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4.1 Tendinopathy
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Epidemiology

Lower limb tendinopathies are a very common problem in occupational, recreational and a
variety of field-based running sports. A tendinopathy is defined as a clinical presentation with
key symptoms such as pain, swelling or thickening of the tendon, with a reduction in
functional capabilities and athletic performance (Maffulli et al., 2004). Repetitive overloading
of human tendon tissue often leads to overuse injuries that are acute and chronic in nature.
Acute changes are characterised by a disturbed homeostasis, increased tendon CSA due in
part to fluid accumulation, with no change in tendon mechanical properties (Tran et al., 2020)
and pain. Chronic tendinopathy is further characterised by a change in mechanical properties
and increased type lll fibrillar collagen aligned in a disorganised manner along with buckling
of tenocytes and a shift in the ratio from large to small collagen fibrils (Pingel et al., 2014).
These alterations manifest as localised and load-dependent tendon pain, regional swelling
and tendon thickening with a loss of muscular function, particularly force production (Kjaer,
2004). If symptomatic, tendinopathies often result in reduced training and match
participation and impaired levels of performance (Lian et al., 2011), while asymptomatic PT
may still generate a reduction in functional performance— such as decline in force production.

4.1.1 Patella Tendinopathy

Prevalence and risk factors

The prevalence of patella tendinopathy (PT) varies across sexes, ages, and sports. A
prevalence of over 14% in a mixed cohort of elite athletes, 8% of which had experienced
symptoms at some point in their elite career, for average durations of 32 months (Lian et al.,
2011). PT is twice as common in males (13.5%) than females (5.6%) and highest in elite level
volleyball (45%) and basketball (31.9%) athletes. These incidence rates are substantially lower
in sub-elite levels to 14% in volleyball and 12% in basketball (Zwerber et al., 2011). Other risk
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factors for PT include greater body mass (BMI) (Lian et al., 2011; Backman et al., 2011), which
is directly related to the greater loading demands on the connective tissues and the resultant
VGRFs during landing and cutting on these structures.

The risk factors for PT increase with age (Lian et al., 2011) and was career ending in 53% of
cases in a 15-year follow up of 36 jumping athletes (Kettunen et al., 2002). This is due to the
ageing process being associated with a reduction of elastin within the intra-fascicular matrix
(IFM) and a stiffening of the IFM (Godinho et al., 2017). Evidence from animal models suggest
a reduction in the sheer number and the ability of tendon cells to proliferate and migrate
(Kohler et al., 2013; Zhou et al., 2010) thereby hindering their ability to repair (Magnusson &
Kjaer, 2018). From an imaging perspective, a systematic review concluded that athletes with
hypoechoic regions in the patella tendon (identified with ultrasound) had a relative risk for
PT of 4.97 (McAuliffe et al., 2016), highlighting the importance of a mechanically sound tensile
spring in the patella tendon for the performance of pain-free movement.

Rehabilitation and risk reduction

To optimally rehabilitate patients and athletes experiencing PT, the clinician, or performance
and medical teams, must understand the requirements of the contractile elements of the
muscle and tendon to return to sport. However, these requirements also apply to healthy
athletes - and are therefore relevant to injury risk reduction strategies. Rehabilitation and
return to sport (RTS) test results must meet the minimum demands of the sport, or the risk
of re-injury remains high. For example, when landing from a jump, intra-tendinous patellar
tendon load magnitude exceeds 8000 N, equivalent to 6-8 times an athlete’s bodyweight
(Zernicke et al., 1977). Tendon stiffness is an important aspect of tendon function and
“describes the relation between the force exerted on the tendon and its change in the length”
(Kubo et al., 1999).

The stiffness of the soft tissue structures, mainly the patella tendon, are critical to the
transference of force by the muscle to the bone and in the production of high rates of force
development (RFD).



The patella tendon is responsible for approximately 30% of the variability in the rate of torque
development (RTD) in a maximal isometric knee extension (Bojsen-Mgller et al., 2005),
explaining why an overly compliant (i.e. with low stiffness) tendon compromises the ability to
rapidly generate force isometrically and dynamically. The goal of any rehabilitation or risk
reduction loading/programming must be to improve the mechano-characteristics of the
patella tendon and its aponeurosis to attenuate and modulate force (Bojsen-Mgller et al.,
2005). Interestingly, in maximal hopping tasks, it is knee stiffness, particularly of the
quadriceps and patella tendon, that modulates leg stiffness, not the ankle, as previously

Leg stiffness is often calculated utilizing the spring—mass model
during repeated vertical hopping;

In the hop, peak vertical ground reaction force (Fmax) and leg
compression coincide in the middle of the ground contact phase.

At this point, leg stiffness can be calculated as the ratio of peak
vertical ground reaction force to peak leg compression (Farley and
Morgenroth, 1999) with leg compression considered equal to the
maximum vertical displacement of the center of mass (COM) during
ground contact (Farley and Morgenroth, 1999).

Similarly, joint stiffness (Kjoint) may be calculated as the ratio of peak
joint moment to joint angular displacement at the middle of the
ground contact phase (Farley and Morgenroth, 1999).

proposed (Hobara et al., 2009).

Figure 1: Comparison of stiffness, momentum and angular displacement of ankle, knee and

hip in hopping.
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Furthermore, knee joint stiffness is a major determinant of running and sprinting speed
(Hobara et al., 2009). Moreover, in short contact vertical hopping, leg stiffness remains
relatively unchanged with an increase in hopping intensity, but it was knee joint stiffness that
increased while ankle stiffness remained unchanged (Kuitunen et al., 2011). When effective
bodyweight increased from three to six times by increasing drop height in a double leg
hopping task on force plates, ankle joint movement increased two fold whilst knee stiffness
increased fivefold with the same increase in load (Kuitunen et al., 2011).

Altered kinetics and kinematics in PT

In a study of double-leg drop jump performance in 24 healthy volleyball players, those with a
previous history of patellar tendinopathy demonstrated a stiffer knee joint landing. They also
experienced higher loading at the ankle and knee and greater knee angular velocities but the
same joint ranges of movement as those without a history of PT (Bisseling et al., 2007).
However, the retrospective nature of the study means that whether this “stiff knee” load
avoidance landing strategy is a consequence of prior PT or a causal factor cannot be
determined. A study in a small cohort of seven elite volleyball athletes performing a stop jump
task, an assessment with greater horizontal force attenuation demands compared to the drop
jump, showed contrasting kinematic alterations whereby those with existing PT showed
greater knee flexion and hip extension in the landing phase (Edwards et al., 2010). Therefore,
there appears to be more than one landing strategy associated with current or prior PT, one
of poor load acceptance by maintaining a stiffer and more extended knee joint, and the other,
an increased knee flexion on landing, due to an inability to create stiffness (Helland et al.,
2013; Bojsen-Mgller et al., 2005). These contrasting strategies may reflect differential
responses to an acute presentation of PT versus a longer adaptive response to chronic PT.

In terms of performance measures, studies in volleyball players show prospective (Helland et
al., 2013; Visnes et al., 2013) and retrospective (Lian et al., 1996) associations between greater
jump height and PT incidence. While this appears to suggest that athletes with greater CMJ
height may be more susceptible to PT, this association could be related to those athletes with
higher jump height being those playing at a higher level and, consequently, involved in a
higher volume of training and jump-land activity. Therefore, it may be that greater exposure
mediates these alterations in patella tendon morphology and symptoms rather than higher
jump height per se (Lian et al., 2011; Lian et al., 1996).

In a recent analysis of professional volleyball players, we found that the development of
anterior knee pain (AKP) during the season was associated with significantly lower values in
several CMJ kinetic variables considered indicators of good stretch shortening cycle (SSC)
function and stiffness (flight time: contraction time, eccentric deceleration phase duration,
eccentric deceleration rate of force development), in an early season assessment (Del Aguilla



et al., 2021). Interestingly, however, there was no significant difference in jump height
between those who did and did not develop AKP. As slightly less than half the cases with AKP
are diagnosed with patella tendinopathy, this data suggests that not only jump height but also
CMJ kinetics should be considered in further analysis of PT risk. These preliminary findings
with respect to markers of stiffness/SSC being associated with future tendon health aligns
with research showing that compared to healthy controls, stiffness measures were lower in
symptomatic patella tendons, while proximal tendon cross-sectional area (CSA) was higher
(Helland et al., 2013).

Kinetic and kinematic risk factors

Not surprisingly, there are gender differences in jumping kinetics, with higher intra-tendinous
load magnitudes and loading rates reported in males, due in part to greater knee extensor
strength (Janssen et al.,, 2013). Kinematic analysis of running also indicates small sex
differences whereby females show increased knee flexion and a reduction in hip extension
velocities and an earlier onset of terminal knee flexion during the ground contact phase,
which is a kinematic profile associated with the development of PT (Grau et al., 2008).
Interestingly, in female runners, other kinematic risk factors for PT include peak ankle
eversion, over-pronation and peak hip adduction (Mousavi et al., 2019). It is hypothesised
that rear foot eversion coupled with tibial internal rotation causes overloading of the lower
limb structures causing PT (Hintermann & Nigg, 1998). In addition, individuals with lower
ankle dorsiflexion range of movement (ROM) (Malliaras et al., 2006; Crossley et al., 2007)
have been shown to have a 1.8-2.8 times higher increase risk of PT, if ROM was below 45°
(Malliaras et al., 2006). Furthermore, with respect to jump-land mechanics, in a double leg
drop jump (DLDJ), limited ankle dorsiflexion ROM landings increased ankle joint moments by
14% compared to landings, with normal ankle dorsiflexion ROM. In a drop landing, the knee
extensors absorb 34% and the hip extensors 22% of the impact forces (Devita & Skelly, 1992).
The large differences in limited versus normal dorsiflexion landing positions observed in the
DLDJ were mainly due to a more extended trunk position and were associated with 23%
higher ground reaction force (GRF) impulse on initial impact (1 landing of DJ). As “landing
stiffness” increased (i.e. reduced dorsiflexion ROM, and less knee and trunk flexion), the
relative contribution of the ankle plantar flexors also increased, while the contribution of hip
and knee extensors decreased (Devita & Skelly, 1992). Overall, in the more compliant landing,
the muscular system absorbed 19% more kinetic energy, highlighting the importance of
kinematics in energy attenuation, as well as the specific influence of the ankle, on the landing
task.

A prospective study of 75 athletes also found associations between ankle dorsiflexion ROM
and PT. Dorsiflexion below 36.5° was associated with an 18.5% to 29.4% greater risk of
developing PT at 1-year follow-up, while the risk in those with greater than 36.5° ROM was



only 1.8%-2.1% (Backman et al., 2011). This is thought to be related to limited ankle
dorsiflexion ROM reducing the ability of the gastroc-soleus complex to attenuate the ground
reaction forces when landing from a jump (Devita & Skelly, 1992), resulting in the
transmission of tensile forces proximally to the patellar tendon, increasing impact forces at
the knee joint. While in athletes, poor lliotibial band flexibility (under -0.02°/kg) measured in
a modified Obers position and shank-forefoot alignment measured in 90° dorsiflexion ROM
was also found to be associated with developing PT (Mendonga et al., 2016), the applicability
of a measure of shank-forefoot alignment in a non-weight-bearing position is questionable,
given that the soft tissues of the ankle and foot will alter in a full weight-bearing posture.
Moreover, the cohort consisted of only 16 patella tendons that were positive for
tendinopathy, a small cohort upon which to draw firm conclusions and influence clinical
practice. Nevertheless, in a recent study examining the relationship between patella mobility,
lower limb kinematics and medial or lateral patella excursion in 22 athletes (11 with PT) those
with PT showed greater lateral patella mobility and hip adduction angles (Lazaro et al., 2021).

Trunk position during landing has an important influence on the loading rate through the knee
extensor mechanism and is relevant for volleyball and basketball. Greater trunk flexion on
landing reduces vGRF and increases quadriceps EMG activity by up to 60% (Blackburn &
Padua, 2009). This effect is due to the location of the centre of mass being closer to the knee
joint centre of rotation, thereby reducing the lever arm. The clinical implication of this is that
when the technique of the sport allows for it, the athlete should be encouraged to adapt a
more flexed landing position to reduce quadriceps loading and intra-tendinous forces within
the patella tendon, by recruiting the posterior chain to dissipate forces.

In @ mixed cohort of 27 male and female athletes across tennis, volleyball, basketball, netball
and football, both hamstring and quad flexibility were predictive of PT (Crossley et al., 2007).
Although athletes suffering unilateral PT had lower quadriceps strength, those with bilateral
PT did not differ from controls (Crossley et al., 2007). In a 2-year follow-up of 138 physical
education students, hamstring and quadriceps strength were the only single determinant of
PT (Witvrouw et al., 2001).

4.1.2 Achilles tendinopathy

Epidemiology

Achilles tendinopathy (AT), classified as insertional and mid-portion (an area 2 cm proximal
to the calcaneus insertion, extending 6 cm proximally) (Courville et al., 2009) is clinically
diagnosed based on the occurrence of the combination of the following: Achilles tendon pain,
swelling and impaired sports performance (Paavola et al., 2002) as well as other multifactorial
causative factors such as biomechanical, clinical and training (Hein et al., 2014). Its prevalence



is reported to be as high as 1.85 per 1000 of the population and is more common in men than
women, with 35% of the cases related to sports activity (De Jonge et al., 2011). AT accounted
for 14.3% of all injuries in a cohort of 66 novice runners with a goal of running 5 km (Van
Ginckel et al., 2008) while a report examining above-average middle distance runners
observed 34% (Haglund-Akerlind & Eriksson, 1993) experienced a problem with their Achilles
tendon.

Prospective risk factors for AT include prior lower limb fracture (Owens et al., 2013) and a
higher BMI (over 25) (Owens et al.,, 2013) or bodyweight (Wezenbeek et al., 2018). A
systematic review examined the impact of AT on various strength qualities in the plantar
flexors; maximal (isometric and dynamic), explosive (isometric rate of force development)
and reactive (i.e. SSC function in jumping and hopping). Based on comparisons between these
qualities in the affected and the contralateral healthy limb, they found consistent evidence
for significant isometric RFD differences (10-21% lower in AT v non-AT limb) and smaller but
significant deficits in isometric peak force (5-12%). There were AT limb deficits in measures of
“reactive strength”, such as lower horizontal hop and repeated hop distances of 16-35% and
16-20% lower single-legged hop vertical hop height and RSI (i.e. flight time to contact time).
Eccentric and concentric isokinetic plantar flexion peak torque at higher speeds showed
moderate to large effect size differences between AT and non-AT limbs, but at slow speeds
these differences were small (60/s). In contrast, in the bodyweight heel-raise test,
traditionally used in the clinical setting, interlimb differences in number of repetitions
performed between the symptomatic and non-symptomatic side of only 8% were reported
(Mahieu et al., 2006; McAuliffe et al., 2019), highlighting its poorer sensitivity. As intra-
tendinous tendon loads during high speed running (6 m/s) of 9000 N are reported, strength
is clearly an important quality variable AT risk reduction in running and team sport athletes
(Komi, 1990). While musculotendon stiffness has a positive relationship with knee extension
isometric RFD (Waugh et al., 2013), as in the patella tendon (Bojsen-Mgller et al., 2005).
However, if AT stiffness is too high this is unfavourable for running performance due to a
reduction in efficiency associated with consequential high muscle fascicle shortening
velocities (Lichtwark et al., 2006). In athletes, longer AT’s were associated with lower RFD’s in
the initial 0-10 ms of the yielding phase of the CMJ (Earp et al., 2011), and greater stiffness
was associated with a shorter electromechanical delay (EMD) — with EMD reductions
observed after plyometric training (Grosset et al., 2009). The importance of the ankle plantar
flexors to CMJ performance is also clear; in order of the greatest to the least contribution to
net joint moments during the acceleration of the body vertically during the upward phase of
the movement: the soleus, medial and lateral gastrocnemius followed by the quadriceps
group, with the soleus operating at near maximum capacity during the CMJ (Kipp & Kim,
2020). A prospective study of military recruits (N=69), reported that individuals with isokinetic
plantar flexor strength of less than 50 Nm combined with ankle dorsiflexion of greater than
9° had a significantly elevated risk of developing AT (Mahieu et al., 2006). Although a relevant
finding, demonstrating the importance of strength and joint range of motion, this military



cohort had little running experience, and therefore these findings may not be generalisable
to more athletic populations.

