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Abstract

Introduction: Both gender and additional load have been shown to affect landing
mechanics. Females are at an increased risk of sustaining an anterior cruciate ligament
injury and patellofemoral pain syndrome, whereas males are at a greater risk of developing
patellar tendinopathy. There is a paucity of literature examining the effects of load position or
the comparison between genders during jump landings with additional load.

Purpose: To examine the effects of different positions of loading on lower extremity
biomechanics during a jump-landing task. An additional purpose was to compare lower
extremity biomechanics between genders during loaded and unloaded jump landings.
Method: Twenty-four resistance trained males (n = 12, age 21.1 = 1.4 years, body mass
76.2 £ 10.3 kg, height 1.77 £ 0.08 m) and females (n = 12, age 20.3 + 1.4 years, body mass
64.4 + 7.2 kg, height 1.70 + 0.03 m) were recruited. Three-dimensional lower-limb-joint
kinematics and kinetics were measured during 5 bilateral maximal jumps were performed in
a randomised order in each of four conditions: unloaded (UL), holding dumbbells (DB),
wearing a weighted vest (WV), and with a barbell placed across the shoulders (BB). All
loaded conditions were performed with 10% of body weight. A two-way analysis of variance
(type of load * gender) was performed on kinetic and kinematic variables. Cohen’s d effect
sizes were calculated for differences between load types.

Results: Significant differences were shown between genders with the male group
exhibiting increased jump height, lower time to peak knee flexion, smaller sagittal plane
excursion (ROM), and smaller hip adduction angles at ground contact (IC) and smaller peak
hip adduction angles when compared to females. Males were also shown to have
significantly greater peak vertical ground reaction force (vGRF), significantly smaller time to
peak VGRF, and significantly greater peak knee and hip extension moments. There was no
significant interaction between load and gender in all variables measured. All loaded jumps
resulted in a significant increase in the time to reach peak knee flexion. Significant
decreases were observed in peak hip adduction moment and peak knee valgus moment in
the male BB condition and female BB condition respectively when compared to UL jump
landings. There was a significant decrease exhibited in vGRF in both genders in the BB
condition when compared to the UL condition.

Conclusion: Both gender and additional loading alter landing biomechanics in maximal
vertical jump landings. Males and females responded similarly to each of the loaded
conditions. Findings suggest use of the BB may decrease the risk of injury relative to DB and

WYV during maximal countermovement jumps in both genders.
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Chapter One: Introduction

1.1 Rationale

Jumping and therefore landing manoeuvres commonly occur in a variety of sports and are
used as part of many training methods (Lees & Nolan, 1998; Hori, Newton, Kawamori,
McGuigan, Andrews, Chapman & Nosaka, 2008; Erculj, Blas & Bracic, 2010; de Villarreal,
Requena, lzquierdo & Gonzalez-Badillo, 2013). Jump-landings have commonly been
associated with many injuries such as patellar tendinopathy (Bisseling, Hof, Bredeweg,
Zwerver & Mulder, 2008), patellofemoral pain syndrome (Boling, Padua, Marshall,
Guskiewicz, Pyne & Beutler, 2009), anterior cruciate ligament (ACL) injury (Shimokochi &
Shultz, 2008), and ankle sprains (Verhagen, Van der Beek, Bouter, Bahr & Van Mechelen,
2004). Existing literature has sought to link biomechanical and anatomical risk factors of
landings with lower extremity injury. Over a period of 10 years, a study examining
admittance to a sports injury clinic reported that the knee was the most commonly injured
region with 38.9% of all injuries occurring at the knee (Majewski, Susanne & Klaus, 2006).
More conservative incidence rates of knee injuries of 27.5% have been reported by another
epidemiological study examining admittance to another sports injury clinic (Baquie &
Brukner, 1997). Knee injuries can lead to permanent discontinuation of sport (Kujala,

Taimela, Antti-Poika, Orava, Tuominen & Myllynen, 1995).

Existing literature has demonstrated higher injury incidence at the knee in females relative to
males. This may be due to an adoption of a disadvantageous landing strategy involving a
more extended landing posture, increased GRF, greater valgus moment and valgus angle,
and higher knee extensor moments (Kernozek, Van Hoof, Torry, Cowley & Tanner, 2004;
Pappas, Hagins, Sheikhzadeh, Nordin & Rose, 2007; Gehring, Melnyk & Gollhofer, 2009).
Anatomical factors such as intercondylar notch width and Q-angle (Rizzo, Holler & Bassett,
2001; Elias, Wilson, Adamson & Cosgarea, 2004), and physiological factors such as
hormonal differences (Shultz, Kirk, Johnson, Sander & Perrin, 2004) contribute to the
discrepancies in injury rate. Studies examining landings with additional load have shown
additional loading during landing affects landing strategies but have differences in
methodology and findings (Kulas, Zalewski, Hortobagyi & DeVita, 2008; Kulas Hortobagyi &
DeVita, 2010; Janssen, Sheppard, Dingley, Chapman & Spratford, 2012). Although females
have been examined within one of the studies examining additional load, no direct
comparison between genders using external load has been attempted and no previous
research has examined the effect of different methods of performing loaded jumps (weighted

vest, barbell, and dumbbell) on lower limb biomechanics. Due to the paucity of literature



investigating jump landings with additional load and the potential devastating effects of knee

injuries, further investigation is warranted.

1.2 Aims
The aims of this study were:

1. To evaluate the effects of different methods of loading (barbell, dumbbell, and
weighted vest) on lower limb kinematics and kinetics during the landing phase of a
countermovement jump.

2. To compare lower limb kinematics and kinetics during landing between genders in

loaded and unloaded conditions.

1.3 Objectives
The objectives of this study include:

1. Using three-dimensional (3D) motion analysis coupled with data from a force plate to
examine differences in landing biomechanics when different methods of loading are
used.

2. Use 3D motion analysis coupled with data from a force plate to examine differences

in landing biomechanics between genders in different conditions.

1.4 Hypotheses

H: — There will be significant differences in landing kinematics and kinetics between male
and female participants

H, — There will be significant differences in landing kinematics and kinetics between loading
conditions

Hs; — Females will exhibit greater changes to landing kinematics and kinetics in loaded jump
conditions when compared to males

H, — Different loading positions will affect landing kinematics and kinetics by different

magnitudes.

