue tasks would induce 
different changes in the active shear modulus pattern. To test this, we conducted 
two experiments. We expected ii) no changes would be seen in passive shear 
modulus; iii) a decrease in active shear modulus of the BFlh and SM after the 
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HE task; iv) an increased active shear modulus of the BFlh and a decrease of the 
ST after the KF task.

Materials and methods

Participants

Fifteen physically active males (age: 23.3 ± 3.5 years; height: 174.3 ± 5.2 cm; body mass: 
70.7 ± 9.5 kg) without a hamstring strain injury history were invited to participate in this 
study. The sample size was based on a previous methodological study, with 80% statistical 
power, effect size of 0.69 (G*Power software, v3.1.9.2). Participants visited the laboratory 
twice at least seven days apart. In each session, individuals performed either a KF or an 
HE task until failure in a random order. All participants read and signed an informed 
consent form prior to participating in the study. The local ethics committee approved the 
study (#9/2019).

Procedures

Dynamometry

Experiment I

An isokinetic dynamometer (System 3; Biodex Medical Systems, Shirley, NY) was used to 
assess the joint torque during an MVIC. For the hip dominant task (Experiment I) 
participants were positioned in the prone position with both knees fully extended and the 
measured hip flexed at 10° (Figure 1-HIP). Participants were instructed verbally through
out the task to perform hip extension without flexing. The dynamometer axis was aligned 
with the greater trochanter. Moreover, this position was chosen based on the comfort and 
ability of the individuals to produce force.

Experiment II

An isokinetic dynamometer (System 3; Biodex Medical Systems, Shirley, NY) was used to 
assess the joint torque at a sampling rate of 1000 Hz. For experiment II, participants were 
positioned in the prone position with the hip in neutral anatomical position, the 
measured knee flexed at 30° (Figure 1-KNEE), and with an orthosis positioned in the 
ankle~15º of plantar flexion to restrain dorsiflexion movements during contraction. This 
position was chosen since hamstrings are in a slack length (Silder et al., 2007). Moreover, 
hamstring injuries occur more frequently during the late swing phase of sprint at 30º of 
KF (Kenneally‐Dabrowski et al., 2019), being the most common injury mechanism 
(Garrett et al., 1984; Stanton & Purdham, 1989).

The dynamometer axis was aligned with the lateral femoral condyle. This position was 
chosen based on the ease in performing the shear wave measurements reliably (Mendes 
et al., 2018).
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Protocol

In each experiment, testing began by assessing the muscles’ passive (i.e., muscles in rest 
condition) shear modulus; two 10-s video clips were obtained for each muscle at rest. 
Participants then performed 20 submaximal contractions, followed by two MVICs with 
3-s duration and 1 min between trials. Based on the MVIC highest peak torque, indivi
duals familiarised themselves with the 20% of MVIC trials using visual feedback. Each 
trial lasted~30 s. The active shear modulus at 20% of MVIC was then measured twice for 
each muscle. An isometric contraction at 20% of MVIC was then performed until task 
failure, which was defined as when the participant could not sustain the given intensity 
(i.e., a decrease higher than 5% of MVIC, visually controlled on a screen) for more than 3 
s, even after verbal and visual feedback. Immediately after the fatigue task, the same 
passive and active shear modulus testing was conducted. The order of tasks and mea
surements in each muscle pair were randomised. To ensure peripheral fatigue, the 
intensity of the task failure was determined at 20%MVIC since a higher percentage 
would lead to a lower time until exhaustion and consequently less peripheral effects 

Figure 1. Shear modulus assessment at 20% of MVIC before the fatigue task for semimembranosus 
(SM), semitendinosus (ST), biceps femoris long head (BFlh), biceps femoris short head (BFsh) and 
gluteus maximus (GM) for the hip extension (left) and knee flexion (right) exercises. Plastic casts (fixed 
to the skin with bi-adhesive tape) were used to ensure that repeated muscle shear modulus 
measurements would be performed at the same site. For the hip extension task, the attachment 
position should be as proximal to the knee joint as possible to avoid a knee flexion contribution; 
however, in assessing the shear modulus of all hamstrings muscles the attachment position could not 
be placed closer due to the cast’s placement which is critical to ensure a stable measure. Moreover, the 
femur was not fixed during the KF task to allow for cast placement and avoid external pressure from 
influencing SWE measurements. The red line within the elastogram window corresponds to the area 
used for calculating the average shear modulus.
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(Bigland-Ritchie & Woods, 1984; Gandevia, 2001). Moreover, higher intensities would 
mean the impossibility of performing 8 trials with~30s of contraction to measure the 
shear modulus values, considering that it was reported that a minimum of 25 s of 
contraction are needed to achieve a stable measurement (Mendes et al., 2018).