A potential anatomical mechano-kinematic cause for AT is that of compression of the medial
column of the Achilles against the plantaris longus tendon. It was once thought that the
plantaris longus tendon rarely occurred in the general population, but it is present in 80% to
100% of the population (Saxena & Bareither, 2001; Van Sterkenburg et al., 2011). In cadaveric
specimens, the pressure measured between the Achilles and plantaris longus in end ROM
plantar flexion with rear foot valgus indicates that this may be causal for AT in those suffering
mid-portion AT (Stephen et al., 2018).

Kinematic and kinetic risk factors — based on analysis of running

While you may not have access to the tools required to perform kinematic and kinetic analysis
of running, it is relevant to have some awareness of risk factors for AT identified in such
analysis. The main factor identified was a delay in the timing of ankle eversion and weak hip
abductors (Jungmalm et al., 2020). Although greater rear foot eversion is a potential
kinematic risk factor for PT (Mousauvi et al., 2019), the majority of evidence does not support
its role in AT risk. Key characteristics in a group of athletes with both AT and medial tibial
stress (MTSS) were prolonged eversion time, reduced static dorsiflexion angles and a greater
standing tibial varus angle (Becker et al., 2017). In addition, runners with AT showed a more
extended knee joint, less ankle dorsiflexion and a more everted (valgus) rear foot at
touchdown compared with healthy controls (Hein et al., 2014; Ryan et al., 2009; Azevedo et
al., 2009). This might be explained by the greater knee extension potentially producing higher
rear foot eversion, resulting in a greater tibial internal rotation and increased tension on the
gastroc/soleus complex. This mechanism is supported by another study that found higher rear
foot eversion may be caused by lower knee flexor strength, which results in preferentially
maintaining a more extended knee during the first half of the stance phase (Hein et al., 2014).
Although knee flexor weakness may also be the cause, or the effect, of altered kinematics,
runners in these studies may self-select a more forefoot or natural running posture which
encourages greater plantar flexion, increasing AT load (Mousavi et al., 2019). altered soleus
neural drive (Wang et al., 2011) with reduced isometric plantar flexion force and RFD on the
tendinopathic side is also reported.

In a small running cohort with AT, less hip abduction and greater ankle dorsiflexion ROM was
found (Donoghue et al., 2008) with the latter thought to be due to increased tissue
compliance and a reduction in Achilles stiffness as a result of AT (Helland et al., 2013; Arya &
Kulig, 2010; Child et al., 2010). Greater foot inversion at heel strike and greater eversion were
also characteristics of runners with AT in this study. In a recent high-quality retrospective
analysis of runners with AT, there appeared to be no difference in biomechanics at the ankle



or knee compared to controls but the AT group exhibited greater hip adduction, external
rotation impulse, and peak hip external rotation moments (Creaby et al., 2017). Note,
however, that due to the retrospective nature of these studies, it cannot be determined if
these alterations of hip biomechanics are the cause or effect of AT.

Applying the research in the “real world”

Itis clear from the evidence that intra-tendinous loads on the patella tendon exceed six times
body weight and close to 8 times body weight when landing from a jump. Intra-tendinous
loads are greater in the Achilles tendon and can be as high as 11 times body weight. As such,
regular assessment of force attenuation and production qualities is fundamental to risk
reduction programs and the optimal management of athletes with PT or AT. If feasible,
additionally, periodic kinematics to screen for some of the risk factors described.
Nonetheless, the most common tool to evaluate kinetics in sports and clinical settings are
single vertical axis dual force platforms, which have become established as a minimum
requirement for performance and medical teams. As in the rehabilitation of all injuries, pre-
injury benchmark data provides crucial information to guide the practitioner for the recovery
of neuromuscular function and return to high performance. Profiles obtained from healthy
athletes also allow for stratification and identification of those that fail to achieve cut-off
points. Regarding AT/ PT the author suggests that as a guide, in the healthy athlete, and in
those returning to sport following a tendon injury, a minimum strength standard of a net peak
vertical force (net denoting force above body weight) of 1.5 times body weight in a single leg
isometric belt squat (figure 2) should be achieved. The belt squat is a reliable and reproducible
test in sports where upper limb strength is not a vital part of the athletes’ requirements on
the pitch, such as football, cricket, or basketball, or those that have little experience with
pulling exercises, this would be preferable over an IMTP. It is also more comfortable
concerning spinal loading than an “under the bar” iso squat. Conversely, in sports such as
rugby, NFL, or judo with upper limb grip strength as an athletic requirement and likely more
experience in pulling exercises the IMTP could be appropriate. The minimum strength
standard for athletes returning from AT should be a net peak vertical force of 1.5-2 times
bodyweight when tested in an isometric seated calf raise.

Reading and understanding not only these numerical outputs from bilateral variables and
asymmetries processed by force platform software but also having a grasp of the force-time
curve (the waveform), may also give some further insights into kinematic strategies employed
by the athlete during a DL-CMJ or DL-DJ. As described throughout this certificate, jump phase
durations and time-constrained force and impulse variables to describe how an athlete is
achieving the task and provide insights beyond the jump height and flight time: contraction
time output performance metrics. Countermovement jump depth and eccentric peak velocity



also provide some context in terms of whole body (centre of mass) movement, in terms of
how deep and how fast the athlete is moving.

Figure 2 shows DL-CMJ kinetics in an athlete with right-sided (unilateral) PT. There are obvious
asymmetries across the jump-land phases — shifts toward the healthy left limb and away from
the affected right limb (an avoidance strategy well described following ligament injuries).
Mean asymmetry in eccentric deceleration rate of force development (EDRFD) is 26.6%,
16.7% in force at zero velocity and 23.7% in peak landing force. Asymmetries are not evident
in the late concentric phase as characterised by metrics such as force at peak power or P2
concentric impulse (the 2nd 50% of the phase), but are present in the early part of this phase:
qguantified by the concentric impulse-100 or in P1 (1st 50% of con phase) asymmetry.
However, what is not quantified by these variables, but can be identified in the figure, in the
left and right curves is the bimodal shape of concentric force-time waveform (i.e. the force
curve has a clear “dip” and therefore two peaks) in the concentric phase (see course “Force
Assessment and an Introduction to Kinematic”, module 2 for further description of these
“waveform” characteristics). In this case, this was due to their athlete’s trunk swing, possibly
a consequence of pain-induced inhibition during knee flexion, combined with a shift onto
their toes, also shifting their COM forward over their knees (upward phase) in a
dyssynchronous movement pattern. As this assessment was performed on an athlete with
existing PT, one cannot determine whether this pattern and the kinetic asymmetries and this
is a consequence or a cause of the PT.

Figure 2: Bilateral isometric belt squat

Source: Prepared by the author.
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Figure 3: Example of a DL-CMIJ kinetics in an athlete with right sided PT
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Source: Prepared by the author.

Lines: Orange = right limb force-time curve, light blue = left force-time curve, dark blue = velocity-time curve,
pink = displacement-time curve

Shifts of loading to healthy limb highlighted; eccentric deceleration RFD (red slope), force at
zero velocity (purple arrow), peak landing force (green arrow). The bimodal load unload
strategy, is highlighted by the green circle.

A consistent theme in the literature is the need for quantitative assessment of 1) forces and
2) joint angular displacements. However, the latter is a potentially complex undertaking in
elite sports settings due to several factors. These include the need for expensive equipment,
time-consuming capture, complex processing, and transformation to visualisations of the
data, as well as the expertise needed to interpret this information to inform meaningful
interventions. Nonetheless, when kinematics are employed and this process can be
implemented, the stream of meaningful information can provide context to durations and
forces and better define potential joint-specific origins of deficits or asymmetries. Addressing
or correcting these deficits, or poor movement patterns, requires expert knowledge that is
not embedded within the studies examining risk factors or consequences of AT/PT and goes
beyond mean kinetic and kinematic data for a group, requiring an understanding of the
individual’s strategy. As an example, a lack of ankle joint range of movement (ROM) in
jumping and cutting tasks has clearly been shown to increase the risk of PT nearly threefold
(Malliaras et al., 2006; Backman & Danielson, 2011; Crossley et al., 2007). However, what is
not described is the alternate strategies employed by athletes to gain more ROM proximally
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at the knee joint by moving into more valgus knee angles. Figures 3 and 4 show the ankle and
knee joint angles of an athlete with limited ankle DF-ROM as a result of a right sided Achilles
repair. Clearly, there is a reduction in the right ankle DF-ROM during the take-off (particularly
between 50 and 90%) and landing phases of the DL-CMJ and an increase in right foot
compensatory pronation angles in take-off and landing (particularly late concentric and early
landing phases) (blue arrow).

Figure 4: Ankle and knee joint angles of an athlete with limited ankle dorsiflexion-ROM
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Source: Prepared by the author.

Figures 4 and 5 show the time-normalised (to 100%) take-off phase of the CMJ for 5 DL-CMJs.
The left panels show the jump phase (eccentric/downward and concentric/upward) and the
right panels, the landing. Green lines represent the 5 left limb curves and brown lines the 5
right limb curves. The shaded grey area is the position-specific value (within the sport) +/- 1
SD for that point in the jump movement cycle.

Furthermore, figure 5 highlights the proximal compensatory strategies at the knee, with
reduced knee flexion angles (orange arrow) and considerably higher knee valgus angles (red
arrow) on the right side during the take-off and landing phases.

12



Figure 5: Proximal compensatory strategies at the knee with reduced knee flexion angles
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The literature clearly shows a relationship between strength and PT (Crossley et al., 2007)
both prospectively; with lower strength as a risk factor for developing PT, and cross-
sectionally and retrospective analysis; those experiencing PT displaying reduced peak force
or RFDs. The practitioner must be aware that in jump tests — which are not direct measures
of strength — this may manifest in an altered landing strategy, with a relatively stiff knee
landing position (Bisseling et al., 2007) or in the acute phases, excessive unloading of the limb
due to pain inhibition. Figure 5 highlights the CMJ force time curve of an athlete with left
sided PT, exhibiting similar take-off phase patterns, but a divergent landing profile relative to
the athlete in figure 2. Kinetic asymmetries are: 14.7% EDRFD and 11.1% force at zero velocity
toward the right, but there is a 38.2% landing force asymmetry toward the left (symptomatic)
side. This is indicative of a stiff, more extended knee landing position resulting in a higher
peak vGRF. This also suggests that due to the compromised ability of the limb to attenuate
forces through the patella tendon, the athlete’s strategy is to reduce intra-tendinous loads,
by directing the forces through the knee joint directly.
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Figure 6: DL-CMJ force time curve of an athlete with left sided PT

Peak landing force T, |

Force at zero velocity

e

EDRFD

Start of movement
I
Landing

Y/Ta keoft \><

Source: Prepared by the author

Bilateral CMJ kinetic variables and tendon health

A recent abstract, based on an analysis of a start-of-season CMJ in elite volleyball players (del
Aguila et al.,, 2021) and in-season knee pain, showed that higher values in rate limited
variables eccentric deceleration RFD, rate of power development, and indicators of stiffness
(in the eccentric phase/downward phase) and lower phase durations, were associated with a
lower incidence of anterior knee pain during the competitive volleyball season (table 1). In
contrast, overall performance metrics such as jump height, concentric peak power and overall
concentric and eccentric (deceleration) impulse, were not. Therefore, higher rates of
application of force/power and shorter durations in both eccentric and concentric phases of
the CMJ and — considered indicators of SSC function were shown to be associated with
reduced risk. While this analysis is not a prospective PT risk study, given that 45% of anterior
knee pain is due to PT, it is nonetheless relevant to the practitioner.
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Table 1: Selected DL-CMJ bilateral variables in professional volleyball players with and

without in-season anterior knee pain.

15

Jump 44.2 +5.85 46.25+£5.94 | 0.164 0.34
height (cm)
FT:CT 0.738£0.078 | 0.840+0.091 | <0.001 1.20

Ecc yielding | 0.144 +10.127 t
. 0.005 -0.69
duration (s) | 0.027 0.022
Ecc decel | 0.182 + | 0.148 i
. <0.001 -1.79
duration (s) | 0.019 0.019
CM depth
42.23+7.47 |38.30+8.25 | 0.043 -0.50
(cm)
Ecc decel | 84.27 + | 124.59 i
<0.001 1.76
RFD/BW 19.64 25.71
Ecc decel | 138.69 + | 133.49 i
] 0.271 -0.27
impulse 18.54 19.99
Force at 0
velocity 24.56 +£2.37 | 27.46 £2.40 | <0.001 1.22
/BW
Decel -74.22 + | -102.66 +
i <0.001 1.16
stiffness 17.41 29.94

Landing
PF/BW

54.69+16.31

62.63+12.46

0.027

Con 0.303 t+ | 0.268 +
) <0.001 |-1.13
duration (s) | 0.030 0.032
Con PF/BW | 25.25+2.15 |27.95%+2.31 | <0.001 1.21
Con Peak
56.55+5.55 |59.07+7.17 |0.110 0.39
Power/BW
Con RPD | 118.17 * | 185.92 e o
<0.001 |1.18
100/BW 40.61 69.88
Con 259.84 | 248.12 *
0.069 -0.45
Impulse 24.62 27.60
Con
115.24 + [ 128.99 *
Impulse 0.001 0.83
15.23 17.64
100

0.55




CM depth
at PF| 16.03+3.53 | 14.13+3.67 | 0.033 -0.53
(landing)

Source: Prepared by the author based on Del Aguilla et al., 2021

Bold script indicates the difference between groups is significant at p<0.001. AKP=anterior knee pain, NP=pain
free. PF=peak force, Decel=deceleration, RFD=rate of force development, BW=bodyweight (adjusted), RPD=rate
of power development, CM=countermovement Data based on start of season CMJ assessment (5 trials) and self-
report knee pain during subsequent season.

Summary

It is clear from the evidence that there are a large variety of risk factors that cause AT, and
many are specifically related to kinetics and kinematics. When reviewing the detailed
kinematics of shod running athletes, the shoe obscures a large amount of vital kinematic data,
but it is difficult to standardise running technique whilst running barefoot. Foot postures alter
when barefoot, and therefore capturing lower limb kinematics in runners when shod is
fraught with inaccuracies, and the assumptions inherent to the shoe-on biomechanical model

may apply.

