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Abstract: Isolated injury to the long head of biceps femoris is the most common type of acute
hamstring strain injury (HSI). However, the precise hamstring injury mechanism (i.e., sprint-type) is
still not well understood, and research is inconclusive as to which phase in the running cycle HSI risk
is the greatest. Since detailed information relating to hamstring muscle function during sprint running
cannot be obtained in vivo in humans, the findings of studies investigating HSI mechanisms are based
on modeling that requires assumptions to be made based on extrapolations from anatomical and
biomechanical investigations. As it is extremely difficult to account for all aspects of muscle-tendon
tissues that influence function during high-intensity running actions, much of this complexity is not
included in these models. Furthermore, the majority of analyses do not consider the influence of prior
activity or muscular fatigue on kinematics, kinetics and muscle activation during sprinting. Yet, it has
been shown that fatigue can lead to alterations in neuromuscular coordination patterns that could
potentially increase injury risk. The present critical review will evaluate the current evidence on
hamstring injury mechanism(s) during high-intensity running and discuss the interactions between
fatigue and hamstring muscle activation and function.

Keywords: athletic injuries (MeSH); hamstring muscles (MeSH); running (MeSH); biomechanics;
muscle functioning; fatigue (MeSH)

1. Introduction

Hamstring strain injury (HSI) is the most common non-contact muscle injury in high-speed
running sports such as Australian football [1-5], American football [6], rugby [7-9] and soccer [10-13].
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This type of injury is characterized by acute pain in the posterior thigh with disruption of the hamstring
muscle fibers, where direct external contact with the thigh is excluded as a cause of injury [14,15].
Injury rates are particularly high in soccer, accounting for 37% of all muscle related injuries [16], and a
recurrence rate of 12-33% has been reported [13,17,18]. Data showing higher injury rates towards the
late stages of each half of a (European) soccer game [16] suggests an association between fatigue and
injury risk. Minimizing the risk of first injury is considered a key aspect of overall hamstring injury
reduction strategies, as well as secondary prevention [19]. Despite the increasing research focus in this
area, the potential injury mechanisms are not well defined [20], and injury incidence seems to have
either remained about the same [15] or even increased (e.g., soccer; [21]) in recent years. This injury
burden is a concern for clubs in terms of team performance from a key player availability perspective
in senior professionals [22] and in the long-term development of younger players [23]. It is also
associated with a significant financial cost (e.g., the average cost for a first team player is approximately
€500,000 per month in European soccer leagues) [24]. For these reasons, there remains considerable
interest among researchers and practitioners in investigating hamstring injury mechanism(s) in order
to develop evidence-based risk reduction prevention strategies.

Neuromuscular fatigue is one potential major HSI risk factor [15,25,26]. Fatigue can be defined
as the inability to maintain a given exercise intensity or power output, resulting from either acute
or residual (i.e., inadequate recovery from repeated exposures to load) physical exercise burden [27].
The acute fatigue that develops during and immediately after the conclusion of bouts of physical activity
is attributed to a combination of central and peripheral fatigue mechanisms [27]. Central fatigue affects
the voluntary activation of muscle and principally occurs during submaximal, low-intensity muscle
contractions [28]. It can be caused by a decrease in the excitation supplied by the motor cortex and/or a
decrease in motoneuronal pathway activity [28]. Peripheral fatigue corresponds to an alteration in
muscle contraction capacity and can be induced by disturbances in the propagation of the muscle action
potential, excitation-contraction coupling and contractile (force production) mechanisms [28]. In sports
such as soccer, mechanical demands, particularly those related to decelerations and eccentric actions,
can induce muscle damage. This promotes increases in inflammatory proteins and immune cells and
subsequent alterations in redox status during the recovery period after a game [29]. The exercise-induced
muscle damage and its sequelae can reduce physical performance for up to several days [30] and
are suggested to be a principle cause of the residual fatigue observed in soccer players following
competition [27]. While evidence for an association between acute fatigue and injury is principally
epidemiological [16], there are a number of viscoelastic, neuromuscular and biomechanical alterations
demonstrated during simulated/real competitions that could theoretically increase susceptibility
to injury. The accumulation of fatigue across training and competition periods is also associated
with elevated injury risk, especially when abrupt increases in total training loads or intensities
occur [31] or during periods of match congestion [32]. Nevertheless, acute, residual and chronic fatigue
might influence risk in very different ways, and consequently, the strategies used to reduce the risk
associated with each may differ. Since player monitoring practices have the potential to reduce residual
fatigue-related injury risk [33], monitoring of player workload and response to workload—in the form
of subjective and objective assessment of fatigue—is now commonly performed and is considered a
cornerstone of player welfare systems [33]. However, the present article will primarily consider the
potential effect of acute fatigue on associated risk factors for HSI. Therefore, the objective of this critical
review is to evaluate the current evidence and provide an overview of: (1) mechanisms of hamstring
injury and (2) interactions between fatigue, hamstring muscle activation and function and potential
interactions with risk.

2. Mechanisms of Hamstring Strain Injury

Animal models have been used to try and determine the general mechanisms of muscle strain injury,
suggesting that excessive muscle strain in eccentric contractions or stretching is the main mechanism of
muscle strain injury [34]. Two specific hamstring injury types, defined by the injury mechanism, have
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been described: (1) stretch-type and (2) sprint-type [35]. The stretch-type hamstring injury occurs in
movements involving a combination of extreme hip flexion and knee extension (e.g., kicking and dance
maneuvers), while the sprint-type injury occurs during maximal or near-maximal running actions [18].
Both injury types are strain injuries; however, the stretch-type seems to occur at long muscle lengths,
while the sprint-type may occur well within the normal working range of the muscle [18]. Using
magnetic resonance imaging (MRI), the stretch-type hamstring injury has been shown to primarily
affect the semimembranosus, and particularly the proximal free tendon rather than the intramuscular
tendon [36,37]. In contrast, the sprint-type hamstring injury primarily involves the long head of biceps
femoris (BFlh) [23,38]. Injuries to BFlh show a greater involvement of the proximal region compared to
the distal region [23,39], with the musculotendinous junction (aponeurosis and adjacent muscle fibers)
reported as the most common injury location [23,38,40].

Since the majority of HSIs occur during maximal or near-maximal running efforts [23,37,39],
the present critical review will focus on the sprint-type injury. The phase of the running cycle during
which HSIs most commonly occur [41] remains a controversial topic in sprint-type HSI research.
In order to increase the efficacy of hamstring injury risk reduction strategies, a complete understanding
of the biomechanical function of the hamstring muscles during sprinting is required [41]. In the
following sections, we outline the current evidence relating to HSI mechanisms and examine the possible
influence of fatigue and the interactions between fatigue, hamstring muscle activation and function.

2.1. Hip, Knee and Hamstring Mechanics during High-Speed Running

Before exploring the mechanism(s) of sprint-type injury, the running cycle should be described.
A complete running cycle includes two main phases: the stance phase (foot in contact with the ground)
and the swing phase (foot not in contact with the ground). These two main phases can be further
divided into sub-phases: early stance (braking), late stance (propulsion), early and middle swing
(recovery) and late swing (pre-activation) [42]. In a recent review, Kenneally-Dabrowski et al. [43]
comprehensively described hip, knee and hamstring mechanics during high-speed running, showing
that during the stance phase net joint torque mainly results from muscle torques (generated from muscle
contractions) and external forces (resulting from ground reaction forces) [43]. On the other hand, during
the swing phase net joint torque mainly results from muscle torques and motion-dependent torque
(resulting from the mechanical interaction of segments) [43]. The hip displays extensor dominance
(reaching peak extension torque at approximately 4.1 N-m-kg~!) during the early stance phase and
shifts to a flexion moment towards the latter half of stance [43]. Regarding knee moments, Schache
and colleagues [44] reported an extension moment for the first half of the stance phase (peaking at
3.6 N-m-kg~!) before a flexion moment is produced towards the late stance phase [43-45]. However,
other studies have reported much more variable knee moments, sometimes switching several times
from extension to flexion dominance throughout the stance phase, findings which may be attributed
to different filtering techniques utilized and data processing [43]. The hip displays a large flexion
moment during the first half of the swing phase (peaking at 4.3 N-m-kg~!), while the knee produces
a small extension moment (1.0 N-m-kg™') [44,45]. During the second half of the swing phase, the
hip displays a large extension moment (4.2 N-m-kg_l), while the knee produces a smaller flexion
moment (1.8 N-m-kg™?!) [44,45]. Furthermore, the hamstring muscles undergo a stretch-shortening
cycle throughout high-speed running actions [46,47]. Traditionally, it has been suggested that BFlh
shortens during the first part of the swing phase as the knee flexes and the hip moves from extension
to flexion [43]. Subsequently, a rapid lengthening of BFlh takes place as the hip continues to flex, while
the knee extends throughout the second half of the swing phase [43]. Next, BFlh starts to shorten as the
hip extends and the knee flexes in preparation for foot strike [43]. Throughout the stance phase, the hip
continues to extend and the knee flex for the first half, before starting to extend [43]. While most studies
suggest that BFlh shortens throughout the stance phase, two studies have reported a lengthening of the
hamstrings during the late stance phase [48,49]. It is therefore suggested that length change could be
dependent upon the degree of hip and knee extension exhibited by an individual athlete [43]. In reality,
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this movement pattern would be influenced by the athlete’s anatomical variability [50] and specific
sprint mechanics [51].