10



Chapter Two: Review of Literature

2.1 Anatomy of the knee

The knee is a modified synovial hinge joint that consists of three articulations: the tibia and
femur (tibiofemoral joint), the femur and patella (patellofemoral joint), and the tibia and fibula
(superior tibio-fibular joint). At the tibiofemoral joint, motion occurs in all three planes (Figure
1). The joint rotates in the sagittal plane by flexion and extension, the transverse plane by
external rotation and internal rotation, and the frontal plane by valgus and varus (adduction
and abduction). Motion can also occur by translation: anteriorly and posteriorly, medially and
laterally, and by compression and distraction. Excessive joint loading at the knee in either

three planes has the potential to damage internal structures.

Distraction/
COMPresSion

Figure 1. Rotations (left 3) and translations (right 3) at the knee joint (Quatman, Quatman-Yates &
Hewett, 2010)

The motion of the knee is stabilised by ligaments including the anterior cruciate ligament
(ACL), the posterior cruciate ligament, the lateral collateral ligament, and the medial
collateral ligament (Fleming et al., 2001). The ACL provides approximately 85% of the
resistance to anterior tibial translation (Russell, Palmeiri, Zinder & Ingersoll, 2006). The ACL
is located within the intercondylar notch of the femur and inserts at the anterior intercondylar
area of the tibia and the femur on the medial side of its lateral condyle (Figure 2). The ACL is
comprised of two components: the anteromedial bundle (resists anterior translation of the
tibia in extension) and the larger posterolateral bundle (resists anterior translation of the tibia
in flexion) (Jacinda & Mandelbaum, 2007).

11
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Fibular ligament
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Figure 2. Anterior view of the knee (knee capsule and quadriceps tendon cut) (Marieb & Hoehn,
2007)

The patellofemoral joint is found at the anterior portion of the knee joint where the posterior
aspect of the patella glides over the femoral trochlear or patella surface between the femoral
condyles (Figure 3). The alignment of the patella is stabilised by the knee capsule, the rectus
femoris via the quadriceps tendon, patella ligament, the medial and lateral patellar
retinaculum, vastus medialis obliques (VMO), vastus lateralis (VL), and iliotibial band. The
main role of the patella is to increase extension forces at the knee by increasing the distance

between the quadriceps tendon and the sagittal axis of rotation of the knee.

Patella

Posterior aspect of
the patella

Femoral trochlea

Figure 3. Axial cryosection of thright patellofemoral joint.(Stéuin, Diurrenmatt, Porcellini &
Rauschning, 1999)
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2.2 Patellar Tendinopathy

Patellar tendinopathy (PT) is a common overuse injury, which is strongly associated with
athletes involved in sports with a high frequency of jumping and landing. The prevalence of
PT has been reported to be as high as 45% in elite volleyball players (Ferretti, Papandrea &
Conteduca, 1990) and 32% in elite basketball players (Lian, Engebretsen & Bahr, 2005).
The etiology of PT is yet to be fully elucidated, but a combination of high forces acting on the
extensor mechanism at the knee and high frequency of dynamic movements are thought to
be the main factors involved (Stanish, Curwin & Rubinovich, 1985). This repeated strain on
the patellar tendon beyond its tensile strength leads to cumulative microtrauma and
degradation of the tendon (Archambault, Wiley & Bray, 1995). The exact cause of PT is
disputed as previous studies have used participants with either a history of PT or participants
who had PT at the time of testing (Richards, Ajemian, Wiley & Zernicke, 1996; Bisseling et
al., 2008; Edwards, Steele, McGhee, Beattie, Purdam & Cook, 2010). It could be argued that
participants with a history of PT or that manifest symptoms of PT employ different landing
strategies to mitigate symptoms, such as greater amounts of knee flexion, which skew
results. It has been suggested that there is an increased risk of PT to male athletes (Vries,
Worp, Diercks, Akker-Scheek & Zwerver, 2015), athletes with a higher training volume
(Janssen, Steele, Munro & Brown, 2015), and athletes with a greater BMI (Crossley,
Thancanamootoo, Metcalf, Cook, Purdam & Warden, 2007) Further prospective studies are

required in order to determine which biomechanical risk factors are associated with PT.

To assess relationships between the lower extremity and PT, Richards et al. (1996)
examined ankle and knee moments coupled with vertical ground reaction forces (GRF)
during landing from volleyball spike jumps. Ten participants took part, 3 of which had patellar
tendon pain associated with PT. It was concluded that patellar tendon pain was significantly
associated with less knee flexion at the point of maximum vertical GRF, a stiffer landing
technique, greater knee extensor moments, and increased plantarflexion. It was suggested
that reduced knee flexion decreased the amount of shock absorption at the knee. Bisseling
et al. (2008) presented similar findings that showed athletes with previous symptoms of PT
demonstrated smaller knee joint flexion angles on initial contact and higher knee extension
moments during the eccentric phase of landing. A similar study compared jump-landing
technique in athletes with asymptomatic patellar tendon abnormality (a precursor to PT) and
athletes with healthy tendons (Edwards et al., 2010). It was shown that athletes with
asymptomatic patellar tendon abnormality landed with significantly reduced hip and knee
flexion during drop-landings when compared to the healthy athletes. Although a more

extended landing position has been associated with PT, the exact mechanisms remain

13



equivocal, as it isn’t clear whether the landing strategies employed are the cause or effect of
PT.

2.3 Patellofemoral Pain Syndrome

Patellofemoral pain syndrome (PFPS), sometimes known as anterior knee pain or
chondromalacia patellae syndrome, is a condition in which pain is identified on the anterior
aspect of the knee and is aggravated by movements which increase compressive forces on
the patellofemoral joint (Earl, Hertel & Denegar, 2005). Movements that increase
compressive forces on the patellofemoral joint include jump-landings and running, which can
exacerbate pain (Weiss & Whatman, 2015). The prevalence of PFPS has not been
accurately evaluated but a commonly cited figure in the literature is 25%, which is supported

only by studies on university level athletes and military recruits (Callaghan & Selfe, 2007).

In a cross-sectional prospective study seeking to examine potential risk factors for
developing PFPS, 1597 Naval Midshipmen were tested using three-dimensional (3D) motion
analysis, lower extremity isometric strength tests, and postural alignment tests (Q-angle and
navicular drop) at the beginning of a 2.5 year prospective follow up (Boling et al., 2009). It
was shown that the 40 participants who developed PFPS over the following 2.5 years
demonstrated significantly less knee flexion during drop-landings when compared to
uninjured participants (Boling et al., 2009). This finding suggests decreased knee flexion at
landing is a risk factor for developing PFPS. This contradicts previous suggestions that
decreased knee flexion is a compensatory mechanism in response to PFPS to decrease the
amount of pressure on the patellofemoral joint (Crossley, Cowan, Bennell & McConnell,
2004).

