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Noncontact anterior cruciate ligament (ACL) injuries commonly occur upon initial foot
contact (IC) with the ground during single-leg cutting or jump-landing maneuvers. Because these
injuries occur in the absence of physical contact with another player or object, it is believed that
some of these injuries may be avoided through intervention strategies aimed to target modifiable
injury risk factors. In this regard, hamstring musculo-articular stiffness (Knam) may play a critical
role in protecting the ACL during functional athletic movements by helping resist biomechanical
characteristics indicative of ACL loading, such as proximal tibia anterior shear force (PTASF),
anterior tibial translation (ATT), and anterior tibial acceleration (ATA). However, current
evidence regarding the influence of Knam 0n knee joint biomechanics is limited to studies of non-
weight bearing perturbations and double-leg landing tasks, which may not adequately represent
the single-leg landing situations in which noncontact injuries commonly occur. Additionally,
males and females have been included in the same analyses without accounting for between-sex
differences that may confound reported relationships. Thus, the purposes of this study were to: 1)
compare the neuromuscular and biomechanical demands of a double-leg stop-jump (DLSJ) task
to that of a single-leg stop-jump (SLSJ) task in males and females; 2) determine, within each sex,
the extent to which Knam predicts ACL-loading characteristics during a SLSJ, after controlling
for initial body positioning (i.e. trunk center-of-mass position and hip and knee flexion angles at
IC); and 3) examine the extent to which a select group of anatomical, neuromuscular, and
biomechanical characteristics collectively predict ACL-loading characteristics during a SLSJ.
Eighty healthy, physically-active, males (n = 40) and females (n = 40) completed a 5-min warm-
up, were measured for anterior knee laxity (AKL), quadriceps and hamstring maximal voluntary

isometric contractions (MVIC), and Knawm, and then performed the DLSJ and SLSJ tasks, during



which biomechanical and neuromuscular activation data were collected. Compared to the DLSJ,
males and females performed the SLSJ with a more posterior trunk center-of-mass position (P <
.001) and smaller knee-flexion angles (P < .001) at IC, less knee-flexion excursion (P =.038),
greater ground reaction forces (P <.001), knee-extension moments (P =.033), and PTASF (P <
.001), and less ATT (P =.007). Compared to men, women performed both tasks with smaller
knee-flexion angles at IC (P =.047), less hip-flexion excursion (P = .006), slower hip-flexion
velocities (P = .040), smaller hip-extension moments (P <.001), and greater ATT (P =.006);
however, compared to the DLSJ, females performed the SLSJ with a greater reduction in hip-
flexion velocity (P <.001) and a smaller increase in hip-extension moment (P < .001) than males.
Irrespective of sex, individuals with greater amounts of AKL performed the SLSJ with a greater
increase in PTASF compared to individuals with lesser AKL (P < .001). After controlling for
initial body positioning, Knam was not a predictor of ACL-loading characteristics during the SLSJ
in either sex. These results indicate that performing a stop-jump task on a single leg elicits
characteristics associated with increased ligamentous loading and a landing posture that is more
representative of what has been observed during injurious situations, and that the demands placed
on the body during the SLSJ are greater for females compared to males. Thus, researchers are
encouraged to use tasks that more closely mimic the conditions in which noncontact ACL injuries
commonly occur, and employ sex-specific analyses, in future work. Additionally, although
individuals with greater Kuam have previously been reported to display biomechanical
characteristics indicative of lesser ACL loading during non-weight bearing perturbations and
double-leg jump-landings, Kuam Was not found to be a significant predictor of ACL-loading
characteristics in either sex during the SLSJ in the current study. While these conflicting findings
may indicate that the hamstrings ability to resist sagittal-plane ACL loading characteristics is

negated when landing on a single leg, due to a more upright landing style, future studies are



needed to further elucidate the functional role of the hamstrings in resisting sagittal-place ACL

loading characteristics when landing on a single leg in a more upright position.
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CHAPTER I

INTRODUCTION

Noncontact anterior cruciate ligament (ACL) injuries often occur as the relatively
extended knee (< 30° flexion) transitions from non-weight bearing to weight bearing upon initial
ground contact during cutting and jump-landing maneuvers (Boden, Dean, Feagin, & Garrett,
2000; Koga et al., 2010; Krosshaug et al., 2007; Olsen, Myklebust, Engebretsen, & Bahr, 2004).
Although the precise mechanism(s) of injury likely involves a combination of anterior tibial
translation, knee valgus, and internal tibial rotation; anterior tibial translation represents the most
direct loading mechanism to the ACL (Butler, Noyes, & Grood, 1980; Markolf et al., 1995).
Research demonstrates that anterior tibial translation naturally occurs as the knee transitions from
non-weight bearing to weight bearing in a relatively extended position (<30° flexion) (Fleming,
Renstrom, Beynnon, et al., 2001; Torzilli, Deng, & Warren, 1994). This occurs for two reasons.
First, ground reaction forces induce a compressive axial load that acts through the posterior- and
inferiorly-directed slope of the tibial plateau to cause anterior tibial acceleration and proximal
tibia anterior shear force, and thus anterior tibial translation (McLean, S. G., Lucey, Rohrer, &
Brandon, 2010; McLean, S. G. et al., 2011; Meyer & Haut, 2005; Schmitz, Kim, & Shultz, 2010;
Torzilli et al., 1994). Second, these ground reaction forces also produce an external knee flexion
moment that must be counteracted by a quadriceps-generated internal knee extension moment to
stabilize the knee and control the downward acceleration of the body (Blackburn & Padua, 2009;
Yu, Lin, & Garrett, 2006). At more extended knee angles, contraction of the quadriceps muscles

act through the anteriorly-oriented patellar tendon to create additional proximal tibia anterior



shear and anterior tibial translation, further loading the ACL (DeMorat, Weinhold, Blackburn,
Chudik, & Garrett, 2004; Li et al., 1999; Withrow, Huston, Wojtys, & Ashton-Miller, 2006).
The hamstring muscles function antagonistically to the quadriceps, and proximal tibia
anterior shear loading, by resisting anterior and rotary tibiofemoral motion (Victor, Labey, Wong,
Innocenti, & Bellemans, 2010). Therefore, it seems intuitive that functional athletic tasks which
require considerable quadriceps activation, such as landing from a jump, should be accompanied
by adequate co-contraction of the hamstring muscles to resist proximal anterior tibial shear force
and consequently minimize ACL loading. To this end, several in-vivo (Baratta et al., 1988;
Beynnon et al., 1995; Solomonow et al., 1987), in-vitro (Draganich & Vahey, 1990; Li et al.,
1999; MacWilliams, Wilson, DesJardins, Romero, & Chao, 1999; Victor et al., 2010; Withrow et
al., 2006), and musculoskeletal modeling studies (Imran & O'Connor, 1998; Kellis, 1998; Pandy
& Shelburne, 1997) demonstrate that adequate co-contraction of the hamstrings can effectively
reduce the net anterior shear forces placed on the tibia, subsequently reducing ACL loading.
Specifically, these studies have demonstrated that peak anterior tibial translation and ACL
loading occur when the knee is in 15-30° of flexion and an isolated quadriceps contraction is
applied (Beynnon & Fleming, 1998; Beynnon et al., 1995; Draganich & Vahey, 1990; Fujiya,
Kousa, Fleming, Churchill, & Beynnon, 2011); and that when a hamstring contraction is then
applied, anterior tibial translation and ACL loading are reduced at knee flexion angles greater
than 10-15° (Draganich & Vahey, 1990; MacWilliams et al., 1999; Pandy & Shelburne, 1997;
Withrow et al., 2006; Withrow, Huston, Wojtys, & Ashton-Miller, 2008). However, due to the
inherent difficulties associated with measuring muscle forces and ACL loading in-vivo, the
demonstrated effects of hamstring co-contraction on ACL loading have been limited to cadaver

models and musculoskeletal modeling simulation studies, or in-vivo during isometric knee-



extension exercises. Therefore, the true extent to which the hamstrings effectively reduce ACL
loading during functional athletic tasks remains unknown.

It is well accepted that preparatory muscle activation occurs in anticipation of initial
ground contact during functional athletic tasks such as landing from a jump. This preparatory
muscle activation increases overall joint stiffness and is thought to enhance functional knee
stability (Bryant, Creaby, Newton, & Steele, 2008; McNair & Marshall, 1994; Swanik, Lephart,
Swanik, Stone, & Fu, 2004). Because noncontact ACL injuries occur within the first 10 to 50
milliseconds following initial ground contact (Koga et al., 2010; Krosshaug et al., 2007), any
imbalance or delay in preparatory muscle activation may lead to improper limb positioning and
higher ACL loading, increasing the risk of injury. In this regard, a property of the hamstring
muscles that may play a critical role in helping resist the biomechanical factors reported to
contribute to ACL loading (i.e. proximal tibia anterior shear force, anterior tibial acceleration,
anterior tibial translation) is hamstring musculo-articular stiffness. Hamstring musculo-articular
stiffness (Knam) is @ modifiable neuromechanical property that quantifies the resistance of the
hamstring musculo-articular unit to lengthening in response to an applied load (Blackburn &
Norcross, 2014). Research demonstrates that Knawm is positively related to neuromuscular
activation levels (Ditroilo, Watsford, & De Vito, 2011; Jennings & Seedhom, 1998). Therefore, it
is theorized that for a given load, relatively stiffer hamstrings will permit a smaller change in
length compared to more compliant hamstrings, thus limiting tibiofemoral joint motion and the
biomechanical factors that contribute to ACL loading.

There is currently a small, but growing body of literature to support the theory that Kiam
may play a critical role in ACL loading by helping control tibiofemoral motion. Research
demonstrates that ACL-deficient individuals with higher levels of Kuam possess greater functional

knee stability than more compliant individuals (McNair, Wood, & Marshall, 1992), which
3



suggests that Kuam may help supplement the stability roles of the native ACL. In addition,
healthy (uninjured) individuals with higher levels of Kuam are shown to display less anterior tibial
translation (Blackburn, Norcross, & Padua, 2011) and proximal tibia anterior shear force
(Blackburn, Norcross, Cannon, & Zinder, 2013) during controlled perturbations and double-leg
landing tasks, respectively. Further, females display less Knawm (Blackburn, Bell, Norcross,
Hudson, & Kimsey, 2009; Blackburn & Pamukoff, 2014; Blackburn, Riemann, Padua, &
Guskiewicz, 2004; Granata, Wilson, & Padua, 2002), perform dynamic landing tasks with greater
proximal anterior tibial shear force (Chappell, Yu, Kirkendall, & Garrett, 2002; Sell et al., 2007;
Yu et al., 2006), and are at substantially greater risk of experiencing a noncontact ACL injury
(Arendt, E. & Dick, 1995), compared to similarly trained males. Thus, it appears that insufficient

Knam may influence an individual’s functional knee stability and risk for noncontact ACL injury.

Statement of Problem

Although a direct link between Kyam and noncontact ACL injury risk has yet to be
established, there is evidence to suggest that higher levels of Kuam may protect the ACL from
deleterious loading during the early phase of landing, the time at which such injuries are reported
to occur (Blackburn et al., 2013; Blackburn et al., 2011). However, current evidence regarding the
influence of Kham 0n knee joint biomechanics is limited to studies of non-weight bearing
perturbations (Blackburn et al., 2011) and double-leg drop-jump landings (Blackburn et al.,
2013). Research demonstrates that noncontact ACL injuries most often occur when cutting or
landing on a single leg (Boden et al., 2000; Boden, Torg, Knowles, & Hewett, 2009; Hewett,
Torg, & Boden, 2009; Koga et al., 2010; Olsen et al., 2004), and that large asymmetries in
weight-distribution are present when these injuries occur during double-leg landings (Hewett et

al., 2009; Olsen et al., 2004). Additionally, laboratory-based studies show that during single-leg
4



landing tasks, individuals land with larger ground reaction forces and internal knee extension
moments, smaller hip and knee flexion angles and slower hip and knee flexion angular velocities
at initial ground contact, and greater proximal tibia anterior shear force, compared to double-leg
landing tasks (Pappas, Hagins, Sheikhzadeh, Nordin, & Rose, 2007; Wang, I. L., Wang, & Wang,
2015; Wang, L. 1., 2011; Yeow, Lee, & Goh, 2010). Thus, open-kinetic-chain perturbations and
double-leg jump-landings may not adequately represent the situations in which noncontact ACL
injuries commonly occur. There are also methodological differences in the way that Knawm has
been assessed in previous work. For example, some studies have assessed Knam by standardizing
the assessment load as a percentage of an individual’s body mass, whereas other have
standardized the assessment load as a percentage of an individual’s maximal isometric hamstring
torque. Because Knawm is influenced by neuromuscular activation levels (Ditroilo et al., 2011;
Jennings & Seedhom, 1998), the ability to make comparisons between studies that have used
different methods of standardizing the applied load is limited. Furthermore, the influence of Kyam
on measures of ACL loading has been established with males and females in the same statistical
analyses without equal sex-stratification. This is despite females having less Knam (Blackburn et
al., 2009; Blackburn & Pamukoff, 2014; Blackburn et al., 2004; Granata et al., 2002), and
displaying a more posterior center of mass position (DiStefano, Padua, Prentice, Blackburn, &
Keras, 2005; Yu et al., 2006), less hip and knee flexion (Schmitz, Kulas, Perrin, Riemann, &
Shultz, 2007), higher quadriceps and lower hamstring muscle activation (Malinzak, Colby,
Kirkendall, Yu, & Garrett, 2001), and greater posterior ground reaction forces and knee extensor
moments (Schmitz et al., 2007), during functional athletic tasks than males. This creates a
problem, because the combination of peak posterior ground reaction force, knee extensor
moment, knee flexion angle, quadriceps muscle activation, and sex, has been shown to account

for 86.1% of the variance in proximal tibia anterior shear force during a vertical stop-jump task
5



(Sell et al., 2007). Therefore, the true extent to which Knawm is associated with biomechanical
factors that directly influence ACL loading (i.e. proximal tibia anterior shear force, anterior tibial
translation, and anterior tibial acceleration) once other sex dependent factors are accounted for

during functional landing tasks remains unknown.

Objectives and Hypotheses
The primary objective of this study was to determine, within each sex, the extent to
which Kpam predicts biomechanical factors indicative of sagittal plane ACL loading during a
functional single-leg stop-jump landing task. This was accomplished through the following aims

and hypotheses:

Aim 1: To examine the effects of landing type (double-leg /single-leg) and sex (male/female) on
neuromuscular (i.e. preparatory muscle activation of the quadriceps and hamstring muscles) and
biomechanical variables (i.e. trunk center of mass position and hip and knee flexion angles at
initial ground contact; trunk center of mass position and hip and knee flexion excursions; average
hip and knee flexion angular velocities throughout landing; and peak posterior and vertical
ground reaction forces, peak knee extensor moment, peak proximal tibia anterior shear force,
peak anterior tibial acceleration, and peak anterior tibial translation throughout landing) during a
stop-jump landing task.
Hypothesis 1a: Compared to the double-leg stop-jump, the single leg stop-jump will
elicit a more upright landing posture (i.e. a more posteriorly-oriented trunk center of mass
position and less hip and knee flexion at initial ground contact), slower hip and knee
flexion angular velocities, smaller trunk center of mass position and hip and knee flexion

excursions, larger posterior and vertical ground reaction forces and knee extensor
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moments, greater preparatory muscle activation, and biomechanical factors indicative of
greater ACL loading (i.e. greater peak proximal tibia anterior shear force, anterior tibial
acceleration, and anterior tibial translation).