The force requirements of the lower limb musculature in running and jumping tasks are higher
than previously recognised. By assessing key kinetic and kinematic variables, the practitioner
can provide feedback to enhance rehabilitation. Ankle DF ROM appears to be a key
arthrokinematic variable in AT and is easily assessed with a standing knee-to-wall test.
However, interventions addressing DF deficits have unfortunately shown limited success in
AT prevention. Strengthening the lower limb has been identified as the most effective
modality for a return to sport for those suffering AT, with programs that include heavy slow
resistance appearing to be the most effective (Beyer et al.,, 2015; Zellers et al., 2019;
Silbernagel et al., 2020) in the management of AT which may not be simply dependent on a
pain monitoring approach. Understanding the minimal force requirements for return to sport
is an important consideration given the large forces the Achilles is subjected to during
running, cutting, jumping or decelerating. Force platforms also allow the practitioner to
ascertain force capacity in a standardised seated calf raise position (Figures 6 & 7) and
compare to healthy benchmarks, or if not available, the contralateral limb. It should be noted
that the use of a large heavy foam pad can undermine the accurate measurement and
reliability of the athlete’s ability to generate rapid forces using early RFD’s / and “forces at”
(i.e., @100ms and @200ms) due to the compression of the foam, but may not affect peak
force assessment. Therefore, if the practitioner is intent on capturing RFD/forces metrics that
include the start of contraction (i.e., 0 to 50/100/200ms) a firm block is recommended.
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The author suggests a minimum net peak vertical force of 1.5 x bodyweight before the athlete
begins faster rate loading, and at least twice bodyweight before returning to competition. The
CMJ with arms constrained, limiting the contribution of the upper body is a dynamic test with
a clear association with force generation of the plantar flexors, in particular the soleus (Kipp
& Kim, 2020). In the CMJ, phase durations — in particular, eccentric deceleration and
concentric - and kinetic variables such as concentric impulse-100 and eccentric deceleration
RFD are some key metrics the practitioner should review as markers of the athletes' ability to
produce and attenuate force rapidly, and of SSC function - with FT:CT as a high level, albeit
less sensitive indicator than component phase durations and time-constrained kinetic
metrics. These metrics may not be AT or PT specific, but they are neuromuscular performance
qualities and subphases identified as being most affected by lower limb injury per se (i.e.
module 2 of this course), fatigue and deconditioning (Course “Performance, Injury, and
Rehabilitation assessment toolbox”, Module 4) where they tend to show greater sensitivity /
delayed recovery relative to jump height, concentric peak power and impulses.

During bilateral assessments such as the DL-CMJ and DL-DJ, evaluating interlimb asymmetry
is pivotal to understanding the athlete’s preferential loading. These data help inform
rehabilitation prescription and support the aim of rehabilitating and returning the injured
athlete to sport with a higher level of neuromuscular performance than pre-injury. Also, as
described for ACL, asymmetries derived from single-leg jumps may complement this as a
purer global measure of strength capacity (Cohen et al. 2020).

Figure 7: Force platform isometric force assessment in a seated calf position

Figure 7 A: Side View Figure 7 B: Front View
Source: Prepared by the author
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4.2 Kinetics and kinematics in hamstring and groin injuries

Luke Hart

Kinematic data can be used to provide objective information about joint motion, independent
of forces that cause that motion (Winter, 2009). This data can include both linear and angular
displacements and velocities. Kinematics can be measured with simple goniometers, video
analysis or 2- and 3-dimensional (2D and 3D) motion capture systems, with the latter being
considered the gold standard in motion analysis. For full details of the various motion analysis
techniques, the reader is referred to module 1 of this course: The Fundamentals of
Biomechanics.

From a general injury perspective, altered joint kinematics can have direct consequences on
how forces are applied to the body (Nigg, 1985) and therefore contribute to the onset of an
injury. In sports medicine, joint kinematics can be used in several ways: (1) to identify
potential risk factors for injury (Hewett et al., 2005; Paterno et al., 2007), (2) to determine the
level of functional limitation due to pathology (Carriero et al 2009 - Gait & Posture), and (3)
to evaluate the level of physical recovery post-rehabilitation (King et al., 2019, King et al.,
2020).

The following section will examine the biomechanical factors associated with a hamstring
injury and athletic groin pain which are two of the most problematic and recurrent injuries in
men’s professional football.

Overview: Hamstring Injuries

Hamstring strain injuries (HSI) are highly prevalent in many sports which involve high-speed
running and sprinting (Brooks et al., 2006; Elliott et al., 2011; Ekstrand et al., 2011a; Orchard
et al., 2013). In professional football, HSI is the most common non-contact muscle injury,
representing 12% of all injuries (Ekstrand et al., 2011b). In a 25-player squad, this represents
approximately 5—6 hamstring injuries and > 80 days of missed football activities (training or
matches) due to HSI each season (Ekstrand et al., 2011b). The rate of HSI remains high and
unchanged in men’s professional football in more than a decade (Ekstrand et al., 2013).
Recurrence of a hamstring injury has been reported to range from 12 to 41%, with the second
injury often being more severe than the index injury (Buckthorpe et al., 2018). Strength
training is typically the primary focus for HSI injury prevention and rehabilitation programs
(Arnason et al., 2008; Petersen et al., 2011; Askling et al., 2013). However, given the
aforementioned high injury and reinjury rates, this suggests other movement related factors,
outside of muscle strength alone, are crucial in the management of hamstring injuries. High-
speed running requires highly coordinated multi-planar, multi-segmental kinematic control
and altered kinematics have been associated with increased risk of hamstring injury (Schache
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et al., 2000; Lee et al., 2009; Daly et al., 2016). The kinematics associated with HSI is explored
later in this section.

Hamstring Injury Classification and Mechanism

Hamstring strain injuries can differ regarding both location and extent of injury. The British
Athletics Muscle Injury Classification (BAMIC) provides a reliable MRI classification system
that allows hamstring injury to be graded according to both location and extent of injury
(Patel et al., 2015). When assessing a HIS using the BAMIC, the location of an injury is classed
as: (a) myofascial, (b) muscle-tendon junction, or (c) intra-tendon injury. While the extent of
on injuryis classed from: (1) small, (2) moderate, (3) extensive, and (4) full thickness tear (see
figure below) (Pollock et al., 2014; Patel et al., 2015). Injuries that involve the tendinous
structures tend to have longer return to play/train times (Pollock et al., 2021). Pollock et al.
(2021) found that when determining return to play times based on the classification of tendon
involvement, only the cross-sectional area and not the longitudinal length of tendon
involvement was significantly related to longer RTP times. It was suggested that this may
result from the loss of tendon or myotendinous unit tension (Pollock et al., 2021).

Figure 9: British Athletics Muscle Injury Classification

British Athletics Muscle Injury Classification

Musculotendinous (b) Tendinous (c)

Healing
+ Inflammation « Inflammation
* Fibrosis « Satellite Cell Activation
* Myofibre regeneration
Tissue Healing Time Tissue Healing Time Tissue Healing Time
= Up 1o 3 weeks *4-8weeks «2 -4 months
BB HHNEEERDR [fudulagufelopetaufogafipgela]

From Hamstring rehabilitation in elite track and field athletes: applying the British Athletics Muscle Injury
Classification in clinical practice, by B. Macdonald et al., 2019, British journal of sports medicine, 53(23), 1464—
1473. https://doi.org/10.1136/bjsports-2017-098971

Two injury mechanism types have been proposed by Askling et al. (2012) that can result in
hamstring strain injury: (1) high-speed running type, and (2) stretching type. The most
common mechanism of injury is the high-speed running type (Gabbe et al., 2005). During high-

19


https://doi.org/10.1136/bjsports-2017-098971

speed running, there are several phases in the gait cycle in which hamstrings are believed to
be most susceptible to injury due to excessive strain on the hamstring musculature. Firstly,
injury can occur during the late swing phase of gait when the hamstring muscles are actively
lengthening and undergoing an eccentric contraction (Lieber and Friden, 1993; Yu et al.,
2008). This injury mechanism typically involves the proximal myotendinous junction of the
long head of the bicep femoris muscle (Askling et al., 2007), which is subject to the largest
peak strain during sprinting when compared to the other hamstring musculature (Schache et
al., 2012). Secondly, injury can occur at initial contact of early stance due to the large forces
experienced by the hamstring musculature concerning both rate and magnitude of the
loading (Mann & Sprague, 1980). During maximum-speed sprinting, both the
semimembranosus and biceps femoris play an important role in absorbing force during the
early stance phase and therefore may be more susceptible to injury during this phase
(Diamond et al., 2016; Higashihara et al., 2018). During acceleration sprints, the bicep femoris
is more activated during early stance when compared to the semitendinosus and may likely
be subject to a greater injury risk during acceleration movements (Higashihara et al., 2018).
The bicep femoris muscle has been shown to be highly activated during hip extension
movements when compared to other hamstring muscles (Ono et al., 2011), and this can
explain the high activation pattern of the bicep femoris muscle during accelerations, where
large hip extension movements are required to help produce horizontal forces against the
ground to propel the body forward (Higashihara et al., 2018). Finally, and less commonly
considered, is the late stance phase of the running cycle (Yu et al., 2008). During this phase,
it has been found that the hamstring muscles undergo an eccentric contraction similar to that
experienced during the late swing phase of the gait cycle. Furthermore, during the late stance
phase, the muscle-tendon length at peak elongation velocity of all hamstring muscles was
significantly greater than during the late swing phase, with the greater muscle-tendon length
found in the semimembranosus muscle (Yu et al., 2008). During the late stance of running,
the knee is in a relatively extended position requiring large knee flexion torque, which
increases the demands on the semitendinosus muscle due to the greater production of
eccentric knee flexion moment (Higashihara et al., 2018). Gaining a better understanding of
HIS injury mechanism during the running cycle can give important insight for rehabilitation
post hamstring injury as to which muscle groups and neuromuscular functions should be
targeted (MacDonald et al., 2019). For example, if the bicep femoris hamstring is injured
rehabilitation should consider hip extension movements and exercises and if the
semimembranosus or semi-tendinous is injured rehabilitation should consider knee flexion
exercises and movement patterns.
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Figure 10: The running gait cycle

From The mechanism of hamstring injuries - a systematic review, by A. Danielsson et al., 2020, BMC
musculoskeletal disorders, 21(1), 641. https://doi.org/10.1186/s12891-020-03658-8

Hamstring strains have been shown to cost European Football Clubs an excess of 500,000
euros per month.

Kinematics in Hamstring Injury

Altered trunk and pelvis kinematics have been reported prospectively during maximum
overground running in athletes who sustained a hamstring injury (Schuermans et al., 2017).
Schuermans et al (2017) found that the athletes who sustained a hamstring injury
demonstrated substantially more anterior pelvic tilt throughout the entire stride cycle, with
a significant difference during the backswing phase (p=0.045) when compared to the athletes
who did not sustain a hamstring injury (see Figure below). It has been theorized that increased
anterior pelvic tilt increases the strain placed on the hamstring muscles due to the increased
lengthening of ischial tuberosity moving superiorly (Mendiguchia et al., 2021). In addition,
this prospective study also found that athletes who suffered a hamstring injury demonstrated
significantly greater trunk side flexion throughout the front-swing phase compared to healthy
controls (p=0.028) (see Figure below). Together these findings represent poor control of the
thoraco-lumbar-pelvic unit (core stability) evident in running gait kinematics in the injured
athletes making them more susceptible to a hamstring injury. In line with these findings,
previous research has found increased hamstring muscle activation patterns with altered
trunk and pelvis postures during single-leg standing in healthy individuals (Prior et al., 2014).
This gives further support for the need to assess and correct kinematics/running techniques
as part of hamstring injury prevention programs (Prior et al., 2014; Schuermans et al., 2017,
Mendiguchia et al., 2021).

21


https://doi.org/10.1186/s12891-020-03658-8

Figure 10: Sagittal plane pelvis angle in late front swing phase & Coronal plane pelvis thorax
angle in late swing phase.

Source: (a) controls, (b) hamstring injury group: Sagittal plane pelvis angle in late front swing phase. (c) Controls,
(d) hamstring injury group: Coronal plane pelvis thorax angle in late swing phase. (Schuermans et al., 2017)

Running kinematics has also been reported to differ when comparing athletes with a previous
hamstring injury and those with uninjured controls. Daly et al (2016) examined a cohort of
Gaelic football players (9 with previous hamstring injuries and 9 controls) and reported
significant kinematic movement asymmetries in the previously injured group when compared
to the uninjured controls (Daly et al.,, 2016). Specifically, in the sagittal plane increased
asymmetry in anterior pelvic tilt (4°, p=0.020) and hip flexion (8°, p=0.010) were reported in
the previously injured group during a late swing. In addition, the previously injured group also
displayed significantly greater asymmetry in the transverse plane, with increased medial knee
rotation asymmetry (6°, p=0.030) during the terminal swing and early stance. These authors
suggested that the combined kinematic asymmetries of increased anterior pelvic tilt,
increased hip flex hip and increased medial knee rotation in the previously injured group may
increase the strain on the long head of bicep femoris (compared to the medial hamstring
muscles) potentially increasing the risk of hamstring strain injury. In support of this, the long
head of the bicep femoris is the most commonly injured muscle of the hamstring group
(Thelen et al., 2005; Askling et al., 2007). These persistent kinematic asymmetries observed
in athletes with a previous hamstring injury provide further support for the need to address
running kinematic patterns as part of a comprehensive rehabilitation program. This may then
help to reduce the risk of recurrent hamstring strain which is high in athletes who suffer a
hamstring injury.
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Kinetics in Hamstring Injury:

Isokinetic Dynamometry

Isokinetic dynamometry (IKD) is one of the most researched areas in utilizing kinetics for
hamstring rehabilitation. IKD has been widely researched as both a predictive tool for
hamstring injury, but also as a method of preventing hamstring injury recurrence. Isokinetic
dynamometry testing has been utilized but has often not been standardised, which is
important to note as there is such a conflict in the literature about its utility in the
rehabilitation and screening process.

Bennell et al. (1998) investigated the use of IKD in Australian rules for football players and
found that, of the 9 players who went on to get injured, IKD testing at 60 deg/s and 180 deg/s
showed no relationship or significant differences to those who did not get injured. However,
this was a small sample size and did not include many of the metrics later investigated.

Because hamstring injuries tend to occur in the later phase of running and during eccentric
actions, many of the more recent studies have investigated the role of eccentric hamstring
strength on the IKD. Croisier et al. (2000) demonstrated that IKD including eccentric muscle
actions detected 70% of hamstring strains with on average 20% reduction in normalized force,
and suggested that recurrent hamstring strains can be put down to inadequate rehabilitation,
lack of eccentric strength and asymmetry. Furthermore, they found that the angle of peak
torque significantly differed from that of the non-operated side, suggesting that the
hamstring was weaker in a more lengthened position.

This would suggest that hamstring isokinetic testing is a good metric for RTP testing.
Hamstring RTP criteria are reported to be very mixed, with many clinicians using an absence
of pain or pain-free running as the only criteria. However, meta analysis of RTP criteria and
reinjury rates have demonstrated that utilizing IKD assessment over clinical assessment alone
resulted in reduced reinjury rates. Studies involving IKD all have below <15% reinjury, whereas
clinical assessment alone ranged from between 9.1%-63.3%. This demonstrates the utility of
having objective makers that take human error and athlete bias out of the rehabilitation
paradigm (Hickey et al., 2017,).

The conflicting nature of the previous studies presented might suggest that it is a very
beneficial tool for RTP and minimizing risk of recurrent injury, but that it is limited in its use
to prospectively identify those who are to get injured. However, recent research studies that
have been conducted on larger cohorts of professional soccer players have demonstrated
that certain metrics within isokinetic testing do , in fact, correlate with heightened risk of
injury. Croisier et al. (2008) later demonstrated that, in a sample of 687 professional soccer
players, an increased muscle imbalance was the highest risk factor for future hamstring
injury. Furthermore, the use of mixed ratios, this means utilizing multiple speeds and muscle
actions, had the highest sensitivity of all tests for predicting hamstring injury. They found that
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using a mixed hamstring : quadricep ratio (H:Q) of eccentric 30 deg/s—240 deg/s concentric
had the highest sensitivity and that specifically eccentric muscles testing was of the most
importance. It is important to note that no player who had a H:Q ratio of above 1.4 sustained
a hamstring injury. The use of mixed ratios was first introduced by Agaard et al. (1998);
however, it has subsequently been utilised specially in hamstring injuries for being the best
test for predicting future hamstring injury (Croisier et al., 2008; Daly et al., 2016; Van Dyk et
al., 2016; Lee et al., 2017).