2.2. The Late Swing Phase

The majority of researchers investigating the role of the hamstrings during sprint-running argue
that the late swing phase is likely to be the point in the running cycle at which the hamstrings are
most susceptible to injury [45,52-56]. Indeed, during sprinting, maximum electromyogram (EMG)
activity has been consistently shown to occur during the terminal swing phase [52,55,57]. Furthermore,
based on their modelling of muscle force and length characteristics during sprint running, Chumanov
et al. [52] concluded that the hamstring muscle-tendon unit exclusively undergoes a lengthening
activation during the late swing phase. Furthermore, Schache et al. [45] identified peak muscle-tendon
strain, peak muscle-tendon force and the occurrence of negative work in BFlh, semitendinosus (ST) and
semimembranosus (SM) during the late swing phase during maximal sprint running. More specifically,
BFlh displayed the largest peak muscle-tendon strain (12.0% increase in length from upright stance
position), ST displayed the greatest muscle-tendon lengthening velocity, and SM produced the highest
muscle-tendon force, absorbed and generated the most muscle-tendon power and performed the
largest amount of positive and negative work. Additionally, Higashihara et al. [55] found that peak
muscle-tendinous stretch was synchronous with the peak EMG activation in BFlh during the late swing
phase in overground sprinting [55]. As running speed increased from 80% to 100%, biceps femoris
(BF) activity during the terminal swing phase increased an average of 67%, while ST and SM only
showed a 37% increase [39]. Speculatively, these disproportional increases in the demand on BF at
maximal running speeds may also contribute to its greater tendency to be injured during high-speed
running than the other hamstring muscles. However, a study using finite-element computational
modeling based on muscle-tendon dimensions of athletes participating in high-speed sports reported
that whole-fiber length change of BFlh relative to the muscle-tendon unit length change remained
relatively constant as running speed increased [53]. Nonetheless, the computational models also
predicted that peak local fiber strain relative to the strain of the muscle-tendon unit increased with
speed, with the highest peak local fiber strain relative to the whole muscle fiber strain occurring at the
fastest speed (100% maximum) during the late swing phase [53]. These findings, and the observations
of two independent hamstring injury case studies [54,56], support the notion that injury susceptibility
is greater during the late swing phase. However, it should be noted that the majority of analyses based
on mechanical models did not consider the potential additional influence of prior activity and fatigue
on kinematics, kinetics and muscle activation during sprinting.

Some issues need to be highlighted before interpreting these studies. First, detailed information
relating to hamstring muscle function during sprint running cannot be obtained in vivo in humans.
The findings of studies investigating hamstring strain injury mechanisms are therefore principally based
on modeling and assumptions extrapolated from anatomical and biomechanical investigations [58].
With these simulation models, it remains extremely difficult to account for all aspects of muscle tissue
that influence function during high-speed running actions, and as such, much of this complexity is
omitted. For example, Van Hooren and Bosch [59] speculated that the hamstring muscles do not
actively lengthen during sprinting and that it is more likely that the hamstrings function predominantly
isometrically during the swing phase of running [59]. However, the authors also hypothesized
that fascicle lengthening may feasibly underpin muscle injury, but that this eccentric action may
occur as a result of the inability of fascicles to remain isometric [59]. Although these arguments
were mainly based on evidence from animal studies, their work has challenged the conclusions of
current modeling studies investigating the mechanism of hamstring injury during high-speed running.
According to Van Hooren and Bosch [60], potential errors in modeling studies would include an
underestimation of stretch in the tendinous tissues, and hence overestimation of fascicle stretch as
a result of potential differences in real and modeled tendon stiffness, as well as not accounting for
muscle slack (i.e., compliance)—causing a delay between muscular contraction and recoil of the
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series elastic elements [61]. Secondly, as mentioned previously, given the epidemiological evidence,
the presence of fatigue is likely a key factor in relation to HSI susceptibility. Since fatigued muscles
seem to be able to absorb less energy before reaching the stretch limit, fatigue may directly increase risk
of injury [62]. Therefore, it is logical to consider interactions between fatigue and muscle activation
and function as a potential mediator of risk, as will be further outlined below. Yet, the majority of
studies investigating hamstring muscle mechanics in relation to HSI susceptibility have examined
sprint running in non-fatigued conditions (Table 1) [20,41,45,47,49,52-57,63-66].

Table 1. Summary of studies using biomechanical models to estimate the phase of the running cycle at
which the hamstring muscles are most susceptible to strain injury.

Reference (Year) Participants Late Swing Phase  Early Stance Phase  Late Stance Phase
Schache et al. (2012) Sprinters X
[45] (5 males, 2 females)
Recreational athletes
Chumanov et al. (2011) [52] (9 males, 3 females) X
Fiorentino et al. (2014) Track and field athletes X
[53] (7 males, 7 females)
Higashihara et al. (2014) Track and field athletes X
[55] (13 males)
Higashihara et al. (2010) Track and field athletes X
[57] (8 males)
Thelen et al. (2005) Recreational athletes X
[63] (9 males, 6 females)
Thelen et al. (2005) Recreational athlete X
[47] (1 male)
Yu et al. (2008) Sprinters or middle-distance
[49] runners X X
(20 males)
Mann and Sprague (1980) Sprinters X
[65] (15 males)
Mann (1981) Sprinters X
[64] (15 males)
Ono et al. (2015) Track and f1e1c}, rugby and
[66] soccer players X
(12 males)
Sun et al. (2015) Sprinters X X
[20] (8 males)
Liu et al. (2017) Sprinters X X
[41] (8 males)
* Schache et al. (2009) Australian Rules Football
156] player X
g (1 male)
* Heiderscheit et al. (2005) Skier X
[54] (1 male)

Note: The modeling studies included in this table obtained measurements in non-fatigued participants. * Case

studies of hamstring strain injury (HSI) occurrence during assessment.

2.3. The Early Stance Phase

Although HSI is commonly thought to occur in the terminal swing phase, and taking into account
that this assumption has been established without full consideration of the problems raised above,
the possibility cannot be excluded that HSI can also occur in the early stance phase, during which some
studies report a second peak in hamstring muscle activity [49,52]. In fact, decades ago researchers
speculated that the early stance phase would be the highest risk phase of sprint running [64,65].
This hypothesis was based on the finding that maximum hip extension and knee flexion torques
occurred during ground contact [64,65]. Furthermore, although peak BFlh muscle-tendon force has
been reported to occur during the late swing phase, a second (smaller) peak has also been observed
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during the early stance phase [45,46]. Some researchers have suggested that BFlh muscle-tendon force
in the early stance phase may be underestimated due to over-filtering of force and kinematic signals,
which could potentially result in erroneously low hip and knee torques [20,41]. During the early stance
phase, it is also suggested that the ground reaction force causes a large extension torque at the knee and
a flexion torque at the hip [43]. Consequently, in order to counter the large passive forces, the hamstring
muscles would need to produce large flexion torques at the knee and extension torques at the hip,
placing them under an extremely high load [20,41]. In addition, using EMG and MRI measurements,
selective recruitment of ST and gracilis has been observed with lengthening during knee extension [67].
In addition, BFlh and SM may be selectively recruited during tasks dominated by hip extension such as
standing, forward bending or extending backward from the hip [68]. Based on these data, it could be
speculated that acute cases of HSI involving BFlh could also occur during the stance phase of sprinting.