Shear wave elastography
Muscle shear modulus was assessed using two similar ultrasound scanners (Aixplorer, 
v11; Supersonic Imagine, Aix-en-Provence, France) in SWE mode [musculoskeletal 
preset, penetrate mode, smoothing level 5, opacity 100%, scale: 0–800 kPa for active 
(i.e., during contraction) and 0–100 kPa for passive (i.e., at rest) conditions), coupled 
with a linear transducer array (SL10–2, 2–10 MHz. Super Linear, Vermon, Tours, 
France). The transducer was placed at~43% (SM), ~55% (BFlh), ~55% (ST), and~20% 
(BFsh) of the distal-to-proximal femur length (Mendes et al., 2018). For the GM, the 
transducer was placed at 50% of the length between the ipsilateral posterior superior 
iliac spine and greater trochanter (Tayashiki et al., 2017). Shear modulus calculations 
assume isotropy of the underlying tissue; it is known, however, that muscle is 
anisotropic, since the mechanical properties of muscle fibres are direction- 
dependent (Brandenburg et al., 2014; Kotadia et al., 2020). The anisotropy of skeletal 
muscle therefore requires a longitudinal transducer orientation in SWE, aligned with 
the fascicle’s orientation (since the shear waves preferably propagate in their direc
tion), to obtain accurate shear modulus values (Couade et al., 2011; Gennisson et al., 
2010; Lee et al., 2012). Therefore, caution was taken to align the transducer with the 
muscle’s fascicles orientation, and to perform minimal pressure during the 
measurements.

Data acquisition and processing

Dynamometry and elastography data were synchronised using an external switch that 
simultaneously started data collection for all equipment and acquired using a Biopac 
MP100 acquisition system (Biopac, Santa Barbara, CA). Data were processed using 
automated MATLAB routines (The Mathworks Inc., Natick, MA). The shear modulus 
values were calculated from shear wave velocity (V). The velocity of shear waves 
generated by an ultrasonic beam (i.e, ‘pushing beam’ emitted by the probe) within the 
muscle are measured by a time-of-flight algorithm in each pixel of the elastogram map in 
ultrafast ultrasound sequences. Shear modulus was estimated using the following equa
tion (Bercoff et al., 2004): 

where ρ is the muscle mass density (1000 kg/m3). It should be noted that the machine 
output is Young’s modulus, which corresponds to a linear displacement, whereas the 
shear modulus corresponds to an angular displacement. Notice that Young’s modulus 
and shear modulus are related (Bercoff et al., 2004): 

being E the Young’s modulus and G the shear modulus (Shiina et al., 2015; Sigrist 
et al., 2017). The shear modulus is the ratio of shear stress over shear strain. Since 
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muscle strains occur due to a shear force on the muscle fibres, shear modulus is often 
used in muscle rigidity analysis and consequent injury. For the shear modulus 
calculation, each clip exported from Aixplorer’s software was sequenced in.jpeg 
images. Image processing converted each pixel of the colour map into a value of the 
Young’s modulus based on the recorded (ultrasound) colour scale. The largest ROI in 
the elastogram window was determined manually by an experienced examiner avoid
ing aponeuroses and tissue artefacts (e.g., vessels) and the values were averaged to 
obtain a representative muscle value. Within each trial, the most stable values with ~ 
20 s duration were averaged and divided by 3 to estimate the muscle shear elastic 
modulus (Bercoff et al., 2004).