In order for the patella to align with the femoral trochlea during movement, dynamic stability
is provided by the quadriceps tendon, patella tendon, VMO, VL, and iliotibial band.
Decreased knee flexion lessens the amount of dynamic stability of the alignment of the
patellar in the frontal plain, leading to malalignment of the patella and increased pressure on
the articular cartilage surfaces in the patellofemoral joint (Maclntyre, Hill, Fellows, Ellis &
Wilson, 2006). Patella tracking (the movement of the patella within the femoral trochlea) may
be affected by the magnitude and timing of the force produced by these stabilisers. The
VMO is of significance as it is the only stabiliser to produce a medial force on the patella.
Electromyography (EMG) onset of the VMO has been shown to be delayed in comparison to
the vastus lateralis in PFPS patients in stair-stepping and a postural control task (Cowan,
Bennell, Hodges, Crossley & McConnell, 2001; Cowan, Hodges, Bennell & Crossley, 2002).

The changes in muscle recruitment patterns seen in both studies were suggested to be a
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protective mechanism as a result of pain. The results of Powers (2000a) may be due to a
type Il statistical error as the variability between participants with PFPS was 2 to 3 times
higher than that of the control group. Further prospective research is necessary to expound

the link between muscle activation patterns and PFPS.

In a study by Werner (1995) participants with PFPS were tested using a knee extension
movement on an isokinetic dynamometer and demonstrated significantly lower knee
extension torque than healthy controls. These findings were also demonstrated in
prospective studies (Van Tiggelen, Witvrouw, Coorevits, Croisier & Roget, 2004;
Duvigneaud, Bernard, Stevens, Witvrouw & Van Tiggelen, 2008) and suggest lower knee
extensor moments are a risk factor for developing PFPS. The results of these studies
suggest athletes with weaker quadriceps are at a higher risk of developing PFPS. Boling et
al. (2009) showed that an increase in hip internal rotation, which is likely to be due to
weakness of hip abductors and external rotators, is a biomechanical risk factor for
developing PFPS. It has been reported that 30 degrees of femoral internal rotation can
cause significant increase in contact pressures on the lateral facets of the patellar (Lee,
Anzel, Bennett, Pang & Kim, 1994). Weakness of the gluteus medius and gluteus maximus
have been suggested to increase hip internal rotation and increase the risk of developing
PFPS. Souza and Powers (2009) examined 21 females with PFPS and 20 pain-free
controls. It was found that females with PFPS exhibited weaker hip musculature when tested
on a dynamometer (14% less isometric hip abductor strength and 17% less isometric hip
extensor strength). These findings are supported by a study examining 13 female athletes
with PFPS who demonstrated a 16% deficit in isometric hip extension torque when
measured by a handheld dynamometer (Cichanowski, Schmitt, Johnson & Niemuth, 2007).
As the gluteus maximus is the primary mover in hip extension and hip external rotation, a
weakness of the hip extensors may lead to an increase in hip internal rotation (Lee &
Powers, 2013). Further prospective studies are required to establish whether changes to hip

musculature are a cause rather than a result of PFPS.

There are several conflicting findings regarding the relationship between foot posture and
PFPS. One factor postulated to increase rotation of the femur is excessive foot pronation
(Boling et al., 2009). Pronation may lead to excessive external tibial and internal femoral
rotation, and misalignment of the patellar. Therefore, excessive pronation of the foot may be
a risk factor for PFPS (Tiberio, 1987). Other studies examining the association between
excessive foot pronation and PFPS have demonstrated no significant evidence to support

the hypothesis that excessive foot pronation increases risk of PFPS (Powers, Maffucci &
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Hampton, 1995; Witvrouw, Lysens, Bellemans, Cambier & Vanderstraeten, 2000; Thijs, De
Clercq, Roosen & Witvrouw, 2008).

The quadriceps angle (Q angle) is commonly defined as the angle formed between a line
from the anterior superior iliac spine to the patella center and a line from the tibial tuberosity
to the patella center (Figure 4) (Livingston & Mandigo, 1996). An increased Q angle is
thought to increase lateral pull of the quadriceps, leading to malalignment of the patella and
abnormal distribution of force across the knee leading to PFPS (Elias et al., 2004). Research
examining the influence of Q angle on PFPS have produced conflicting findings with some
studies showing a relationship between Q angle and PFPS (Mizuno et al., 2001), whereas
other investigations have found no significant link (Witvrouw, Lysens, Bellemans, Cambier &
Vanderstraeten, 2000). There is also disagreement on the reliability of the measurement of
Q angle and so more research is required to develop a standardised protocol (Dierks, Manal,
Hamill & Davis, 2011).

Q Angle

\

Figure 4. Measurement of Q-angle

2.4 Anterior Cruciate Ligament Injuries

It has been estimated that 80,000 ACL injuries occur annually in the United States of
America (Griffin, Agel, Albohm, Arendt, Dick, Garrett, et al. 2000). There have been
numerous studies aiming to elucidate potential mechanisms of excessive ACL loading using:
retrospective interviews (Boden et al., 2000; Faung & Wulff, 2006), observational analyses
(Seward & McGivern, 2007; Krosshaug, Nakamae, Boden, Engebretsen, Smith, Slauterbeck
& Bahr, 2007), computer simulations (McLean, Huang, Su, & Van Den Bogert, 2004), and
measurements of ACL loading in vitro and in vivo (Durselen, Claes & Kiefer, 1995; Li et al.,
1999; DeMorat, Weinhold, Blackburn, Chudik & Garrett, 2004). Almost three quarters of ACL

injuries are non-contact injuries and usually occur during sudden deceleration, landing, and
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pivoting manoeuvres (Boden, Feagin Jr. & Garrett Jr., 2000). There are several anatomical
factors that have been proposed to increase the risk of ACL injury which are discussed in

section 2.5.2.