Other IKD parameters that have highlighted increased risk are H:Q ratio at 60 deg.s and
concentric and eccentric knee flexion at 60 deg/s. The wide variation in different metrics has
demonstrated that it is important to not try to rely on just one test or metric when looking at
hamstring injury risk or rehabilitation status, but that a full diagnostic and evaluation is vital
to ascertain whether the hamstring is optimally performing or is back to full function. This
could be true, since hamstring injuries are multifactorial in nature and occur through different
mechanisms and causes.

It is important to note that isokinetic testing is just one method of assessing hamstring risk
and absolutely should be combined with kinematic assessment that will also be spoken about
in this chapter. It is important for rehabilitation professionals to build a picture of where the
athlete is currently at. We would suggest that isokinetic assessment is a vital component to
hamstring rehabilitation and return to play and is an excellent method of assessing the
hamstring ability to produce and resist force. However, this must be combined with a rigorous
kinematic assessment.

Isometric Force profiles

Whilst IKD assessment is seen as the gold standard there are limitations and as previously
discussed the evidence is not completely in favour of it for its use of predicting hamstring
strain risk (Toonstra & Mattacola, 2013). The main issues with utilizing IKD are that it is very
intensive, usually using multiple speeds, tests, and muscle actions including both eccentric
and concentric, potentially causing high amounts of muscle damage. Therefore, this testing,
while it can be performed pre-season, is unlikely to be a suitable option for in season testing
especially to measure compounding fatigue from game schedules or hard training cycles.

Secondly, IKD testing requires highly specialized equipment typically only found in University’s
or medical clinics due to its cost, which makes the barrier to entry for most professional
players quite high. Lastly, there is a significant time commitment to IKD, usually taking
exceeding 30 minutes per test which makes routine screening of a whole team of athletes
unrealistic for performance staff.

Therefore, it is important to have other methods of measuring hamstring muscle fatigue,
asymmetry, and force production that do not incur high amounts of muscle damage, have a
lower barrier to entry and that are time efficient for groups and teams of athletes.
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Previously handheld dynamometers have been utilised, but still, they do not have the
reliability in comparison to IKD testing and whilst they do not take as long as IKD to perform
they still have a significant time cost (Toonstra & Mattacola, 2013). Adapted
sphygmomanometer has also been studied to look at hamstring strength isometrically;
however, it had poor reliability, especially when assessing interlimb asymmetry between
sides (Mondin et al., 2018).

Rehabilitation of Hamstring Injury

There are many components that should constitute comprehensive hamstring injury
prevention and rehabilitation programs (Mendiguchia and Brughelli, 2011; MacDonald et al.,
2019). These include hamstring strength, hip muscle flexibility, hip range-of-motion and core
stability, however, given the association between hamstring injury and altered running
kinematics improved running mechanics must form an integral part of any management
program. Mendiguchia et al (2021) have demonstrated that running mechanics can be altered
with the use of a multi-modal intervention program that promotes ‘front-side’ running
technique and lumbopelvic strength training. Specifically, this 6-week program led to a
reduction in anterior pelvic tilt, increased knee height and improved swing leg recovery during
the running gait cycle (see below figure).

Figure 11: Visual representation of the identified changes between PRE and POST for the
intervention group.

I
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Source: Mendiguchia et al., 2021.

MVP — maximal vertical, MKVD — maximal knee vertical displacement
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Mendiguchia et al (2021) suggested that these alterations in the running gait cycle could
reduce the strain placed on the bicep femoris muscle leading to a decreased risk of injury.
This is supported by the prospective findings from Schuermans et al (2017) who reported
increased anterior pelvic during running in athletes who sustained a hamstring injury
(Schuermans et al., 2017). In addition, the multi-modal training program led to improved
performance with a reduction in sprint times (Mendiguchia et al., 2021).

The focus of training to improve lower limb and trunk kinematics can help to ensure that
efficient movement patterns and muscles are trained concurrently (MacDonald et al., 2019).
Given the various functions and specific activation patterns of the hamstring muscles during
sprinting (Thelen et al., 2005; Higashihara et al., 2018) the inclusion of running mechanic drills
in prevention and/or rehabilitation programs can be the ideal way to retrain and increase the
capacity of all hamstring muscles and their specific running functionality (Cameron, Adams
and Maher, 2003; Mendiguchia and Brughelli, 2011; MacDonald et al.,, 2019). When
considering drills to improve trunk, pelvis and hip kinematic function post hamstring injury,
low load drills can be started very early as part of management programs (e.g. high-knee
march step etc.), and can be progressed to higher intensity drills (e.g. A-skip, ankle dribbles
etc.) as part of pre-running warm-up routine as athletes progress through the various stages
of recovery.

Summary

Trunk, pelvis and hip kinematics are important considerations in relation to a hamstring
injury. As the hamstring muscles originate on the ischial tuberosity, the functional output of
these muscles will be directly influenced by thoraco-lumbar-pelvic function. Rehabilitation
and injury prevention programs should target improved kinematic control of the trunk, pelvis
and hip throughout the running gait cycle. Training should include exercises to build core
stability capacity and promote increased knee drive, improved swing leg recovery and a
neutral pelvis throughout the running gait.
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4.3 Overview: Athletic Groin Pain

Sam Baida

Overuse athletic groin injury is common in sports which involve repetitive sprinting, change-
of-direction, kicking and jump/landing actions. It is thought that injury is caused by the
repetitive forces experienced across the anterior pelvis during such sporting actions. In men’s
senior club football, hip and groin injuries account for between 4% and 19% of all time loss
injuries per season, while in women’s football this figure ranges from between 2 and 14%
(Walden et al., 2015). The rate of injury is between 0.2 to 2.1/1000 exposure hours in men’s
football and between 0.1 to 0.6/1000 hours in women’s football. These findings are consistent
with other sporting codes such as Australian football (8.8%, 2.7/1000hrs) (Orchard et al.,
2013), Gaelic football (9.4%, 5.8/1000hrs) (Pruyn et al., 2012), rugby league (6.7%,
2.3/1000hrs) (O’Connor, 2004) and professional football (14%, 1.0/1000hrs) (Werner et al.,
2019). It is typical for athletes to continue playing with symptoms by modifying their
training/match loads to prevent time-off, and therefore the recording of non-time loss
injuries can better capture the true extent of the problem. Studies which have recorded all
hip and groin ‘complaints’ have demonstrated a ten-fold increase in the weekly prevalence of
groin problems (time-loss injury 1.3% versus non-time loss injury 10.4%) (Esteve et al., 2020)
and much higher seasonal prevalence values which have been reported to range from 50-70%
(Hanna et al., 2010; Hargy et al., 2017; Thorborg et al., 2017).

Athletic Groin Pain Classification and Mechanism

Many different diagnostic labels have been used to describe overuse hip and groin pain in
athletic populations that is of gradual onset. A systematic review by Serner et al. (2015)
reported thirty-three different diagnostic labels were used to describe long-standing groin
pain in athletes including; Gilmore’s groin, sport’s man hernia, long-standing adductor pain
and osteitis pubis (Serner et al., 2015). To improve clarity surrounding the diagnosis of sports-
related groin pain, Falvey et al. (2009) presented a systematic examination technique
primarily based on palpation around a ‘pubic clock’ (figure below) to identify the potential
pathological structures. The various pathological structures fall under the umbrella term
‘athletic groin pain’ (AGP) which is used to describe all diagnoses concerning the pubic
symphysis, hip, and myotendinous and fascial structures which are overuse in nature and
occur with sporting activity. The pathological structures outlined by Falvey et al. (2009) can
be found below and are based on clinical and radiological examination (Falvey et al., 2015).
These diagnoses are in line with a recent international consensus statement on terminology
and definitions of long-standing groin pain in athletes (Weir et al., 2015).

Figure 12: Pubic clock. schematic representation of the myotendinous attachments across
the anterior pelvic region.
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Adductor injury: Palpation tenderness at the adductor tendon origin on the inferior
aspect of pubic bone, pain on resisted adduction testing, Magnetic Resonance imaging
(MRI) scan findings of high signal at, micro-tearing of, or separation of the adductor
from the pubic bone.

Hip flexor injury: Palpation pain over the iliopsoas muscle belly, pain of resisted hip
flexion and passive hip extension in modified Thomas test position, stretching into hip
extension.

Inguinal injury: Palpation tenderness over the inguinal canal, pain on resisted
ipsilateral rotation of the trunk, or on Valsalva/cough/sneeze.

Pubic aponeurosis injury: Palpation pain over rectus abdominis insertion into the
superomedial aspect of the pubic bone. Pain with squeeze test, cross-over test,
resisted lower abdominal contraction. MRI scan findings of high signal at, micro-
tearing of, or separation of the pubic aponeurosis from the pubic bone.

Hip injury: Signs of hip pathology (e.g. clicking, catching), limited hip passive hip range-
of-motion (<30° with the hip flexed to 90°), the pain of combined movements of the
hip joint (flexion-adduction-internal rotation, flexion-abduction-external rotation).



MRI scan findings are consistent with hip pathology — femoral-acetabular
impingement, osteochondral or chondrolabral pathology.

Other non-musculoskeletal or more sinister causes of groin pain can present and must be
excluded for a diagnosis of AGP including nerve entrapments (i.e., ilioinguinal nerve,
genitofemoral nerve), pelvic and femoral stress fractures, visceral referred pain, arterial
endofibrosis, neurological, rheumatological and urological conditions (Falvey et al., 2009).

A clear diagnosis of AGP is an important consideration for management, however, this can be
challenging as it is typical for patients to present with coexisting pathologies all located within
proximity on the anterior pelvis (Falvey et al., 2015; Lovell, 1995; Holmich, 2007). In line with
this, three large diagnostic studies have been conducted investigating patients with long-
standing groin pain and have shown between 27 and 60% of patients had two or more
pathologies at the pelvis concurrently when examined clinically or with imaging (Falvey et al.,
2015; Lovell, 1995; Holmich, 2007). This can make treatment planning difficult as an athlete
is likely to have multiple pathologies present at any time which is contributing to pain.
Therefore, it has been suggested that interventions focussing on the potential injury
mechanics, rather than on attempting to isolate individual pathological structures may be
more effective when treating AGP (Falvey et al., 2015, King et al., 2018).

It has been suggested that poor movement control between the trunk, pelvis and hips during
sporting movements (e.g., change-of-direction, sprinting, kicking) may result in excessive
repetitive forces being applied to the specific structures contributing to the ongoing pain
(Edwards et al., 2017; Franklyn-Miller et al., 2017; Severin et al., 2017). It is likely that the high
mechanical forces experienced in one structure will be experienced across all surrounding
structures and hence the multiple pathological structures evident in athletes with AGP.

In AGP research, the investigation of movement patterns via the examination of 3D
kinematics is a recently emerging area of interest, with the first biomechanical study on the
topic being published by Edwards et al. in 2017 (Edwards et al., 2017). Since that time, many
further papers have been published which have examined whole-body kinematics in AGP
during a running cut task (Edwards et al., 2017; King et al., 2018), a lateral hurdle hop task
(Gore et al., 2018; 2020), a single leg drop landing (Janse van Rensburg et al., 2017), and an
instep soccer kick (Severin et al.,, 2017). The following section covers the kinematics
movement patterns that are related to AGP during the various tasks that have been
examined.

Kinematics and AGP

Hip and Pelvis Kinematics

Numerous kinematic differences have been reported at the hip and pelvis, the region of the
body local to the painful structures. Altered kinematics at the hip and pelvis can result in
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excessive loading across the anterior pelvis and the myotendinous structures that attach
here. During a single leg drop landing, Janse van Rensburg et al. (2017) reported increased
frontal and transverse plane hip (abduction d=1.12, external rotation d=0.61, total rotation
d=0.52), and pelvis (lateral downward tilt d=0.52 to 0.75, internal rotation d=0.62) motion in
athletes with AGP when compared to uninjured controls. During a single lateral hurdle hop,
Gore et al. (2018; 2020) found significantly reduced hip abductor moment and stiffness in
athletes with AGP compared to uninjured athletes. Importantly, hip abductor moment and
stiffness measures improved following successful rehabilitation in the athletes with AGP and
were no longer significantly different when compared to controls post-rehabilitation (Gore et
al., 2018; 2020). The gluteal muscles, in particular, the extensors and abductors play a major
role in controlling frontal and transverse hip and pelvic stability (Neumann, 2010). Increased
gluteal function and strength can lead to increased stability across the pelvis and hip and
therefore isimportant to target these muscles in the management of athletes with AGP (Baida
et al. 2021, O’Connor, 2004; Morrissey et al., 2012).

Altered kinematics at the pelvis and hip have also been reported during a maximal in-step
soccer kick in a cohort of athletes with a previous history of AGP when compared to uninjured
control athletes (Severin et al., 2017). Severin et al. (2017) reported the altered kinematics
appear to reflect compensatory movement strategies that may be used to reduce loading on
the anterior pelvis during the kicking action (Brophy et al., 2007; Lees et al., 2010); however,
this could shift load to other nearby structures in the region leading to increased injury risk.
Specifically, during the backswing of the kick, increased anterior pelvic tilt and less hip
extension was evident in the AGP group compared to the control group. In addition, slower
hip flexion velocities on the stance and swing legs (d=0.41 to 0.78) were also found in the AGP
group.

Trunk Kinematics

During change-of-direction (CoD) movements, there is consistent evidence that athletes with
AGP display altered trunk kinematics. Specifically, increased trunk sway and rotation towards
the stance leg (i.e., in the opposite direction to the intended direction of travel) has been
observed in athletes with AGP in comparison to healthy athletes (Edwards et al., 2017;
Rivadulla et al., 2020). These altered trunk kinematics may lead to increased loading across
the anterior pelvis via two mechanisms. Firstly, via the direct connection of the trunk
musculature (e.g., rectus abdominis, external oblique) to the anterior pubic and inguinal
regions which may result in excessive stress on the myotendinous and fascial attachments
that are commonly implicated in AGP (Meyers et al., 2012; Franklyn-Miller et al., 2017).
Secondly, increased trunk and leaning over the stance leg may increase loading on the
adductor muscles. In line with this, increased adductor muscle activation has been observed
in a single standing task with increased trunk lean over the stance limb in healthy individuals
(Prior et al., 2014). Following the successful rehabilitation of 120 athletes with AGP, reduced
trunk sway and rotation towards the stance leg (i.e., more towards the intended direction of
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travel) was shown during a 110° planned cut which highlights the importance of targeting
trunk control in the management of AGP (King et al., 2018).