Statistical analysis

Data analysis was performed using IBM SPSS Statistics 25.0 (IBM Corporation, Armonk, 
NY). Normality of data distribution was assessed using the Shapiro—Wilk test. To verify 
the existence of fatigue a paired sample t-test was performed on MVC for each task. To 
assess the effect of fatigue in each muscle a delta (Δ) active shear modulus (post-pre) was 
calculated for each muscle. The effect of fatigue in each task (HE and KF) on the 
biarticular muscles (BFlh, SM and ST) in passive and active shear modulus were 
examined by conducting a two-way ANOVA (task � muscle) for each condition 
(passive and active). Post-hoc analysis was conducted using Bonferroni correction to 
determine the differences between muscles when a significant main effect was observed. 
Where an interaction was found, the two tasks were analysed separately using a one-way 
ANOVA followed by post-hoc analysis using Bonferroni correction. For each muscle 
a paired sample t-test was conducted. Additionally, for the comparison of the Δ active 
shear modulus of the monoarticular muscles (BFsh and GM) a one way ANOVA was 
performed for each task (HE and KF) and condition (passive and active). Post-hoc 
analysis was conducted using Bonferroni correction to determine the differences between 
muscles when a significant main effect was observed. The partial eta square (η2

p) values 
were reported as a measure of the effect size of the ANOVA’s findings, classified as small 
(η2

p = 0.01–0.05), medium (η2
p = 0.06–0.013), and large (η2

p>0.14) effects (Cohen, 1988). 
Cohen’s d effect sizes were determined and classified as small (d = 0.2–0.5), medium (d  
= 0.5–0.8), and large (d ≥ 0.8) for normally distributed data based on benchmarks 
suggested by Cohen (1988). Data are presented as mean ± standard deviation. 
Significance was set at p < 0.05.

Results

Two participants were excluded in the data processing due to the quality requirements 
(age: 23.9 ± 3.2 years; height: 174.1 ± 5.2 cm; body mass: 70.6 ± 9.9 kg). For the GM, the 
transducer was positioned at 45.3 ± 6.5% of the length between the ipsilateral posterior 
superior iliac spine and greater trochanter. The testing sessions were separated by 12 ±  
10 days.
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Task performance

Time until failure was 946.2 ± 769.2 s and 504.7 ± 257.3 s in the HE and KF tasks, 
respectively. The MVIC decreased 22.9% after the HE task (pre: 179.2 ± 58.6 Nm; post: 
138.2 ± 58.5 Nm; p = 0.004; d = 0.70), and 19.8% after the KF task (pre: 84.4 ± 23.5 Nm; 
post: 67.7 ± 22.1 Nm; p = 0.001; d = 0.73).

Passive shear modulus

In respect to the monoarticular muscles, no significant effect was found in KF between 
muscles (p = 0.452; η2

p = 0.070), however a significant effect in HE (p = 0.038; η2
p =  

0.207) with the post-hoc analysis demonstrated no differences across all hamstrings 
muscles. Regarding the biarticular (Figure 2) muscles no significant task � muscle 
interaction was found (p = 0.437; η2

p = 0.067) as well as for task (p = 0.404; η2
p = 0.059) 

and muscle (p = 0.079; η2
p = 0.191) effects.

Active shear modulus

In respect to the monoarticular muscles, no significant effect was found in HE between 
muscles (p = 0.268; η2

p = 0.102). A significant effect for muscle was observed in the KF 
task (p < 0.001; η2

p = 0.445), however the post-hoc analysis showed no differences 
between the BFsh and all the other hamstrings muscles. In relation to the biarticular 
muscles (Figure 2), a significant task � muscle interaction was seen (p = 0.002; η2

p =  
0.401). Since an interaction was found, the two tasks were analysed separately and no 
effect was found for HE (p = 0.099; η2

p = 0.175), whereas for KF a effect for muscle was 
seen (p < 0.001; η2

p = 0.598). The post-hoc analysis showed differences between BFlh-SM 
(p = 0.006; d = 1.10), BFlh-ST (p = 0.001; d = 1.35) and SM-ST (p = 0.020; d = 0.91). The 
comparisons between tasks for each muscle demonstrated significant differences for SM 

Figure 2. Delta (Δ) shear modulus variation (post - pre) of all biarticular muscles: Biceps Femoris long 
head (BFlh – blue line), Semimembranosus (SM – green line), and Semitendinosus (ST – red), in each 
condition (passive and active) for hip extension (HE) and knee flexion (KF).
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(p = 0.025; d = 0.60) and ST (p = 0.026; d = 0.60); however, no differences were seen for 
BFlh (p = 0.062; d = 0.46).