A common risk factor associated with ACL injury cited by interviews and observational
analyses of when ACL injury occurs is low levels of knee flexion (0-30°) or hyperextension
during landing (Ferretti et al., 1990; Cochrane, Lloyd, Buttfield, Seward & McGivern, 2007;
Krosshaug et al., 2007). The force produced by the quadriceps that loads the ACL is related
to the patella tendon-tibia shaft angle (the angle between the patella tendon and the
longitudinal axis of the tibia). In low levels of knee flexion, the patella tendon-tibia shift angle
is increased, leading to increased strain on the ACL by quadriceps force via the patella
tendon (Nunley, Wright, Renner, Yu & Garrett Jr., 2003). This is supported by both in vivo
and in vitro studies that have shown that anterior tibial displacement is greater at shallow
levels of knee flexion (Fukubayashi, Torzilli, Sherman & Warren, 1982; Daniel, Malcom,
Losse, Stone, Sachs & Burks, 1985). As the ACL provides 85% of the total restraint to
anterior tibial displacement, reduced knee flexion results in increased ACL loading (Markolf,
Mensch & Amstutz, 1976). During landing movements, the quadriceps muscle produces
anterior shear force at the proximal end of the tibia through the patellar tendon (Li, Rudy,
Sakane, Kanamori, Ma & Woo, 1999). It has been hypothesised that the hamstring force
may increase the anterior shear force at the tibia because of a reduction in the hamstring
tendon-tibia shaft angle at reduced knee flexion (Lin, Liu, Gros, Weinhold, Garrett & Yu,
2012).

It has also been suggested that a more extended, or erect, landing technique prevents the
musculature around the knee from dissipating landing forces, which increase the risk of ACL
injury (Boden, Torg, Knowles & Hewett, 2009). As well as flexion at the knee, reduced
flexion at the hip has been implicated with an increased risk of ACL injury (Hewett, Torg &
Boden, 2009). It has been shown that landing with a greater amount of hip flexion reduces
quadriceps force through the patella tendon, decreasing the load placed on the ACL from
the quadriceps (Blackburn & Padua, 2009). Landing with a greater amount of hip flexion has
also been shown to increase hamstring force production, which can decrease knee anterior

shear force (Kulas et al., 2010).

A factor proposed to increase ACL load in the sagittal plane is a quadriceps dominant
landing strategy (Shultz, Nguyen, Leonard & Schmitz, 2009). If the quadriceps exert a force
greater than that of the hamstrings, this can lead to an increase in anteriorly directed shear

force acting at the proximal end of the tibia (Withrow, Huston, Wojtys & Ashton-Miller, 2006).
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It has also been shown that in isolation, excessive quadriceps force at low levels of knee
flexion can lead to significant anterior tibial shear force and ACL injury in cadaveric knees
(DeMorat et al., 2004). It should be noted that a quadriceps muscle force of 4500 N was
used to load the ACL, which is considerably larger than the force used in comparable studies
(Durselen et al., 1995; Li et al., 1999). Hamstrings have been shown to counter ACL loading
as a result of quadriceps forces (Li et al., 1999). Therefore, weak hamstrings or decreased
coactivation of the hamstrings during quadriceps contraction may also induce increased
loading of the ACL during landings (Li et al., 1999).

In addition to sagittal plane changes, there has been evidence that frontal plane
mechanisms have a significant role in ACL ruptures, particularly valgus movement at the
knee (Boden et al., 2009). A valgus movement of the knee involves femoral adduction,
internal rotation of the femur, tibial external rotation, and ankle eversion or foot pronation
(Shin, Chaudhari & Andriacchi, 2009). In a prospective cohort study involving 205 female
athletes, it was shown that the 9 athletes who had an ACL rupture exhibited greater knee
valgus angle and moment, increased knee valgus angle, and decreased knee flexion angles
during jump-landings (Hewett et al., 2005). The association in this study between knee
valgus alone and ACL rupture should be treated with caution. When taking in to
consideration height and weight of the 9 athletes with ACL injuries, the valgus moments
were less than 12.5 Nm (Yu & Garrett, 2007). In a majority of cadaver studies, knee valgus
moment has been shown to not significantly affect ACL loading unless a proximal shear
force is simultaneously applied to the tibia (Berns, Hull & Patterson, 1992; Markolf et al.,
1995; Bendjaballah, Shirazi-Adl & Zukor, 1997). These results are in line with findings of
retrospective interviews which report ACL-injured athletes recall the knee moving into valgus
coupled with shallow knee flexion (Ferretti et al., 1990; McNair, Marshall & Matheson, 1990).

A factor proposed to be associated with increased valgus is a weakness of hip musculature
(Jacobs & Mattacola, 2005). It has been shown that females with greater hip abductor
strength demonstrate significantly less hip adduction (Jacobs & Mattacola, 2005). This is
pertinent to ACL loading, as a reduction in hip adduction has been suggested to reduce
knee valgus (Ireland, 1999). However, there are a number of studies that found no
relationship between hip strength and knee valgus angle during dynamic tasks such as
landing and cutting manoeuvres (Jacobs & Mattacola, 2005; Jacobs, Uhl, Mattacola, Shapiro
& Rayens, 2007; Sigward, Ota & Powers, 2008). Further research examining the effects of
hip strength on knee valgus angle and moment is required as the findings of existing studies

are mixed due to discrepancies in methodology (Cashman, 2012).
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2.5.1 Gender differences

When compared to males, female athletes are at greater risk of ACL injury or developing
PFPS. There have been numerous studies attempting to elucidate the risk factors behind the
discrepancy in injury incidence between males and females. Females have been reported to
be 2 to 8 times more likely to sustain an ACL injury and over 2 times more likely to develop
PFPS than males (Arendt & Dick, 1995; Boling, Padua, Marshall, Guskiewicz, Pyne &
Beutler, 2010). However, it has been suggested that males are twice more likely to develop
PT than females (Lian et al., 2005). While discussions of physiological factors are beyond
the scope of this report it is worth noting that sex hormones, particularly oestrogen,
progesterone, and relaxin, may play a role in increasing joint laxity, and therefore injury

incidence, in female athletes (Shultz et al., 2004).

2.5.2 Anatomical differences between genders

It has been suggested that a larger Q angle may exacerbate the risk of injuries including
PFPS (Elias et al., 2004). It has been shown that females have a significantly greater Q
angle when compared to males (Horton & Hall, 1989). Therefore, females may be at a
greater risk of injury due to increase Q angle. Due to discrepancies pertaining to the
measurement of Q angle, it would be imprudent to draw conclusions based on a small
number of studies. A theory that addresses ACL injury directly is that females have smaller
intercondylar notch widths relative to the ACL (Rizzo et al., 2001). This may increase the
probability of impingement of the ACL on the intercondylar notch. This has not been
unequivocally determined due to differences in techniques of measurement. The width of the
intercondylar notch is more likely to be determined by the height than gender, and varies in
proportion to the size of the ACL (Fayad, Rosenthal, Morrison & Carrino, 2008). This
counters the suggestion that a mismatch between ACL size and notch width is a cause of
ACL tears in females. Another factor that has been postulated to exacerbate risk of ACL
injury in females is the notion that ACL cross-sectional area, width, and volume have been
shown to be larger in males than females (arc, Dome, Gautam, Awh & Rennirt, 2001).
However, it has been shown that gender differences in ACL volume are strongly correlated
to height differences between males and females (Fayad et al., 2008). Overall, the evidence

linking anatomical factors and the risk of knee injury is weak.