Hypothesis 1b: During both tasks, females will display a more upright landing posture
(i.e. a more posteriorly-oriented trunk center of mass position and less hip and knee
flexion at initial ground contact), slower hip and knee flexion angular velocities, trunk
center of mass position and hip and knee flexion excursions, larger posterior and vertical
ground reaction forces and knee extensor moments, greater preparatory muscle
activation, and biomechanical factors indicative of greater ACL loading (i.e. greater peak
proximal tibia anterior shear force, anterior tibial acceleration, and anterior tibial

translation), compared to males.

Aim 2: To determine, within each sex, the extent to which Knam predicts biomechanical factors
indicative of sagittal plane ACL loading (i.e. peak proximal tibia anterior shear force, peak
anterior tibial acceleration, and peak anterior tibial translation) during a single-leg stop-jump
landing task; and whether the extent to which Knam predicts biomechanical factors indicative of
sagittal plane ACL loading is influenced by the way in which Kyam is measured (i.e. assigning the
applied load as a fixed percentage of body mass or as a fixed percentage of maximal voluntary
isometric torque).
Hypothesis 2a: After controlling for body positioning at initial ground contact (i.e. trunk
center of mass position and hip and knee flexion angles), higher Knam values will be
predictive of biomechanical characteristics indicative of lower sagittal plane ACL loading
during landing (i.e. less proximal tibia anterior shear force, anterior tibial acceleration,

and anterior tibial translation) within each sex.
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Hypothesis 2b: The extent to which Knawm predicts biomechanical factors indicative of
sagittal plane ACL loading will be dependent on the method by which Kyam is measured
(i.e. assigning the applied load as a fixed percentage of body mass or as a fixed
percentage of maximal voluntary isometric torque). Specifically, it is hypothesized that
Kuam Will be more predictive of biomechanical factors indicative of sagittal plane ACL
loading when Knawm is assessed using an applied load standardized as a percentage of

peak isometric torque versus a percentage of body mass.

Aim 3: To determine the extent to which Kuam independently predicts biomechanical factors

indicative of sagittal plane ACL loading (i.e. proximal tibia anterior shear force, anterior tibial

translation, and anterior tibial acceleration) during a single-leg stop-jump landing, once other

known neuromuscular and biomechanical characteristics are accounted for. These neuromuscular

and biomechanical characteristics include preparatory quadriceps muscle activation, peak

posterior ground reaction force, knee flexion angle at the time of peak posterior ground reaction

force, and knee extensor (internal) moment at the time of peak posterior ground reaction force.

Hypothesis 3a: The linear combination of peak posterior ground reaction force, knee
extensor moment, knee flexion angle, preparatory quadriceps muscle activation, and sex,
will be highly predictive of biomechanical factors indicative of sagittal plane ACL
loading. This hypothesis is based on the previous work of Sell et al (Sell et al., 2007),
who demonstrated greater preparatory quadriceps muscle activation, peak posterior
ground reaction force, external knee flexion moment, and knee flexion angle, and sex
(being female), significantly predicted greater proximal tibia anterior shear force during a

double-leg stop jump landing task.



Hypothesis 3b: Hamstring musculo-articular stiffness (Knam) will be a significant
independent predictor in the final regression model when added to the pool of possible
predictors, with higher Kuam being predictive of biomechanical characteristics indicative
of lower sagittal plane ACL loading (i.e. less proximal tibia anterior shear force, anterior

tibial acceleration, and anterior tibial translation).

Limitations and Assumptions
All participants exerted maximal effort during all experimental testing procedures.
The Phase Space IMPULSE three-dimensional motion tracking system and Bertec force
platforms are valid and reliable devices for kinematic and kinetic measurements, respectively.
The representation of the foot, shank, thigh, and trunk, as rigid segments, are accurate
depictions of the motion occurring during athletic movements.
Inverse dynamics calculations are representative of the total moments occurring at the joint.
Electromyography analysis by way of the surface electrodes (SEMG), using the Delsys
Trigno system, is a valid and reliable device for the assessment of neuromuscular activation
timing and amplitude.
The neuromuscular activity (i.e. SEMG amplitude) obtained at each muscle site is
representative of the total activity throughout the entire muscle.
The functional landing tasks used in this study (i.e. single-leg and double-leg stop-jump
landing) adequately simulate the situations in which non-contact ACL injuries commonly
occur.
The in-vivo assessment of hamstring musculo-articular stiffness (Knawm) via free-oscillation
results in a global stiffness measurement, which includes contributions from the hamstring

muscle-tendon unit(s), skin, ligament(s), bone(s), and articular joint capsule.
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9.

10.

11.

12.

Hamstring musculo-articular stiffness (Knawm) is effectively represented by a spring-mass
model.

Results from this study are most generalizable to healthy, highly-active, college-aged males
and females, who regularly participate in activities that involve running, cutting, jumping,
and landing (e.g. basketball, soccer, tennis, rugby, and volleyball), and caution should be
taken when attempting to generalize these results to other populations.

Biomechanical assessments were performed in a standard laboratory setting, which may elicit
different kinematic and kinetic measurements than what would be observed during actual
practice and competition.

Due to the in-vivo nature of this study, it is not possible to measure anterior cruciate ligament

(ACL) loading directly.

Delimitations
Participant recruitment was limited to healthy, highly-active, college-aged males and females,
who regularly participated in activities that involved running, cutting, jumping, and landing
(e.g. basketball, soccer, tennis, rugby, and volleyball).
Participants were considered healthy, as defined by: 1) no history of injury to the anterior or
posterior cruciate ligaments (ACL and PCL, respectively), the medial or lateral collateral
ligaments (MCL and LCL, respectively), or the medial or lateral menisci, 2) no history of
lower extremity surgery, 3) no history of lower-extremity injury within 6 months prior to
recruitment, and 4) no known medical conditions that would affect their connective tissue or

vestibular system.
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3. Participants were considered highly-active, as defined by engaging in greater than the
equivalent of 300 minutes of moderate-intensity physical activity per week (4CSM’s Health-
Related Physical Fitness Assessment Manual, 2013).

4. In order to control for potential effects of cycling hormones on knee joint laxity, stiffness, and
landing biomechanics, all testing for eumenorrheic female participants were constrained to
the follicular phase of their menstrual cycle when hormones are most stable and at their
nadirs (Days 1-8 following self-reported onset of menstrual bleeding).

5. Anterior knee laxity has been reported to influence anterior tibial translation during weight
acceptance (Shultz, S. J., Shimokochi, et al., 2006). It has also been reported that
characteristics of the load-displacement curve (anterior knee laxity and stiffness) influence
knee anterior shear forces during double-leg drop-jump landings (Schmitz, Sauret, & Shultz,
2013). Therefore, anterior knee laxity was collected in order to account for passive restraint
characteristics that potentially influence stop-jump landing biomechanics.

6. It was expected that all participants would be able to successfully and consistently complete
all experimental testing procedures following familiarization.

7. All participants wore standardized shoes and clothing during the experimental testing session,

and all biomechanical landing assessments were performed on the same laboratory surface.
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Operational Definitions

Anterior Knee Laxity (AKL): The anterior displacement (mm) of the tibia relative to the femur

when subjected to an anterior-directed load of 133 N, applied to the posterior proximal tibia, with

the knee placed in 25 + 5° of flexion.

Center of Pressure (COP): The planar point location of the vertical ground reaction force vector.

Center of Mass (COM): The planar point location about which the body’s mass is equally

distributed.

Double-Leg Stop Jump (DLSJ) Task: A task which involves a double-leg horizontal jump onto

two force platforms from a distance equal to 40% of the participant’s standing height,
immediately followed by a maximum vertical jump and subsequent double-leg landing.

Hamstring Musculo-Articular Stiffness (Knam): An in-vivo measure of active stiffness that

guantifies the resistance of the hamstring musculo-articular unit(s) to lengthening in response to
an applied load. Specifically, Knam is assessed via the free-oscillation technique, whereby the leg
is modeled as a single-degree-of-freedom mass-spring system, and the damping effect that the
hamstring impose on oscillatory flexion-extension at the knee joint is quantified, following a brief
manual perturbation. The derived value of Knyam is then normalized by being divided by the
participant’s body mass (expressed in units of N-m*-kg?).

Healthy: An individual with: 1) no history of injury to their anterior or posterior cruciate
ligaments (ACL and PCL, respectively), their medial or lateral collateral ligaments (MCL and
LCL, respectively), or their medial or lateral menisci, 2) no history of lower extremity surgery, 3)
no history of lower-extremity injury within 6 months of recruitment, and 4) no known medical
conditions that would affect their connective tissue or vestibular system.

Initial Ground Contact (IC): The point in time when the vertical ground reaction force exceeds

10 newtons (N).
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Landing Phase: The time-interval from initial contact to maximal descent during each landing
task.

Maximal Descent: The time point at which the participant’s center of mass (CoM) reaches its

lowest position.

Maximal Voluntary Isometric Contraction (MVIC) Peak RMS sEMG Amplitude: The peak RMS
SEMG amplitude obtained from each individual quadriceps (vastus medialis and vastus lateralis)
and hamstring muscle (semitendinosus and biceps femoris) during a 3-second maximal-effort
isometric contraction with the hip and knee fixed in 30° of flexion, averaged across three trials.

Maximal Voluntary Isometric Contraction (MVIC) Peak Torque: The peak torque produced by

the quadriceps and hamstring muscles during 5-second maximal-effort isometric quadriceps and
hamstring contractions, respectively.

Muscle Pre-Activation: The mean RMS sEMG amplitude obtained from a given muscle 150

milliseconds prior to initial ground contact, normalized to the MVIC peak RMS sEMG amplitude

from the same muscle, and expressed as a percentage of MVIC (%MVIC).

Single-Leg Stop Jump (SLSJ) Task: A task which involves a single-leg horizontal jump onto a
force platform from a distance equal to 40% of the participant’s standing height, immediately

followed by a maximal single-leg vertical jump and subsequent single-leg landing.

Independent and Dependent Variables

Anterior Tibial Acceleration (ATA): The peak anterior acceleration (m/s?) of the proximal tibia

recorded during the landing phase.

Anterior Tibial Translation (ATT): The peak anterior displacement (mm) of the proximal tibia

relative to the femur during the landing phase.

13



Average Hip Flexion Angular Velocity (HFV): The sagittal plane angular velocity (°/s) of the

femur relative to the pelvis averaged across the landing phase.

Average Knee Flexion Angular Velocity (KFV): The sagittal plane angular velocity (°/s) of the

tibia relative to the femur averaged across the landing phase.

Hamstring Muscle Pre-Activation (HAMpre): A composite average of the muscle pre-activation
of the medial and lateral hamstrings (semitendinosus and biceps femoris, respectively), expressed
as a percentage of MVIC (%MVIC).

Hamstring Musculo-articular Stiffness - Body Mass (Knam. BM): The Knam Value obtained when

assessed using an applied load equal to 10% of the participant’s body mass (expressed in units of
N-m*-kg?).

Hamstring Musculo-articular Stiffness - MVIC (Kuam. MVIC): The Knam Value obtained when

assessed using an applied load equal to 30% of the participant’s MVIC peak hamstring torque
(expressed in units of N-m*-kg?).

Hip Flexion Excursion (HFexc): The sagittal plane angle (°) of the femur relative to the pelvis at

peak minus the sagittal plane angle (°) of the femur relative to the pelvis at initial contact.

Initial Hip Flexion Angle (HFc): The sagittal plane angle (°) of the femur relative to the pelvis at

initial contact.

Initial Knee Flexion Angle (KFc): The sagittal plane angle (°) of the tibia relative to the femur at

initial contact.

Initial Trunk COM Position (TrunkCOM,c): The anterior-posterior distance (cm) of the trunk’s

center of mass (COM) relative to the center of pressure (COP) at initial contact.

Knee Extension Moment at Peak Posterior Ground Reaction Force (KEMpkpere): The internal

moment acting about the medial-lateral axis of the knee joint at the time of peak posterior ground

reaction force, normalized to the product of body height and weight (N-m-BW*-Ht?).
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Knee Flexion Angle at Peak Posterior Ground Reaction Force (KFpkpcre): The sagittal plane

angle (°) of the tibia relative to the femur at the time of peak posterior ground reaction force.

Knee Flexion Excursion (KFexc): The sagittal plane angle (°) of the tibia relative to the femur at

peak minus the sagittal plane angle (°) of the tibia relative to the femur at initial contact.
Landing Type: Single-leg versus double-leg stop-jump landing tasks.

Peak Hip Extension Moment (KEMpeak): The peak internal moment acting about the medial-

lateral axis of the hip joint, normalized to the product of body height and weight (N-m-BW-Ht"
1).

Peak Knee Extension Moment (KEMpeak): The peak internal moment acting about the medial-

lateral axis of the knee joint, normalized to the product of body height and weight (N-m-BW-Ht"
1).

Peak Posterior Ground Reaction Force (DGRFpeak): The peak ground reaction force in the

posterior direction, recorded during the landing phase, normalized to body weight (BW).

Proximal Tibia Anterior Shear Force (PTASF): The peak net anterior shear force at the proximal

tibia during the landing phase, normalized to body weight (BW).

Peak Vertical Ground Reaction Force (VGRFpeak): The peak ground reaction force in the vertical

direction, recorded during the landing phase, normalized to body weight (BW).

Quadriceps Muscle Pre-Activation (QUADege): A composite average of the muscle pre-activation

of the medial and lateral quadriceps (vastus medialis and vastus lateralis, respectively), expressed
as a percentage of MVIC (%MVIC).
Sex: The sex of the participant (male or female).

Trunk COM Position Excursion (TrunkCOMexc): The peak anterior-posterior distance (cm) of the

trunk’s center of mass (COM)), relative to the center of pressure (COP), during the landing phase

minus the anterior-posterior distance of the trunk’s COM, relative to the COP, at initial contact.
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CHAPTER II

REVIEW OF THE LITERATURE

Introduction

Anterior cruciate ligament (ACL) injuries are estimated to affect more than 100,000
individuals annually in the United States, with the majority of these injuries occurring in young
athletes between 15 and 25 years of age (Griffin et al., 2006; Majewski, Susanne, & Klaus, 2006;
Prodromos, Han, Rogowski, Joyce, & Shi, 2007). These injuries are accompanied by high
financial costs due to surgical reconstruction and rehabilitation (Brophy, Wright, & Matava,
2009; Mather et al., 2013), and can often result in a number of undesirable consequences,
including long-term disability and the early development of knee osteoarthritis, an increased risk
of re-injury, and a reduced likelihood of returning to pre-injury levels of competition (Ardern,
Taylor, Feller, Whitehead, & Webster, 2015; Lohmander, Ostenberg, Englund, & Roos, 2004;
Neuman et al., 2008; Oiestad, Holm, Engebretsen, & Risberg, 2011; Wright et al., 2007). Because
over two thirds of all ACL injuries are noncontact in nature, in that they occur in the absence of
physical contact with another individual or object (Boden et al., 2000; Ferretti, Papandrea,
Conteduca, & Mariani, 1992; Krosshaug et al., 2007), it is thought that some of these injuries
may be prevented through targeted intervention strategies. As such, identifying modifiable factors
that contribute to noncontact ACL injury risk has been a major focus of research over the past 15
years. However, the most appropriate risk factors to be targeted through injury prevention efforts
have yet to be fully elucidated.