Discussion and practical implications

To the best of our knowledge, this is the first study to examine the effects of fatigue on 
passive and active (at 20% of MVIC) shear modulus of all hamstring muscles plus the GM 
before and after both HE and KF fatigue protocols. The main findings were (i) no 
differences were detected for the fatigue effects (post-pre) on passive shear modulus 
between tasks and muscles; (ii) for the active shear modulus of biarticular muscles, the 
fatigue effects (post-pre) showed differences between all hamstring muscles in KF, with 
no significant fatigue effects between muscles in HE; (iii) the SM and ST demonstrated 
significantly different contributions between tasks.

Concerning the effects of fatigue on passive shear modulus, as hypothesised, no 
differences were seen between muscles, indicating that in the rest condition the con
tribution of all hamstring muscles is similar. In respect to the KF position, this is expected 
since the hamstrings are at a slack length (Silder et al., 2007). Despite the hamstrings 
being in a more lengthening position during HE, the contribution was similar, suggesting 
that the pattern tends to adapt to be homogenous in rest condition across all the 
hamstrings.

It is interesting that in the active shear modulus, no changes were seen in the mono- 
articular muscles (BFsh and GM) in both tasks, indicating that fatigue minimally 
impacted these muscles which did not lose nor reinforce their ability to produce work 
during the corresponding fatigue tasks.

Regarding the differences in contribution by each muscle between tasks, the SM and 
ST demonstrated opposite behaviour: while the ST showed a higher contribution in KF 
(negative Δ) without changes in HE, the SM showed a higher contribution after the task 
for HE (negative Δ) without changes in KF. Moreover, the BFlh showed no differences 
between tasks. It should be noted that a decrease in active shear modulus seems to reflect 
changes in localised muscle fatigue (Bouillard et al., 2014; Morel et al., 2019). This means 
that the ability of the contractile element to generate sarcomere cross-bridges is reduced. 
These results are mostly concordant with previous literature as exercises mobilising the 
knee joint seems to have a greater contribution of ST (Bourne et al., 2017; Fernandez- 
Gonzalo et al., 2016; Schuermans et al., 2014) and exercises mobilising the hip joint tend 
to have a greater contribution from the BFlh and SM (Fernandez-Gonzalo et al., 2016; 
Ono et al., 2011). Thus, it was expected that fatigue would impact the contribution of 
these muscles in each task; however, this was only verified for the ST (KF) and SM (HE). 
The SM has a greater capacity to produce force due to having the largest cross-sectional 
area among the hamstring muscles (Woodley & Mercer, 2005) and shorter pennated 
fibres (Kellis et al., 2012). Indeed, the SM is the greatest contributor for hip active force 
(Kellis & Blazevich, 2022). Moreover, the number and type of muscle fibres in the SM and 
ST could be relevant in the contribution observed between fatigue tasks. Regarding ST, it 
has been reported to have a considerably higher proportion of fast-twitch fibres (Smith 
et al., 2011) which led to a lower resistance of the ST to the fatigue during the KF task, as 
reflected in the decrease in active shear modulus. It should be noted that these types of 
observations are scarce in the literature for the hamstrings, especially regarding the SM— 
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only Garrett et al. (1984) has reported an average of 51% type II fibres in the SM across 10 
individuals (Garrett et al., 1984). However, these 10 individuals (7 males and 3 females) 
were an average of 60 years of age, and it has been shown that the fast-twitch fibre (type 
II) content decreases with age (Larsson, 1978). Furthermore, sex differences have been 
demonstrated in the fast-twitch fibre content (Fournier et al., 2022) – with a higher fast- 
twitch fibre content in males for other hamstring muscles (ST) – further supported by the 
higher fatigue rate exhibited by males in knee flexion and extension (Pincivero et al., 
2003). Since the participants in this study were young and physically active males, 
a higher percentage of fast-twitch fibres in the SM is expected, resulting in a lower 
resistance of the SM to the fatigue during the HE task, as reflected in the decrease in 
active shear modulus. This warrants further investigation.