2.5.3 Neuromuscular differences between genders

Dynamic neuromuscular control of musculature at the knee and hip when landing is likely to
affect lower extremity alignment and therefore joint loading (Hewett, Lindenfeld, Riccobene,
& Noyes, 1999). Males have been shown to have a peak hamstrings to quadriceps (H:Q)

torque ratio which is greater when compared to females (Hewett, Stroupe, Nance & Noyes,
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1996). The agonist of the ACL is the hamstring group, and the antagonist is the quadriceps.
A lower H:Q ratio would lead to a diminished ability to resist anterior tibial shear force and an
increased risk of ACL injury. The hamstring group also play a role in stabilising the knee in
the frontal plane, and so decreased strength may lead to less dynamic control at the knee in
the frontal plane (Lloyd & Buchanan, 2001).

Females have been shown to exhibit lower activation of the gluteus medius and gluteus
maximus when compared to males during drop landings as measured by EMG (Zazulak,
Ponce, Straub, Medvecky, Avedisian & Hewett, 2005). This has been linked as a risk factor
of ACL injuries and PFPS due to the potential for hip adduction and knee valgus with weaker
hip musculature (Jacobs & Mattacola, 2005; Boling et al., 2009; Lee & Powers, 2013).
Females also tend to exhibit a quadriceps dominant landing strategies, in which females
activate their quadriceps earlier relative to the hamstrings (Huston & Woijtys, 1996) and land
with greater quadriceps activation (Malinzak, Colby, Kirkendall, Yu & Garrett, 2001;
Chappell, Creighton, Giuliani, Yu & Garrett, 2007) in comparison to males. Although
increased quadriceps activation may increase strain on the passive musculature around the
knee, it may not significantly affect excursions or moments in the sagittal plane (Shultz et al.,
2009).

Due to strength being modifiable, training intervention studies have been shown to reduce
the risk of ACL injury with mixed efficacy (Stojanovic & Ostojic, 2012). These programs are
comprised of strengthening, stretching, and feedback training to enhance jump-landing
technique in athletes. Although many of these interventions lead to changes in lower
extremity movement patterns during dynamic movements, the mechanisms by which this
happens are largely unclear (Stojanovic & Ostojic, 2012). Further research is required to
determine the efficacy of training programs on landing strategies adopted by males and

females.

2.5.4 Gender differences in landing kinematics

There have been several studies examining the differences in landing kinematics between
genders (Table 1). Although kinematic variables provide no direct measurement of forces,
the positioning of body segments may give an indication of demand on ligaments and
tendons. There is evidence to suggest that females land in a more erect landing position
than males (Decker, Torry, Wyland, Sterett & Steadman, 2003; Salci, Kentel, Heycan, Akin &
Korkusuz, 2004; Yu, Lin & Garrett, 2006). However, it has been suggested that a greater

range of motion (ROM) and greater angular velocities in the sagittal plane seen in females
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may reduce the risk of injury to female athletes, by increasing knee flexion at the time of

peak knee extensor power (Decker et al., 2003).

Due to the association of valgus movements and injury, there has been a substantial amount
of research examining gender difference in the frontal plane during landing (Kernozek, Torry,
Van Hoof, Cowley & Tanner, 2005; Hughes, Watkins & Owen, 2008). Studies have
established differences between genders, with females exhibiting greater maximum knee
valgus angles and larger frontal ROM at the knee (Kerzonek et al., 2005, Hughes et al.,
2008). This may increase the risk of ACL injury in females relative to males due to the strain
placed on the ACL during dynamic valgus (Markolf et al., 1995). Contrary to the findings of
previous research, it has been suggested that gender differences in landing are due to
discrepancies in balance and landing technique rather than innate differences between
males and females (Orishimo, Kremenic, Pappas, Hagins & Liederbach, 2009). A correlation
was also shown between the age at the start of ballet dance training and hip adduction.
Further research is required to determine whether adequate training from a young age

negates the increased risk of injury to females.

Table 1. Studies examining differences between genders in landing kinematics.

Study Task

Participants

Findings

Decker et al.
(2003)

Salci et al.
(2004)

Kerzonek et al.
(2005)

Yu et al. (2006)

McLean et al.
(2007)

Twelve males
and 9 females

Eight male and
8 female
volleyball
players

Fifteen males
and 15 females

Thirty males and
30 females

Ten males and
10 females

Two-legged drop
landing from 60

cm platform
Volleyball  spike
and block

landings from 40
cm and 60 cm
platforms

Two-legged drop
landing from 60
cm

Vertical stop-jump

Two-legged drop
landings from 50
cm before and
after fatiguing
protocol

Females landed with smaller angles of
hip, knee and ankle flexion at IC.

Females exhibited significantly less
knee and hip flexion in 40 cm spike and
40 cm block landings.

No significant difference at IC. Greater
peak ankle dorsiflexion, peak ankle
pronation, and peak knee valgus in
females. Greater frontal ROM in
females.

Hip flexion and knee flexion at IC was
significantly lower in females. Knee
flexion at peak anterior tibial shear force
was lower in females when compared to
males.

Females landed with greater
plantarflexion angle at IC, and greater
peak ankle supination, knee valgus, and
knee internal rotation than males.
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Hughes et al. Six male and 6 Volleyball block Females exhibited significantly greater
(2008) female volleyball landings knee valgus angle and frontal ROM.
players
Orishimo et al. Twelve male Single-leg drop No gender differences in joint
(2009) and 21 female landings from 30 kinematics.
ballet dancers cm platform

IC = Initial contact, ROM = Range of motion.