The purpose of the following review of literature is to support the theoretical framework

that hamstring musculo-articular stiffness (Knam) may play a critical role in ACL loading, and
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thus noncontact ACL injury risk, by helping control tibiofemoral motion during functional
athletic tasks that are representative of the situations in which noncontact ACL injuries
commonly occur. Specifically, this review aims to present and summarize what is currently
known about the mechanism(s) of noncontact ACL injury, the factors that contribute to dynamic

knee stability and ACL loading, and the potential role of Kuawm in contributing to ACL loading.

Mechanism(s) of Noncontact Anterior Cruciate Ligament Injury

For ethical reasons, in-vivo measurements of ACL loading to failure are not possible to
obtain. Consequently, current evidence regarding the potential mechanism(s) by which
noncontact ACL injury occurs has largely been limited to retrospective interviews with ACL-
injured individuals and video analyses of actual injuries recorded during training (practice) or
competition (games or matches). Such investigations have used this information to characterize
the situations in which noncontact injuries most commonly occur, and to subsequently propose
the potential mechanism(s) of injury. However, retrospective interviews and video analyses are
limited due to the fact that the precise mechanism(s) of injury likely involves a complex
interaction between muscle forces, external forces, and joint contact forces (Ali & Rouhi, 2010) ,
which cannot be obtained from such methods. Therefore, in-vitro and in-vivo studies have also
been conducted to gain a better understanding of the knee joint positions that load the ACL and

thereby place the ligament at increased risk for injury.

Anterior Cruciate Ligament Structure and Function
Prior to discussing the proposed mechanism(s) of injury and what is currently known
about ACL loading, it is important for first have a general understanding of the structural

anatomy and function of the ACL. The knee joint is the largest and possibly the most complex
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synovial joint in the human body, with three bony articulations (i.e. patella-femoral, medial tibio-
femoral, and lateral tibio-femoral) and six degrees-of-freedom (i.e. flexion-extension, internal-
external rotation, varus-valgus angulation, anterior-posterior translation, medial-lateral
translation/shift, and compression and distraction) (Woo, Debski, Withrow, & Janaushek, 1999).
Collectively, the ligaments of the knee help passively restrain excessive joint motion in order to
maintain knee stability (Noyes, Grood, Butler, & Malek, 1980). As described by Arnoczky
(Arnoczky, 1983), the ACL originates on the posterior aspect of the medial surface of the lateral
femoral condyle, and then travels anteriorly, medially, and distally across the knee joint as it
passes from the femur to its insertion site on the tibia, just lateral and anterior to the tibial spine.
The ACL itself consists of two distinct bundles; the anteromedial bundle, which originates on the
proximal aspect of the femoral attachment and inserts on the anteromedial aspect of the tibial
attachment; and the posterolateral bundle, which originates on the proximal aspect of the femoral
attachment and inserts on the posterolateral aspect of the tibial attachment (Arnoczky, 1983). In
terms of knee joint function, the ACL (both the anteromedial and posterolateral bundles) has been
shown to resist anterior tibial translation (i.e. anterior translation of the tibia relative to the
femur), internal tibial rotation (i.e. internal rotation of the tibia relative to the femur), and
hyperextension of the tibiofemoral joint (< 0° knee flexion) (Ahmed, Burke, Duncan, & Chan,
1992; Ahmed, Hyder, Burke, & Chan, 1987; Butler et al., 1980; Markolf et al., 1995; Vahey &
Draganich, 1991). When the knee joint is fully extended (~ 0° knee flexion), the posterolateral
bundle is taut while the anteromedial bundle is relatively slack; however, as the knee begins to
flex, the femoral attachment of the ACL becomes more horizontally aligned, which causes the
anteromedial bundle to tighten and the posterolateral bundle to loosen (Girgis, Marshall, &
Monajem, 1975). Together, the presence of these two distinct bundles allows for different

portions of the ACL to remain taut throughout the full joint range of motion (Welsh, 1980); and it
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is clinically important to understand that the ACL is under tension prior to the application of any

external loading.

Retrospective Interview

In an early effort to gain an understanding of the potential mechanism(s) of noncontact
ACL injury, several researchers conducted retrospective interviews on ACL-injured individuals
(Boden et al., 2000; Faung & Wulff Jakobsen, 2006; Ferretti et al., 1992; McNair, Marshall, &
Matheson, 1990; Olsen et al., 2004). From these studies, it has been reported that approximately
70% of all ACL injuries occur in honcontact situations, and that such injuries are more likely to
occur during competition than during practice or training (Boden et al., 2000; Faung & Wulff
Jakobsen, 2006; Ferretti et al., 1992; McNair et al., 1990; Olsen et al., 2004). In addition, it has
been found that noncontact ACL injuries typically occur during movements that involve a sudden
deceleration of the body, with or without a change in direction, such as when cutting to quickly
evade an opponent (Faung & Wulff Jakobsen, 2006; Olsen et al., 2004) or when landing from a
jump on one or two legs (Boden et al., 2000; Ferretti et al., 1992; Olsen et al., 2004). Further,
these studies have been able to gain a general understanding of the injured individuals’ body
positioning at the time of injury. The most common traits described among injured individuals are
that their knee was in a relatively extended position (between 20° flexion and full extension), and
that the foot of their injured leg was in contact with the ground, at the time of injury (Boden et al.,
2000; Faung & Wulff Jakobsen, 2006; Ferretti et al., 1992; McNair et al., 1990; Olsen et al.,
2004). In contrast, there has been much more variability reported in terms of frontal and
transverse plane knee motions at the time of injury. Specifically, some individuals reported injury
to occur with either internal or external rotation of the tibia with the knee relatively extended

(McNair et al., 1990), varus (i.e., knee adduction) or valgus (i.e., knee abduction) collapse with
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the knee relatively extended (Boden et al., 2000), or a combination varus/valgus collapse and
internal/external rotation of the tibia with the knee relatively extended (Ferretti et al., 1992).
Although these studies provide valuable initial insight to the potential mechanisms involved in
noncontact ACL injury, they are limited by the fact that they solely rely on the ability of the
injured individual to recall the situations in which their injury occurred. It has been pointed out by
Krosshaug and colleagues (Krosshaug, Andersen, Olsen, Myklebust, & Bahr, 2005) that even in
the event that an athlete is able to describe the injury situation, the athlete’s description may be
influenced by what they were told by others witnessing the event (e.g., coaches, parents,

teammates).

Video Analyses

In an effort to more objectively examine the potential mechanism(s) of noncontact ACL
injury, some studies have performed descriptive analyses on video recordings of actual injuries
(Boden et al., 2000; Boden et al., 2009; Cochrane, Lloyd, Buttfield, Seward, & McGivern, 2007;
Koga et al., 2010; Krosshaug et al., 2007; Olsen et al., 2004). In agreement with the findings of
retrospective interviews, these video analyses have also reported that noncontact ACL injuries
most commonly occurred during movements that involved a sudden deceleration of the body,
with or without a change in direction, such as cutting and jump-landing maneuvers. For example,
Boden et al (Boden et al., 2000) analyzed video recordings of 23 ACL injuries from American
football, soccer, basketball, and volleyball, and reported that sharp decelerations with or without a
change of direction accounted for 67% of all injuries analyzed, while single- and double-leg
landings accounted for the remaining 20% and 13%, respectively. However, findings from other
studies on more homogenous populations tend to suggest that the type of movement that most

commonly results in noncontact ACL injury may differ by sport. In a video analysis of ACL
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injuries in team handball, it has been reported injuries most commonly occurred during single-
and double-leg plant-and-cut (or side-cutting) maneuvers, followed by single-leg landings and
sharp decelerations on a single-leg without a change of direction (Olsen et al., 2004). Similar
findings were found by Cochrane et al (Cochrane et al., 2007) in an analysis of noncontact
injuries in Australian rules football. In contrast, two other studies analyzing ACL injuries in
basketball reported that 60% to 87% of all injuries occurred during single- and double-leg jump
landings (Boden et al., 2009; Krosshaug et al., 2007), with single-leg landings accounting for up
to 90% of all jump landing injuries (Boden et al., 2009). Furthermore, it is worth noting that even
though double-leg plant-and-cut and jump landing injuries are commonly reported, it has been
demonstrated that such injuries often involve large between-limb asymmetries in bodyweight
distribution, with the injured limb bearing a majority of the weight (65% to 100%) at the time of
injury (Olsen et al., 2004). Thus, double-leg landings may actually be more representative of
single-leg landings.

Findings from video analyses have also largely been in agreement with retrospective
interview studies in terms of body positioning at the time of injury. The most common
characteristics shared by these studies are that injuries occurred upon initial foot contact with the
ground with the knee in a relatively extended position (range, 5°-30° knee flexion) (Boden et al.,
2000; Boden et al., 2009; Krosshaug et al., 2007; Olsen et al., 2004). However, there has been a
lack of agreement with regard to frontal and transverse plane knee motion at the time of injury,
which may also be due to between-sport differences in the movements that most often result in
injury. When analyzing frontal and transverse plane knee motions during injuries that occurred
during a side-cut maneuver, Olsen et al (Olsen et al., 2004) proposed that the mechanism of
injury involved knee valgus (5-20°), combined with either internal or external rotation (15°

internal - 10° external) of the tibia relative to the femur, with the knee near extension (5-20° knee
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flexion). Cochrane et al (Cochrane et al., 2007) later reported that injuries resulting from a side-
cut involved knee valgus and internal rotation of the tibia, with the knee in less than 30° degrees
of flexion, but argued that knee valgus and internal rotation could occur either in combination or
exclusively. When analyzing frontal and transverse plane knee motions during sharp
decelerations and jump landings, some studies have proposed that the mechanism of injury
involves knee valgus (3-15°) and external rotation (5-15°) of the tibia, with the knee near
extension (5-27° knee flexion) (Krosshaug et al., 2007; Olsen et al., 2004), while others have
proposed that such injuries involve pure knee valgus (Boden et al., 2000) or knee varus
(Cochrane et al., 2007) on a relatively extended knee. Adding further insight to the potential
mechanism(s) of injury, Boden et al (Boden et al., 2009) performed a video analysis which
compared kinematic characteristics between injured athletes and uninjured controls performing
similar maneuvers and found that, at initial ground contact, injured athletes landed with their
ankles in less plantar-flexion than controls, which resulted in injured athletes tending to land
flatfooted or on their rear-foot whereas uninjured athletes tended to land on their fore-foot or a
combination of their fore-foot and mid-foot. However, there were no significant differences in
knee flexion or valgus angles between injured and uninjured athletes (Boden et al., 2009).
Although the findings from video analyses have provided valuable insight to potential
mechanisms of injury, findings from such studies have been limited to simple visual inspection,
and the accuracy of this method for determining joint kinematics during actual injury situations
has been shown to have poor accuracy even among experienced researchers (Krosshaug et al.,
2007). In an effort to improve on the limitations of previous video analyses, Koga and colleagues
(Koga et al., 2010) developed a model-based image matching technique, which allowed them to
create skeletal models and extract joint kinematics from video recordings of 10 noncontact ACL

injury situations in women’s team handball and basketball. Using this model-based image
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matching technique, it was found that, at initial ground contact, athletes tended to land with the
knee relatively extended (23° knee flexion), with 0° of knee valgus and the tibia externally
rotated 5°(Koga et al., 2010). It was also found that 40 milliseconds after initial ground contact,
knee flexion increased by 24°, knee valgus increased by 12° and the tibia internally rotated 8°
(Koga et al., 2010). Then, from 40 to 300 milliseconds after initial ground contact, the tibia was
reported to externally rotate 17°. The authors interpreted these findings to suggest that valgus
loading may be a key factor in the mechanism of injury, and that knee valgus and internal tibial
rotation are coupled motions (Koga et al., 2010). Koga et al (Koga et al., 2010) then combined
their findings with those of previous video analyses, and those of in-vitro studies that will be
discussed shortly, to propose a more robust potential mechanism of injury. Specifically, it was
proposed that: 1) when valgus loading is applied, the medial collateral ligament becomes taut and
lateral joint compression occurs; 2) this compressive load, as well as the anterior tibial shear force
caused by quadriceps contraction, causes a displacement of the femur relative to the tibia (i.e.
anterior tibial translation), where the lateral femoral condyle shifts posteriorly and the tibia
translates anteriorly and rotates internally (i.e. internal tibial rotation), resulting in ACL rupture
within the first 40 milliseconds following initial ground contact; 3) after the ACL is torn, the
primary restraint to anterior translation of the tibia is gone, which causes the medial femoral
condyle to also be displaced posteriorly and ultimately results in external rotation of the tibia
relative to the femur (Figure 2.1) (Koga et al., 2010). Thus, the suspected external tibial rotation
at the time of injury reported in some of the video analyses previously discussed (Krosshaug et

al., 2007; Olsen et al., 2004) may have been observed after ACL rupture had already occurred.
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Figure 2.1. Proposed Mechanism of Injury Described by Koga et al (Koga et al., 2010). (A)
unloaded knee; (B) when valgus loading is applied, the medial collateral ligament becomes taut
and lateral compression occurs; (C) compressive load and quadriceps contraction causes
displacement of femur relative to tibia, where lateral femoral condyle shifts posteriorly and the
tibia translates anteriorly and rotates internally, resulting in ACL rupture; (D) After ACL rupture,
primary restraint to anterior tibial translation is gone, causing the medial femoral condyle to also
be displaced posteriorly and resulting in external rotation of tibia.
In-Vitro and In-Vivo Studies

The retrospective interviews and video analyses previously discussed have been able to
provide valuable information regarding the type of movements that most often result in
noncontact ACL injury, the timing of injury, and potential injury mechanisms. However, such
studies have been unable to determine whether the knee joint kinematics observed at the time of
injury are causative of the injury itself, or if the observed kinematics resulted from the injury.
This is due to the fact that the precise mechanism(s) of injury likely involves a complex
interaction between muscle forces, external forces, and joint contact forces (Ali & Rouhi, 2010),
which cannot be obtained from such methods. What is currently known about the mechanism(s)

of injury is also limited by the fact that ethical reasons prevent laboratory-based studies from

loading the ACL to failure in-vivo. As such, the current body of knowledge on ACL loading and
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injury risk is based on submaximal ACL loading in-vivo, maximal and submaximal ACL loading
in-vitro, and computer simulation (musculoskeletal modeling) studies.

Early in-vitro studies have examined the effects of externally applied loads (external
forces) on ACL loading by applying loads both in isolation and in combination. Such studies have
demonstrated that when the knee is relatively extended (> 30° flexion) and an anterior-directed
load is applied to the proximal tibia, more than 80% of the anterior-directed load is transferred to
the ACL (Sakane et al., 1997; Takai, Woo, Livesay, Adams, & Fu, 1993; Woo et al., 1999). It has
also been demonstrated that the load experienced by the ACL can often exceed the applied
anterior tibial load as the knee approaches full extension (Markolf et al., 1995; Takai et al., 1993).
Similarly, it has been reported that the ACL provides more than 80% of the total passive restraint
to anterior tibial translation when the knee in fixed in 30° of flexion (Butler et al., 1980).
Together these findings indicate that the ACL acts as the primary passive restraint to anterior-
directed loads and motion when the knee is in a relatively extended position.