Regarding the comparison between muscles when the tasks were analysed separately, 
it is interesting to observe that the active shear modulus of all bi-articular muscles (i.e., 
BFlh, SM, and ST) was only affected by the fatigue protocol in KF, although in different 
directions (Figure 2). In relation to HE similar changes of contribution were seen for all 
muscles between pre-post conditions suggesting a minimal effect of fatigue. A sharing 
strategy was detected in KF since a negative Δ was seen for the ST, reflecting a decrease in 
ST, whereas a positive Δ was observed for the BFlh, reflecting an increase of BFlh shear 
modulus after the fatigue task without changes in the SM. The significant difference 
between SM-BFlh and between SM-ST can be explained due to the maintained contribu
tion pre-to-post task by SM with the opposite behaviours of BFlh and ST. More 
specifically, the BFlh-ST pair also display almost identical fatigue-induced effects in the 
HE task (similar Δ), emphasising the importance of their differential response to fatigue 
in the KF task. This load-sharing strategy has been previously reported (Schuermans 
et al., 2014). One possible explanation for these results in KF could be the muscle fibres 
composition for each muscle. Indeed, the BFlh seems to have a considerable high number 
of type I/IIa fibres (Dahmane et al., 2005; Evangelidis et al., 2017). On other hand ST has 
been reported to have a considerably higher proportion of fast-twitch fibres (Smith et al., 
2011). Therefore, both muscles could have a consistently different proportion of slow/fast 
twitch fibres, making the ST a less fatigue-resistant muscle and a less fatigable muscle as 
the case of BFlh (i.e., with a higher proportion of slow-twitch fibres) should play a greater 
role in maintaining workload when fatigue is installed. Moreover, in the previous study 
by Mendes et al. (2020), the BFlh active shear modulus was unaltered while the ST active 
shear modulus decreased after a KF fatigue protocol. In the present study, the ST active 
shear modulus decreased and the BFlh increased in the KF task. In the study by Mendes 
et al. (2020), only a small to moderate MVIC decrease was observed after the KF fatigue 
task (i.e., between −3.8% and −7.8% in two different days). In the present study, a large 
decrease was observed in both tasks (−22.9% and −19.8% after HE and KF, respectively). 
This indicates a greater fatigue effect, which might have potentiated the higher post-task 
contribution of BFlh active shear modulus. It should be noted that the muscle shear 
modulus during contraction has been well correlated with electromyographic activity 
(Nordez & Hug, 2010) and with force production independently of the fatigue effects 
(Bouillard et al., 2012). Thus, we speculate that the BFlh workload increases with ham
string fatigue, possibly elevating its injury risk. It is interesting to note that, among the 
hamstring muscle components, the injury incidence is higher for the BFlh (Koulouris 
et al., 2007; Malliaropoulos et al., 2010). Therefore, physical activities involving the 
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hamstrings by mobilising both knee and hip and leading to fatigue (e.g., repeated 
sprinting) might favour a higher contribution of BFlh active shear modulus and, conse
quently, put the BFlh at higher risk of injury. This hypothesis should be examined in 
a future study.

The present study has some limitations. Firstly, although a considerable number of 
muscles were assessed, we cannot disregard the participation of other synergistic muscles 
crossing both the knee and hip joints which might have affected the results. Secondly, shear 
modulus measurements were performed at a single site within each muscle, and it is known 
that active shear modulus differences exist within the muscle (Vaz et al., 2021). Thus, we 
are unaware whether the fatigue effects on muscle shear modulus are also region depen
dent. Thirdly, the contraction intensity used in the fatigue protocol and for shear wave 
measurements during contraction was submaximal. We are unaware whether responses 
could be different at other contraction intensities. Fourthly, the positions adopted in KF 
and HE tasks placed the hamstrings at different lengths, influencing their point on the 
force-length relationship. Additionally, as the absence of knee flexion in HE and of hip 
extension in KF were done via visual inspection, the influence of either on the other could 
not be objectively confirmed. As such, interpretation of the study findings should be 
performed under this consideration. However, it should be considered that the attachment 
position was placed to be able measure all the four hamstrings’ muscles and the gluteus 
maximus, and the placed strap during knee flexion immobilised the hip. Finally, since the 
study sample only included young males, the results cannot be generalised to other groups.

In conclusion, this study provides scientific evidence that HE and KF exercises seem to 
have a different active shear modulus response pattern to a submaximal isometric contraction 
at 20% of MVIC. The HE task produced a similar behaviour across all hamstring muscles, 
and the KF task resulted in a Δ decrease of the ST, an Δ increase of the BFlh and a similar Δ of 
the SM which showed that the active shear modulus pattern is changed with a submaximal 
isometric fatigue protocol. Future researchers should consider the effect of fatigue on the 
hamstrings active shear modulus response pattern in different joints, in order to translate 
these results into not only improving sports performance as well as in the process of 
rehabilitation, but also exploring a potential link to the occurrence of hamstring strain 
injuries.
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