Furthermore, the results of a study which calculated a surrogate measure of hamstring tensile
forces during overground sprinting using EMG, ground reaction force and 3D motion analysis data,
did support the early stance phase as a point of increased susceptibility to HSI [66]. The product of
normalized muscle-tendon length and the normalized EMG (nEMG) value was calculated for each
muscle and defined as the tensile force index [66]. The tensile force indexes of BFlh and ST increased
abruptly in concert with the largest magnitudes noted within the stance phase [66]. Moreover, during
the period from the foot strike to the peak ground reaction force in the early stance phase (lasting
approximately 0.01 s), BFlh nEMG reached its peak when the knee joint was extended maximally [66].
These findings, combined with evidence that greater muscle activation and larger muscle forces may
be associated with higher risk of muscle strain [63,69], suggest that BFIh would be susceptible to
strain injury during the early stance phase of the sprinting stride. However, as the relevance of tensile
force index to injury risk has not been established, the conclusions of this study should be considered
with caution [66], highlighting again the issues of using simulation models to analyze and interpret
hamstring tissue mechanics.

2.4. The Swing-Stance Transition Period

One recent study suggested that the risk of sustaining HSI is high in both the late swing and the
early stance phases but with different loading mechanisms underpinning them [41]. Liu et al. [41]
concluded that large passive torques at the knee and hip joints during maximal sprinting in elite athletes
acted to lengthen the hamstring muscles in both phases. The active muscle torques generated mainly by
the hamstrings counteracted the passive effects generated by the forward swing of the leg (late swing
phase) and the external ground reaction force (early stance phase) [41]. As a result, the researchers
suggested that these two phases may be considered to be a single phase (the swing—stance transition
period) (Figure 1) because lower extremity joint motions are continuous and the hamstring muscles
function to extend the hip and flex the knee throughout the entire phase [41].

At present, the evidence is inconclusive as to which phase in the running cycle has the greatest
HSI risk, although the possibility that both late swing and early stance phases may both put excessive
loads on the hamstring muscles with consequent increases in injury susceptibility cannot be discounted.
Importantly, better models are required in order to elucidate hamstring muscle-tendon behavior and
functioning in both phases as well as a need for the evaluation of changes in the kinetic, kinematics,
EMG activity and modeling under fatiguing conditions.
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Establishing (dotted area) the predominant phase/injury mechanism(s) during the running cycle

Stance phase ﬂ Q Swing phase

Late swing
pre-activatior

Early stance Late stance Early & middle swing

breaking propulsion recovery

Joint torque from muscle & motion-dependent torque

Hip: from large flexion moment

oint torque from muscle contractions & ground
reaction forces

Hip: from extension dominance |: to large extension moment

Knee: from extension to flexion moment to small flexion moment

to flexion moment
Knee: from small extension

Lengthening contraction

t Hip & Knee torques
' Strain & acfivation

' Tensile Force

Figure 1. Mechanical and muscular activation characteristics of the main phases in which HSI occurs.

2.5. Interactions between Fatigue, Hamstring Muscle Activation and Function

Differences in the changes in muscle activation with increasing running speed have been observed
between hamstring muscles within the running cycle [57]. During sprint running (speeds above
95%max), ST EMG activity was significantly greater than that of BF during the middle swing phase, but
not during the early stance or late swing phases when the activity of both muscles increased to a similar
extent [57]. However, an earlier peak activation time in ST than BF was observed during the late swing
phase of sprint running, while an earlier peak activation time in BF compared to ST was seen during
the stance phase [57]. Thus, it appears that BF is activated earlier than ST to prepare for high impact
moments at foot strike when running close to maximum sprinting speed, which could be explained
by the important role of BF in the generation of the forward propulsive force [57]. These temporal
differences in activation patterns between the hamstring muscles may suggest complex neuromuscular
coordination patterns during the running cycle that vary as running speeds increase [57]. Given
that the BF and ST muscle bellies share a common proximal tendon origin, differences in activation
patterns and the timing of peak activation between these muscles may exert significant influence on
HSI risk [57]. In accordance with this, Avrillon et al. [70] observed individual-specific differences in
hamstring muscle coordination strategies and hypothesized that these individual muscle coordination
strategies might have functional consequences. For example, if one muscle is activated to a greater
extent than required by the task, which is inevitably the case when activation between synergists is
imbalanced, its metabolic demand would be higher and fatigue would develop sooner, which the
authors suggested could increase injury risk [70]. Conversely, fatigue influences muscle activation
patterns during maximum sprint running [71] so that neuromuscular coordination is altered under
fatiguing conditions. It is suggested that this could place an excessive load on neighboring tissues,
which could induce excessive tensile shear stress and potentially increase injury risk [72].

Differences in muscle activation patterns have also been associated with lower limb kinematic
changes [73]. In sprints performed after hamstring-specific fatiguing exercise, an earlier reduction in
rectus femoris activity and earlier onset of ST and BF activities was observed in the sprint cycle [71].
This was suggested to contribute to observed kinematic changes, including decreased hip flexion and
increased knee extension at the point of maximum knee extension in the swing phase, decreased leg
angular velocity immediately before foot strike and decreased angular displacement of the trunk,
thigh, and leg segments during the late swing phase of the sprint cycle [71]. The observed decreases in
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angular displacement of the trunk, thigh and leg segments in the late swing phase were attributed to
the decreased hip flexion and increased knee extension at the point of maximum knee extension in
the swing phase [71]. Small et al. [73] studied the changes in sprinting mechanics after simulating the
physiological and mechanical demands of soccer match play and observed reduced maximum hip
flexion and knee extension angles during the late swing phase, an increased anterior pelvic tilt and
an increased lower limb segmental velocity [73]. An increased anterior pelvic tilt has the potential
to increase BFlh length while running, since BFlh attaches directly to the ischial tuberosity of the
pelvis [74]. Therefore, the muscles controlling hip motion and pelvic position could influence the
relative BFlh length during running [74]. The increase in leg angular velocity, which contrasts with the
findings of Pinniger et al. [71], was suggested to be linked to an impaired ability of the hamstrings to
decelerate the limb effectively [73]. Indeed, soccer-specific fatigue has been associated with significant
increases in peak eccentric isokinetic knee flexion torques [75,76], with decrements greatest at longer
hamstring muscle lengths [76]. These findings suggest that the force absorption capacity might be
particularly reduced at the longest hamstring muscle lengths, which could increase vulnerability to
hamstring muscle strain since force production in sprint running is highly dependent on the utilization
of recoil energy from elastic tissues [77]. Both Pinniger et al. [71] and Small et al. [73] interpreted
the decreased thigh flexion angles as a change that might form part of a protective mechanism to
reduce stress on the hamstring muscles at critical phases of the stride cycle. They also reported
contradictory findings regarding knee joint angles and leg angular velocity, which could possibly be
explained by the different fatigue protocols employed by these research groups. In support of this
theory, Hader et al. [78] observed a greater reduction in hamstring muscle activity during intermittent
high-intensity efforts integrating 90° changes of direction compared to straight-line high-intensity
running, despite the lower running speeds observed in the 90° changes of direction [78]. It seems
that the differing hamstring muscle demands and fatigue profiles imposed by straight line running
and changes of direction may, therefore, also have different outcomes on high-speed/sprint running
biomechanics, which is highly relevant to soccer and other multi-directional repeated sprint sports.