Ankle Kinematics

In addition to altered kinematics at the trunk, pelvis and hips, athletes with AGP also have
displayed altered kinematics at the ankle in comparison to uninjured athletes (Edwards et al.,
2017; Rivadulla et al., 2020), and following successful rehabilitation (Gore et al., 2018; 2020;
King et al., 2018). During a lateral hurdle hop task, Gore et al. (2020) found significantly
reduced ankle plantar flexion angle in a cohort of subjects with AGP compared to controls
(p=0.020, d=0.46) and following successful rehabilitation this difference was no longer
evident when comparing the groups. This reduction in ankle PF angle may limit the
effectiveness of the calf musculature when contacting the ground in absorbing and producing
force. Supporting this, in athletes with AGP reduced ankle plantar flexion moment, power,
and stiffness has been found in comparison to uninjured control athletes (Gore et al., 2018;
2020). These findings highlight the | importance of ankle function in AGP management. A
reduction in the force management strategy at the ankle joint may lead to increased forces
up the kinetic chain, which can affect the magnitude of loading at the hip and pelvis region
(Lewis and Ferris, 2008; Rowley and Richards, 2015). This has previously been demonstrated
in healthy individuals during walking gait whereby increased ankle plantar flexion moment
during the push-off action resulted in concurrent decreases in sagittal plane hip moments,
peak powers and angular impulse (Lewis and Ferris, 2008).

Overall, these findings highlight the importance of examining total lower limb and trunk
kinematics when assessing and managing athletes with AGP. Further to this point, recent
research has highlighted that athletes with a past injury history at the knee or ankle had an
increased risk of a groin injury (Langhout et al., 2018). It is likely that altered biomechanics
resulting from injury to the knee or ankle may result in unwanted compensatory motor
control strategies affecting the hip and pelvis. In clinical practice, it is not uncommon to find
athletes reporting overuse hip or groin pain several months after a past ankle injury. If the
ankle injury was never fully rehabilitated as the athlete was rushed back into competition,
this may result in reduced force absorption and production capacity at the ankle joint and
increased loading further up the kinetic chain.

Kinematics during change-of-direction movement and AGP

Three-dimensional examination of cutting techniques, 110° cuts (Rivadulla et al. 2020) and
lateral reactive hops (S. Baida et al. 2022; Gore et al. 2020), has provided important insights
into potential contributing factors to overload and injury (Gore et al. 2018; Daniels et al. 2021;
Edwards, Brooke, and Cook 2017; Rivadulla et al. 2020; S. Baida et al. 2022; King et al. 2018).
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When assessing change of direction technique, 2D video analysis provides a useful tool that
can help to identify common movement faults observed in athletes with AGP. The kinematics
commonly observed with these movement faults have been described above in detail and are
presented in the below figure.

Figure 13: change of direction assessment — technical faults commonly observed in athletes
with AGP and associated kinematic body postures and performance deficits.

Technical faults Kinematic postures and performance factors

Poor trunk control Excessive side lean Excessive forward tilt

Poor hip/pelvis control Increased contralateral drop Reduced hip stiffness

E ive foot ext | :
Poor ankle control - oc_) o Reduced ankle stiffness
rotation

Reduced peak vGRF

Performance measures Increased GCT .
Reduced eccentric RFD

Source: Prepared by the author.

Kinematics during running and AGP

Athletes involved in field-based sports involving repetitive running and sprinting commonly
report AGP (JW, 2000; O’Connor, 2004; Pruyn et al., 2012; Weir, 2015). Trunk and lower limb
kinematics during running should be screened as potential contributors to the propagation of
pain, although the precise kinematics remain unclear. Two-dimensional video assessment of
running gait can be a reliable way to identify specific gait events (e.g. touch down, toe off)
and kinematic variables 37 that have been identified as contributors to lower limb running
injuries (Bramah et al., 2018).

For athletes with AGP, the analysis should include the sagittal and coronal planes and should
be assessed running at high speeds (> 3.5 m/s) in order to best detect poor patterns
contributing to injury. Commonly observed technical faults and associated kinematical body
postures are listed in the figure below.
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Figure 14: Linear gait assessment — technical faults commonly observed in athletes with
AGP and associated kinematic body postures.

Technical faults

Kinematic postures

Contralateral hip drop Reduced knee separation

midstance midstance Excessive trunk side bend

Poor hip control

Increased anterior pelvic tilt Increased thigh separation

Excessive trunk lean .
mid-stance to toe-off touch down

Excessive backside mechanics

Increased vertical CoM
displacement
Mid-flight to mid-stance

Excessive tibial inclination
angle touch down

Increased ankle/knee flexion

Overstridi i
verstriding mid-stance

Source: Prepared by the author.

Poor dynamic hip control during running gait likely reflects deficits in gluteal muscle function
involving a combination of reduced: strength (S. R. Baida et al. 2021), rate of force
development (Kierkegaard et al. 2017), and hip stiffness (Gore et al. 2018). This can be
observed during mid-stance as contralateral hip drop, reduced knee separation (excessive
femoral IR/ADD), and/or compensatory trunk side bend over the stance leg. This may result
in excessive shear and torsional forces at the pubis symphysis and overload on the supporting
capsular and myotendinous supporting structures.

Overstriding can be observed kinematically at initial contact with increased tibial inclination
angle, increased ankle dorsi-flexion and foot position more anterior relative to the hip. These
kinematics are relevant to injury as a reduction in overstriding can increase loading at the
ankle and reduce loading at hip, in addition to reducing braking impulses and vertical
oscillations of the centre of mass (Rowley and Richards 2015; Lieberman et al. 2015).

Backside running mechanics can result in excessive anterior pelvic tilt (APT) at toe-off leading
to increased tensile loading on the abdominal-pubic aponeurosis-adductor complex.
Additionally, with increased APT at toe-off, the shortened position of the psoas muscle may
reduce its capacity to flex the hip through early swing phase, leading to increased loading
demands on the adductor longus complex which has a large flexor moment arm (Neumann
2010) and helps flex the hip from terminal stance to early swing (Lenhart, Thelen, and
Heiderscheit 2014).

These technical faults are commonly observed in field sport athletes as running is generally
coupled with other match actions (e.g. closing space on opposition player to make tackle,
running and bouncing or passing a ball, etc.) which can make the optimization of optimal
running mechanics difficult to achieve. Compounding these movement faults is the fact that
field sport athletes have generally had limited exposure to the teaching and training of
optimal running mechanics. This leaves a great space for rehabilitation/training where

w
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athletes can be given the tools to optimise running mechanics in controlled situations and
progressed into more challenging match situations.

Rehabilitation

Rehabilitation involving overuse hip and groin injuries should target movement strategies
locally at the hip and pelvis, proximally at the trunk and distally at the ankle. Regarding
movement strategies at the hip and pelvis, particular attention should be paid to transverse
and coronal plane control (Janse van Rensburg et al., 2017; Severin et al., 2017). Inadequate
control in these planes of motion during landing or kicking movements may lead to excessive
loading on the myotendinous structures across the anterior pelvis. The posterolateral hip
musculature plays a primary role in transverse and coronal plane hip and pelvis control and
therefore should be considered as an integral part of rehabilitation. Recent research by Baida
et al. (2021) demonstrated that hip abductor and extensor strength significantly increased
following a rehabilitation program targeting intersegmental control in athletes with athletic
hip and groin pain. Furthermore, increased hip abductor and extensor strength could explain
11% of the improvement in self-perceived sporting and recreational activity in athletes with
AGP following successful rehabilitation. The trunk is also an important consideration for hip
and groin rehabilitation. The trunk accounts for upwards of 35% of body mass (Winter, 2009)
and is controlled, in part, by the abdominal muscles (rectus abdominis, EO, 10) which have
myofascial connections to the pubic symphysis and proximal adductor myofascial structures
via the pubic aponeurosis and anterior pubic capsule (Robertson et al., 2009). Changes in
trunk kinematics have been shown to alter hip muscle activation. Specifically, increased trunk
anterior or side lead (away from standing leg) could increase adductor longus activation and
reduce activation in the hip abductor muscles (Prior et al., 2014). Research has shown that
following successful rehabilitation in athletes with AGP trunk kinematics improved during 110
cutting tasks, with athletes demonstrating reduced trunk side flexion towards the stance limb
(Franklyn Miller et al., 2017). In addition to the improved trunk kinematics, the athletes with
AGP also demonstrated improvement in other specific variables which have been associated
with improved cutting performance, namely; reduced ground contact time, increased centre
of mass distance to the centre of pressure in the frontal plane, reduced knee flexion and
increased ankle power and plantar flexion movement. It was found that the combination of
these biomechanical changes lead to reduced work at the hip and reduced adductor
movement (King et al., 2017).

Rehabilitation strategies may also consider targeting ankle kinematics. While the impact of
altered ankle kinematics relating to hip and groin pain is less clear (as compared to hip, pelvis
and trunk kinematics), it has been suggested that improved ankle function may reduce
loading further up the kinetic chain (King et al., 2017; Gore et al., 2018; Rivadulla et al., 2020).
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This has previously been demonstrated during walking gait in healthy individuals, whereby
increasing ankle plantar flexion moment reduced loading on the hip.

Summary

Altered kinematics have been identified in athletes with AGP which affect trunk, pelvis and
ankle movement patterns. These altered patterns may lead to increased loading at the
anterior pelvis and the myofascial attachments inserting here, which are commonly
implicated in AGP. The altered kinematics identified in AGP athletes may represent both
potential risk factors and compensation strategies following injury, however, due to the
retrospective design of the studies no causal relationship can be determined. However,
regardless of this, any altered movement patterns evident must be addressed as part of any
effective management program. The movement patterns that must be assessed and targeted
in athletes with AGP included altered control at the trunk (Edwards et al., 2017; King et al.,
2018; Rivadulla et al., 2020), pelvis (Janse van Rensburg et al., 2017; Severin et al., 2017) and
ankle (Gore et al., 2018; 2020; Rivadulla et al., 2020). Rehabilitation programs which have
targeted inter-segmental control in athletes with AGP have demonstrated excellent return to
play rates and time (King et al., 2018; Baida et al., 2021). Following rehabilitation, athletes
with AGP have demonstrated changes in various biomechanical variables which have led to
reduced loading around the hip and groin as work in all three planes of the hip (King et al.,
2018) and the adductor movement were reduced (King et al., 2018; Gore et al., 2020)
including reduced trunk side flexion towards the stance leg in cutting, increased hip abductor
moment and stiffness (Gore et al., 2020), and increased ankle plantar flexion angle,
movement, power, and stiffness during a hop task (Gore et al., 2020; 2018).

References

Aagaard, P., Simonsen, E. B., Magnusson, S. P., Larsson, B., & Dyhre-Poulsen, P. (1998). A new
concept for isokinetic hamstring: quadriceps muscle strength ratio. The American journal of
sports medicine, 26(2), 231-237. https://doi.org/10.1177/03635465980260021201

Arnason, A., Andersen, T. E., Holme, |., Engebretsen, L., & Bahr, R. (2008). Prevention of
hamstring strains in elite soccer: an intervention study. Scandinavian journal of medicine &
science in sports, 18(1), 40—48. https://doi.org/10.1111/j.1600-0838.2006.00634.x

Arya, S., & Kulig, K. (2010). Tendinopathy alters mechanical and material properties of the
Achilles tendon. Journal of applied physiology (Bethesda, Md. 1985), 108(3), 670—675.
https://doi.org/10.1152/japplphysiol.00259.2009

35


https://doi.org/10.1177/03635465980260021201
https://doi.org/10.1111/j.1600-0838.2006.00634.x
https://doi.org/10.1152/japplphysiol.00259.2009

Askling, C. M., Tengvar, M., Saartok, T., & Thorstensson, A. (2007). Acute first-time hamstring
strains during high-speed running: a longitudinal study including clinical and magnetic
resonance imaging findings. The American journal of sports medicine, 35(2), 197-206.
https://doi.org/10.1177/0363546506294679

Askling, C. M., Malliaropoulos, N., & Karlsson, J. (2012). High-speed running type or stretching-
type of hamstring injuries makes a difference to treatment and prognosis. British journal of
sports medicine, 46(2), 86—87. https://doi.org/10.1136/bjsports-2011-090534

Askling, C. M., Tengvar, M., & Thorstensson, A. (2013). Acute hamstring injuries in Swedish
elite football: a prospective randomised controlled clinical trial comparing two rehabilitation
protocols. British journal of sports medicine, 47(15), 953-959.
https://doi.org/10.1136/bjsports-2013-092165

Azevedo, L. B., Lambert, M. I., Vaughan, C. L., O'Connor, C. M., & Schwellnus, M. P. (2009).
Biomechanical variables associated with Achilles tendinopathy in runners. British journal of
sports medicine, 43(4), 288—292. https://doi.org/10.1136/bjsm.2008.053421

Backman, L. J., & Danielson, P. (2011). Low range of ankle dorsiflexion predisposes for patellar
tendinopathy in junior elite basketball players: a 1-year prospective study. The American
journal of sports medicine, 39(12), 2626—2633. https://doi.org/10.1177/0363546511420552

Baida, S. R., King, E., Richter, C., Gore, S., Franklyn-Miller, A., & Moran, K. (2021). Hip Muscle
Strength Explains Only 11% of the Improvement in HAGOS With an Intersegmental Approach
to Successful Rehabilitation of Athletic Groin Pain. The American journal of sports
medicine, 49(11), 2994-3003. https://doi.org/10.1177/03635465211028981

Becker, J., James, S., Wayner, R., Osternig, L., & Chou, L. S. (2017). Biomechanical Factors
Associated With Achilles Tendinopathy and Medial Tibial Stress Syndrome in Runners. The
American journal of sports medicine, 45(11), 2614-2621.
https://doi.org/10.1177/0363546517708193

Bennell, K. L., Talbot, R. C., Wajswelner, H., Techovanich, W., Kelly, D. H., & Hall, A. J. (1998).
Intra-rater and inter-rater reliability of a weight-bearing lunge measure of ankle
dorsiflexion. The Australian journal of physiotherapy, 44(3), 175-180.
https://doi.org/10.1016/s0004-9514(14)60377-9

Beyer, R., Kongsgaard, M., Hougs Kjzer, B., @hlenschlaeger, T., Kjeer, M., & Magnusson, S. P.
(2015). Heavy Slow Resistance Versus Eccentric Training as Treatment for Achilles
Tendinopathy: A Randomized Controlled Trial. The American journal of sports medicine, 43(7),
1704-1711. https://doi.org/10.1177/0363546515584760

36


https://doi.org/10.1177/0363546506294679
https://doi.org/10.1136/bjsports-2011-090534
https://doi.org/10.1136/bjsports-2013-092165
https://doi.org/10.1136/bjsm.2008.053421
https://doi.org/10.1177/0363546511420552
https://doi.org/10.1177/03635465211028981
https://doi.org/10.1177/0363546517708193
https://doi.org/10.1016/s0004-9514(14)60377-9
https://doi.org/10.1177/0363546515584760

Bisseling, R. W., Hof, A. L., Bredeweg, S. W., Zwerver, J., & Mulder, T. (2007). Relationship
between landing strategy and patellar tendinopathy in volleyball. British journal of sports
medicine, 41(7), e8. https://doi.org/10.1136/bjsm.2006.032565

Blackburn, J. T., & Padua, D. A. (2009). Sagittal-plane trunk position, landing forces, and
guadriceps electromyographic activity. Journal of athletic training, 44(2), 174-179.
https://doi.org/10.4085/1062-6050-44.2.174

Bojsen-Mgller, J., Magnusson, S. P., Rasmussen, L. R., Kjaer, M., & Aagaard, P. (2005). Muscle
performance during maximal isometric and dynamic contractions is influenced by the
stiffness of the tendinous structures. Journal of applied physiology (Bethesda, Md. :
1985), 99(3), 986—994. https://doi.org/10.1152/japplphysiol.01305.2004

Brooks, J. H., Fuller, C. W., Kemp, S. P., & Reddin, D. B. (2006). Incidence, risk, and prevention
of hamstring muscle injuries in professional rugby union. The American journal of sports
medicine, 34(8), 1297—-1306. https://doi.org/10.1177/0363546505286022