Other in-vitro studies have examined the strain or load response of the ACL during
isolated internal-external tibial rotation and varus-valgus angulation. With the exception of one
study (Berns, Hull, & Patterson, 1992), it has consistently been demonstrated that the ACL is
loaded (or strained) when an internal tibial torque is applied to a relatively extended knee (Ahmed
et al., 1987; Bach & Hull, 1998; Beynnon et al., 1995; Markolf et al., 1995; Markolf, Gorek,
Kabo, & Shapiro, 1990). In contrast, only one study has reported that external tibial torque loads
the ACL (Markolf et al., 1990), while others have reported no effect (Ahmed et al., 1987; Bach &
Hull, 1998; Berns et al., 1992; Beynnon et al., 1995). Only two in-vitro studies have attempted to
measure ACL loading in response to isolated varus-valgus angulation, and these studies have
produced mixed results (Berns et al., 1992; Markolf et al., 1990). In terms of combined loading

states, Markolf et al (Markolf et al., 1995) demonstrated that ACL loading was greatest when
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internal tibial torque was combined with anterior tibial shear force and the knee was at full
extension and hyperextension, and when a valgus moment was combined with anterior tibial
shear force and the knee was in more than 10° of flexion.

Although the studies referenced above have provided valuable insight to the multi-planar
role of the ACL in maintaining knee joint stability, it is important to note that such injuries have
assessed ACL loading under non-weight bearing conditions, and often at static knee flexion
angles. Given that retrospective studies have demonstrated that noncontact ACL injuries occur
within the first 40 to 50 milliseconds following initial ground contact during cutting and landing
maneuvers (Koga et al., 2010; Krosshaug et al., 2007), these findings indicate that such injuries
occur as the knee initially transitions from non-weight bearing to weight bearing. As the knee
transitions from non-weight bearing to weight bearing upon initial ground contact, resultant
ground reaction forces induce compressive axial loading at the knee joint. As such, other studies
have investigated knee joint kinematics and ACL loading in response to applied axial
compressive knee joint loading in order to more closely simulate the compressive loads that the
weight bearing knee experiences during dynamic tasks such as landing from a jump.

Using intact unconstrained (without simulated muscle forces) cadaveric knees, it has been
demonstrated that axial compressive loading naturally results in anterior tibial translation, internal
tibial rotation, and knee valgus, and that these combined motions load the ACL (Markolf,
Jackson, Foster, & McAllister, 2014). Fleming et al (Fleming, Renstrom, Beynnon, et al., 2001)
examined ACL strain in-vivo in response to isolated anterior-posterior shear forces, internal-
external tibial torques, and varus-valgus moments, under both weight bearing and non-weight
bearing conditions. In the non-weight bearing knee, ACL strain was reported to increase in
response to anterior shear force and internal tibial torque, but not external tibial torque or varus-

valgus moments (Fleming, Renstrom, Beynnon, et al., 2001). Anterior shear and internal tibial
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torque were also reported to increase ACL strain in the weight bearing knee, and these strain
values were significantly greater than those observed in non-weight bearing (Fleming, Renstrom,
Beynnon, et al., 2001). Additionally, although ACL strain values were significantly greater
during weight bearing compared to non-weight bearing, the application of varus-valgus moments
did not affect ACL strain values; thus, the significant increase in ACL strain was thought to be
caused by compressive loading and the response of the knee joint musculature (Fleming,
Renstrom, Beynnon, et al., 2001). In a separate in-vitro study Torzilli et al (Torzilli et al., 1994)
examined sagittal plane knee joint translations in response to individual and combined axial
compressive loading and simulated quadriceps forces at fixed knee angles of 0°, 15°, 30°, 45°,
and 90° flexion. At each knee flexion angle, anterior-posterior translations were measured in
response to an anterior-posterior tibial force of 100 N after axial compressive loads of 0, 111,
222, 333, or 444 N, and a quadriceps forces of 0 or 133 N, were applied. Similar to the findings
of Markolf et al (Markolf et al., 2014), Torzilli et al (Torzilli et al., 1994) found that when axial
compressive loads and quadriceps forces were applied separately or in combination, anterior
tibial translation naturally occurred before any external anterior-posterior tibial forces were
applied. Specifically, the application of a 133 N quadriceps force resulted in significant anterior
tibial translation at 15°, 30°, and 45° of knee flexion, with the greatest amount of translation
occurring at 30°; however, no translation occurred at 0° or 90° (Torzilli et al., 1994). When axial
compressive loads were applied, anterior tibial translation increased with increasing compressive
loads in a nearly linear fashion; and these translations were significant at 15°, 30°, 45°, and 90° of
knee flexion, with the greatest amount of translation occurring at 45° (Torzilli et al., 1994).
Finally, the combination of quadriceps force and compressive axial loading also increased
anterior tibial translation, but this translation was only significant at lower compressive loads.

The effects of isolated quadriceps loading on anterior tibial translation and ACL loading have
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also been demonstrated in other in-vitro work, with reported increases in anterior tibial translation
(Victor et al., 2010) and ACL strain (Fujiya et al., 2011; Li et al., 1999) between full extension
and 30° to 60° of knee flexion.

From a mechanistic standpoint, it has been explained that anterior tibial translation occurs
for two reasons. First, ground reaction forces induce a compressive axial load that acts through
the posteriorly- and inferiorly-directed slope of the tibial plateau, which causes the axial
compressive load to have an anteriorly directed force component at the proximal tibia (Torzilli et
al., 1994). This proximal tibia anterior shear force is said to cause the femoral condyles to “slide”
down the posteriorly- and inferiorly-directed slope of the tibial plateau, which then accelerates the
tibia anteriorly and ultimately results in anterior tibial translation (McLean et al., 2011, 2010;
Meyer & Haut, 2005; Schmitz et al., 2010; Torzilli et al., 1994). Although the absolute magnitude
of these ground reaction forces does not directly represent the load experienced by the ACL, they
are positively associated with proximal tibia anterior shear force (Sell et al., 2007; Yu et al.,
2006), anterior tibial acceleration (McLean et al., 2011; McNair & Marshall, 1994) and anterior
tibial translation (Schmitz et al., 2010; Torzilli et al., 1994), which directly contribute to ACL
loading (K. L. Markolf et al., 1995; McLean et al., 2011; Shelburne, Pandy, Anderson, & Torry,
2004; Shelburne, Pandy, & Torry, 2004; Vahey & Draganich, 1991). Second, these ground
reaction forces also produce an external knee flexion moment that must be counteracted by a
guadriceps-generated internal knee extension moment to help stabilize the knee and control the
downward acceleration of the body upon weight acceptance (J T Blackburn & Padua, 2008; Yu et
al., 2006). When the knee is positioned in less than 65-70° of knee flexion, the quadriceps line of
pull (line of action) is directed anteriorly, resulting in a force component directed perpendicular to
the tibiofemoral joint surfaces (i.e. compressive force component) and a force component directed

anteriorly (i.e. anterior shear component) (Draganich, Andriacchi, & Andersson, 1987). Although
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the anterior shear component may be relatively small when compared to the compressive force
component, depending on the knee flexion angle, it is reported to be large enough to produce
additional anterior tibial translation and further load the ACL (B D Beynnon et al., 1995;
DeMorat et al., 2004; Li et al., 1999; Withrow et al., 2006). For example, in the absence of any
externally applied tibial force, the addition of a quadriceps load has been shown to significantly
increase the force placed on the ACL at knee flexion angles less than 50° (Bruce D. Beynnon &
Fleming, 1998; DeMorat et al., 2004; Fujiya et al., 2011; Li et al., 1999; Keith L Markolf,
O’Neill, Jackson, & McAllister, 2004; Pandy & Shelburne, 1997). Additionally, if left
unopposed, forceful contraction of the quadriceps with the knee relatively extended has been
demonstrated to produce enough ACL strain to result in ACL rupture (DeMorat et al., 2004).
Movement of a limb segment typically involves some degree of agonist-antagonist co-
contraction in order to help stabilize the joint (Draganich, Jaeger, & Kralj, 1989). The hamstring
muscles function antagonistically to the quadriceps and therefore function synergistically with the
ACL (Baratta et al., 1988; Solomonow et al., 1987). Cadaver research has demonstrated that the
hamstring muscles attachments on the posterior aspects of the proximal tibia and fibula
mechanically provide this muscle group with the ability to resist anterior and rotary tibiofemoral
motion (Victor et al., 2010). In this regard, several in-vivo (Baratta et al., 1988; B D Beynnon et
al., 1995; Solomonow et al., 1987), in-vitro (Draganich & Vahey, 1990; Li et al., 1999;
MacWilliams et al., 1999; Keith L Markolf et al., 2004; Victor et al., 2010; Withrow et al., 2006,
2008), and musculoskeletal modeling studies (Biscarini et al., 2014; Biscarini, Botti, &
Pettorossi, 2013; Imran & O’Connor, 1998; Kellis & Baltzopoulos, 1999; Pandy & Shelburne,
1997) have demonstrated that adequate co-contraction of the hamstring muscles can effectively
enhance knee joint stability by reducing anterior tibial translation and net proximal tibia anterior

shear forces, thereby reducing ACL loading. In general, such studies have demonstrated that
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isolated quadriceps forces produce peak anterior tibial translation and ACL loading between 15°
and 30° knee flexion, and that the addition of applied hamstring forces can effectively reduce
anterior tibial translation, shear forces, and ACL loading at knee flexion angles greater than 10°-
15° (Draganich & Vahey, 1990; Li et al., 1999; MacWilliams et al., 1999; Keith L Markolf et al.,
2004; Pandy & Shelburne, 1997; Withrow et al., 2006, 2008). Mechanistically, the noted
reduction in anterior tibial translation and anterior tibial shear force when hamstring co-
contraction is applied has been described as follows. Similar to the quadriceps, contraction of the
hamstring muscles results in two force components: one component directed perpendicular to the
tibiofemoral joint surfaces (i.e. compressive force component) and one component directed
posteriorly (i.e. posterior shear component) (Pandy & Shelburne, 1997). This compressive force
component of the hamstrings acts to provide tibiofemoral compression, increasing the stability of
the knee through increased joint stiffness (Baratta et al., 1988; Solomonow et al., 1987). At the
same time, the posterior shear component produces a posteriorly-directed pull on the proximal
tibia which reduces the net anterior shear force and thus ACL strain, thereby protecting the ACL
(B D Beynnon et al., 1995; More et al., 1993; Solomonow et al., 1987). Although relatively small
at more extended knee angles, this posterior shear component increases as the knee flexion angle
increases due to the increased angle between the tendons of the hamstring muscles and the long

axis of the tibia (Pandy & Shelburne, 1997).

Summary

The findings presented in this section collectively demonstrate that approximately 70% of
all ACL injuries are noncontact in nature, and that such injuries are more likely to occur during
competition than during training (B P Boden et al., 2000; Faung & Wulff Jakobsen, 2006; Ferretti

etal., 1992; McNair et al., 1990; Olsen et al., 2004). In addition, it is widely accepted that
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noncontact ACL injuries typically occur during athletic movements that involve a sudden
deceleration of the body, with or without a change in direction, such as when performing a side-
cut or when landing on a single leg (B P Boden et al., 2000; Barry P Boden et al., 2009; Cochrane
et al., 2007; Faung & Wulff Jakobsen, 2006; Ferretti et al., 1992; Koga et al., 2010; Tron
Krosshaug et al., 2007; Olsen et al., 2004). There is also overall agreement that such injuries
occur within the first 10 to 50 milliseconds of initial foot contact with the ground (Koga et al.,
2010; Tron Krosshaug et al., 2007) and that the knee is in a relatively extended position (i.e. <
30° flexion) at the time of injury (B P Boden et al., 2000; Barry P Boden et al., 2009; Cochrane et
al., 2007; Faung & Wulff Jakobsen, 2006; Ferretti et al., 1992; Koga et al., 2010; Tron Krosshaug
et al., 2007; McNair et al., 1990; Olsen et al., 2004). In contrast, there has been less agreement
between studies in terms of frontal and transverse plane knee motion at the time of injury, and
this may be due to the noted limitations of retrospective interviews and two-dimensional video
analyses as well as potential differences in knee joint motions between side-cutting maneuvers
and jump landings. Additionally, given that all of the studies presented in this section report some
type of secondary joint motion (internal-external tibial rotation, varus-valgus angulation), it is
likely that such injuries do not occur in a single anatomical plane. However, it is well accepted
that anterior tibial translation via proximal tibia anterior shear force is the most direct ACL
loading mechanism (Butler et al., 1980; K L Markolf et al., 1990). Thus, any factors that are able
to effectively protect the ACL from deleterious loading in the sagittal plane may be able to
effectively reduce noncontact ACL injury risk. In this regard, adequate co-contraction of the
hamstring muscles is thought to play a critical role in limiting the force experienced by the ACL.
However, due to the inherent difficulties associated with measuring muscle forces and ACL
loading in-vivo, the effect of hamstring co-contraction on ACL loading has been limited to

cadaver studies, musculoskeletal modeling simulations, or during isometric knee-extension
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exercises in-vivo. Therefore, the true extent to which the hamstrings are able to effectively limit
ACL loading during functional athletic tasks commonly associated with noncontact ACL injury

remains unknown.

Dynamic Knee Stability during Functional Athletic Tasks

Dynamic knee stability is defined as the ability of the knee joint to remain stable when
subjected to rapidly applied loads (Williams, Chmielewski, Rudolph, Buchanan, & Snyder-
Mackler, 2001), which is accomplished through a complementary relationship between passive
(static) and active (dynamic) restraint mechanisms (Johansson & Sjolander, 1993; Lew, Lweis, &
Craig, 1993). Passive restraint components include the bony geometry of the knee joint,
ligaments, the joint capsule, cartilage, and friction (Johansson & Sjolander, 1993; Lew et al.,
1993), whereas dynamic restraint components arise from neuromuscular control of the skeletal
muscle(s) that cross the joint (Riemann & Lephart, 2002). Specifically, neuromuscular control
refers to the activation of dynamic restraints (the muscles) that occurs in preparation for (i.e.
preparatory muscle activation), and in response to (i.e. reflexive and reactive muscle activation),
joint motion and loading for the purpose of maintaining and or restoring dynamic knee stability
(Myers & Lephart, 2000). The dynamic restraint system relies on both feed-forward (preparatory)
and feed-back (reflexive and reactive) motor control strategies in order to anticipate or react to
joint motion and loading (Riemann & Lephart, 2002). Together, these feed-forward and feed-
back motor control strategies govern the instantaneous and continuously changing levels of
dynamic restraint in order to protect the capsuloligamentous structures (passive restraints) from
deleterious loading and maintain dynamic knee stability (Swanik, Lephart, Giannantonio, & Fu,
1997). Feed-forward control is responsible for planning and/or preprogramming muscle(s)

activation levels in order to act as a “stress shield” for the articular structures in anticipation of
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joint loading, and is based on learned experiences from the past. Conversely, feed-back control
regulates motor control through a number of reflexive pathways that continuously modify muscle
activity in order to accommodate unanticipated events (Swanik et al., 1997).