The hamstrings are also reported to play a crucial role in dynamic knee stability and control,
helping to maintain joint integrity [79,80]. Along with several other complex ligamentous and
musculotendinous structures (e.g., iliotibial band, biceps femoris short head, lateral collateral ligament,
popliteus muscle/complex, lateral gastrocnemius tendon, joint capsule/mid-third lateral capsular
ligament, coronary ligament of the lateral meniscus, oblique popliteal ligament and the fabellofibular
ligament), the distal BFlh tendon forms part of the posterolateral complex of the knee since it attaches
to the head of the fibula and the lateral condyle of the tibia [81]. The posterolateral complex has been
described as a critical element for lower extremity stability [81]. In accordance with this, a recent study
by Cleather [82] provided support to the theory that the hamstring muscles play an important role in
dynamic knee stability and control, creating rotational stability of the tibia in the transverse plane [82].
Therefore, speculatively, increased knee stabilizing demands (e.g., change of direction actions) and
the presence of fatigue could place greater loads on the hamstring muscles, thereby increasing their
vulnerability to strain injury.

It has been suggested that decreased lower limb muscle stiffness observed during fatiguing
stretch-shortening cycle exercises leads to a decrease in the amount of stored and reused elastic
energy [83]. Lehnert et al. [84] found significant reductions in leg stiffness (decreased hip, knee and
ankle flexion measured in repeated two-legged hopping) and reactive strength (the flight-to-contact
time ratio measured in drop jump) after a 90-min soccer-specific aerobic field test protocol (SAFT**—a
series of soccer-specific fatiguing exercises incorporating utility movements and frequent accelerations
and decelerations, as is inherent to match play [73]) in young footballers [84]. In addition, based
on in-match accelerometer data and weekly monitoring of jump performance in Australian football
players, Cormack et al. [85] suggested that neuromuscular fatigue was associated with a reduction in
vertical acceleration in subsequent competition and speculated that this outcome resulted from the
inability of the neuromuscular system to maintain vertical stiffness [85]. These changes in turn promote
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the adoption of a “Groucho” running pattern, a form of locomotion in which the knees remain flexed
during the complete stride. This reduces vertical ground reaction forces (including impact forces) but
increases the energy cost of locomotion by minimizing the elastic bounce of the body and thus the energy
savings that would normally come from bounce-like gait and is associated with decreased running
speeds, reduced acceleration/deceleration abilities and greater O, consumption [85,86]. The alterations
in running kinematics, reduced movement efficiency and greater moments of force are associated with
an increased load on the contractile muscle units, theoretically increasing strain injury risk (Figure 2).

¥ Muscle-
tendon
Unit
Energy
Transfer

Figure 2. Interactions between fatigue and hamstring muscle activation and function.

Furthermore, evaluation of EMG relative to distance covered indicates that BF and rectus femoris
fatigue occurs earlier than other lower extremity muscles such as vastus lateralis, gastrocnemius and
tibialis anterior during high-speed, but not low-speed running [87]. This may be linked to the higher
activation as running speed increases [39], underpinned by the dominant role of BF in hip extension [66]
and the importance of hip extensors for horizontal force production during sprinting [88]. In line with
this, a fatiguing repeated-sprint protocol on a motorized instrumented treadmill resulted in decreased
sprint acceleration (maximal power output) and horizontal force production [89]. In addition to
decreased maximal power output and horizontal force production, the researchers found (i) a higher
horizontal force production in the fatigued state that was mainly associated with a higher concentric
peak torque of the hip extensors, (ii) a smaller decrease in horizontal force production after fatigue
that was mainly associated with a lesser reduction in gluteus maximus activity at the end of the swing
phase and (iii) that while hamstring muscle torque during knee flexion was associated with horizontal
force production in the non-fatigued state, this association was not observed in the fatigued state [89].
The authors suggested that the decrease in maximal power output under fatigue could be linked
specifically to the decrease in horizontal force rather than the total force output and that this partly
resulted from reduced hamstring muscle function [89], promoting a compensatory increase in the
contribution of other hip extensors such as gluteus maximus [89].

The altered hamstring muscle function could also be linked to the previously mentioned “Groucho
position” consequent to fatigue, resulting in a less efficient muscle-tendon unit energy transfer in BFlh
and increasing the demand on adjacent structures and/or synergist muscles such as gluteus maximus.
There is also a growing body of evidence indicating that lumbo-pelvic muscle function may play
an important role in HSI risk reduction [90,91]. Indeed, the presence of fatigue has been shown to
promote anterior pelvic tilt in soccer players, potentially predisposing them to increased injury risk
due to increasing relative BFlh length [73]. Furthermore, it is well established that eccentric knee flexor
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strength training interventions can decrease HSI risk [92], while Delextrat et al. [93] also showed that
training with a strength-endurance emphasis significantly reduced the decline in hamstring eccentric
peak torque associated with simulated match play [93]. In addition, there is retrospective evidence that
prior HSI is associated with strength-endurance deficits [94] and prospective evidence that a weaker
test score on a hamstring specific strength-endurance test (single leg hamstring bridge) is related to
greater HSI risk [95]. Therefore, the effects of strength-endurance training interventions of both the
hamstrings and their synergists on HSI risk warrant further investigation.

3. Conclusions

In conclusion, the hamstring muscles generate large opposing forces during high-speed
running [96] while also playing a role in the production of dynamic stability at the knee [82]. Based on
the present research, the possibility exists that changes in muscle coordination strategies may cause
one or more hamstring muscles to be disproportionately activated [70], possibly increasing metabolic
demand and thus prematurely fatiguing the overactive muscles [70]. With fatigue it appears that
lower limb stiffness decreases [85], which could cause the adoption of a “Groucho” running pattern,
associated with reduced movement efficiency and greater joint moments of force. This phenomenon,
in combination with increased anterior pelvic tilt (due to lumbo-pelvic instability) during running, could
potentially place BFlh at a relatively longer length where it is more vulnerable to strain injury [51,90,91].
Hence, the late swing and early stance phases appear to be critical points at which HSI is more likely to
occur. More accurately defining the influence of fatigue on tissue behaviors in these two phases may
be key to gaining a better understanding of hamstring injury mechanisms.

4. Future Directions

Building on the current understanding of hamstring mechanics and acknowledging that the
occurrence of injury is likely to be multi-factorial, several theories can be proposed that warrant testing.
A significant limiting factor in current research is that simulation models used to estimate tissue
behavior of the hamstring muscle-tendon are incomplete, and possibly oversimplified. This results
from our limited understanding of the mechanical capacities of numerous tissues that influence system
function, difficulties in measuring muscle activity states and timing and inevitable issues around
the indeterminacy of the system. Importantly, the current models do not account for anatomical
variability between individuals and the behavior and influence of the surrounding tissues. In addition,
the majority of modeling studies do not test for the influence fatigue, which is likely to be a major HSI
risk factor. In relation to this, some recent evidence highlights the need for further investigation of
the role of strength endurance in HSI risk. Future research would require the development of better
simulation models, especially using data obtained under fatiguing conditions. In addition, prospective
studies are required that take into consideration the neuromuscular function of a number of synergists
and characterize not only peak muscular strength, but also fatigue resistance in these muscles.

Author Contributions: All authors contributed substantially to the conception and design of the review; S.H.
drafted the article; all authors provided critical revisions, contributed to the intellectual content of the article, and
approved the final version. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1.  Gabbe, BJ.; Bennell, K.L.; Finch, C.F.; Wajswelner, H.; Orchard, ].W. Predictors of hamstring injury at the elite
level of Australian football. Scand. J. Med. Sci. Sports 2006, 16, 7-13. [CrossRef] [PubMed]

2. Gabbe, B.; Finch, C.; Wajswelner, H.; Bennell, K. Australian football: Injury profile at the community level.
J. Sci. Med. Sport 2002, 5, 149-160. [CrossRef]


http://dx.doi.org/10.1111/j.1600-0838.2005.00441.x
http://www.ncbi.nlm.nih.gov/pubmed/16430675
http://dx.doi.org/10.1016/S1440-2440(02)80036-6

Sports 2020, 8, 65 11 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Orchard, J.; Wood, T.; Seward, H.; Broad, A. Comparison of injuries in elite senior and junior Australian
football. J. Sci. Med. Sport 1998, 1, 83-88. [CrossRef]

Orchard, J.; Seward, H. Epidemiology of injuries in the Australian Football League, seasons 1997-2000. Br. J.
Sports Med. 2002, 36, 39-44. [CrossRef]