Brophy, R. H., Backus, S. I., Pansy, B. S., Lyman, S., & Williams, R. J. (2007). Lower extremity
muscle activation and alignment during the soccer instep and side-foot kicks. The Journal of
orthopaedic and sports physical therapy, 37(5), 260-268.
https://doi.org/10.2519/jospt.2007.2255

Buckthorpe, M., Gimpel, M., Wright, S., Sturdy, T., & Stride, M. (2018). Hamstring muscle
injuries in elite football: translating research into practice. British journal of sports
medicine, 52(10), 628—629. https://doi.org/10.1136/bjsports-2017-097573

Child, S., Bryant, A. L., Clark, R. A., & Crossley, K. M. (2010). Mechanical properties of the
achilles tendon aponeurosis are altered in athletes with achilles tendinopathy. The American
journal of sports medicine, 38(9), 1885-1893. https://doi.org/10.1177/0363546510366234

Courville, X. F., Coe, M. P., & Hecht, P. J. (2009). Current concepts review: noninsertional
Achilles tendinopathy. Foot & ankle international, 30(11), 1132-1142.
https://doi.org/10.3113/FAI.2009.1132

Cohen, D., Burton, A., Wells, C., Taberner, M., Alejandra Diaz, M. & Graham-Smith, P. (2020).
Single vs. Double Leg Countermovement Jump Tests. Sports Medicine Journal, 34-41.
Retrieved from https://www.aspetar.com/journal/viewarticle.aspx?id=489#.YbTQH9DMLIU

Creaby, M. W., Honeywill, C., Franettovich Smith, M. M., Schache, A. G., & Crossley, K. M.
(2017). Hip Biomechanics Are Altered in Male Runners with Achilles Tendinopathy. Medicine
and science in sports and exercise, 49(3), 549-554,
https://doi.org/10.1249/MSS.0000000000001126

37


https://doi.org/10.1136/bjsm.2006.032565
https://doi.org/10.4085/1062-6050-44.2.174
https://doi.org/10.1152/japplphysiol.01305.2004
https://doi.org/10.1177/0363546505286022
https://doi.org/10.2519/jospt.2007.2255
https://doi.org/10.1136/bjsports-2017-097573
https://doi.org/10.1177/0363546510366234
https://doi.org/10.3113/FAI.2009.1132
https://doi.org/10.1249/MSS.0000000000001126

Croisier, J. L., & Crielaard, J. L. (2000). Hamstring Muscle Tear with Recurrent Complaints: An
Isokinetic Profile. Isokinetics and Exercise Science, 8(3), 175-180.
http://dx.doi.org/10.3233/IES-2000-0048

Croisier, J. L., Ganteaume, S., Binet, J., Genty, M., & Ferret, J. M. (2008). Strength imbalances
and prevention of hamstring injury in professional soccer players: a prospective study. The
American journal of sports medicine, 36(8), 1469-1475.
https://doi.org/10.1177/0363546508316764

Crossley, K. M., Thancanamootoo, K., Metcalf, B. R., Cook, J. L., Purdam, C. R., & Warden, S. J.
(2007). Clinical features of patellar tendinopathy and their implications for
rehabilitation. Journal of orthopaedic research : official publication of the Orthopaedic
Research Society, 25(9), 1164—1175. https://doi.org/10.1002/jor.20415

Daly, C., Persson, U. M., Twycross-Lewis, R., Woledge, R. C., & Morrissey, D. (2016). The
biomechanics of running in athletes with previous hamstring injury: A case-control study.
Scandinavian  journal of medicine & science in sports, 26(4), 413-420.
https://doi.org/10.1111/sms.12464

Danielsson, A., Horvath, A., Senorski, C., Alentorn-Geli, E., Garrett, W. E., Cugat, R,
Samuelsson, K., & Hamrin Senorski, E. (2020). The mechanism of hamstring injuries - a
systematic review. BMC musculoskeletal disorders, 21(1), 641.
https://doi.org/10.1186/s12891-020-03658-8

delJonge, S., van den Berg, C., de Vos, R. J., van der Heide, H. J., Weir, A,, Verhaar, J. A., Bierma-
Zeinstra, S. M., & Tol, J. L. (2011). Incidence of midportion Achilles tendinopathy in the general
population. British journal of sports medicine, 45(13), 1026-1028.
https://doi.org/10.1136/bjsports-2011-090342

Del Aguila Sanchez A, Antflick JL, Hernandez Davé JL, Cohen DD (2022) Countermovement
jump kinetics and prospective risk of anterior knee pain in male professional volleyball
players. (abstract) Sports. 2022 10,93: 11

Devita, P., & Skelly, W. A. (1992). Effect of landing stiffness on joint kinetics and energetics in
the lower extremity. Medicine and science in sports and exercise, 24(1), 108-115.
https://doi.org/10.1249/00005768-199201000-00018

Diamond, L. E., Wrigley, T. V., Bennell, K. L., Hinman, R. S., O'Donnell, J., & Hodges, P. W.
(2016). Hip joint biomechanics during gait in people with and without symptomatic
femoroacetabular impingement. Gait & posture, 43, 198-203.
https://doi.org/10.1016/j.gaitpost.2015.09.023

38


https://content.iospress.com/journals/isokinetics-and-exercise-science
http://dx.doi.org/10.3233/IES-2000-0048
https://doi.org/10.1177/0363546508316764
https://doi.org/10.1002/jor.20415
https://doi.org/10.1111/sms.12464
https://doi.org/10.1186/s12891-020-03658-8
https://doi.org/10.1136/bjsports-2011-090342
https://doi.org/10.1249/00005768-199201000-00018
https://doi.org/10.1016/j.gaitpost.2015.09.023

Donoghue, O. A., Harrison, A. J., Laxton, P., & Jones, R. K. (2008). Lower limb kinematics of
subjects with chronic achilles tendon injury during running. Research in sports medicine
(Print), 16(1), 23—38. https://doi.org/10.1080/15438620701693231

Earp, J. E., Kraemer, W. J., Cormie, P., Volek, J. S., Maresh, C. M., Joseph, M., & Newton, R. U.
(2011). Influence of muscle-tendon unit structure on rate of force development during the
squat, countermovement, and drop jumps.Journal of strength and conditioning
research, 25(2), 340-347. https://doi.org/10.1519/jsc.0b013e3182052d78

Edwards, S., Steele, J. R., McGhee, D. E., Beattie, S., Purdam, C., & Cook, J. L. (2010). Landing
strategies of athletes with an asymptomatic patellar tendon abnormality. Medicine and
science in sports and exercise, 42(11), 2072-2080.
https://doi.org/10.1249/MSS.0b013e3181e0550b

Edwards, S., Brooke, H. C., & Cook, J. L. (2017). Distinct cut task strategy in Australian football
players with a history of groin pain. Physical therapy in sport : official journal of the
Association  of Chartered  Physiotherapists in  Sports  Medicine, 23, 58-66.
https://doi.org/10.1016/.ptsp.2016.07.005

Ekstrand, J., Hagglund, M., Kristenson, K., Magnusson, H., & Waldén, M. (2013). Fewer
ligament injuries but no preventive effect on muscle injuries and severe injuries: an 11-year
follow-up of the UEFA Champions League injury study. British journal of sports medicine,
47(12), 732-737. https://doi.org/10.1136/bjsports-2013-092394

Ekstrand, J., Hagglund, M., & Waldén, M. (2011). Epidemiology of muscle injuries in
professional football (soccer). The American journal of sports medicine, 39(6), 1226—1232.
https://doi.org/10.1177/0363546510395879

Ekstrand, J., Hagglund, M., & Waldén, M. (2011). Injury incidence and injury patterns in
professional football: the UEFA injury study. British journal of sports medicine, 45(7), 553—
558. https://doi.org/10.1136/bjsm.2009.060582

Elliott, M. C., Zarins, B., Powell, J. W., & Kenyon, C. D. (2011). Hamstring muscle strains in
professional football players: a 10-year review. The American journal of sports medicine,
39(4), 843-850. https://doi.org/10.1177/0363546510394647

Esteve, E., Rathleff, M. S., Holmich, P., Casals, M., Clausen, M. B., Vicens-Bordas, J., Pizzari, T.,
& Thorborg, K. (2021). Groin problems from pre- to in-season: a prospective study on 386
male Spanish footballers. Research in sports medicine (Print), 29(5), 498-504.
https://doi.org/10.1080/15438627.2020.1860044

Falvey, E. C., Franklyn-Miller, A., & McCrory, P. R. (2009). The groin triangle: a patho-
anatomical approach to the diagnosis of chronic groin pain in athletes. British journal of sports
medicine, 43(3), 213-220. https://doi.org/10.1136/bjsm.2007.042259

39


https://doi.org/10.1080/15438620701693231
https://doi.org/10.1519/jsc.0b013e3182052d78
https://doi.org/10.1249/MSS.0b013e3181e0550b
https://doi.org/10.1016/j.ptsp.2016.07.005
https://doi.org/10.1136/bjsports-2013-092394
https://doi.org/10.1177/0363546510395879
https://doi.org/10.1136/bjsm.2009.060582
https://doi.org/10.1177/0363546510394647
https://doi.org/10.1080/15438627.2020.1860044
https://doi.org/10.1136/bjsm.2007.042259

Falvey, E. C., King, E., Kinsella S., & Franklyn-Miller, A. (2015). Athletic groin pain (part 1): a
prospective anatomical diagnosis of 382 patients—clinical findings, MRI findings and patient-
reported outcome measures at baseline. British Journal of Sports Medicine, 50(7), 423-430.
http://dx.doi.org/10.1136/bjsports-2015-094912

Franklyn-Miller, A., Richter, C., King, E., Gore, S., Moran, K., Strike, S., & Falvey, E. C. (2017).
Athletic groin pain (part 2): a prospective cohort study on the biomechanical evaluation of
change of direction identifies three clusters of movement patterns. British journal of sports
medicine, 51(5), 460-468. https://doi.org/10.1136/bjsports-2016-096050

Gabbe, B. J., Finch, C. F., Bennell, K. L., & Wajswelner, H. (2005). Risk factors for hamstring
injuries in community level Australian football. British journal of sports medicine, 39(2), 106—
110. https://doi.org/10.1136/bjsm.2003.011197

Godinho, M. S., Thorpe, C. T., Greenwald, S. E., Screen, H. R. C. (2017). Elastin is Localised to
the Interfascicular Matrix of Energy Storing Tendons and Becomes Increasingly Disorganised
With Ageing. Scientific Reports, 7(1), 1-11. https://doi.org/10.1038/s41598-017-09995-4

Gore, S. J., Franklyn-Miller, A., Richter, C., Falvey, E. C., King, E., & Moran, K. (2018). Is stiffness
related to athletic groin pain?. Scandinavian journal of medicine & science in sports, 28(6),
1681-1690. https://doi.org/10.1111/sms.13069

Gore, S. )., Franklyn-Miller, A., Richter, C., King, E., Falvey, E. C., & Moran, K. (2020). The effects
of rehabilitation on the biomechanics of patients with athletic groin pain. Journal of
biomechanics, 99, 109474. https://doi.org/10.1016/j.jbiomech.2019.109474

Grau, S., Maiwald, C., Krauss, I., Axmann, D., Janssen, P., & Horstmann, T. (2008). What are
causes and treatment strategies for patellar-tendinopathy in female runners?. Journal of
biomechanics, 41(9), 2042-2046. https://doi.org/10.1016/j.jbiomech.2008.03.005

Grosset, J. F., Piscione, J., Lambertz, D., & Pérot, C. (2009). Paired changes in
electromechanical delay and musculo-tendinous stiffness after endurance or plyometric
training. European journal of applied physiology, 105(1), 131-139.
https://doi.org/10.1007/s00421-008-0882-8

Haglund-Akerlind, Y., & Eriksson, E. (1993). Range of motion, muscle torque and training
habits in runners with and without Achilles tendon problems. Knee surgery, sports
traumatology, arthroscopy : official journal of the ESSKA, 1(3-4), 195-199.
https://doi.org/10.1007/BF01560205

Hanna, C. M., Fulcher, M. L., Elley, C. R., & Moyes, S. A. (2010). Normative values of hip
strength in adult male association football players assessed by handheld

40


http://dx.doi.org/10.1136/bjsports-2015-094912
https://doi.org/10.1136/bjsports-2016-096050
https://doi.org/10.1136/bjsm.2003.011197
https://doi.org/10.1038/s41598-017-09995-4
https://doi.org/10.1111/sms.13069
https://doi.org/10.1016/j.jbiomech.2019.109474
https://doi.org/10.1016/j.jbiomech.2008.03.005
https://doi.org/10.1007/s00421-008-0882-8
https://doi.org/10.1007/BF01560205

dynamometry. Journal of science and medicine in  sport, 13(3), 299-303.
https://doi.org/10.1016/j.jsams.2009.05.001

Hargy, J., Clarsen, B., Thorborg, K., Hélmich, P., Bahr, R., & Andersen, T. E. (2017). Groin
Problems in Male Soccer Players Are More Common Than Previously Reported. The American
journal of sports medicine, 45(6), 1304—1308. https://doi.org/10.1177/0363546516687539

Hein, T., Janssen, P., Wagner-Fritz, U., Haupt, G., & Grau, S. (2014). Prospective analysis of
intrinsic and extrinsic risk factors on the development of Achilles tendon pain in
runners. Scandinavian Journal of Medicine & Science in Sports, 24(3), 201-212.
https://doi.org/10.1111/sms.12137

Helland, C., Bojsen-Mgller, J., Raastad, T., Seynnes, O. R., Moltubakk, M. M., Jakobsen, V.,
Visnes, H., & Bahr, R. (2013). Mechanical properties of the patellar tendon in elite volleyball
players with and without patellar tendinopathy. British journal of sports medicine, 47(13),
862-868. https://doi.org/10.1136/bjsports-2013-092275

Hewett, T. E., Myer, G. D., Ford, K. R., Heidt, R. S., Jr, Colosimo, A. J., McLean, S. G., van den
Bogert, A. J., Paterno, M. V., & Succop, P. (2005). Biomechanical measures of neuromuscular
control and valgus loading of the knee predict anterior cruciate ligament injury risk in female
athletes: a prospective study. The American journal of sports medicine, 33(4), 492-501.
https://doi.org/10.1177/0363546504269591

Hickey, J. T., Timmins, R. G., Maniar, N., Williams, M. D., & Opar, D. A. (2017). Criteria for
Progressing Rehabilitation and Determining Return-to-Play Clearance Following Hamstring
Strain Injury: A Systematic Review. Sports medicine (Auckland, N.Z.), 47(7), 1375-1387.
https://doi.org/10.1007/s40279-016-0667-x

Higashihara, A., Nagano, Y., Ono, T., & Fukubayashi, T. (2018). Differences in hamstring
activation characteristics between the acceleration and maximum-speed phases of
sprinting. Journal of sports sciences, 36(12), 1313-1318.
https://doi.org/10.1080/02640414.2017.1375548

Hintermann, B., & Nigg, B. M. (1998). Pronation in runners. Implications for injuries. Sports
medicine (Auckland, N.Z.), 26(3), 169-176. https://doi.org/10.2165/00007256-199826030-
00003

Hobara, H., Muraoka, T., Omuro, K., Gomi, K., Sakamoto, M., Inoue, K., & Kanosue, K. (2009).
Knee stiffness is a major determinant of leg stiffness during maximal hopping. Journal of
biomechanics, 42(11), 1768-1771. https://doi.org/10.1016/j.jbiomech.2009.04.047