As previously discussed, noncontact ACL injuries are reported to occur within 50
milliseconds of initial ground contact during cutting and landing maneuvers (Koga et al., 2010;
Tron Krosshaug et al., 2007). Given that feed-back motor control strategies are shown to have a
latency of approximately 100 milliseconds (Dyhre-Poulsen & Krogsgaard, 2000), it is likely that
such injuries occur too rapidly for feed-back control strategies to effectively stabilize the knee
joint and protect the ACL (T E Hewett et al., 2009; Hurd, Chmielewski, & Snyder-Mackler,
2006). Fortunately, however, it has been demonstrated that athletes are able to adopt preparatory
neuromuscular control strategies in anticipation of knee joint loading (Cowling, Steele, &
McNair, 2003), and this preparatory muscle activation has been demonstrated to increase overall
joint stiffness and enhance dynamic knee stability (Bryant et al., 2008; McNair & Marshall, 1994;
Swanik et al., 2004). As such, any imbalance or delay in preparatory neuromuscular activation
can lead to improper limb positioning at initial ground contact and place high loads on the passive
joint restraints, potentially increasing noncontact ACL injury risk. To this end, female athletes are
at a substantially greater risk of experiencing noncontact ACL injuries compared to similarly
trained males (Agel, Arendt, & Bershadsky, 2005; EI A Arendt, Agel, & Dick, 1999; T E Hewett,
Lindenfeld, Riccobene, & Noyes, 1999), and it is thought that this increased injury-risk in
females may be due to between-sex differences in neuromuscular control strategies that place
these individuals in positions that are associated with increased ACL loading during the time at
which ACL injuries are reported to occur. Therefore, a number of controlled laboratory studies
have examined between-sex differences in neuromuscular and biomechanical characteristics

during a variety of movements, such as side-cutting and cross-over cutting, straight running with
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quick decelerations, double- and single-leg drop vertical jumps and drop landings, and double-
and single-leg stop-jump landing tasks, in order to better understand the factors that potentially
explain the higher incidence of noncontact ACL injuries in female populations. The remainder of
this section aims to highlight what is currently known about the influence of neuromuscular and
biomechanical characteristics on biomechanical factors indicative of ACL loading during
functional athletic tasks, the effects of landing type (i.e. single- versus double-leg landing tasks)

on these characteristics, and between-sex differences therein.

Influence of Neuromuscular and Biomechanical Characteristics on ACL Loading

From a purely mechanistic standpoint, ACL injury occurs when the stress placed on the
ligament exceeds its failure strength (Slauterbeck, Hickox, Beynnon, & Hardy, 2006). Although
the absolute magnitude of stress/strain experienced by the ACL is difficult to measure in-vivo
during functional athletic movements, previous studies have demonstrated that proximal tibia
anterior shear force represents the most direct ACL loading mechanism (Butler et al., 1980; K L
Markolf et al., 1990). Therefore proximal tibia anterior shear force is often used as an indicator of
ACL loading in controlled laboratory experiments because it can be estimated via inverse
dynamics (Sell et al., 2007). It is important to note however, that proximal tibia anterior shear
force, as calculated through inverse dynamics, is a resultant force vector that includes
contributions from all of the passive and active restraint mechanisms acting at the knee joint and
does not directly represent the shear forces transmitted to the ACL.

There are several commonly measured neuromuscular and biomechanical factors that
have been reported to be predictive of proximal tibia anterior shear force, such as posterior and
vertical ground reaction forces, trunk, hip, and knee joint kinematics, joint resultant moments, and

activation of the musculature surrounding the knee joint. Specifically, Yu et al (Yu et al., 2006)
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first examined relationships between select lower-extremity kinematic and kinetic variables
during double-leg stop-jump landings in recreationally active men and women, and found that
slower hip and knee flexion angular velocities at initial ground contact, smaller knee flexion
angles at the instant of peak proximal tibia anterior shear force, and smaller peak knee flexion
angles during landing, were all individually predictive of greater peak posterior and vertical
ground reaction forces. Yu et al (Yu et al., 2006) also found that greater peak posterior and
vertical ground reaction forces were positively associated with greater proximal tibia anterior
shear forces and peak knee extensor moments, and that greater peak knee extensor moments were
highly correlated with greater proximal tibia anterior shear force during landing. Sell et al (Sell et
al., 2007) later expanded on the findings of Yu et al (Yu et al., 2006) by attempting to determine
whether a select combination of neuromuscular and biomechanical characteristics could
significantly predict peak proximal tibia anterior shear force during a double-leg stop-jump task.
In this study, it was demonstrated that the linear combination of peak posterior ground reaction
force, knee extensor moment and knee flexion angle at the instant of peak posterior ground
reaction force, preparatory muscle activation of the quadriceps (vastus lateralis), and sex, was
able to predict 86.1% of the variance in peak proximal tibia anterior shear force, with greater
posterior ground reaction forces, knee extensor moments, and quadriceps activation, being
female, and smaller knee flexion angles predicting greater proximal tibia anterior shear (Sell et
al., 2007). Similar findings have also been reported during double-leg drop-jump landings, where
it was found that the linear combination of sex, hip and knee flexion excursion, knee extensor
moment, quadriceps and hamstring peak torque, and pre- and post-activation of the quadriceps
and hamstring muscles, explained 56.5% of the variance in peak proximal tibia anterior shear
force (Shultz, Nguyen, Leonard, & Schmitz, 2009). In general, Shultz et al (Shultz et al., 2009)

found that, independent of sex, individuals who displayed less hip flexion excursion, greater knee
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flexion excursion, greater knee extensor moments, and greater quadriceps muscle activation at
landing, experienced greater proximal tibia anterior shear force during landing. Furthermore,
Gheidi et al (Gheidi, Sadeghi, Moghadam, Tabatabaei, & Kernozek, 2014) recently examined
kinematic and kinetic predictors of proximal tibia anterior shear force during single-leg drop
landings in elite female basketball and volleyball players, and it was reported that the
combination of greater peak knee extensor moments and smaller peak knee flexion angles

explained 30.6% of the variance in peak proximal tibia anterior shear force.

Effect of Landing-Type on Neuromuscular and Biomechanical Characteristics

It is consistently reported in the literature that noncontact ACL injuries most often occur
when cutting or landing on a single leg (B P Boden et al., 2000; Barry P Boden et al., 2009; Koga
et al., 2010; Olsen et al., 2004). It has also been reported that large between-limb asymmetries in
weight-distribution are present when such injuries occur during double-leg landings, and thus
may actually be more representative of single-leg landings (T E Hewett et al., 2009; Olsen et al.,
2004). Surprisingly, however, double-leg drop-jump and drop-landing tasks are predominantly
used as a model to investigate noncontact ACL injury risk, and few studies have attempted to
objectively quantify differences in neuromuscular and biomechanical characteristics between
double-leg and single-leg landing tasks.

Pappas et al (Pappas et al., 2007) investigated differences in kinematic, kinetic, and
neuromuscular characteristics elicited by double-leg and single-leg drop landings in healthy
college-aged men and women and found that almost all variables examined were affected by the
type of landing performed (i.e. single-leg vs double-leg). Specifically, compared to double-leg
drop landings, single-leg landings elicited significantly less knee flexion at initial ground contact,

less peak knee flexion, greater hip adduction and knee valgus, and greater neuromuscular
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activation of the quadriceps, hamstrings, and gastrocnemius musculature, whereas peak vertical
ground reaction force was not statistically different (Pappas et al., 2007). In a separate study,
Yeow et al (Yeow et al., 2010) examined differences in knee joint kinematics and energetics
between two different drop-landing heights (0.3 meters and 0.6 meters) and between double- and
single-leg landings. Compared to double-leg landings, single-leg landings were reported to elicit
greater peak vertical ground reaction forces at both landing heights, smaller knee flexion angles
and less knee flexion angular velocities at both landing heights, and less joint power and eccentric
work at both landing heights; altogether, such findings were suggested to indicate that individuals
were able to respond more effectively to larger impact forces in terms of knee joint kinematics
and energetics during double-leg landings, which allowed for better shock absorption and thus
may indicate a reduced risk of sustaining injury compared to single-leg landings (Yeow et al.,
2010). Similar differences have also been observed for double- and single-leg stop-jump landing
tasks. Specifically, Wang et al (Wang, 2011) examined differences in lower-extremity kinematics
and kinetics, and ground reaction forces, in elite male volleyball players and demonstrated that
the single-leg stop-jump elicited significantly smaller hip and knee flexion angles and angular
velocities at initial ground contact, smaller peak hip and knee flexion angles during landing,
greater peak posterior and vertical ground reaction forces, greater peak knee extensor and knee
valgus moments, and greater peak proximal tibia anterior shear forces, compared to the double-

leg stop-jump task (Wang, 2011).

Between-Sex Differences in Neuromuscular and Biomechanical Characteristics
There have been several investigations on between-sex differences in neuromuscular and
biomechanical characteristics during both double-leg and single-leg landing tasks and during

side-cut maneuvers. Malinzak et al (Malinzak et al., 2001) demonstrated that female recreational
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athletes displayed smaller knee flexion angles, greater knee valgus angles, increased quadriceps
activation, and decreased hamstring activation during the stance phase of running and cutting
tasks compared to their male counterparts. Although Sigward and Powers (Sigward & Powers,
2006) also found that females displayed greater quadriceps activation than males during the
stance phase of a side-cut maneuver, males and females were reported to display no differences in
hamstring activation. Two other studies have also demonstrated that females display greater
preparatory quadriceps muscle activation during both unanticipated (Landry, McKean, Hubley-
Kozey, Stanish, & Deluzio, 2009) and anticipated (Zazulak et al., 2005) side-cut maneuvers, but
that hamstring activation was similar between sex (Landry et al., 2009). When examining
between-sex differences during double-leg drop landing tasks, it has been reported by Shultz et al
(Shultz et al., 2009) that females display greater hip and knee flexion excursions, greater peak
knee extensor moments, and greater quadriceps and hamstring activation, both before and after
landing, compared to males. However, no between-sex differences were observed in hip and knee
flexion angles at initial ground contact or in peak proximal tibia anterior shear force (Shultz et al.,
2009). The finding that males and females display similar hip and knee flexion angles at initial
ground contact has also been observed during single-leg drop landings (Schmitz et al., 2007).
However, Schmitz et al (Schmitz et al., 2007) also found that females displayed significantly less
hip and knee angular excursions than males, which directly contradicts the findings of Shultz et al
(Shultz et al., 2009), who reported greater hip and knee flexion excursions in females during
double-leg drop landings. Schmitz et al (Schmitz et al., 2007) further demonstrated that females
performed single-leg drop landings with significantly slower knee and hip flexion angular
velocities and greater peak vertical ground reaction forces than males. Females have also been

reported to display significantly greater peak knee valgus angles and vertical ground reaction
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forces compared to males during both double-leg and single-leg drop-landing tasks (Pappas et al.,
2007).

When reviewing the literature that has specifically examined between-sex differences in
neuromuscular and biomechanical characteristics during stop-jump landing tasks, there appears to
be much greater consistency among studies. For example, Chappell et al (Jonathan D Chappell et
al., 2002) examined between-sex differences during double-leg stop-jump landings and found that
females displayed significantly greater peak proximal tibia anterior shear forces, greater knee
extensor moments, and greater knee valgus moments, compared to males. Similarly, Yu et al (Yu
et al., 2006) demonstrated that females performed double-leg stop-jump landings with smaller hip
and knee flexion angles and a slower hip flexion angular velocity at initial ground contact,
smaller knee flexion angles at the instant of peak proximal tibia anterior shear force, less peak
knee flexion, and greater peak posterior and vertical ground reaction forces and peak knee
extensor moments, compared to males. Given that males and females display significantly
different landing patterns, it was later hypothesized by Chappell et al (J. D. Chappell, Creighton,
Giuliani, Yu, & Garrett, 2007) that such between-sex differences could be due to differences in
the strategies that males and females employ in preparation for landing. As such, Chappell et al
(J. D. Chappell et al., 2007) conducted a study aimed to identify differences in movement patterns
during the pre-landing phase of a double-leg stop-jump landing that might affect ACL loading
parameters following initial ground contact. Although males and females displayed similar
kinematics at the start of the task, females were found to land with less hip and knee flexion,
more internal tibial and hip rotation, and more hip abduction compared to males (J. D. Chappell
et al., 2007). In terms of neuromuscular activation, males and females were found to display
similar quadriceps activation patterns, with a distinct increase in activation approximately 50

milliseconds prior to landing; however, the magnitude of quadriceps activation was found to be
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significantly greater in females. Neuromuscular activation of the hamstring muscles was also
demonstrated to gradually increase prior to landing in both sexes; however, the magnitude of

hamstring activation was found to be significantly greater in females (J. D. Chappell et al., 2007).

Summary

Taken together, the findings presented in this section clearly demonstrate that men and
women employ different neuromuscular control strategies when performing functional athletic
movements. Specifically, previous studies demonstrate that females display greater
neuromuscular activation of the quadriceps both prior to and during landing, which may or may
not always be accompanied by greater hamstring activation (J. D. Chappell et al., 2007; Landry,
McKean, Hubley-Kozey, Stanish, & Deluzio, 2007; Landry et al., 2009; Malinzak et al., 2001,
Shultz et al., 2009; Sigward & Powers, 2006; Zazulak et al., 2005). Females are also generally
reported to display smaller knee (J. D. Chappell et al., 2007; Malinzak et al., 2001; Yu et al.,
2006) and hip flexion angles (Yu et al., 2006), smaller hip and knee angular excursions and
slower angular velocities (Schmitz et al., 2007; Yu et al., 2006), greater knee extensor moments
(Jonathan D Chappell et al., 2002; Shultz et al., 2009; Yu et al., 2006), greater knee valgus angles
(Pappas et al., 2007) and valgus moments (Jonathan D Chappell et al., 2002), greater peak
posterior (Yu et al., 2006) and vertical ground reaction forces (Pappas et al., 2007; Schmitz et al.,
2007; Yu et al., 2006), and greater proximal tibia anterior shear force (Jonathan D Chappell et al.,
2002; Yu et al., 2006), compared to similarly trained males. These between-sex differences in
neuromuscular and biomechanical characteristics during functional athletic movements have
collectively been considered to help explain, at least in part, the reason that females are at
increased risk of experiencing noncontact ACL injury compared to males (Griffin et al., 2006;

Shimokochi & Shultz, 2008).
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Although the findings presented in this section clearly demonstrate that males and
females perform functional athletic movements differently, this section also provides sufficient
evidence to suggest that single-leg tasks elicit dramatically different neuromuscular and
biomechanical responses. Specifically, single-leg tasks tend to elicit smaller hip and knee flexion
angles (Pappas et al., 2007; Wang, 2011; Yeow et al., 2010), slower hip and knee flexion angular
velocities (Wang, 2011; Yeow et al., 2010), greater knee extensor moments (Wang, 2011),
greater peak posterior (Wang, 2011) and vertical ground reaction forces (Pappas et al., 2007;
Wang, 2011; Yeow et al., 2010), greater knee valgus angles (Pappas et al., 2007) and valgus
moments (Wang, 2011), and greater peak proximal tibia anterior shear (Wang, 2011), compared
to double-leg tasks. Additionally, single-leg landings have been reported to elicit increased
neuromuscular activation of the quadriceps, hamstring, and gastrocnemius musculature compared
to double-leg landings (Pappas et al., 2007). These findings, along with the fact that noncontact
ACL injuries most often occur during single-leg cutting and jump landing tasks (B P Boden et al.,
2000; Barry P Boden et al., 2009; Koga et al., 2010; Olsen et al., 2004), suggests that using a
double-leg landing task as a model to study ACL loading and injury risk may not adequately
represent the situations in which such injuries actually occur. In this regard, noncontact ACL
injuries are reported to involve a horizontal deceleration component (B P Boden et al., 2000;
Barry P Boden et al., 2009; Koga et al., 2010; Olsen et al., 2004), which is absent during the drop
jump and drop landings tasks commonly used in controlled laboratory studies. In contrast, stop-
jump landing tasks do involve a horizontal deceleration component and thus may be more
appropriate, especially when acknowledging that posterior ground reaction force has been
reported to be predictive of proximal tibia anterior shear force (Sell et al., 2007; Yu et al., 2006).