Seward, H.; Orchard, J.; Hazard, H.; Collinson, D. Football injuries in Australia at the élite level. Med. |. Aust.
1993, 159, 298-301. [CrossRef]

Feeley, B.T.; Kennelly, S.; Barnes, R.P.; Muller, M.S.; Kelly, B.T.; Rodeo, S.A.; Warren, R.F. Epidemiology of
National Football League training camp injuries from 1998 to 2007. Am. ]. Sports Med. 2008, 36, 1597-1603.
[CrossRef]

Brooks, ].H.M.; Fuller, CW.; Kemp, S.P.T.; Reddin, D.B. Incidence, risk, and prevention of hamstring muscle
injuries in professional rugby union. Am. J. Sports Med. 2006, 34, 1297-1306. [CrossRef]

Brooks, ].H.M.; Fuller, C.W.; Kemp, S.P.T.; Reddin, D.B. Epidemiology of injuries in English professional
rugby union: Part 2 training Injuries. Br. J. Sports Med. 2005, 39, 767-775. [CrossRef]

Brooks, ].H.M.; Fuller, C.W.; Kemp, S.P.T.; Reddin, D.B. Epidemiology of injuries in English professional
rugby union: Part 1 match injuries. Br. J. Sports Med. 2005, 39, 757-766. [CrossRef]

Ekstrand, J.; Hagglund, M.; Walden, M. Injury incidence and injury patterns in professional football: The
UEFA injury study. Br. J. Sports Med. 2011, 45, 553-558. [CrossRef]

Hawkins, R.D.; Hulse, M.A.; Wilkinson, C.; Hodson, A.; Gibson, M. The association football medical research
programme: An audit of injuries in professional football. Br. J. Sports Med. 2001, 35, 43-47. [CrossRef]
[PubMed]

Henderson, G.; Barnes, C.A.; Portas, M.D. Factors associated with increased propensity for hamstring injury
in English Premier League soccer players. . Sci. Med. Sport 2010, 13, 397-402. [CrossRef] [PubMed]
Woods, C.; Hawkins, R.D.; Maltby, S.; Hulse, M.; Thomas, A.; Hodson, A. The football association medical
research programme: An audit of injuries in professional football—Analysis of hamstring injuries. Br. J.
Sports Med. 2004, 38, 36—41. [CrossRef] [PubMed]

Liu, H,; Garrett, W.E.; Moorman, C.T.; Yu, B. Injury rate, mechanism, and risk factors of hamstring strain
injuries in sports: A review of the literature. J. Sport Health Sci. 2012, 1, 92-101. [CrossRef]

Opar, D.A; Williams, M.D.; Shield, A.]. Hamstring strain injuries: Factors that lead to injury and re-injury.
Sports Med. 2012, 42, 209-226. [CrossRef]

Ekstrand, J.; Hagglund, M.; Walden, M. Epidemiology of muscle injuries in professional football (soccer).
Am. |. Sports Med. 2011, 39, 1226-1232. [CrossRef]

Hagglund, M.; Walden, M.; Ekstrand, J. Risk factors for lower extremity muscle injury in professional soccer
the UEFA injury study. Am. J. Sports Med. 2013, 41, 327-335. [CrossRef]

Heiderscheit, B.C.; Sherry, M.A,; Silder, A.; Chumanov, E.S.; Thelen, D.G. Hamstring strain injuries:
Recommendations for diagnosis, rehabilitation, and injury prevention. J. Orthop. Sports Phys. Ther. 2010, 40,
67-81. [CrossRef]

Buckthorpe, M.; Wright, S.; Bruce-Low, S.; Nanni, G.; Sturdy, T.; Gross, A.S.; Bowen, L.; Styles, B.; Della
Villa, S.; Davison, M.; et al. Recommendations for hamstring injury prevention in elite football: Translating
research into practice. Br. J. Sports Med. 2019, 53, 449-456. [CrossRef]

Sun, Y,; Wei, S.; Zhong, Y.; Fu, W.; Li, L.; Liu, Y. How joint torques affect hamstring injury risk in sprinting
swing-stance transition. Med. Sci. Sports Exerc. 2015, 47, 373-380. [CrossRef] [PubMed]

Ekstrand, J.; Waldén, M.; Hégglund, M. Hamstring injuries have increased by 4% annually in men’s
professional football, since 2001: A 13-year longitudinal analysis of the UEFA Elite Club injury study. Br. J.
Sports Med. 2016, 50, 731-737. [CrossRef] [PubMed]

Hagglund, M.; Waldén, M.; Magnusson, H.; Kristenson, K.; Bengtsson, H.; Ekstrand, ]J. Injuries affect team
performance negatively in professional football: An 11-year follow-up of the UEFA Champions League
injury study. Br. ]. Sports Med. 2013, 47, 738-742. [CrossRef] [PubMed]

Askling, C.M.; Tengvart, M.; Saartok, T.; Thorstensson, A. Acute first-time hamstring strains during
high-speed running—A longitudinal study including clinical and magnetic resonance imaging findings.
Am. J. Sports Med. 2007, 35, 197-206. [CrossRef] [PubMed]

Ekstrand, ]. Keeping your top players on the pitch: The key to football medicine at a professional level. Br. J.
Sports Med. 2013, 47, 723-724. [CrossRef]


http://dx.doi.org/10.1016/S1440-2440(98)80016-9
http://dx.doi.org/10.1136/bjsm.36.1.39
http://dx.doi.org/10.5694/j.1326-5377.1993.tb137863.x
http://dx.doi.org/10.1177/0363546508316021
http://dx.doi.org/10.1177/0363546505286022
http://dx.doi.org/10.1136/bjsm.2005.018408
http://dx.doi.org/10.1136/bjsm.2005.018135
http://dx.doi.org/10.1136/bjsm.2009.060582
http://dx.doi.org/10.1136/bjsm.35.1.43
http://www.ncbi.nlm.nih.gov/pubmed/11157461
http://dx.doi.org/10.1016/j.jsams.2009.08.003
http://www.ncbi.nlm.nih.gov/pubmed/19800844
http://dx.doi.org/10.1136/bjsm.2002.002352
http://www.ncbi.nlm.nih.gov/pubmed/14751943
http://dx.doi.org/10.1016/j.jshs.2012.07.003
http://dx.doi.org/10.2165/11594800-000000000-00000
http://dx.doi.org/10.1177/0363546510395879
http://dx.doi.org/10.1177/0363546512470634
http://dx.doi.org/10.2519/jospt.2010.3047
http://dx.doi.org/10.1136/bjsports-2018-099616
http://dx.doi.org/10.1249/MSS.0000000000000404
http://www.ncbi.nlm.nih.gov/pubmed/24911288
http://dx.doi.org/10.1136/bjsports-2015-095359
http://www.ncbi.nlm.nih.gov/pubmed/26746908
http://dx.doi.org/10.1136/bjsports-2013-092215
http://www.ncbi.nlm.nih.gov/pubmed/23645832
http://dx.doi.org/10.1177/0363546506294679
http://www.ncbi.nlm.nih.gov/pubmed/17170160
http://dx.doi.org/10.1136/bjsports-2013-092771

Sports 2020, 8, 65 12 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Marshall, PW.M,; Lovell, R;; Jeppesen, G.K.; Andersen, K; Siegler, ].C. Hamstring muscle fatigue and central
motor output during a simulated soccer match. PLoS ONE 2014, 9, e102753. [CrossRef]

Timmins, R.G.; Opar, D.A.; Williams, M.D.; Schache, A.G.; Dear, N.M.; Shield, A.J. Reduced biceps femoris
myoelectrical activity influences eccentric knee flexor weakness after repeat sprint running. Scand. J. Med.
Sci. Sports 2014, 24, €299-e305. [CrossRef]

Marqués-Jiménez, D.; Calleja-Gonzdlez, J.; Arratibel, I.; Delextrat, A.; Terrados, N. Fatigue and recovery in
soccer: Evidence and challenges. Open Sports Sci. ]. 2017, 10, 52-70. [CrossRef]

Boyas, S.; Guével, A. Neuromuscular fatigue in healthy muscle: Underlying factors and adaptation
mechanisms. Ann. Phys. Rehabil. Med. 2011, 54, 88-108. [CrossRef]