41


https://doi.org/10.1016/j.jsams.2009.05.001
https://doi.org/10.1177/0363546516687539
https://doi.org/10.1111/sms.12137
https://doi.org/10.1136/bjsports-2013-092275
https://doi.org/10.1177/0363546504269591
https://doi.org/10.1007/s40279-016-0667-x
https://doi.org/10.1080/02640414.2017.1375548
https://doi.org/10.2165/00007256-199826030-00003
https://doi.org/10.2165/00007256-199826030-00003
https://doi.org/10.1016/j.jbiomech.2009.04.047

Holmich, P. (2007). Long-standing groin pain in sportspeople falls into three primary patterns,
a "clinical entity" approach: a prospective study of 207 patients. British journal of sports
medicine, 41(4), 247-252. https://doi.org/10.1136/bjsm.2006.033373

Janssen, 1., Steele, J. R., Munro, B. J., & Brown, N. A. (2013). Predicting the patellar tendon
force generated when landing from a jump. Medicine and science in sports and
exercise, 45(5), 927-934. https://doi.org/10.1249/MSS.0b013e31827f0314

Janse van Rensburg, L., Dare, M., Louw, Q., Crous, L., Cockroft, J., Williams, L., & Olivier, B.
(2017). Pelvic and hip kinematics during single-leg drop-landing are altered in sports
participants with long-standing groin pain: A cross-sectional study. Physical therapy in sport :
official journal of the Association of Chartered Physiotherapists in Sports Medicine, 26, 20-26.
https://doi.org/10.1016/j.ptsp.2017.05.003

Jungmalm, J., Nielsen, R. @., Desai, P., Karlsson, J., Hein, T., & Grau, S. (2020). Associations
between biomechanical and clinical/anthropometrical factors and running-related injuries
among recreational runners: a 52-week prospective cohort study. Injury epidemiology, 7(1),
10. https://doi.org/10.1186/s40621-020-00237-2

Kettunen, J. A,, Kvist, M., Alanen, E., & Kujala, U. M. (2002). Long-term prognosis for jumper's
knee in male athletes. A prospective follow-up study. The American journal of sports
medicine, 30(5), 689—692. https://doi.org/10.1177/03635465020300051001

King, E., Franklyn-Miller, A., Richter, C., O'Reilly, E., Doolan, M., Moran, K., Strike, S., & Falvey,
E. (2018). Clinical and biomechanical outcomes of rehabilitation targeting intersegmental
control in athletic groin pain: prospective cohort of 205 patients. British journal of sports
medicine, 52(16), 1054-1062. https://doi.org/10.1136/bjsports-2016-097089

King, M. G., Heerey, J. J., Schache, A. G., Semciw, A. |., Middleton, K. J., Sritharan, P.,
Lawrenson, P. R., & Crossley, K. M. (2019). Lower limb biomechanics during low- and high-
impact functional tasks differ between men and women with hip-related groin pain. Clinical
Biomechanics, 68, 96-103. https://doi.org/10.1016/j.clinbiomech.2019.06.001

King, M., Towler, H., Dillon, R., & McErlain-Naylor, S. (2020). A Correlational Analysis of
Shuttlecock Speed Kinematic Determinants in the Badminton Jump Smash. Applied
Sciences, 10(4), 1-14. http://dx.doi.org/10.3390/app10041248

Kipp, K., & Kim, H. (2020). Relative contributions and capacities of lower extremity muscles to
accelerate the body's center of mass during countermovement jumps. Computer methods in
biomechanics and biomedical engineering, 23(12), 914-921.
https://doi.org/10.1080/10255842.2020.1772764

42


https://doi.org/10.1136/bjsm.2006.033373
https://doi.org/10.1249/MSS.0b013e31827f0314
https://doi.org/10.1016/j.ptsp.2017.05.003
https://doi.org/10.1186/s40621-020-00237-2
https://doi.org/10.1177/03635465020300051001
https://doi.org/10.1136/bjsports-2016-097089
https://doi.org/10.1016/j.clinbiomech.2019.06.001
http://dx.doi.org/10.3390/app10041248
https://doi.org/10.1080/10255842.2020.1772764

Kjaer M. (2004). Role of extracellular matrix in adaptation of tendon and skeletal muscle to
mechanical loading. Physiological reviews, 84(2), 649—-698.
https://doi.org/10.1152/physrev.00031.2003

Kohler, J., Popov, C., Klotz, B., Alberton, P., Prall, W. C., Haasters, F., Miller-Deubert, S., Ebert,
R., Klein-Hitpass, L., Jakob, F., Schieker, M., & Docheva, D. (2013). Uncovering the cellular and
molecular changes in tendon stem/progenitor cells attributed to tendon aging and
degeneration. Aging cell, 12(6), 988-999. https://doi.org/10.1111/acel.12124

Komi P. V. (1990). Relevance of in vivo force measurements to human biomechanics. Journal
of biomechanics, 23 Suppl 1, 23—-34. https://doi.org/10.1016/0021-9290(90)90038-5

Kubo, K., Kawakami, Y., & Fukunaga, T. (1999). Influence of elastic properties of tendon
structures on jump performance in humans. Journal of applied physiology (Bethesda, Md. :
1985), 87(6), 2090-2096. https://doi.org/10.1152/jappl.1999.87.6.2090

Kuitunen, S., Ogiso, K., & Komi, P. V. (2011). Leg and joint stiffness in human
hopping. Scandinavian journal of medicine & science in sports,21(6), el159-el67.
https://doi.org/10.1111/j.1600-0838.2010.01202.x

Langhout, R., Tak, ., van Beijsterveldt, A. M., Ricken, M., Weir, A., Barendrecht, M., Kerkhoffs,
G., & Stubbe, J. (2018). Risk Factors for Groin Injury and Groin Symptoms in Elite-Level Soccer
Players: A Cohort Study in the Dutch Professional Leagues. The Journal of orthopaedic and
sports physical therapy, 48(9), 704—712. https://doi.org/10.2519/jospt.2018.7990

Lazaro, R. M., Souza, R. B., & Luke, A. C. (2021). Patellar mobility and lower limb kinematics
during functional activities in individuals with and without patellar tendinopathy. The
Knee, 30, 241-248. https://doi.org/10.1016/j.knee.2021.04.002

Lee, M. J., Reid, S. L,, Elliott, B. C., & Lloyd, D. G. (2009). Running biomechanics and lower limb
strength associated with prior hamstring injury. Medicine and science in sports and exercise,
41(10), 1942-1951. https://doi.org/10.1249/MSS.0b013e3181a55200

Lee, J., Mok, K. M., Chan, H., Yung, P., & Chan, K. M. (2018). Eccentric hamstring strength
deficit and poor hamstring-to-quadriceps ratio are risk factors for hamstring strain injury in
football: A prospective study of 146 professional players. Journal of science and medicine in
sport, 21(8), 789-793. https://doi.org/10.1016/j.jsams.2017.11.017

Lian, O., Engebretsen, L., Ovrebg, R. V., & Bahr, R. (1996). Characteristics of the leg extensors
in male volleyball players with jumper's knee. The American journal of sports medicine, 24(3),
380-385. https://doi.org/10.1177/036354659602400322

43


https://doi.org/10.1152/physrev.00031.2003
https://doi.org/10.1111/acel.12124
https://doi.org/10.1016/0021-9290(90)90038-5
https://doi.org/10.1152/jappl.1999.87.6.2090
https://doi.org/10.1111/j.1600-0838.2010.01202.x
https://doi.org/10.1016/j.knee.2021.04.002
https://doi.org/10.1249/MSS.0b013e3181a55200
https://doi.org/10.1016/j.jsams.2017.11.017
https://doi.org/10.1177/036354659602400322

Lian, O. B., Engebretsen, L., & Bahr, R. (2005). Prevalence of jumper's knee among elite
athletes from different sports: a cross-sectional study. The American journal of sports
medicine, 33(4), 561-567. https://doi.org/10.1177/0363546504270454

Lichtwark, G. A., & Wilson, A. M. (2007). Is Achilles tendon compliance optimised for
maximum muscle efficiency during locomotion?. Journal of biomechanics, 40(8), 1768-1775.
https://doi.org/10.1016/j.jbiomech.2006.07.025

Lieber, R. L., & Fridén, J. (1993). Muscle damage is not a function of muscle force but active
muscle strain. Journal of applied physiology (Bethesda, Md. : 1985), 74(2), 520-526.
https://doi.org/10.1152/jappl.1993.74.2.520

Lovell, G. (1995). The diagnosis of chronic groin pain in athletes: a review of 189
cases. Australian journal of science and medicine in sport, 27(3), 76—79.

Macdonald, B., McAleer, S., Kelly, S., Chakraverty, R., Johnston, M., & Pollock, N. (2019).
Hamstring rehabilitation in elite track and field athletes: applying the British Athletics Muscle
Injury Classification in clinical practice. British journal of sports medicine, 53(23), 1464—-1473.
https://doi.org/10.1136/bjsports-2017-098971

Maffulli, N., Sharma, P., & Luscombe, K. L. (2004). Achilles tendinopathy: aetiology and
management. Journal of the Royal Society of Medicine, 97(10), 472-476.
https://doi.org/10.1258/jrsm.97.10.472

Magnusson, S. P., & Kjaer, M. (2019). The impact of loading, unloading, ageing and injury on
the human tendon. The Journal of physiology, 597(5), 1283-1298.
https://doi.org/10.1113/JP275450

Mahieu, N. N., Witvrouw, E., Stevens, V., Van Tiggelen, D., & Roget, P. (2006). Intrinsic risk
factors for the development of achilles tendon overuse injury: a prospective study. The
American journal of sports medicine, 34(2), 226-235.
https://doi.org/10.1177/0363546505279918

Malliaras, P., Cook, J. L., & Kent, P. (2006). Reduced ankle dorsiflexion range may increase the
risk of patellar tendon injury among volleyball players. Journal of science and medicine in
sport, 9(4), 304—309. https://doi.org/10.1016/j.jsams.2006.03.015

Mann, R., & Sprague, P. (1980). A kinetic analysis of the ground leg during sprint
running. Research quarterly for exercise and sport, 51(2), 334-348.
https://doi.org/10.1080/02701367.1980.10605202

McAuliffe, S., McCreesh, K., Culloty, F., Purtill, H., & O'Sullivan, K. (2016). Can ultrasound
imaging predict the development of Achilles and patellar tendinopathy? A systematic review

44


https://doi.org/10.1177/0363546504270454
https://doi.org/10.1016/j.jbiomech.2006.07.025
https://doi.org/10.1152/jappl.1993.74.2.520
https://doi.org/10.1136/bjsports-2017-098971
https://doi.org/10.1258/jrsm.97.10.472
https://doi.org/10.1113/JP275450
https://doi.org/10.1177/0363546505279918
https://doi.org/10.1016/j.jsams.2006.03.015
https://doi.org/10.1080/02701367.1980.10605202

and  meta-analysis. British ~ journal  of sports  medicine, 50(24), 1516-1523.
https://doi.org/10.1136/bjsports-2016-096288

McAuliffe, S., Tabuena, A., McCreesh, K., O'Keeffe, M., Hurley, J., Comyns, T., Purtill, H.,
O'Neill, S., & O'Sullivan, K. (2019). Altered Strength Profile in Achilles Tendinopathy: A
Systematic Review and Meta-Analysis. Journal of athletic training, 54(8), 889-900.
https://doi.org/10.4085/1062-6050-43-18

Mendiguchia, J, Castano-Zambudio, A, Jimenez-Reyes, P, Morin, J-B, Edouard, P, Conceicao,
F, Dodoo, J & Colyer, S 2022, 'Can we modify maximal speed running posture? Implications
for performance and hamstring injury management', International Journal of Sports
Physiology and Performance, vol. 17, no. 3, pp. 374-383. https://doi.org/10.1123/ijspp.2021-
0107

Mendonga, L. D., Verhagen, E., Bittencourt, N. F., Gongalves, G. G., Ocarino, J. M., & Fonseca,
S. T. (2016). Factors associated with the presence of patellar tendon abnormalities in male
athletes. Journal of  science and medicine in sport, 19(5), 389-394.
https://doi.org/10.1016/j.jsams.2015.05.011

Meyers, W. C., Yoo, E., Devon, O. N,, Jain, N., Horner, M., Lauencin, C., & Zoga, A. (2012).
Understanding “Sports Hernia” (Athletic Pubalgia): The Anatomic and Pathophysiologic Basis
for Abdominal and Groin Pain in Athletes. Operative Techniques in Sports Medicine, 20(1), 33-
45, https://doi.org/10.1053/j.0tsm.2012.03.005

Mondin, D., Owen, J. A., Negro, M., & D'Antona, G. (2018). Validity and Reliability of a Non-
invasive Test to Assess Quadriceps and Hamstrings Strength in Athletes. Frontiers in
physiology, 9, 1702. https://doi.org/10.3389/fphys.2018.01702

Morrissey, D., Graham, J., Screen, H., Sinha, A., Small, C., Twycross-Lewis, R., & Woledge, R.
(2012). Coronal plane hip muscle activation in football code athletes with chronic adductor
groin strain injury during standing hip flexion. Manual therapy, 17(2), 145-149.
https://doi.org/10.1016/j.math.2011.12.003

Mousavi, S. H., Hijmans, J. M., Rajabi, R., Diercks, R., Zwerver, J., & van der Worp, H. (2019).
Kinematic risk factors for lower limb tendinopathy in distance runners: A systematic review
and meta-analysis. Gait & posture, 69, 13-24.
https://doi.org/10.1016/j.gaitpost.2019.01.011

Nigg B. M. (1985). Biomechanics, load analysis and sports injuries in the lower
extremities. Sports medicine (Auckland, N.Z.), 2(5), 367-379.
https://doi.org/10.2165/00007256-198502050-00005

45


https://doi.org/10.1136/bjsports-2016-096288
https://doi.org/10.4085/1062-6050-43-18
https://doi.org/10.1016/j.jsams.2015.05.011
https://doi.org/10.1053/j.otsm.2012.03.005
https://doi.org/10.3389/fphys.2018.01702
https://doi.org/10.1016/j.math.2011.12.003
https://doi.org/10.1016/j.gaitpost.2019.01.011
https://doi.org/10.2165/00007256-198502050-00005

O'Connor D. (2004). Groin injuries in professional rugby league players: a prospective
study. Journal of sports sciences, 22(7), 629-636.
https://doi.org/10.1080/02640410310001655804

Ono, T., Higashihara, A., & Fukubayashi, T. (2011). Hamstring functions during hip-extension
exercise assessed with electromyography and magnetic resonance imaging. Research in
sports medicine (Print), 19(1), 42-52. https://doi.org/10.1080/15438627.2011.535769

Orchard, J. W., Seward, H., & Orchard, J. J. (2013). Results of 2 decades of injury surveillance
and public release of data in the Australian Football League. The American journal of sports
medicine, 41(4), 734-741. https://doi.org/10.1177/0363546513476270

Owens, B. D., Wolf, J. M., Seelig, A. D., Jacobson, I. G., Boyko, E. J., Smith, B., Ryan, M. A.,
Gackstetter, G. D., Smith, T. C., & Bagnell Creaven Crum-Cianflone Davies Granado Hern, M.G.
(2013). Risk Factors for Lower Extremity Tendinopathies in Military Personnel. Orthopaedic
Journal of Sports Medicine, 1(1), 1-8. https://doi.org/10.1177/2325967113492707

Paavola, M., Kannus, P., Jarvinen, T. A., Khan, K., Jézsa, L., & Jarvinen, M. (2002). Achilles
tendinopathy. The Journal of bone and joint surgery. American volume, 84(11), 2062—-2076.
https://doi.org/10.2106/00004623-200211000-00024