Finally, this review has only identified four studies that have attempted to determine the

neuromuscular and biomechanical characteristics that influence proximal tibia anterior shear
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force. The results of these studies are difficult to compare due to differences in sample
characteristics and differences in the task employed. For example, Yu et al (Yu et al., 2006) and
Sell et al (Sell et al., 2007) examined double-leg stop-jumps in a mixed sample of males and
females. Conversely, Shultz et al (Shultz et al., 2009) examined a double-leg drop landing in a
mixed sample of males and females whereas Gheidi et al (Gheidi et al., 2014) examined single-
leg drop landings in females only. Additionally, the findings of both Yu et al (Yu et al., 2006) and
Sell et al (Sell et al., 2007) indicate that peak posterior ground reaction force is positively
associated with peak proximal tibia anterior shear force. However, as mentioned previously,
double-leg and single-leg drop landing tasks do not produce posterior ground reaction forces of
the same magnitude (if at all) as stop-jump tasks, which limits comparison between studies.
Furthermore, it remains unknown whether the factors that are predictive of peak proximal tibial
anterior shear forces during double-leg stop-jump tasks are similar for single-leg stop-jump tasks.
Future studies examining the influence of such factors on proximal tibia anterior shear are

warranted, and sex-stratified statistical models are encouraged.

Hamstring Musculo-Articular Stiffness

A property of the hamstring musculature that may potentially impact ACL loading and
noncontact ACL injury risk is called musculo-articular stiffness. Stiffness (K) describes the
relationship between an applied load and the amount of elastic deformation that occurs within a
given structure, and is mechanically defined as the ratio of change in force to change in muscle
length (Ditroilo, Watsford, Murphy, & De Vito, 2011). The rationale behind the idea that
hamstring musculo-articular stiffness (Knam) potentially impacts ACL loading and injury risk is
based on the following: First, anterior tibial translation naturally occurs as the knee initially

transitions from non-weight bearing to weight bearing, and this motion has been shown to load
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the ACL (Torzilli et al., 1994); Second, numerous cadaveric and musculoskeletal modeling
studies have demonstrated that simulated hamstring forces reduce anterior tibial translation (Li et
al., 1999), ACL strain (Withrow et al., 2008), and ACL loading (Li et al., 1999; Keith L Markolf
et al., 2004), and similar effects of hamstring contraction on ACL strain have also been
demonstrated in-vivo (B D Beynnon et al., 1995); Third, anterior tibial translation is thought to
produce a tensile force on the hamstring muscles as well as the secondary ligamentous and
capsular restraints (McNair et al., 1992). Therefore, given the mechanical definition of stiffness, it
is theorized that for a given proximal tibia anterior shear force, relatively stiffer hamstrings will
permit a smaller change in length compared to more compliant (i.e., less stiff) hamstrings, thus
limiting anterior tibial translation and ACL loading, potentially reducing noncontact ACL injury
risk. The purpose of this section is to present and summarize the current body of knowledge on

Kham.

Measurement of Hamstring Musculo-Articular Stiffness

Stiffness (K) can be described from the macroscopic level of the whole body all the way
down to the microscopic level of a single muscle fiber, and can be assessed under both passive
and active conditions. Although a number of in-vitro and in-vivo stiffness measures exist, the
following sections focus strictly on the assessment of hamstring musculo-articular stiffness.
Hamstring musculo-articular stiffness (Knawm) is an in-vivo measure of stiffness, which is assessed
with the hamstring musculature actively contracted via the free-oscillation technique. The Knam
value obtained from the free-oscillation technique represents a global measure of stiffness, which
includes contributions from the muscle-tendon unit, skin, ligaments, and articular joint capsule
(Ditroilo, Watsford, Murphy, et al., 2011). Previous studies using the free-oscillation technique

have referred to this outcome measure of stiffness using various terms, such as ‘stiffness of the
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series elastic component’(G J Wilson, Wood, & Elliott, 1991), ‘muscle tendon stiffness’ or
‘musculotendinous stiffness’ (Greg J Wilson et al., 1994), ‘muscle stiffness’(McNair et al., 1992),
‘active stiffness’ (J. Troy Blackburn, Padua, Riemann, & Guskiewicz, 2004; J.Troy Blackburn et
al., 2004; K. P. Granata, Wilson, Massimini, & Gabriel, 2004), ‘effective stiffness’ (Kevin P.
Granata, Wilson, & Padua, 2002), ‘muscle viscoelasticity’ (Fukashiro, Noda, & Shibayama,
2001), or ‘structural stiffness’(J. Troy Blackburn, Padua, Weinhold, & Guskiewicz, 2006). Even
though the muscle-tendon unit is shown to be the primary contributor towards the global stiffness
value obtained under active conditions (J. Troy Blackburn, Padua, & Guskiewicz, 2008; J. Troy
Blackburn et al., 2006; K. P. Granata et al., 2004; Kevin P. Granata et al., 2002), it has been
suggested that future studies adopt the term ‘musculo-articular stiffness’ when the free-oscillation
technique is used because it is thought to better represent the comprehensive nature of the
measure (Ditroilo, Watsford, Murphy, et al., 2011).

The free-oscillation technique is based on the frequency response of a perturbed system,
and relies on modeling the system under consideration as a damped harmonic oscillator, which
consists of a spring, a mass, and a viscous damping force; when the system is acted upon by an
external force, it then begins to oscillate (Symon, 1971). This technique was first introduced for
use in the human body by Cavagna (Cavagna, 1970) in an attempt to estimate the amount of
elastic energy stored in contracted human musculature, and the general assessment procedures
and experimental set-up were later modified by McNair et al (McNair et al., 1992) to specifically
assess the hamstring musculature. When using the free-oscillation technique to measure Knawm, the
lower-extremity is modeled as a single-degree-of-freedom mass-spring system, with a damping
element, and the problem of distinguishing between individual muscles is typically avoided by
assuming that a single equivalent muscle acts to flex or extend the knee (Shorten, 1987). Figure

2.2 displays the single-degree-of-freedom mass-spring model originally presented by McNair et
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al (McNair et al., 1992), where the hamstring muscle-tendon unit(s) is represented as a massless
linear spring (with a damping element), and the lower leg (i.e. shank and foot segment) and

externally applied load are represented as the inertial mass.

HEa R e

Hamstrings

Figure 2.2. Models of a Single-Degree-of-Freedom Mass-Spring System: (A) Undamped; (B)
with a Viscous Damping Component; and (C) as the Hamstrings Were Modeled by McNair et al.
To the right of A and B are representative oscillations associated with the respective models when
they are perturbed from their equilibrium position.

Because the muscle-tendon unit has been shown to exhibit both elastic and viscous
properties, such as stress, relaxation, creep, hysteresis, and strain-rate dependence, this method of
modeling the leg as a single-degree-of-freedom mass-spring system with a viscous damping
element has been granted construct validity (McHugh, Magnusson, Gleim, & Nicholas, 1992;
Taylor, Dalton, Seaber, & Garrett, 1990). When a perturbation is applied to the loaded system,
the system begins to oscillate, and these oscillations are then rapidly dampened due to the

viscoelastic properties of the muscle-tendon complex (Shorten, 1987). This damped oscillatory

motion is captured via an accelerometer and is later processed using a second-order linear
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equation, which considers the frequency of oscillation and the damping coefficient. Figure 2.3
depicts a representative time-series of the accelerometer data typically recorded during such
procedures, where the time and acceleration interval between the first and second oscillatory
peaks is then used to calculate the damped frequency and coefficient of damping, respectively
(McNair et al., 1992). With this information, and knowledge of the applied load, Knam can then

be calculated using the equation:
Kyay = 4m*mf? + c?/4m (Equation 1)

where Knaw is the stiffness of the hamstrings (N-m™), m is the total system mass [mass of shank
and foot segment + applied load (kg)], f is the damped frequency of oscillation, and c is the
coefficient of damping. The coefficient of damping (c) is calculated from a knowledge of the
natural frequency of oscillation (my), the damping factor (), and the total system mass (m)

(McNair et al., 1992):
¢ = 2miw, (Equation 2)

First, the amount of damping must be obtained from the change in oscillation amplitudes during

one complete cycle, which has been expressed as:

5= lnﬁ (Equation 3)
X2

where 9 is the logarithmic decrement. With knowledge of §, the damping factor (¢) may then be

calculated:

(= W (Equation 4)
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Finally, the natural frequency of oscillation (wn) is:

1-¢ (Equation 5)

Acceleration (m/s?)

Time (s)

Figure 2.3. Example Accelerometer Time-Series Data Obtained During the Hamstring Musculo-
Articular Stiffness (Knam) Assessment. t1 and t2 represent the time points at which the first two
oscillatory peaks occur; these time points are then used to calculate the damped frequency of
oscillation.

Although several studies have continued to use (Equation 1 to calculate Knam (Ditroilo, Watsford,
Murphy, et al., 2011; Kevin P. Granata et al., 2002; Swanik et al., 2004; Watsford et al., 2010),
others have opted to eliminate the damping coefficient from their calculations since the
contribution of damping coefficient to the overall Knuam value has been demonstrated to be less
than 5% in one study (Jennings & Seedhom, 1998) and less than 1% in another (J.Troy Blackburn

et al., 2004). Therefore, Knam has been more commonly calculated using the following equation,

which has been modified to exclude the damping coefficient:

Kyay = 4m?mf? (Equation 6)
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It should be pointed out that the assumption of linearity has been called into question.
Specifically, Coveney and colleagues (Coveney, Hunter, & Spriggs, 2001) examined the time
periods between the first and second oscillatory cycles (i.e. the time from the first oscillatory peak
to the second oscillatory peak vs. the time from the second oscillatory peak to the third oscillatory
peak) and found that the time period from the first to second oscillatory cycle had decreased,
which ultimately caused an increase in stiffness due to an increase in the frequency of oscillation.
Thus, it was concluded that the stiffness data obtained via free-oscillation exhibit nonlinear
characteristics (Coveney et al., 2001). Despite these findings however, most studies that have
adopted the free-oscillation technique have used the linear model to describe the damped
oscillations because it is easier to use, and their stiffness calculations have been based solely on
the first cycle of oscillations (Ditroilo, Watsford, & De Vito, 2011). Although the use of this
linear model has been granted construct validity (Ditroilo, Watsford, & De Vito, 2011), nonlinear
behavior has only been explored for the musculo-articular stiffness of the ankle plantar-flexor
musculature, and we are unaware of any investigations that have studied this behavior for Kyam.
Based on such findings, it appears that use of the linear model is appropriate when investigators
are solely interested in the initial response of the system following a perturbation. However, given
the current evidence suggesting the potential for nonlinearity in the system, future studies
interested in more than the initial response of the system are encouraged to explore the use of a
nonlinear model instead. Additional studies on this topic appear warranted.

Experimental Apparatus and Procedures. Hamstring musculo-articular stiffness
(Knanm) is assessed with the participant positioned prone, with the trunk and thigh supported and
the shank and foot segments free to move (McNair et al., 1992). A load is then attached proximal
to the ankle joint, using either a DeLorme-type boot or cuff-style ankle weights, and care taken to

ensure that the ankle is fixed in a neutral position. An accelerometer is then secured to the area of
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the calcaneus, with the recording axis of the accelerometer aligned perpendicular to the lower leg.
Once this experimental setup has been completed, investigator then passively positions the
participant’s lower leg until the knee is placed at the desired flexion angle, and the participant is
required to hold the weight of their shank and foot segment, and the applied load, in this position
via isometric hamstring contraction (Figure 3). Shortly following contraction of the hamstring
musculature, a brief downward manual perturbation is applied to initiate oscillatory extension-
flexion at the knee joint, and the ensuing damped oscillations are recorded via the accelerometer
(Figure 2.4) (McNair et al., 1992). Although all of the studies that have investigated Knam Share
similarities in their experimental apparatus and procedures, such as adopting a prone assessment
position with the hip and knee in some degree of flexion, there are a number of differences that
exist between studies in terms of: 1) the degree to which the hip and knee are flexed prior to the
perturbation, 2) the way in which the applied load is determined, 3) the way in which the
perturbation is administered and the magnitude of the perturbation, 4) instructions provided to the
participants, and 5) the use of surface electromyography (SEMG). Such differences are discussed

throughout the remainder of this section.

Accelerom

L¥ Ankie Weight |

Figure 2.4. Instrumentation and Participant Positioning for the Hamstring Musculo-Articular
Stiffness (Knam) Assessment.
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Participant Positioning. It is consistently reported in the literature that Knam is assessed
with the trunk and thigh supported in 30° of hip flexion (J Troy Blackburn, Bell, Norcross,
Hudson, & Engstrom, 2009; J. Troy Blackburn et al., 2013, 2011, 2004; J. Troy Blackburn &
Norcross, 2014; J. Troy Blackburn & Pamukoff, 2014; Jennings & Seedhom, 1998; McNair et al.,
1992; Waxman, Schmitz, & Shultz, 2015), with only one study reporting an alternative hip
flexion angle of 45° (Kevin P. Granata et al., 2002). However, greater variability exists with
regard to knee positioning. Most often, Knawm is assessed with the lower leg positioned parallel to
the ground and perpendicular to the effects of gravity, placing the knee at a relative flexion of 30°
(D R Bell etal., 2012; J Troy Blackburn et al., 2009; J. Troy Blackburn et al., 2009, 2013, 2011,
2004; J. Troy Blackburn & Pamukoff, 2014; J.Troy Blackburn et al., 2004; Jennings & Seedhom,
1998; McNair et al., 1992; Swanik et al., 2004; Waxman et al., 2015). In contrast, other studies
have assessed Knam With the knee positioned in 45° (Kevin P. Granata et al., 2002) or 80° of knee
flexion (Ditroilo, Watsford, & De Vito, 2011; Ditroilo, Watsford, Murphy, & De Vito, 2013;
Watsford et al., 2010). To this end, only two studies have provided a general rationale for the
chosen assessment position. For 30° of hip and knee flexion, McNair et al (McNair et al., 1992)
stated that this position was chosen because it closely mimics the angular position of the hip and
knee joints at the time of initial ground contact during gait, which is when episodes of the knee
“giving way” generally occur. Alternatively, Watsford et al (Watsford et al., 2010) assessed Knawm
with the hip and knee in 30° and 80° of flexion, respectively, and stated that this position was
chosen because it is representative of the latter part of the swing phase of gait during running,
which is when the hamstring musculature is placed under high eccentric tension and hamstring
injuries are thought to occur. Thus, it appears that the research question at hand (e.g. hamstring
vs. knee injury/function) may influence the chosen hip and knee flexion angles for the Knam

assessment.
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Assessing Knawm in a prone position, with the hip and knee in slight flexion, is reported to
be the most ecologically valid method for two reasons. First, adopting a prone position allows
researchers to approximate the functional length-tension relationship of the hamstring
musculature during sprinting where, at initial ground contact, the hip and knee are in roughly 30-
45° of flexion (Mann & Sprague, 1980; Stanton & Purdham, 1989). Second, during gait activities,
the hamstrings are contracting concentrically at the knee joint and eccentrically at the hip joint,
which can be simulated in the prone testing position (Worrell, Denegar, Armstrong, & Perrin,
1990). Because all of the studies included in this review have used a hip flexion angle of 30-45°,
it appears that this may allow room for comparison. However, the wider range of knee-flexion
angles (30° to 80°) used throughout the literature creates some concern due to length-tension
relationships in human skeletal muscle. The moment arms of the hamstrings are reported to be
greatest at 45° of knee flexion (Smidt, 1973); however, others have demonstrated that, when
positioned prone with the hip in 30° of flexion, the hamstrings produce peak torque at
approximately 30° of knee flexion (Barr & Duncan, 1988). Similar findings have been reported
with the hip in a neutral position, where the hamstrings were found to produce greater torque at
30° of knee flexion, compared to 60°, and that torque production continued to decrease as the
knee was flexed to 90° (Worrell et al., 2001). In addition, a wide range of variability in
neuromuscular activation (i.e. normalized surface electromyography amplitude) has been
observed across knee joint angles between full extension and 90° of flexion, and this variability in
neuromuscular activation appears to be a key factor affecting torque-angle relationships (Worrell
et al., 2001). Taken together, these findings provide support for assessing the hamstring
musculature in a prone position, with the hip and knee slightly flexed, but also indicates that knee

flexion angle does have an effect on both neuromuscular activation and torque production.
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Therefore, caution should be taken when attempting to compare findings between studies that
have assessed Knam using different hip and knee flexion angles.