Silva, J.R.; Rumpf, M.C.; Hertzog, M.; Castagna, C.; Farooq, A.; Girard, O.; Hader, K. Acute and residual soccer
match-related fatigue: A systematic review and meta-analysis. Sports Med. 2018, 48, 539-583. [CrossRef]
Clarkson, PM.; Nosaka, K.; Braun, B. Muscle function after exercise-induced muscle damage and rapid
adaptation. Med. Sci. Sports Exerc. 1992, 24, 512-520. [CrossRef] [PubMed]

Gabbett, T.J. The training—Injury prevention paradox: Should athletes be training smarter and harder? Br. J.
Sports Med. 2016, 50, 273-280. [CrossRef] [PubMed]

Bengtsson, H.; Ekstrand, J.; Waldén, M.; Hagglund, M. Muscle injury rate in professional football is higher in
matches played within 5 days since the previous match: A 14-year prospective study with more than 130 000
match observations. Br. J. Sports Med. 2018, 52, 1116-1122. [CrossRef] [PubMed]

Thorpe, R.T.; Atkinson, G.; Drust, B.; Gregson, W. Monitoring fatigue status in elite team-sport athletes:
Implications for practice. Int. J. Sports Physiol. Perform. 2017, 12, S227-5234. [CrossRef]

Yu, B.; Liu, H.; Garrett, W.E. Mechanism of hamstring muscle strain injury in sprinting. J. Sport Health Sci.
2017, 6, 130-132. [CrossRef]

Askling, C.M.; Tengvar, M.; Thorstensson, A. Acute hamstring injuries in Swedish elite football: A prospective
randomised controlled clinical trial comparing two rehabilitation protocols. Br. ]. Sports Med. 2013, 47,
953-959. [CrossRef] [PubMed]

Askling, C.; Saartok, T.; Thorstensson, A. Type of acute hamstring strain affects flexibility, strength, and time
to return to pre-injury level. Br. J. Sports Med. 2006, 40, 40—-44. [CrossRef] [PubMed]

Askling, C.M.; Tengvar, M.; Saartok, T.; Thorstensson, A. Acute first-time hamstring strains during slow-speed
stretching: Clinical, magnetic resonance imaging, and recovery characteristics. Am. J. Sports Med. 2007, 35,
1716-1724. [CrossRef] [PubMed]

Koulouris, G.; Connell, D. Evaluation of the hamstring muscle complex following acute injury. Skelet. Radiol.
2003, 32, 582-589. [CrossRef]

Silder, A.; Thelen, D.G.; Heiderscheit, B.C. Effects of prior hamstring strain injury on strength, flexibility, and
running mechanics. Clin. Biomech. 2010, 25, 681-686. [CrossRef]

Van der Made, A.D.; Wieldraaijer, T.; Kerkhoffs, G.M.; Kleipool, R.P.; Engebretsen, L.; van Dijk, C.N.;
Golang, P. The hamstring muscle complex. Knee Surg. Sports Traumatol. Arthrosc. Off. ]. ESSKA 2015, 23,
2115-2122. [CrossRef] [PubMed]

Liu, Y,; Sun, Y;; Zhu, W,; Yu, J. The late swing and early stance of sprinting are most hazardous for hamstring
injuries. J. Sport Health Sci. 2017, 6, 133-136. [CrossRef] [PubMed]

Howard, R-M.; Conway, R.; Harrison, A.J. Muscle activity in sprinting: A review. Sports Biomech. 2018, 17,
1-17. [CrossRef] [PubMed]

Kenneally-Dabrowski, C.J.B.; Brown, N.A.T.; Lai, A K.M.; Perriman, D.; Spratford, W.; Serpell, B.G. Late
swing or early stance? A narrative review of hamstring injury mechanisms during high-speed running.
Scand. J. Med. Sci. Sports 2019, 29, 1083-1091. [CrossRef] [PubMed]

Schache, A.G.; Blanch, PD.; Dorn, T.W.; Brown, N.A.T.; Rosemond, D.; Pandy, M.G. Effect of running speed
on lower limb joint kinetics. Med. Sci. Sports Exerc. 2011, 43, 1260-1271. [CrossRef] [PubMed]

Schache, A.G.; Dorn, T.W.; Blanch, P.D.; Brown, N.A.T.; Pandy, M.G. Mechanics of the human hamstring
muscles during sprinting. Med. Sci. Sports Exerc. 2012, 44, 647-658. [CrossRef]

Nagano, Y.; Higashihara, A.; Takahashi, K.; Fukubayashi, T. Mechanics of the muscles crossing the hip joint
during sprint running. J. Sports Sci. 2014, 32, 1722-1728. [CrossRef]

Thelen, D.; Chumanov, E.S.; Best, TM.; Swanson, S.C.; Heiderscheit, B.C. Simulation of biceps femoris
musculotendon mechanics during the swing phase of sprinting. Med. Sci. Sports Exerc. 2005, 37, 1931-1938.
[CrossRef]


http://dx.doi.org/10.1371/journal.pone.0102753
http://dx.doi.org/10.1111/sms.12171
http://dx.doi.org/10.2174/1875399X01710010052
http://dx.doi.org/10.1016/j.rehab.2011.01.001
http://dx.doi.org/10.1007/s40279-017-0798-8
http://dx.doi.org/10.1249/00005768-199205000-00004
http://www.ncbi.nlm.nih.gov/pubmed/1569847
http://dx.doi.org/10.1136/bjsports-2015-095788
http://www.ncbi.nlm.nih.gov/pubmed/26758673
http://dx.doi.org/10.1136/bjsports-2016-097399
http://www.ncbi.nlm.nih.gov/pubmed/29101101
http://dx.doi.org/10.1123/ijspp.2016-0434
http://dx.doi.org/10.1016/j.jshs.2017.02.002
http://dx.doi.org/10.1136/bjsports-2013-092165
http://www.ncbi.nlm.nih.gov/pubmed/23536466
http://dx.doi.org/10.1136/bjsm.2005.018879
http://www.ncbi.nlm.nih.gov/pubmed/16371489
http://dx.doi.org/10.1177/0363546507303563
http://www.ncbi.nlm.nih.gov/pubmed/17567821
http://dx.doi.org/10.1007/s00256-003-0674-5
http://dx.doi.org/10.1016/j.clinbiomech.2010.04.015
http://dx.doi.org/10.1007/s00167-013-2744-0
http://www.ncbi.nlm.nih.gov/pubmed/24190369
http://dx.doi.org/10.1016/j.jshs.2017.01.011
http://www.ncbi.nlm.nih.gov/pubmed/30356597
http://dx.doi.org/10.1080/14763141.2016.1252790
http://www.ncbi.nlm.nih.gov/pubmed/28632055
http://dx.doi.org/10.1111/sms.13437
http://www.ncbi.nlm.nih.gov/pubmed/31033024
http://dx.doi.org/10.1249/MSS.0b013e3182084929
http://www.ncbi.nlm.nih.gov/pubmed/21131859
http://dx.doi.org/10.1249/MSS.0b013e318236a3d2
http://dx.doi.org/10.1080/02640414.2014.915423
http://dx.doi.org/10.1249/01.mss.0000176674.42929.de

Sports 2020, 8, 65 13 of 15

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Higashihara, A.; Nagano, Y.; Takahashi, K.; Fukubayashi, T. Effects of forward trunk lean on hamstring
muscle kinematics during sprinting. J. Sports Sci. 2015, 33, 1366-1375. [CrossRef]

Yu, B.; Queen, RM.; Abbey, A.N,; Liu, Y.; Moorman, C.T.; Garrett, W.E. Hamstring muscle kinematics and
activation during overground sprinting. J. Biomech. 2008, 41, 3121-3126. [CrossRef]

Beltran, L.; Ghazikhanian, V.; Padron, M.; Beltran, J. The proximal hamstring muscle-tendon-bone unit: A
review of the normal anatomy, biomechanics, and pathophysiology. Eur. J. Radiol. 2012, 81, 3772-3779.
[CrossRef] [PubMed]