Patel, A., Chakraverty, J., Pollock, N., Chakraverty, R., Suokas, A. K., & James, S. L. (2015).
British athletics muscle injury classification: a reliability study for a new grading system.
Clinical radiology, 70(12), 1414-1420. https://doi.org/10.1016/j.crad.2015.08.009

Paterno, M. V., Ford, K. R., Myer, G. D., Heyl, R., & Hewett, T. E. (2007). Limb asymmetries in
landing and jumping 2 years following anterior cruciate ligament reconstruction. Clinical
journal of sport medicine : official journal of the Canadian Academy of Sport Medicine, 17(4),
258-262. https://doi.org/10.1097/JSM.0b013e31804c77ea

Petersen, J., Thorborg, K., Nielsen, M. B., Budtz-Jgrgensen, E., & Holmich, P. (2011). Preventive
effect of eccentric training on acute hamstring injuries in men's soccer: a cluster-randomized
controlled trial. The American journal of sports medicine, 39(11), 2296-2303.
https://doi.org/10.1177/0363546511419277

Pingel, J., Lu, Y., Starborg, T., Fredberg, U., Langberg, H., Nedergaard, A., Weis, M., Eyre, D.,
Kjaer, M., & Kadler, K. E. (2014). 3-D ultrastructure and collagen composition of healthy and
overloaded human tendon: evidence of tenocyte and matrix buckling. Journal of
anatomy, 224(5), 548-555. https://doi.org/10.1111/joa.12164

Pollock, N., James, S. L., Lee, J. C., & Chakraverty, R. (2014). British athletics muscle injury
classification: a new grading system. British journal of sports medicine, 48(18), 1347—-1351.
https://doi.org/10.1136/bjsports-2013-093302

46


https://doi.org/10.1080/02640410310001655804
https://doi.org/10.1080/15438627.2011.535769
https://doi.org/10.1177/0363546513476270
https://doi.org/10.1177/2325967113492707
https://doi.org/10.2106/00004623-200211000-00024
https://doi.org/10.1016/j.crad.2015.08.009
https://doi.org/10.1097/JSM.0b013e31804c77ea
https://doi.org/10.1177/0363546511419277
https://doi.org/10.1111/joa.12164
https://doi.org/10.1136/bjsports-2013-093302

Pollock, N., Kelly, S., Lee, J., Stone, B., Giakoumis, M., Polglass, G., Brown, J., & MacDonald, B.
(2022). A 4-year study of hamstring injury outcomes in elite track and field using the British
Athletics rehabilitation approach. British journal of sports medicine, 56(5), 257-263.
https://doi.org/10.1136/bjsports-2020-103791

Prior, S., Mitchell, T., Whiteley, R., O'Sullivan, P., Williams, B. K., Racinais, S., & Farooq, A.
(2014). The influence of changes in trunk and pelvic posture during single leg standing on hip
and thigh muscle activation in a pain free population. BMC sports science, medicine &
rehabilitation, 6(1), 13. https://doi.org/10.1186/2052-1847-6-13

Pruyn, E. C. Watsford, M. L., Murphy, A. J., Pine, M. J., Spurrs, R. W., Cameron, M. L., &
Johnston, R. J.(2012) Relationship between leg stiffness and lower body injuries in
professional Australian football. Journal of Sports Sciences, 30(1), 71-
78. https://doi.org/10.1080/02640414.2011.624540

Rivadulla, A. R., Gore, S., Preatoni, E., & Richter, C. (2020). Athletic groin pain patients and
healthy athletes demonstrate consistency in their movement strategy selection when
performing multiple repetitions of a change of direction test. Journal of science and medicine
in sport, 23(5), 442—-447. https://doi.org/10.1016/j.jsams.2019.12.011

Robertson, B. A,, Barker, P. J., Fahrer, M., & Schache, A. G. (2009). The anatomy of the pubic
region revisited: implications for the pathogenesis and clinical management of chronic groin
pain in athletes. Sports medicine (Auckland, N.Z.), 39(3), 225-234.
https://doi.org/10.2165/00007256-200939030-00004

Ryan, M., Grau, S., Krauss, ., Maiwald, C., Taunton, J., & Horstmann, T. (2009). Kinematic
analysis of runners with achilles mid-portion tendinopathy. Foot & ankle
international, 30(12), 1190-1195. https://doi.org/10.3113/FAI.2009.1190

Saxena, A., & Bareither, D. (2001). Magnetic resonance and cadaveric findings of the
"watershed band" of the achilles tendon. The Journal of foot and ankle surgery : official
publication of the American College of Foot and Ankle Surgeons,40(3), 132-136.
https://doi.org/10.1016/s1067-2516(01)80078-8

Schache, A. G., Dorn, T. W., Blanch, P. D., Brown, N. A., & Pandy, M. G. (2012). Mechanics of
the human hamstring muscles during sprinting. Medicine and science in sports and
exercise, 44(4), 647-658. https://doi.org/10.1249/MSS.0b013e318236a3d2

Schache, A. G., Blanch, P. D., & Murphy, A. T. (2000). Relation of anterior pelvic tilt during
running to clinical and kinematic measures of hip extension. British journal of sports
medicine, 34(4), 279-283. https://doi.org/10.1136/bjsm.34.4.279

Serner, A., Tol, J. L., Jomaah, N., Weir, A., Whiteley, R., Thorborg, K., Robinson, M., & H6lmich,
P. (2015). Diagnosis of Acute Groin Injuries: A Prospective Study of 110 Athletes. The

47


https://doi.org/10.1136/bjsports-2020-103791
https://doi.org/10.1186/2052-1847-6-13
https://doi.org/10.1080/02640414.2011.624540
https://doi.org/10.1016/j.jsams.2019.12.011
https://doi.org/10.2165/00007256-200939030-00004
https://doi.org/10.3113/FAI.2009.1190
https://doi.org/10.1016/s1067-2516(01)80078-8
https://doi.org/10.1249/MSS.0b013e318236a3d2
https://doi.org/10.1136/bjsm.34.4.279

American journal of sports medicine, 43(8), 1857-1864.
https://doi.org/10.1177/0363546515585123

Severin, A. C., Mellifont, D. B., & Sayers, M. G. L. (2017). Influence of previous groin pain on
hip and pelvic instep kick kinematics. Science and Medicine in Football, 1(1), 80-85.
https://doi.org/10.1080/02640414.2016.1221527

Silbernagel, K. G., Hanlon, S., & Sprague, A. (2020). Current Clinical Concepts: Conservative
Management of Achilles Tendinopathy. Journal of athletic training, 55(5), 438-447.
https://doi.org/10.4085/1062-6050-356-19

Stephen, J. M., Marsland, D., Masci, L., Calder, J., & Daou, H. E. (2018). Differential Motion
and Compression Between the Plantaris and Achilles Tendons: A Contributing Factor to
Midportion Achilles Tendinopathy?. The American journal of sports medicine, 46(4), 955-960.
https://doi.org/10.1177/0363546517745291

Thorborg, K., Rathleff, M. S., Petersen, P., Branci, S., & H6lmich, P. (2017). Prevalence and
severity of hip and groin pain in sub-elite male football: a cross-sectional cohort study of 695
players. Scandinavian journal of medicine & science in sports,27(1), 107-114.
https://doi.org/10.1111/sms.12623

Toonstra, J., & Mattacola, C. G. (2013). Test-retest reliability and validity of isometric knee-
flexion and -extension measurement using 3 methods of assessing muscle strength. Journal
of sport rehabilitation, 22(1), 10.1123/jsr.2013.TR7. https://doi.org/10.1123/jsr.2013.TR7

Tran, P., Malmgaard-Clausen, N. M., Puggaard, R. S., Svensson, R. B., Nybing, J. D., Hansen, P.,
Schjerling, P., Zinglersen, A. H., Couppé, C., Boesen, M., Magnusson, S. P., & Kjaer, M. (2020).
Early development of tendinopathy in humans: Sequence of pathological changes in structure
and tissue turnover signaling. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology, 34(1), 776-788.
https://doi.org/10.1096/fj.201901309R

van Dyk, N., Bahr, R., Whiteley, R., Tol, J. L., Kumar, B. D., Hamilton, B., Farooq, A., & Witvrouw,
E. (2016). Hamstring and Quadriceps Isokinetic Strength Deficits Are Weak Risk Factors for
Hamstring Strain Injuries: A 4-Year Cohort Study. The American journal of sports
medicine, 44(7), 1789-1795. https://doi.org/10.1177/0363546516632526

Van Ginckel, A., Thijs, Y., Hesar, N. G., Mahieu, N., De Clercq, D., Roosen, P., & Witvrouw, E.
(2009). Intrinsic gait-related risk factors for Achilles tendinopathy in novice runners: a
prospective study. Gait & posture, 29(3), 387-391.
https://doi.org/10.1016/j.gaitpost.2008.10.058

van Sterkenburg, M. N., Kerkhoffs, G. M., Kleipool, R. P., & Niek van Dijk, C. (2011). The
plantaris tendon and a potential role in mid-portion Achilles tendinopathy: an observational

48


https://doi.org/10.1177/0363546515585123
https://doi.org/10.1080/02640414.2016.1221527
https://doi.org/10.4085/1062-6050-356-19
https://doi.org/10.1177/0363546517745291
https://doi.org/10.1111/sms.12623
https://doi.org/10.1123/jsr.2013.TR7
https://doi.org/10.1096/fj.201901309R
https://doi.org/10.1177/0363546516632526
https://doi.org/10.1016/j.gaitpost.2008.10.058

anatomical study. Journal of anatomy, 218(3), 336-341. https://doi.org/10.1111/j.1469-
7580.2011.01335.x

Visnes, H., Aandahl, H. A., & Bahr, R. (2013). Jumper's knee paradox--jumping ability is a risk
factor for developing jumper's knee: a 5-year prospective study. British journal of sports
medicine, 47(8), 503—-507. https://doi.org/10.1136/bjsports-2012-091385

Visnes, H., & Bahr, R. (2013). Training volume and body composition as risk factors for
developing jumper's knee among young elite volleyball players. Scandinavian journal of
medicine & science in sports, 23(5), 607-613. https://doi.org/10.1111/j.1600-
0838.2011.01430.x

Waldén, M., Krosshaug, T., Bjgrneboe, J., Andersen, T. E., Faul, O., & Hagglund, M. (2015).
Three distinct mechanisms predominate in non-contact anterior cruciate ligament injuries in
male professional football players: a systematic video analysis of 39 cases. British journal of
sports medicine, 49(22), 1452-1460. https://doi.org/10.1136/bjsports-2014-094573

Wang, H. K., Lin, K. H., Wu, Y. K., Chi, S. C., Shih, T. T., & Huang, Y. C. (2011). Evoked spinal
reflexes and force development in elite athletes with middle-portion Achilles
tendinopathy. The Journal of orthopaedic and sports physical therapy, 41(10), 785-794.
https://doi.org/10.2519/jospt.2011.3564

Waugh, C. M., Korff, T., Fath, F., & Blazevich, A. J. (2013). Rapid force production in children
and adults: mechanical and neural contributions. Medicine and science in sports and
exercise, 45(4), 762—771. https://doi.org/10.1249/MSS.0b013e31827a67ba

Weir, A., Brukner, P., Delahunt, E., Ekstrand, J., Griffin, D., Khan, K. M., Lovell, G., Meyers, W.
C., Muschaweck, U., Orchard, J., Paajanen, H., Philippon, M., Reboul, G., Robinson, P.,
Schache, A. G., Schilders, E., Serner, A., Silvers, H., Thorborg, K., Tyler, T., ... Holmich, P. (2015).
Doha agreement meeting on terminology and definitions in groin pain in athletes. British
journal of sports medicine, 49(12), 768—774. https://doi.org/10.1136/bjsports-2015-094869

Werner, J., Hagglund, M., Ekstrand, J., & Waldén, M. (2019). Hip and groin time-loss injuries
decreased slightly but injury burden remained constant in men's professional football: the 15-
year prospective UEFA Elite Club Injury Study. British journal of sports medicine, 53(9), 539—
546. https://doi.org/10.1136/bjsports-2017-097796

Wezenbeek, E., Willems, T., Mahieu, N., De Muynck, M., Vanden Bossche, L., Steyaert, A., De
Clercq, D., & Witvrouw, E. (2018). The Role of the Vascular and Structural Response to Activity
in the Development of Achilles Tendinopathy: A Prospective Study. The American journal of
sports medicine, 46(4), 947-954. https://doi.org/10.1177/0363546517750854

49


https://doi.org/10.1111/j.1469-7580.2011.01335.x
https://doi.org/10.1111/j.1469-7580.2011.01335.x
https://doi.org/10.1136/bjsports-2012-091385
https://doi.org/10.1111/j.1600-0838.2011.01430.x
https://doi.org/10.1111/j.1600-0838.2011.01430.x
https://doi.org/10.1136/bjsports-2014-094573
https://doi.org/10.2519/jospt.2011.3564
https://doi.org/10.1249/MSS.0b013e31827a67ba
https://doi.org/10.1136/bjsports-2015-094869
https://doi.org/10.1136/bjsports-2017-097796
https://doi.org/10.1177/0363546517750854

Winter, D. A. (2009). Biomechanics and motor control of human movement (4th ed.). John
Wiley & Sons.

Witvrouw, E., Bellemans, J., Lysens, R., Danneels, L., & Cambier, D. (2001). Intrinsic risk factors
for the development of patellar tendinitis in an athletic population. A two-year prospective
study. The American journal of sports medicine, 29(2), 190-195.
https://doi.org/10.1177/03635465010290021201

Yu, B., Queen, R. M., Abbey, A. N., Liu, Y., Moorman, C. T., & Garrett, W. E. (2008). Hamstring
muscle  kinematics and activation during overground sprinting. Journal  of
biomechanics, 41(15), 3121-3126. https://doi.org/10.1016/j.jbiomech.2008.09.005

Zellers, J. A., Christensen, M., Kjeer, I. L., Rathleff, M. S., & Silbernagel, K. G. (2019). Defining
Components of Early Functional Rehabilitation for Acute Achilles Tendon Rupture: A
Systematic Review. Orthopaedic journal of sports medicine, 7(11), 2325967119884071.
https://doi.org/10.1177/2325967119884071

Zernicke, R. F., Garhammer, J. J., & Jobe, F. W. (1977). Human patellar-tendon rupture. The
Journal of bone and joint surgery, 59(2), 179-83. https://doi.org/10.2106/00004623-
197759020-00007

Zhou, Z., Akinbiyi, T., Xu, L., Ramcharan, M., Leong, D. J., Ros, S. J., Colvin, A. C., Schaffler, M.
B., Majeska, R. J., Flatow, E. L., & Sun, H. B. (2010). Tendon-derived stem/progenitor cell aging:
defective self-renewal and altered fate. Aging cell, 9(5), 911-915.
https://doi.org/10.1111/j.1474-9726.2010.00598.x

Zwerver, J., Bredeweg, S. W., & van den Akker-Scheek, I. (2011). Prevalence of Jumper's knee
among nonelite athletes from different sports: a cross-sectional survey. The American journal
of sports medicine, 39(9), 1984—1988. https://doi.org/10.1177/0363546511413370

50


https://doi.org/10.1177/03635465010290021201
https://doi.org/10.1016/j.jbiomech.2008.09.005
https://doi.org/10.1177/2325967119884071
https://doi.org/10.2106/00004623-197759020-00007
https://doi.org/10.2106/00004623-197759020-00007
https://doi.org/10.1111/j.1474-9726.2010.00598.x
https://doi.org/10.1177/0363546511413370