Stiffness-Load Relationship and Assignment of Applied Load. The final equation
used to calculate Knam (Kyay = 4m2mf2) implies that if the frequency of oscillation (f) were to
remain constant, changing the total system mass (m; i.e. mass of the shank and foot segment +
applied load) by increasing or decreasing the applied load would result in a corresponding
increase or decrease in the calculated Kyam value. However, there has been some debate over the
linearity of this stiffness-load relationship, and the findings of such work are presented
throughout the remainder of this section.

Assessing musculo-articular stiffness using a range of applied loads allows one to
determine the relationship between stiffness and the applied moment (Shorten, 1987). This
relationship was first examined in the ankle extensor muscles (plantar-flexors) by assessing
stiffness under eight different loads (Shorten, 1987). It was reported that stiffness increased in a
curvilinear fashion as the applied load increased, with the slope of the relationship being steep at
low loads and then beginning to plateau at higher loads (Shorten, 1987). This relationship has
been explained by experiments on the isolated muscle-tendon unit, where individual contributions
of the series elastic components, parallel elastic components, and contractile components, to the
overall stiffness value obtained, were reported to be dependent on the assessment load applied
(Morgan, 1977). Within the single-degree-of-freedom mass-spring model, series elastic and
parallel elastic components are represented as being constant (with the parallel elastic component
being negligible), and the stiffness of the contractile component is thought to be proportional to
the applied load (Morgan, 1977). In support of this theory, the stiffness of the series elastic
component is reported to be the primary contributor to the overall musculo-articular stiffness

value at low loads; and as muscle activation increases due to an increasing load, stiffness of the
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contractile component increases linearly until the applied load becomes equal to that of maximal
isometric tension, at which point the stiffness of the contractile component becomes similar to
that of the series elastic component (Ditroilo, Watsford, & De Vito, 2011; McNair & Stanley,
1996; McNair et al., 1992; Shorten, 1987). This increase in stiffness of the contractile component
is thought to be predominantly due to the activation of more muscle fibers (i.e., increased cross-
bridge formation). Reports of this curvilinear stiffness-load relationship have been noted for a
variety of musculature, and for a more in-depth review of such findings, the reader is referred to
Ditroilo et al (Ditroilo, Watsford, Murphy, et al., 2011).

In contrast to reports of a curvilinear stiffness-load relationship, two investigations on
Kuam have reported the stiffness-load relationship to be linear. Jennings and Seedhom (Jennings
& Seedhom, 1998) assessed Kuam using four assessment loads (15-25%, 30%, 45%, and 60%
MV IC torque) and found the stiffness-load relationship to be linear. The authors stated that
although their findings contradicted the nonlinear relationship demonstrated by McNair et al
(McNair et al., 1992), who used only three assessment loads, the inclusion of an additional
assessment load allowed a 33% greater confidence in the accuracy of the best fit line (Jennings &
Seedhom, 1998). Granata et al (K. P. Granata, Padua, & Wilson, 2002) also reported a linear
relationship when assessing Knam using multiple applied loads (0 kg, 6 kg, and 20% of MVIC
torque). It has been demonstrated that intrinsic stiffness, arising purely from the mechanical
properties of the structures involved, increases linearly with the applied load and thus
neuromuscular effort, whereas reflexive stiffness, arising from a change in neuromuscular
activation resulting from a reflexive response, is maximal at low loads and then decreases as the
applied load in increased (Mirbagheri, Barbeau, & Kearney, 2000; Sinkjaer, Toft, Andreassen, &
Hornemann, 1988). Therefore, it seems intuitive that total stiffness (the sum of intrinsic and

reflexive stiffness) would fit a second-order polynomial curve (Sinkjaer et al., 1988). However, it
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has been argued that because Knam is assessed within the mid-range of neuromuscular activation,
this assessment is able to capture purely intrinsic stiffness without any reflexive stiffness
contribution, and this would explain the linear stiffness-load relationship observed (Jennings &
Seedhom, 1998).

In the published literature, Kuam has generally been assessed using multiple (3 to 5) loads
ranging from 20% to 60% MVIC torque (Ditroilo, Watsford, & De Vito, 2011; Ditroilo et al.,
2013; Kevin P. Granata et al., 2002; Jennings & Seedhom, 1998; McNair et al., 1992), or by
using a single assessment load corresponding to either 10% of the participant’s body mass (D R
Bell et al., 2012; David R. Bell et al., 2011; David R Bell et al., 2009; J Troy Blackburn et al.,
2009; J. Troy Blackburn et al., 2009, 2011, 2004; J.Troy Blackburn et al., 2004; Waxman et al.,
2015) or 45% of the participants MVIC torque (J. Troy Blackburn et al., 2013; J. Troy Blackburn
& Norcross, 2014; J. Troy Blackburn & Pamukoff, 2014; Swanik et al., 2004; Watsford et al.,
2010). From the information presented on the stiffness-load relationship above, it can be reasoned
that the measurement of Knam obtained under a specific loading condition reflects the level of
stiffness that the surrounding joint structures display under that specific level of tension.
Therefore, it has been suggested that the choice of an assessment load should be justified by the
particular research question at hand, and that caution should be exercised when attempting to
compare findings between studies using different loads (Ditroilo, Watsford, Murphy, et al., 2011).
Because the hamstrings are reported to be activated approximately 30%MVIC during the stance
phase of gate (Ciccotti, Kerlan, Perry, & Pink, 1994), it would appear that researchers interested
in the influence of Knam 0n knee joint stability during the stance phase of gait would want to
assess Knawm using a load that evokes a similar neuromuscular response. Conversely, higher
assessment loads may be more representative of the level of neuromuscular activation required

during high-intensity athletic maneuvers (e.g. landing from a jump), and may therefore be more
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relevant when researchers are interested in the influence of Kuam 0n knee joint stability in athletic
populations.

Based on the findings above, it seems intuitive that researchers interested in examining
the extent to which Knam contributes to biomechanical factors that directly influence ACL
loading should be encouraged to use higher assessment loads. However, it has been noted that
although higher assessment loads may be desirable, some participants may be unable to tolerate
such loads (Ditroilo, Watsford, & De Vito, 2011), which would increase the overall variability in
the measure. Although additional research is needed, it may be the case that higher assessment
loads simply aren’t feasible in certain populations of interest. Therefore, there may be a certain
trade-off between the assessment load used and the quality of the data collected. Thus,
researchers should evaluate the physical status of their population of interest, as well as their
experimental design and research question, before deciding on an assessment load in future work.

Perturbation Magnitude. Applying a perturbation to the system (i.e. lower-extremity)
and recording the ensuing damped oscillations is inherent in the free-oscillation technique.
Published literature on Knam regularly characterize the perturbation as ‘a brief downward push’
manually applied to the posterior aspect of the calcaneus, and state that the application of the
perturbation should be sufficiently gentle in order to prevent bursts of neuromuscular activation
as a result of eliciting a reflexive response. Some authors have reported the magnitude of the
applied perturbation to be in the order of 100-150 N, but neglected to include a detailed
description of how the perturbation magnitude was controlled or measured (Ditroilo, Watsford, &
De Vito, 2011, Ditroilo et al., 2013; Swanik et al., 2004; Watsford et al., 2010). However, others
have calculated the perturbation magnitude as the product of the peak tangential shank segment
acceleration and system mass (i.e., the summed mass of the shank and foot segment and the

applied load), and these investigations have reported mean perturbation magnitudes between 30
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and 139 N (J. Troy Blackburn et al., 2009, 2013; Waxman et al., 2015). This perturbation
technique has been rationalized mechanically in that such a system will oscillate at its natural or
resonant frequency, regardless of the magnitude of perturbation.(G J Wilson, Murphy, & Pryor,
1994) In support of this rationale, two studies found no relationship between Kyam and
perturbation magnitude, demonstrating that the portion of variance in Knawm that can be attributed
to perturbation magnitude is negligible (J. Troy Blackburn et al., 2013, 2011). However, a more
recent study indicated that perturbation magnitude does in fact influence Knam (Waxman et al.,
2015). Given these mixed reports and the relatively scant number of published findings in this
area, it currently appears that future studies should attempt to place strict control over the
application of the manual perturbation until this question can be further studied.

Instructions to Participants and the use of Surface Electromyography. Although this
review has highlighted variation in hip and knee joint positioning between studies, evidence
suggests that changes in hip and knee joint positioning does have an effect on both hamstring
torque production and neuromuscular activation due to changes in hamstring muscle moment-arm
lengths and length-tension relationships (Barr & Duncan, 1988; Smidt, 1973; Worrell et al.,
2001). Thus, each individual study does require strict control over joint positioning in order to
accurately obtain measures of Kuam. In addition, the potential effect that reflexive neuromuscular
responses and quadriceps co-contraction can have on Knam suggests that such factors need to be
minimized to ensure the most accurate measures of Kuam. Therefore, given the relative
complexity of the assessment procedures, it seems imperative that participants be provided
explicit instructions and are allowed adequate time to become familiarized to the task. In the
current body of literature however, clear descriptions of the methods employed to provide
participants with instructions and adequate familiarization to the task are rather limited. In a

number of published papers,(D R Bell et al., 2012; David R. Bell et al., 2011; J. Troy Blackburn
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et al., 2009, 2013, 2004; J.Troy Blackburn et al., 2004; Watsford et al., 2010) participants have
been verbally instructed to contract their hamstring musculature to the level necessary to support
the weight of their shank and foot, and the applied load, in the specified assessment position
(knee flexion angle), and to try not to intervene on or voluntarily produce the oscillations
following the perturbation. However, two other investigations (Kevin P. Granata et al., 2002;
Swanik et al., 2004) have displayed surface electromyography data in real-time, and provided
verbal cues, as a method to help participants focus on maintaining a constant level of hamstring
contraction while minimizing any co-contraction of the quadriceps muscles.

Surface electromyography (SEMG) has also been used by a number of other studies,
although not to provide participants with real-time feedback. Instead, SEMG has generally been
used to evaluate the normalized neuromuscular activation of the hamstrings in response to the
load applied, to visually inspect the data captured during each trial for any unwanted bursts of
activity that may have occurred in response to the perturbation and ensure that the participants
were not voluntarily generating the oscillations (characterized by a lack of decay in the oscillatory
profile and a succession of bursts in the SEMG record), and to check for any unwanted co-
contraction of the quadriceps (McNair et al., 1992). These general characteristics have since been
adopted as criteria for defining an acceptable trial, with some investigators monitoring the SEMG
recordings in real-time and having participants repeat trials deemed to be unacceptable (J. Troy
Blackburn et al., 2004; J.Troy Blackburn et al., 2004; Ditroilo, Watsford, & De Vito, 2011,
Ditroilo et al., 2013; Kevin P. Granata et al., 2002). However, Jennings and Seedhom (Jennings &
Seedhom, 1998) opted to not include the use of SEMG in their investigation because it had
become apparent in their pilot testing (unpublished data) that any co-contraction of the quadriceps
would lead to undamped oscillations; an observation also reported by McNair et al (McNair et al.,

1992). This observation has also been supported by published data demonstrating that quadriceps
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muscle co-contraction is typically rather small during the assessment of Knam, with mean sEMG
values ranging between 1-8%MVIC (Kevin P. Granata et al., 2002). Therefore, although the use
of SEMG may serve several valuable purposes, such as those previously discussed, it does add an
additional level of complexity to the research design and does not appear to be absolutely
necessary for the assessment of Knam alone.

Summary. The current section has presented the overall measurement of Knyam and the
experimental procedures involved, as well as potential issues concerning participant positioning,
the stiffness-load relationship and the methods of assigning the applied load, perturbation
magnitude, instructions given to participants, and the use of SEMG. In terms of participant
positioning, evidence suggests that assessing Knam in a prone position is ecologically valid
because it allows researchers to approximate the length-tension relationship of the hamstrings that
occurs during functional activities; however, hip and knee joint positioning does have an effect on
both neuromuscular activation and torque production, which thereby has an indirect influence on
Knawm. Tibial rotation also has the ability to influence Knam through altered neuromuscular
activation of the hamstrings. Therefore, hip and knee joint positioning need to be strictly
controlled when assessing Knam and caution should be taken when attempting to compare
findings between studies that have assessed Kxam using different hip and knee flexion angles. The
same is true for the perturbation; although current evidence is limited, there is data to suggest that
perturbation magnitude does have an effect on Kuam. Thus, future studies should attempt to
standardize the magnitude of the perturbation across both trials and participants.

In terms of the stiffness-load relationship and the methods of assigning the applied load,
it must be recognized that the Knam Value obtained under a certain applied load reflects the
amount of stiffness that the surrounding joint structures display at a specific level of tension.

Therefore, the choice of an assessment load should be justified by the particular research question
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at hand, and that caution should be exercised when attempting to compare findings between
studies using different loads. Ideally, studies interested in understanding the role of Kuawm during
functional movement should attempt to use an applied load that elicits a similar neuromuscular
response to that of the functional movement itself. However, given that some individuals may not
be able to tolerate higher assessment loads, there may be a certain trade-off between the
assessment load used and the quality of the Knam data collected. Lastly, it does not appear that the
use of SEMG is necessary when assessing Kxawm as long as explicit instructions are provided and
adequate time for familiarization is allowed. The investigator should however visually inspect the

oscillatory profile recorded during each trial in order to ensure the overall quality of the data.