Schuermans, J.; Van Tiggelen, D.; Palmans, T.; Danneels, L.; Witvrouw, E. Deviating running kinematics and
hamstring injury susceptibility in male soccer players: Cause or consequence? Gait Posture 2017, 57, 270-277.
[CrossRef] [PubMed]

Chumanov, E.S.; Heiderscheit, B.C.; Thelen, D.G. Hamstring musculotendon dynamics during stance and
swing phases of high-speed running. Med. Sci. Sports Exerc. 2011, 43, 525-532. [CrossRef] [PubMed]
Fiorentino, N.M.; Rehorn, M.R.; Chumanov, E.S.; Thelen, D.G.; Blemker, S.S. Computational models predict
larger muscle tissue strains at faster sprinting speeds. Med. Sci. Sports Exerc. 2014, 46, 776-786. [CrossRef]
[PubMed]

Heiderscheit, B.C.; Hoerth, D.M.; Chumanov, E.S.; Swanson, S.C.; Thelen, B.J.; Thelen, D.G. Identifying the
time of occurrence of a hamstring strain injury during treadmill running: A case study. Clin. Biomech. 2005,
20, 1072-1078. [CrossRef]

Higashihara, A.; Nagano, Y.; Ono, T.; Fukubayashi, T. Relationship between the peak time of hamstring
stretch and activation during sprinting. Eur. |. Sport Sci. 2014, 16, 36—41. [CrossRef]

Schache, A.G.; Wrigley, T.V,; Baker, R.; Pandy, M.G. Biomechanical response to hamstring muscle strain
injury. Gait Posture 2009, 29, 332-338. [CrossRef]

Higashihara, A.; Ono, T.; Kubota, J.; Okuwaki, T.; Fukubayashi, T. Functional differences in the activity of the
hamstring muscles with increasing running speed. . Sports Sci. 2010, 28, 1085-1092. [CrossRef]

Askling, C. Hamstring Muscle Strain; Karolinska Institutet: Stockholm, Sweden, 2008.

Van Hooren, B.; Bosch, F. Is there really an eccentric action of the hamstrings during the swing phase of
high-speed running? Part I: A critical review of the literature. . Sports Sci. 2017, 35, 2313-2321. [CrossRef]
Van Hooren, B.; Bosch, F. Is there really an eccentric action of the hamstrings during the swing phase of
high-speed running? Part II: Implications for exercise. |. Sports Sci. 2017, 35, 2322-2333. [CrossRef]

Van Hooren, B.; Bosch, F. Influence of muscle slack on high-intensity sport performance: A review.
Strength Cond. |. 2016, 38, 75-87. [CrossRef]

Mair, S.D.; Seaber, A.V.; Glisson, R.R.; Garrett, W.E. The role of fatigue in susceptibility to acute muscle strain
injury. Am. J. Sports Med. 1996, 24, 137-143. [CrossRef] [PubMed]

Thelen, D.G.; Chumanov, E.S.; Hoerth, D.M.; Best, TM.; Swanson, S.C.; Li, L.; Young, M.; Heiderscheit, B.C.
Hamstring muscle kinematics during treadmill sprinting. Med. Sci. Sports Exerc. 2005, 37,108-114. [CrossRef]
[PubMed]

Mann, R.V. A kinetic analysis of sprinting. Med. Sci. Sports Exerc. 1981, 13, 325-328. [CrossRef] [PubMed]
Mann, R.; Sprague, P. A kinetic analysis of the ground leg during sprint running. Res. Q. Exerc. Sport 1980,
51, 334-348. [CrossRef] [PubMed]

Ono, T.; Higashihara, A.; Shinohara, ].; Hirose, N.; Fukubayashi, T. Estimation of tensile force in the hamstring
muscles during overground sprinting. Int. J. Sports Med. 2015, 36, 163-168. [CrossRef]

Ono, T.; Okuwaki, T.; Fukubayashi, T. Differences in activation patterns of knee flexor muscles during
concentric and eccentric exercises. Res. Sports Med. Print 2010, 18, 188-198. [CrossRef]

Ono, T.; Higashihara, A.; Fukubayashi, T. Hamstring functions during hip-extension exercise assessed with
electromyography and magnetic resonance imaging. Res. Sports Med. Print 2011, 19, 42-52. [CrossRef]
Kumazaki, T.; Ehara, Y.; Sakai, T. Anatomy and physiology of hamstring injury. Int. ]. Sports Med. 2012, 33,
950-954. [CrossRef]

Avrillon, S.; Guilhem, G.; Barthelemy, A.; Hug, F. Coordination of hamstrings is individual specific and is
related to motor performance. J. Appl. Physiol. 2018, 125, 1069-1079. [CrossRef]

Pinniger, G.J.; Steele, ].R.; Groeller, H. Does fatigue induced by repeated dynamic efforts affect hamstring
muscle function? Med. Sci. Sports Exerc. 2000, 32, 647-653. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/02640414.2014.990483
http://dx.doi.org/10.1016/j.jbiomech.2008.09.005
http://dx.doi.org/10.1016/j.ejrad.2011.03.099
http://www.ncbi.nlm.nih.gov/pubmed/21524864
http://dx.doi.org/10.1016/j.gaitpost.2017.06.268
http://www.ncbi.nlm.nih.gov/pubmed/28683419
http://dx.doi.org/10.1249/MSS.0b013e3181f23fe8
http://www.ncbi.nlm.nih.gov/pubmed/20689454
http://dx.doi.org/10.1249/MSS.0000000000000172
http://www.ncbi.nlm.nih.gov/pubmed/24145724
http://dx.doi.org/10.1016/j.clinbiomech.2005.07.005
http://dx.doi.org/10.1080/17461391.2014.973913
http://dx.doi.org/10.1016/j.gaitpost.2008.10.054
http://dx.doi.org/10.1080/02640414.2010.494308
http://dx.doi.org/10.1080/02640414.2016.1266018
http://dx.doi.org/10.1080/02640414.2016.1266019
http://dx.doi.org/10.1519/SSC.0000000000000251
http://dx.doi.org/10.1177/036354659602400203
http://www.ncbi.nlm.nih.gov/pubmed/8775109
http://dx.doi.org/10.1249/01.MSS.0000150078.79120.C8
http://www.ncbi.nlm.nih.gov/pubmed/15632676
http://dx.doi.org/10.1249/00005768-198105000-00010
http://www.ncbi.nlm.nih.gov/pubmed/7321831
http://dx.doi.org/10.1080/02701367.1980.10605202
http://www.ncbi.nlm.nih.gov/pubmed/7394297
http://dx.doi.org/10.1055/s-0034-1385865
http://dx.doi.org/10.1080/15438627.2010.490185
http://dx.doi.org/10.1080/15438627.2011.535769
http://dx.doi.org/10.1055/s-0032-1311593
http://dx.doi.org/10.1152/japplphysiol.00133.2018
http://dx.doi.org/10.1097/00005768-200003000-00015
http://www.ncbi.nlm.nih.gov/pubmed/10731008

Sports 2020, 8, 65 14 of 15

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Schuermans, J.; Van Tiggelen, D.; Danneels, L.; Witvrouw, E. Biceps femoris and semitendinosus—-teammates
or competitors? New insights into hamstring injury mechanisms in male football players: A muscle
functional MRI study. Br. J. Sports Med. 2014, 48, 1599-1606. [CrossRef] [PubMed]

Small, K.; McNaughton, L.R.; Greig, M.; Lohkamp, M.; Lovell, R. Soccer fatigue, sprinting and hamstring
injury risk. Int. J. Sports Med. 2009, 30, 573-578. [CrossRef] [PubMed]

Franettovich Smith, M.M.; Bonacci, J.; Mendis, M.D.; Christie, C.; Rotstein, A.; Hides, J.A. Gluteus medius
activation during running is a risk factor for season hamstring injuries in elite footballers. J. Sci. Med. Sport
2017, 20, 159-163. [CrossRef]

Small, K.; McNaughton, L.; Greig, M.; Lovell, R. The effects of multidirectional soccer-specific fatigue on
markers of hamstring injury risk. J. Sci. Med. Sport 2010, 13, 120-125. [CrossRef]