2.5.5 Gender differences in landing kinetics

Although kinematic variables can give an indication of how internal and external forces are
mediated, it would be imprudent to draw conclusions based solely on the position of the
lower extremity (Markolf et al., 1995). For this reason, a number of studies have compared
kinetic variables between genders during landings (Table 2). It has been found by many
studies that females demonstrate lower levels of normalised hip extension moment and
increased normalised knee extension moment when compared to males (Chappell, Yu,
Kirkendall & Garrett, 2002; Salci, Kentel, Heycan, Akin & Korkusuz, 2004). It has also been
shown that females demonstrate greater knee valgus moments during landing when
compared to males (Chappell et al., 2002). A combination of high knee extension and knee
valgus moment increases the risk of ACL injury due to increased strain on the ACL (Markolf
et al., 1995) Increased valgus moment may increase lateral compressive forces acting on

the patellofemoral joint, thus increasing the risk of PFPS (Powers, 2010b).

Table 2. Studies examining differences between genders in landing kinetics.

Study Participants Task Findings
Chappell et al. Ten males and Forward, vertical, Females exhibited greater knee
(2002) 10 females and backward extension and knee valgus moments
stop-jumps during landing in each task with the
exception of extension moment in the
backward stop-jump
Decker et al. Twelve males Two-legged drop Females demonstrated greater knee
(2003) and 9 females landing from 60 extensor and ankle plantarflexor power
cm platform than males.
Salci et al. Eight male and Volleyball spike Females’ peak knee extensor moment
(2004) 8 female and block from 60 cm platform was greater than
volleyball landings from 40 males. Females landed with greater
players cm and 60 cm normalised vGRF.

Yu et al. (2006)

McLean et al.
(2007)

Thirty males and
30 females

Ten males and
10 females

platforms

Vertical stop-jump

Two-legged drop
landings from 50

Females demonstrated higher vGRF,
proximal tibia shear force, and knee
extension moment during landing.

Females exhibited larger knee valgus,
knee varus, and internal rotation
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cm before and moments, and smaller ankle dorsiflexion
after fatiguing moments.
protocol

Orishimo et al. Twelve male Single-leg drop No gender differences in joint kinetics.
(2009) and 21 female landings from 30 Both groups exhibited minimal peak
ballet dancers cm platform knee valgus moments and similar peak

hip extension and abduction moments.

VvGRF = Vertical ground reaction force

Previous research has explicated the potential link between higher GRF and increased injury
risk (Kerzonek et al., 2005; Schmitz et al., 2007). Existing investigations exploring drop
landings have resulted in varied findings. Studies have shown no difference in peak vertical
GRF when normalised to body weight between genders (Decker et al, 2003; Orishimo et al.,
2009). Decker (2003) suggested that females compensated for a more erect posture by
employing a muscular strategy at the ankle to better dissipate force. However, other studies
conclude that females tend to exhibit greater peak normalised vertical GRF when compared
to males (Salci et al., 2004; Kernozek et al., 2005; Schmitz et al., 2007). The findings of Salci
(2004) and Schmitz (2007) are likely to be explained by the adoption of a more extended
posture during the landing phase by females in both studies. Furthermore, it was found that
males exhibited a significantly (24%) greater amount of total (sum of hip, knee, and ankle)
energy absorption of per unit of bodyweight when compared to the female group (Schmitz et
al., 2007). The results from this study should be treated with caution when generalising to
two-legged landings due to differences between single- and double-legged landings in the
shape of the GRF curve. Caution should be taken when attributing the risk of injury to GRF
in isolation, as there are many confounding factors such as the direction of GRF, joint
angles, and muscle activity. These factors affect the direction of loading and may even
decrease the risk of injury if the force is applied posteriorly at the knee (Myers & Hawkins,
2010).

2.6.1 Loaded Jumps

The ability to express power is essential in many sports and can be used to distinguish
between levels of ability in athletes (Kawamori & Haff, 2004). It has been suggested that to
increase power, it may be advantageous to train with a load that maximises mechanical
power output (Wilson, Newton, Murphy, & Humphries, 1993). A popular exercise used to
load athletes in order to maximise mechanical power output is the loaded, or weighted,
countermovement jump (de Villarreal et al., 2009). During a loaded countermovement jump,
an athlete descends to a comfortable depth, and then immediately jumps for maximum

vertical height. The athlete and weight then descends due to gravity and then makes contact
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with the ground at the start of the landing phase (Hori et al., 2008). There are numerous
means of loading countermovement jumps including: holding dumbbells or a hexagonal
barbell, the use of a weighted vest or resistance bands, or placing a barbell across the
shoulders (Schuna Jr. & Christensen, 2010; Argus, Gill, Keogh, Blazevich & Hopkins, 2011;
Swinton, Stewart, Lloyd, Agouris & Keogh, 2012). Previous studies have reported landing
from a jump as a common injury mechanism. Despite the popularity of loaded
countermovement jumps and the risk of injuries associated with jump landings, there is

limited research examining the effects of additional loading on landing biomechanics.

The efficacy of loaded countermovement jumps in training programmes to develop power
and athletic ability has been corroborated by the findings of a number of studies (McBride,
Triplett-McBride, Davie & Newton, 2002; Hoffman, Ratamess, Cooper, Kang, Chilakos &
Faigenbaum, 2005; Cormie, McGuigan & Newton, 2010). It has been suggested that the
inclusion of ballistic training exercises, such as loaded jump squats, leads to improvements
in power due to the high velocity nature of the exercises (Kraemer & Newton, 2000). The use
of added load is thought to increase the number of muscle fibers recruited compared with an
unloaded jump and therefore is thought to require increased neural activation and give a
greater training stimulus (Faccioni, 1994). The majority of existing literature on the effect of
loaded countermovement jumps has examined kinetics and kinematics during the take-off
phase (Moir, Sanders, Button & Glaister, 2005; Swinton et al., 2012). To the author's
knowledge, only three studies have observed the effects of traditional methods of loading
(e.g. weighted vests) on landings (Kulas et al., 2008; Kulas et al., 2010; Janssen et al.,
2012). Other experiments have examined the effects of additional load on landing
performance by the addition of body armour to military and law enforcement personnel (Sell,
Chu, Abt, Nagai, Deluzio, McGrail & Lephart, 2010; Sell, Pederson, Abt, Nagai, Deluzio, Wirt
& Lephart, 2013; Dempsey, Handcock & Rehrer, 2014; Brown, O'Donovan, Hasselquist,
Corner & Schiffman, 2016).