Hamstring Musculo-Articular Stiffness as it Relates to Dynamic Knee Stability

As discussed previously, dynamic knee stability is accomplished through a
complementary relationship between passive and active restraint mechanisms (Johansson &
Sjolander, 1993; Lew et al., 1993). It has also been discussed that the ACL provides more than
80% of total passive restraint to anterior tibial translation (Butler et al., 1980), and that the
hamstring muscles function synergistically with the ACL (Baratta et al., 1988; Solomonow et al.,
1987). Together, such findings suggest that the hamstring muscles may play a key role in
stabilizing role during functional movement. In this regard, it was observed in an early
investigation that ACL-deficient individuals, who were capable of preventing a pivot-shift in their
ACL-deficient knee though increased neuromuscular activation of their hamstrings, returned to
higher levels of functional activity following injury compared to those who could not (Walla et
al., 1985). In addition, other researchers found that ACL-deficient individuals who completed a
training program designed to improve the reaction time of the hamstrings, experienced fewer

episodes of the knee giving way compared to those who did not undergo training (lhara &
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Nakayama, 1986). Anterior tibial translation occurs during episodes of the knee giving way, and
it was later rationalized by McNair et al (McNair et al., 1992) that this anterior tibial translation is
likely to stretch the hamstring muscles as well as the secondary ligamentous and capsular
restraints. Given that stiffness is simply the ratio of change in force to change in muscle length,
McNair et al (McNair et al., 1992) then hypothesized that higher levels of Kyam might effectively
resist such anterior tibial translation, thereby enhancing dynamic knee stability in conservatively
managed ACL-deficient individuals. In testing this hypothesis, McNair et al (McNair et al., 1992)
found that ACL-deficient individuals’ knee functional ability was positively associated with Knam
at multiple applied loads. It was also found that there were no bilateral differences in Knam
between the ACL-deficient individuals’ injured and uninjured limbs, which led McNair et al
(McNair et al., 1992) to postulate that individuals with higher levels of Kyam may have a greater
likelihood of returning to higher levels of competition following ACL rupture. Although the
relationship between Knam and knee stability is a significant addition to the literature in its own
right, the secondary finding of no bilateral differences in Kyam between injured and uninjured
limbs has been questioned by others (Jennings & Seedhom, 1998; Swanik et al., 2004) due to
previous reports of the ACL potentially playing a role in regulating stiffness (Johansson,
Sjolander, & Sojka, 1991).

Jennings and Seedhom (Jennings & Seedhom, 1998) investigated Knam in a mixed cohort
of ACL-injured individuals (some having previously undergone surgical reconstruction and
others who had not) and a group of healthy (uninjured) controls and found that, although healthy
individuals demonstrated no bilateral differences in Knam, ACL-injured individuals demonstrated
greater Kyawm in their injured- compared to uninjured-limb. Additionally, no significant
differences in Knam were observed between the ACL-injured individuals’ healthy contralateral

limb and that of the healthy controls (Jennings & Seedhom, 1998). The finding of greater Kyam in
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the ACL-injured limb versus healthy contralateral control limb appears to be supported by the
work of Johansson et al (Johansson et al., 1991), which suggested that the ACL plays a role in
regulating muscle stiffness by potentially pre-programming intrinsic muscle stiffness via reflex-
mediated stiffness through the y-muscle-spindle system, thereby regulating the stability of the
joint. Hence, when the ACL becomes injured, it is plausible that Kuam may become altered in that
limb in order to provide some compensatory protection to the knee joint in the absence of the
sensory contribution of the ACL to knee stabilization. In contrast, however, Swanik et al (Swanik
et al., 2004) investigated differences in Knyam between ACL-injured individuals and healthy
controls, and found that ACL-injured individuals displayed significantly lower Kyam than healthy
individuals. It has been argued that the overall lack of agreement between studies may be partially
explained by the role of rehabilitation programs in potentially altering Knuam (Jennings &
Seedhom, 1998). For example, the ACL-injured individuals studied by both McNair et al
(McNair et al., 1992) and Swanik et al (Swanik et al., 2004) had undergone rehabilitation
programs, which may have had an effect on Knuam, whereas the ACL-injured individuals studied
by Jennings and Seedhom (Jennings & Seedhom, 1998) had not. To muddy the waters further, a
prospective investigation on the relationship between Knam and acute hamstring injury in
Australian rules football reported that injured players displayed significantly greater Knam than
uninjured players (Watsford et al., 2010). Additionally, it was reported that although bilateral
averages for Kuam differed between injured and uninjured players, Kuawm in the injured limb was
not different from that of uninjured players; rather, Kyawm in the uninvolved limb of injured
players was found to be significantly greater than that of the uninjured cohort (Watsford et al.,
2010). This overall uncertainty regarding how Knam potentially contributes to knee stability and

ACL loading, how it is potentially modified post-injury, and whether or not it can be modified via
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targeted training, has prompted other investigations to examine such topics in healthy (uninjured)
male and female populations.

Blackburn, Norcross, and Padua (J. Troy Blackburn et al., 2011) first investigated the
influence of Knam on anterior tibial translation in healthy males and females by first assessing
Kuawm using an applied load equal to 10% of the participant’s body mass (Figure 2.5A), and then
eliciting anterior tibial translation by releasing a 20% body mass load, attached to posterior aspect
of the proximal shank, which abruptly shifted the tibia anterior relative to the femur (Figure
2.5B). Based on the median anterior tibial translation value, these male and female participants
were divided in to two groups (i.e. high versus low anterior tibial translation); and these groups
were then compared on measures of Kyam, anterior tibial translation, MVIC hamstring strength,
and hamstring neuromuscular activation. Compared to the low anterior tibial translation group,
the high anterior translation group was reported to display greater anterior tibial translation and
lower Knam, While hamstring strength and hamstring neuromuscular activation (J. Troy
Blackburn et al., 2011) were similar between groups. Additionally, after grouping all individuals
together, Knam Was reported to be significantly and negatively correlated with anterior tibial
translation (R? = 0.29); however; no other significant correlations were found (J. Troy Blackburn
et al., 2011). Based on such findings, it was proposed that higher levels of Kuawm, but not
hamstring strength, may help enhance knee joint stability and reduce ACL loading, whereas
lower levels of Kuam may increase ACL injury risk by allowing greater anterior tibial translation
(J. Troy Blackburn et al., 2011). This theory then led to a second study by the same research
group which aimed to examine the influence of Knam On lower-extremity kinematics and kinetics
in healthy males and females during a double-leg jump-landing task (J. Troy Blackburn et al.,
2013). In this study, Knam was assessed using an applied load equal to 45% of the participant’s

MVIC hamstring torque while lower-extremity kinematics and kinetics were assessed during a
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double-leg jump-landing task, which involved performing a jump-landing from a 0.3-meter tall
box placed 50% of the participant’s body height away from two force platforms (J. Troy
Blackburn et al., 2013). After equally stratifying males and females into two groups (i.e. high
Knam versus low Kuawm), it was reported that both groups displayed similar peak knee-flexion and
knee-valgus (abduction) angles, but that individuals with higher Kuam values displayed greater
knee-flexion angles at the instants of peak internal knee-varus moment, peak internal knee-
extension moment, and peak proximal tibia anterior shear force (J. Troy Blackburn et al., 2013).
Further, individuals in the high Kuam group displayed significantly smaller peak internal knee-
varus moments, and a “statistical trend” (although not statistically significant) towards lesser
proximal tibia anterior shear force (effect size = 0.63), compared to individuals in the low Knyam

group (J. Troy Blackburn et al., 2013).

Figure 2.5. (A) Hamstring Musculo-Articular Stiffness (Knam) Assessment Using an Applied
Load Equal to 10% of the Participant’s Body Mass; (B) Experimental Apparatus Used to Elicit
Anterior Tibial Translation (J. Troy Blackburn et al., 2011).

Although the primary focus of this dissertation is on biomechanical factors that directly

influence ACL loading in the sagittal plane (i.e. proximal tibial anterior shear force, anterior tibial

acceleration, and anterior tibial translation), the fact that noncontact ACL injuries likely involve
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combined knee-joint loading in multiple planes (Shimokochi & Shultz, 2008) should not be
ignored. In this regard, Hewett et al (Timothy E Hewett et al., 2005) prospectively screened
female athletes performing double-leg drop jumps prior to their athletic seasons and demonstrated
that athletes who went on to experience noncontact ACL injuries displayed knee valgus angles
that were 8° greater, and external knee-valgus moments that were 2.5 times greater, than those
who completed the season uninjured. In addition, the external knee-valgus moments obtained
during this preseason screening were able to predict noncontact ACL injury with 73% sensitivity
and 78% specificity (Timothy E Hewett et al., 2005). While this has been the only study to
prospectively identify knee-valgus moments as a risk factor for noncontact ACL injury,
retrospective video analyses support the theory that knee valgus may likely be involved at the
time of injury (Koga et al., 2010; Tron Krosshaug et al., 2007; Olsen et al., 2004). Given that
Blackburn et al (J. Troy Blackburn et al., 2013) found that individuals in the low Kynam group
displayed peak internal knee-varus moments (i.e. the musculoskeletal response to an external
knee-valgus moment) that were 3.6 times greater than the high Knam group, such findings may
suggest that higher levels of Knawm also potentially enhance dynamic knee stability in the frontal
plane.

In combination, the findings reported by Blackburn et al (J. Troy Blackburn et al., 2013,
2011) provide evidence to support the theory that greater Knuam, but not hamstring strength,
potentially enhances knee joint stability, and that lesser (or insufficient) Knam may result in
increased knee joint loading, potentially increasing noncontact ACL injury risk. This theory is
further supported by the findings of McNair et al (McNair et al., 1992), in which ACL-deficient
individuals with higher Kuam displayed greater knee function than those with lower Kpam..
Because individuals with higher Kiawm are reported to display greater knee function (McNair et

al., 1992), less anterior tibial translation (J. Troy Blackburn et al., 2011) and proximal tibia
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anterior shear force (J. Troy Blackburn et al., 2013), and smaller internal knee-varus moments (J.
Troy Blackburn et al., 2011), than individuals with lower Knuam, @ more recent attempt has been
made to examine the extent to which Knam can be modified via targeted training.

Blackburn and Norcross (J. Troy Blackburn & Norcross, 2014) aimed to determine
whether Kyam could be enhanced via isometric and isotonic training, and whether enhancing
Knam Would alter knee joint biomechanics in a manner indicative of reduced ACL loading. In this
study, healthy male and female participants were randomly assigned to an isometric training
group, isotonic training group, or a control group, and the effects of a 6-week of training on
Knawm, hamstring strength, hamstring neuromuscular activation, anterior tibial translation, and
landing biomechanics, were then evaluated. There was no statistically significant group by time
interaction observed; however, Kuam significantly increased (15.7%) pre- to post-training in the
isometric training group (J. Troy Blackburn & Norcross, 2014). Within the isometric training
group, no changes in hamstring strength or neuromuscular activation were observed pre- to post-
training, and Knaw was not found to be correlated with either of these measures (J. Troy
Blackburn & Norcross, 2014). In terms of ACL loading parameters, anterior tibial translation,
proximal tibia anterior shear force, and internal knee-varus moment changed pre- to post-training
in a manner consistent with reduced ACL loading; however none of these changes reached
statistical significance (J. Troy Blackburn & Norcross, 2014).

Increases in stiffness have previously been reported in response to 10 weeks of either
endurance, plyometric, or isometric training (Grosset, Piscione, Lambertz, & Pérot, 2009; K
Kubo, Kanehisa, Ito, & Fukunaga, 2001); however, these studies have measured tendon stiffness
specifically, which is different from the global measure of musculo-articular stiffness. Based on
the first and only study (J. Troy Blackburn & Norcross, 2014) to evaluate the effect of targeted

training on the enhancement of Kunaw, it appears that Knawm may in fact be a modifiable
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neuromechanical property. In addition, the finding that stiffness and strength are unrelated
properties is supported by previous work on Kuawm (J. Troy Blackburn et al., 2011) and on tendon
stiffness (Keitaro Kubo et al., 2009). Muscle strength quantitatively describes the ability of the
muscle to produce force whereas stiffness quantitatively describes the ability to resist muscle
lengthening. Therefore, Blackburn and Norcross (J. Troy Blackburn & Norcross, 2014) suggested
that the lack of a relationship between strength and Kuam likely indicates that changes in Kuam
can be attributed to enhanced neural efficiency and changes in material and/or architectural
musculotendinous properties as opposed to improved strength. However, a separate study
conducted by this same research group reported that Kyaw and strength were positively correlated
with one another (R? = 0.29) and contended that the relationship between Kyam and strength was
intuitive, in that a muscle that is capable of producing greater force should also be able to provide
greater resistance to lengthening (J. Troy Blackburn & Pamukoff, 2014).

Summary. Collectively, the rather equivocal results regarding whether or not unilateral
or bilateral differences in Kuam exist in ACL-injured populations, and how too much or too little
Knam may be related to knee stability and hamstring injury, illustrates the complexity of
understanding the functionality, or clinical relevance, of this measure. Numerous factors appear
to be involved in the regulation of Knawm, such as hip and knee joint positioning and preparatory
and reactive neuromuscular control strategies, among others (McNair & Marshall, 1994; G J
Wilson et al., 1994, 1991). For example, Bach et al (T. M. Bach, Chapman, & Calvert, 1983)
suggested that the neuromuscular control apparatus modifies stiffness, depending on the
requirements of the task, in order to optimize the mechanical properties of muscle. Wilson et al
(G J Wilson et al., 1994) and Rudolph et al (Rudolph, Axe, Buchanan, Scholz, & Snyder-
Mackler, 2001) have proposed that lower stiffness may be advantageous during functional

activities for more efficient absorption of joint loads and storage of elastic energy. Conversely,
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Granata et al (K. P. Granata et al., 2002) suggested that too little stiffness may permit excessive
joint motion, resulting in greater loading of the passive joint restraints, thereby increasing injury
risk. Although a positive relationship been Kyam and knee joint function has been demonstrated
in ACL-deficient individuals (McNair et al., 1992), a second study by McNair and Marshall
(McNair & Marshall, 1994), studying drop-jump landings, revealed that ACL-injured individuals
displayed greater preparatory hamstring muscle activity, lower ground reaction forces, and lower
Kuam compared to an uninjured cohort. This finding is supported by another study which reported
that ACL-injured individuals demonstrated significantly greater preparatory activity in the lateral
hamstring, less Kuawm, and were relatively functional (based on single leg hop maximal distance
and Lysholm knee rating scale) when compared to uninjured controls (Swanik et al., 2004). Such
findings support the work of Rudolph et al (Rudolph et al., 2001) and suggest that there is an
important relationship or interaction among neuromuscular activation amplitude and timing,
stiffness, and function, in ACL-injured individuals. Swanik et al (Swanik et al., 2004) suggest
however, that additional research within ACL-injured populations is needed because it currently
remains unclear whether reduced Kuawm is a genetic, predisposing factor for injury, or a
compensatory adaptation benefiting the dynamic restraint mechanism.

The same appears to be true for healthy populations. Although healthy individuals with
higher levels of Knam display less anterior tibial translation during controlled open-chain
perturbations translation (J. Troy Blackburn et al., 2013, 2011), and knee biomechanics indicative
of lesser ACL loading during double-leg jump landings (J. Troy Blackburn et al., 2013; J. Troy
Blackburn & Norcross, 2014), the conclusions that can be drawn from such findings regarding the
influence of Kyam on ACL loading parameters are limited for several reasons. First, research
demonstrates that noncontact ACL injuries most often occur in a closed-kinetic-chain when

cutting or landing on a single leg (B P Boden et al., 2000; Barry P Boden et al., 2009; Koga et al.,
67



2010; Olsen et al., 2004). Thus, open-kinetic-chain perturbations and double-leg landing tasks
may not adequately represent the situations in which noncontact ACL injuries commonly occur.
Second, the reported relationships between Knuam and ACL loading parameters have been
established using two different methods of assigning the applied assessment load (i.e. 10% body
mass vs. 45% MVIC torque). Because Knawm is reported to be influenced by differences in the
applied load and thus differences in neuromuscular activation, the comparisons that can be made
between these studies are limited. Third, the reported relatio