Cohen, D.D.; Zhao, B.; Okwera, B.; Matthews, M.].; Delextrat, A. Angle-specific eccentric hamstring fatigue
after simulated soccer. Int. J. Sports Physiol. Perform. 2015, 10, 325-331. [CrossRef]

Mero, A.; Komi, P.V,; Gregor, R.J. Biomechanics of sprint running. A review. Sports Med. 1992, 13, 376-392.
[CrossRef]

Hader, K.; Mendez-Villanueva, A.; Ahmaidi, S.; Williams, B.K.; Buchheit, M. Changes of direction during
high-intensity intermittent runs: Neuromuscular and metabolic responses. BMC Sports Sci. Med. Rehabil.
2014, 6, 2. [CrossRef]

Hannah, R.; Minshull, C.; Smith, S.L.; Folland, J.P. Longer electromechanical delay impairs hamstrings
explosive force versus quadriceps. Med. Sci. Sports Exerc. 2014, 46, 963-972. [CrossRef]

Zebis, M.K.; Andersen, L.L.; Ellingsgaard, H.; Aagaard, P. Rapid hamstring/quadriceps force capacity in
male vs. female elite soccer players. J. Strength Cond. Res. 2011, 25, 1989-1993. [CrossRef]

Sanchez, A.R.; Sugalski, M.T.; LaPrade, R.F. Anatomy and biomechanics of the lateral side of the knee. Sports
Med. Arthrosc. Rev. 2006, 14, 2-11. [CrossRef] [PubMed]

Cleather, D.J. An important role of the biarticular hamstrings is to exert internal/external rotation moments
on the tibia during vertical jumping. . Theor. Biol. 2018, 455, 101-108. [CrossRef] [PubMed]

Turner, A.N,; Jeffreys, I. The Stretch-shortening Cycle: Proposed Mechanisms and Methods for Enhancement.
Strength Cond. |. 2010, 32, 87-99. [CrossRef]

Lehnert, M.; De Ste Croix, M.; Zaatar, A.; Hughes, J.; Varekova, R.; Lastovicka, O. Muscular and neuromuscular
control following soccer-specific exercise in male youth: Changes in injury risk mechanisms. Scand. ]. Med.
Sci. Sports 2017, 27, 975-982. [CrossRef] [PubMed]

Cormack, S.J.; Mooney, M.G.; Morgan, W.; McGuigan, M.R. Influence of neuromuscular fatigue on
accelerometer load in elite Australian football players. Int. ]. Sports Physiol. Perform. 2013, 8, 373-378.
[CrossRef]

McMahon, T.A.; Valiant, G.; Frederick, E.C. Groucho running. J. Appl. Physiol. 1987, 62,2326-2337. [CrossRef]
Hanon, C.; Thépaut-Mathieu, C.; Vandewalle, H. Determination of muscular fatigue in elite runners. Eur. J.
Appl. Physiol. 2005, 94, 118-125. [CrossRef]

Morin, J.-B.; Gimenez, P.; Edouard, P.; Arnal, P,; Jimenez-Reyes, P.; Samozino, P.; Brughelli, M.; Mendiguchia, J.
Sprint acceleration mechanics: The major role of hamstrings in horizontal force production. Front. Physiol.
2015, 6, 404. [CrossRef]

Edouard, P; Mendiguchia, J.; Lahti, J.; Arnal, PJ.; Gimenez, P; Jiménez-Reyes, P.; Brughelli, M.; Samozino, P;
Morin, J.-B. Sprint acceleration mechanics in fatigue conditions: Compensatory role of gluteal muscles in
horizontal force production and potential protection of hamstring muscles. Front. Physiol. 2018, 9, 1706.
[CrossRef]

Schuermans, J.; Danneels, L.; Van Tiggelen, D.; Palmans, T.; Witvrouw, E. Proximal neuromuscular control
protects against hamstring injuries in male soccer players: A prospective study with electromyography
time-series analysis during maximal sprinting. Am. J. Sports Med. 2017, 45, 1315-1325. [CrossRef]
Schuermans, J.; Van Tiggelen, D.; Danneels, L.; Witvrouw, E. Susceptibility to hamstring injuries in soccer:
A prospective study using muscle functional magnetic resonance imaging. Am. J. Sports Med. 2016, 44,
1276-1285. [CrossRef] [PubMed]

Bourne, M.N.; Timmins, R.G.; Opar, D.A.; Pizzari, T.; Ruddy, ].D.; Sims, C.; Williams, M.D.; Shield, A.J. An
evidence-based framework for strengthening exercises to prevent hamstring injury. Sports Med. 2018, 48,
251-267. [CrossRef] [PubMed]


http://dx.doi.org/10.1136/bjsports-2014-094017
http://www.ncbi.nlm.nih.gov/pubmed/25388959
http://dx.doi.org/10.1055/s-0029-1202822
http://www.ncbi.nlm.nih.gov/pubmed/19455478
http://dx.doi.org/10.1016/j.jsams.2016.07.004
http://dx.doi.org/10.1016/j.jsams.2008.08.005
http://dx.doi.org/10.1123/ijspp.2014-0088
http://dx.doi.org/10.2165/00007256-199213060-00002
http://dx.doi.org/10.1186/2052-1847-6-2
http://dx.doi.org/10.1249/MSS.0000000000000188
http://dx.doi.org/10.1519/JSC.0b013e3181e501a6
http://dx.doi.org/10.1097/00132585-200603000-00002
http://www.ncbi.nlm.nih.gov/pubmed/17135939
http://dx.doi.org/10.1016/j.jtbi.2018.07.013
http://www.ncbi.nlm.nih.gov/pubmed/30012516
http://dx.doi.org/10.1519/SSC.0b013e3181e928f9
http://dx.doi.org/10.1111/sms.12705
http://www.ncbi.nlm.nih.gov/pubmed/27283749
http://dx.doi.org/10.1123/ijspp.8.4.373
http://dx.doi.org/10.1152/jappl.1987.62.6.2326
http://dx.doi.org/10.1007/s00421-004-1276-1
http://dx.doi.org/10.3389/fphys.2015.00404
http://dx.doi.org/10.3389/fphys.2018.01706
http://dx.doi.org/10.1177/0363546516687750
http://dx.doi.org/10.1177/0363546515626538
http://www.ncbi.nlm.nih.gov/pubmed/26912281
http://dx.doi.org/10.1007/s40279-017-0796-x
http://www.ncbi.nlm.nih.gov/pubmed/29116573

Sports 2020, 8, 65 15 of 15

93. Delextrat, A.; Piquet, ].; Matthews, M.].; Cohen, D.D. Strength-endurance training reduces the hamstrings
strength decline following simulated football competition in female players. Front. Physiol. 2018, 9, 1059.
[CrossRef] [PubMed]

94. Lord, C.; Ma’ayah, F; Blazevich, A.J]. Change in knee flexor torque after fatiguing exercise identifies previous
hamstring injury in football players. Scand. |. Med. Sci. Sports 2018, 28, 1235-1243. [CrossRef] [PubMed]

95. Freckleton, G.; Cook, J.; Pizzari, T. The predictive validity of a single leg bridge test for hamstring injuries in
Australian Rules Football Players. Br. ]. Sports Med. 2014, 48, 713-717. [CrossRef]

96. Orchard, ].W. Hamstrings are most susceptible to injury during the early stance phase of sprinting. Br. J.
Sports Med. 2012, 46, 88-89. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.3389/fphys.2018.01059
http://www.ncbi.nlm.nih.gov/pubmed/30245633
http://dx.doi.org/10.1111/sms.13007
http://www.ncbi.nlm.nih.gov/pubmed/29117428
http://dx.doi.org/10.1136/bjsports-2013-092356
http://dx.doi.org/10.1136/bjsports-2011-090127
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Mechanisms of hamstring strain injury: Interactions between fatigue, muscle activation and function
	Authors

	Introduction 
	Mechanisms of Hamstring Strain Injury 
	Hip, Knee and Hamstring Mechanics during High-Speed Running 
	The Late Swing Phase 
	The Early Stance Phase 
	The Swing-Stance Transition Period 
	Interactions between Fatigue, Hamstring Muscle Activation and Function 

	Conclusions 
	Future Directions 
	References