2.6.2 Effects of Traditional Methods of Loading on Landings

Kulas et al. (2008) investigated changes in landing strategies during either loaded or
unloaded drop landings. Male and female participants were required to perform a drop
landing from a 0.45m box in an unloaded and a loaded condition (10% of body mass in a
fitted vest). Participants were then grouped into a trunk-flexor or trunk-extensor group based
on the strategy employed in the weighted landing condition. It was also found that when
compared to the unloaded condition, a load of 10% of body mass increased knee angular
impulse (18%) and energy absorption (14%), regardless of trunk landing adaptation. It was

found that participants who landed with a more extended trunk exhibited greater increases in
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knee extensor moment and work (24% and 28% respectively) when compared to
participants who adopted more trunk flexion (4% and 9% respectively) during loaded
landings. This finding suggests that hip control strategies affect knee joint forces during

loaded jump landings.

Data from the previous experiment (Kulas et al., 2008) was then used in a subsequent study
to evaluate the effect of trunk load and trunk landing strategies on knee anterior shear forces
and knee muscle forces during landing (Kulas et al., 2010). In the first step, joint moments
and pre-existing physiological data were used to estimate knee muscle forces. The knee
muscle forces are then applied in conjunction with joint reaction forces to the tibia to
determine knee joint forces. It was found that in the loaded condition, peak and average
knee anterior shear forces increased by 17% and 35% respectively in the trunk extensor
group. In the trunk flexor group, there were more modest increases in peak (2%) and
average knee anterior shear forces (1%). Quadriceps and gastrocnemius forces increased
during loaded conditions in both groups, but average hamstring force decreased in the trunk
extensor group. The results suggest the effect of load on landings can be offset through
adaptation of landing strategies at the trunk, which allows for augmentation of hamstring
force to offset increases in quadriceps force. This would theoretically lead to less knee
anterior shear force and decrease ACL injury risk. The results of this study should be treated
with caution as the biomechanical model used was only used for estimating muscle and
shear forces, and did not directly calculate forces acting on the ACL. Trunk position was not
manipulated directly and so the results cannot be attributed entirely to this. Another limitation
of both studies is that the drop landing provides greater reliability but may not be

representative of landings from dynamic movements (Kulas et al. 2008; Kulas et al., 2010).

Alterations to lower limb kinetics and kinematics have been investigated during the landing
phase of loaded and unloaded volleyball block jumps (Janssen et al., 2012). Ten male
participants performed a series of maximal loaded (fitted vest = 9.89kg — equal to 8-12% of
bodyweight) or unloaded jumps. Results showed significantly greater hip flexion at initial
contact in the loaded condition compared to the unloaded jumps. No other significant
differences were observed for the ankle, knee, hip, or trunk kinematics between the loaded
and unloaded conditions. No significant kinetic differences were identified between unloaded
and loaded conditions. The investigation only reported sagittal plane variables, but it has
been suggested that frontal variables are associated with an increased risk of ACL injuries
(Boden et al., 2009). The participants were all highly trained volleyball players who had
considerable experience performing unloaded and loaded jumps and may be more proficient

in landing techniques when compared to novice athletes. No existing literature has
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compared different methods of loading on landing strategies (e.g. weighted vest, dumbbells,
and barbell).

2.6.3 Effects of Body Armour on Landings

Due to the serious nature of musculoskeletal injuries in law enforcement and military
environments, the effect of load in the form of body armour on landing biomechanics has
been examined by a small number of studies. The findings of these studies are displayed in
Table 3. The main findings of these studies suggest that additional load alter landing
strategies that may result in an increased risk of injury. All three studies that reported vVGRF
showed significant increases in peak vGRF with additional load (Sell et al., 2010; Dempsey
et al., 2014; Brown et al., 2016). In addition, when a range of loads were compared, the
increase in GRF was greater when a heavier load was used (Brown et al., 2016). Greater
VGRF during landing is likely to increase the loading of the lower extremity joints and thus
requires considerable muscular strength in order to dissipate landing forces. Although the
greater force acting on the lower limb alone may not be sufficient to cause injury, the risk to
athletes with poor landing technique, previous injuries, or neuromuscular imbalances may be
exacerbated with additional loads (Louw, Grimmer & Vaughan 2006). Brown and colleagues
(2016) also reported no difference in energy absorption at the hip joint despite significant
increase of angular impulse from light loads (0.9 kg.m?®s™) relative to medium (1.2 kg.m?*s™)
and heavy loads (1.4 kg.m?.s™) relative to medium loads. This could be due to the use of a
more erect landing posture. Brown et al. (2016) found that although angular impulse in knee
flexion increased by 18.75% from light load to medium load and by 11.59% from medium
load to heavy load, there was no significant difference between energy absorption at the

knees.

Table 3. Summary of studies examining effects of body armour on landing strategies.

Load (% BW) Task Main findings

Sell et al. 18.00 £ 4.30 Two-legged drop landing from Maximum knee flexion angle, maximum

(2010) 50 cm with and without load. GRF, and time taken to reach maximum
values increased with additional load.

Sell et al. 15.55+4.18 Anterior single-leg jump landing Significantly reduced anterior-posterior,

(2013) of 30 cm with and without load. medial-lateral, and vertical dynamic
postural stability with additional load.

Dempsey et 8.40 £ 0.80 Following a 5-minute run at 13 Peak GRF increased as a result of

al. (2014)

km.h™ participants performed:
(1) a countermovement vertical
jump, (2) a drop landing from 75
cm, (3) a depth jump, and (4) a
drop landing with a distraction.
All performed with and without
load.

additional load and ground contact time
increased for depth jump. Peak GRF was
increased further by prior exercise and
distraction during landing.

26



Brown et al. 7.93+1.22 Two-legged drop landings
(2016) followed by a cut and run at 45°
from a 30 cm platform with light
26.46 + 3.07 (6%), medium (20%), or heavy

(40%) load.

52.91 £6.14

Heavy load increased GRF to a greater
extent than medium load, and for the
medium relative to light load. Participants
exhibited significantly less hip flexion with
the medium and heavy load relative to
the light load. Peak knee flexion was
similar between light and medium load,
but significantly lower with heavy load.
Sagittal angular impulse in the hip, knee,
and ankle increased in the medium load
relative to light loads, and increased
further with heavy load. No substantial
differences in energy absorption at the
hip, knee, or ankle.

GRF = Ground reaction force

Only one of the studies reported variables pertaining to the hip joint (Brown et al., 2016). It
was shown that when compared to use of a light load (~8% bodyweight), both medium load
(~27% bodyweight) and heavy load (~53% bodyweight) decreased mean (+ SD) peak hip
flexion from 35.9° (£10.5°) to 27.1° (£9.6°) and 27.8° (+8.8°) respectively. This is of
significance as it has been suggested that landing with less hip flexion can place the ACL
under greater strain when compared to a strategy that adopts a great amount of hip flexion
(Kulas et al.,, 2010). It has been suggested that by increasing hip flexion, the gluteus
maximus and hamstrings are in a more advantageous position to exert force, reducing knee
extension and valgus moments (Kulas et al., 2010). In a study observing 70 air assault
soldiers performing drop-landings with and without load (18% bodyweight), additional load
significantly increased the maximum knee flexion angle by 8% (Sell et al., 2010). The
findings of Brown and colleagues (2016) suggest that heavier loads decrease peak knee
flexion angles to a greater extent than lighter loads. There is a large discrepancy between
the loads used in the studies by Brown et al. (2016) and Kulas et al. (2010), which makes
comparing the findings of the two studies problematic. Brown and colleagues (2010) also did
not use an unloaded control group. Subsequently, any conclusion regarding knee flexion
and load will be equivocal at best. Further research is required to better clarify the effect of

different loads and landing biomechanics.

When considering valgus and varus angles, it has been shown that there are no significant
differences at initial contact between loaded and unloaded conditions (Sell at al., 2010). This
may result in a diminished ability to attenuate vertical GRF and may increase the risk of
injury. Sell et al. (2010) examined the effects of body armour on dynamic postural stability. It

was shown that the addition of body armour resulted in diminished postural stability, which
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could increase the risk of injury at the ankle (Wikstrom, Tillman, Chmielewski, Cauraugh &
Borsa, 2007). The use of a 30-cm hurdle jump to single-leg landing would rarely be used
under loaded conditions in a performance environment so the findings may not pertain to

coaches and athletes.

2.6.4 Effects of Jump Height on Landings

The external load the body experiences during landings can also be altered through the
manipulation of jump or drop height. Existing literature has sought to examine changes to
landing strategies at increased velocities by altering drop-landing height (McNitt-Gray, 1991;
Ford, Myer, Schmitt, Uhl & Hewett, 2011; Peng, 2011; Ali, Rouhi & Robertson, 2012; Dickin,
Johann, Wang & Popp, 2015). Summary of the key findings in each of the studies are
displayed in Table 4. All the aforementioned studies demonstrated statistically significant
increases in VGRF as a result of dropping from increased heights. Greater vGRF during
landing is likely to increase the demand placed on lower extremity musculature to attenuate
landing forces, and when combined with suboptimal landing techniques could result in

increased injury risk.

Significant increases in peak knee flexion angles occurred as a result of increased drop
height in all studies, as well as an increase in peak hip flexion in studies where it was
reported (McNitt-Gray, 1991; Ali et al., 2012; Dickin et al., 2015). Three studies (Ford et al.,
2011; Peng, 2011; Dickin et al., 2015) utilised a drop jump and so the increases in knee and
hip flexion angles may have been a strategy to generate sufficient power for the subsequent
jump. It could be suggested that an increase in lower extremity peak flexion angles at the hip
and knee may be required to dissipate increased landing forces more effectively. The
findings from the studies examining drop jumps may not be generalisable to jump landings
due to the differences in landing strategy adopted (Butler et al., 2013). As stated previously,
the quadriceps, through the anterior pull of the patellar tendon on the tibia, contributes to
ACL loading when knee flexion is less than 45° (Markolf et al., 1995). Ford and colleagues
(2014) demonstrated a preferential activation of the quadriceps group in greater drop
heights. The increase in activation of the quadriceps group was not accompanied by an
increase in the recruitment of hamstring musculature. This suggests that increased landing
intensity may increase shear load on the ACL due to differences in feed-forward
neuromuscular control. This study only used females and so the strategy employed may not

be utilised by males.

In the one study to report frontal kinematics, it was shown that increased drop height did not

significantly change peak valgus angle or hip adduction angle at IC (Dickin et al., 2015). A
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trend was evident for increased ankle inversion moment, which increased with greater drop

heights. The consistent peak valgus angles may be due to the significantly greater peak

flexion angles at the hip, knee, and ankle during landings from greater heights. This strategy

may have attenuated landing forces more effectively in the sagittal plane, thus reducing the

need to dissipate force in the frontal plane. The increased intensity of jump landings through

the manipulation of drop height has been shown to cause differences in landing strategies in

a variety of populations. Due to differences in task, it is difficult to compare the demands on

landings in response to increased jump height and additional load.

Table 4. Summary of studies examining effects of drop height on landing strategies

Height Task Main findings
McNitt-Gray 0.32m Two-legged drop landing from Increased peak vGRF and peak knee and hip flexion
(1991) 0.72m various heights performed by angles and angular velocities as a result of greater
' gymnasts and recreational drop heights.
1.28m athletes.
Ford et al. 0.20m Maximal drop jumps from Hip flexion decreased at IC as a result of greater
(2011) 0.30m various heights by drop heights. Increased vGRF in landings from
' recreationally active greater heights. Increased activation of the
0.40m participants. quadriceps with greater drop height but no
0.50m significant change in hamstring activation.
0.60m
Peng (2011) 0.20m Drop jumps from various Increased impulse, VGRF, and negative joint work at
0.30m heights by physically active the ankle and knee as a result of greater drop
' college students. heights.
0.40m
0.50m
0.60m
Ali et al. 0.30m Single-leg landings  from Increases in height were associated with significantly
(2012) 0.50m various heights recreationally greater vGRF, peak knee flexion angle, peak trunk
' active participants. flexion angle, and power and work at the knee.
0.70m
Dickinetal. 0.30m Double-leg drop jumps from Increased drop height caused decreases in hip
(2015) 0.40m various heights before and flexion at IC and increases in peak knee and hip
' after fatiguing protocol. flexion angles. Increased height was also associated
0.50m with greater vGRF and joint moments and powers.

2.7 Conclusion

The knee has been cited to be the most frequently injured site of the body and the

catastrophic consequences of serious injury to the joint are well documented. Maladaptive

jump landing strategies which cause excessive loading at the knee joint have been strongly
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associated with the occurrence of injury at the knee. Previous literature has demonstrated
that gender and additional landing demands, either through the addition load or alterations of
drop-landing height, can significantly affect landing strategies which may increase the risk of
injury during drop or jump landings. These include alterations to sagittal joint angles and
increases in VGRF. Thus far, no literature has examined the interplay of increased landing
demands through the addition of load and gender during jump landings. Moreover, no

existing literature has compared landing techniques when using different methods of loading.
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Chapter Three: Reliability Testing

3.1 Introduction

Prior to the collection of data for the main study, the Helen Hayes marker set (Kadaba,
Ramakrishnan & Wootten